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Editorial
Preface

Sustainable development should become the basis for the life
of future generations as opposed to over-exploitation of non-
renewable energy and material resources and the shortening of
life cycles. Here, the synergistic interaction of Environmental
Biotechnology and Environmental Engineering should be present
as an intelligent tool, which must be used with responsibility, in
remediation strategies on the true pollution risks and potentials
of the environment. Therefore, Environmental Biotechnology and
Environmental Engineering are two faces of a modern, valuable,
and indispensable scientific and technical coin.

The growing significance and awareness of environmental prob-
lems, caused especially by use of fossil resources in connection with
industrial pathways of production, depletion of finite natural
resources, mismanagement of renewable resources, etc., have led
to the development of both disciplines. They have their own histor-
ical roots, i.e., one has blossomed from Biotechnology and the other
has grown from the old Civil and Sanitary Engineering. Yet, they
have developed into full fledged branches of knowledge and
specialization, and at the same time they complement each other.

Regarding Environmental Biotechnology, its contributions span
from environmentally-friendly and cost effective “end-of-the-pipe”
solutions to environmental pollution and problems (bioremediation
of soils and aquifers, biological waste treatment), to the develop-
ment of sustainable alternatives for their prevention and alleviation,
such as the replacement of fossil fuels by biohydrogen and methane
from wastes and futuristic “biorefineries”. Biotechnology has the
potential of a reduction of operational and investment costs for
the design and operation of more sustainable processes based on
microbes and other living organisms as agents. Yet, so far the
sustainability of technical processes is more the exception than the
rule. In this regard, Environmental Biotechnology is a serious candi-
date to provide substantial advances in the near future.

On the other hand, Environmental Engineering has developed
several significant fields of research and applications (everything
seems to matter in Environmental Engineering; natural sciences
as well as social sciences are as significant to the practice of envi-
ronmental engineering as engineering skills); some of them
partially overlap with Environmental Biotechnology (for instance,
biological waste treatment), whereas other subjects are original
and cover environmental issues that Environmental Biotechnology
cannot, and have proved to be of use to other branches of knowl-
edge. With respect to this, we would like to highlight a significant
contribution of Environmental Engineering that has transcended
to other fields of Engineering and Technology: sound Environ-
mental Engineering has designed the imprescindible framework
of System Engineering Analysis applied to environmental issues,

0301-4797/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.jenvman.2011.12.016

also known as Life Cycle Analysis (LCA) and other denominations.
The contemporary history of industry and technology has sadly
taught us that new technological solutions and new processes
derived from Environmental Biotechnology (and from other fields
of knowledge) should be examined under the light of LCA and
environmental impact analysis before attempting their implemen-
tation. Very often, a precipitated and irreflexive application of
a new product or process has led to adverse impacts on health
and the environment that have become technical, ethical and
economic burdens on modern societies.

There were several international and regional events dealing
with Biotechnology but no international event was devoted to
Environmental Biotechnology. At most, Environmental Biotech-
nology has one or two sessions in a Biotechnology Congress. On
the other hand, most regional Environmental Engineering events
showed a strong commercial component that negatively
competed with the exchange of advanced knowledge and the
formation of research networks. Moreover, Environmental
Biotechnology and Environmental Engineering are two dynamic
motors with a strong interaction and the scientific community
could obtain several advantages from their joint diffusion. In
short, there was a need for an event dedicated to both disciplines.
This way in 2004, “The First International Meeting on Environ-
mental Biotechnology and Engineering” (1IMEBE) was born in
Mexico City, Mexico, guided by the concern of Dr. Poggi-Varaldo
and a group of pioneering biotechnologies in Mexico led by Dr.
Fernando Esparza-Garcia and Professor Elvira Rios-Leal, accompa-
nied by a constellation of international scientists such as Dr. Isabel
Sastre-Conde from Spain, Dr. Hervé Macarie from France, Dr.
Franco Cecchi from Italy, Dr. Irene Watson-Craik from Scotland,
and others, who had identified a gap in the diffusion of both Envi-
ronmental Biotechnology and Environmental Engineering. This
was particularly true for developing countries, although the situ-
ation in developed countries was not much better. From that
moment on, all the Organization’s activities have been guided
toward an International Meeting on Environmental Biotechnology
and Engineering that has significantly grown and matured. Its
outreach has been multiplied by a factor of 10 compared to that
of the 1st IMEBE in the 3IMEBE (Third International Meeting on
Environmental Biotechnology and Engineering, source from the
present work). Especially in view of the current global situation
of the planet, considering the trade and technology imbalance
between the North and South, such imbalances especially among
developing countries and those in developing countries, which
have diverse implications for the environment and ecological
diversity in these countries.
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We conclude this preface with two parting recommendations:
Enjoy and profit from the knowledge condensed in this work and
please be actively involved in the exciting adventure of forging
the coming 4IMEBE. Where we can draw up a work plan among
all participant colleagues, that must too aim to achieve a same
goal prepared jointly, that is, a planet of solidarity, whose wealth
and strength are at the very heart of its diversity, thus healthiest.
Thus, among all must make blurring limits of the imaginary line
built up by economy among countries, when uniquely are true its
environmental disasters due to the direct effect of our collective
way of life.

Thanks on behalf of each editor to all authors of this special issue,
whom contributed with the 3IMEBE (http://www.uibcongres.org/
imgdb/archivo_doc7256.pdf), and the different members of JEM
involved in “Journal of Environmental Management Vol 95/S
(2012)” by their important collaborative role in this work.
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Our work was focused on physico-chemical and biological characteristics of Aries River, one of the largest
rivers from Romania. Water samples were collected from 11 sites along Aries River course. We have
measured de 80 and D isotopic composition of Aries River water in these locations and correlated these
data with the isotopic composition of aquatic plants and with the pollution degree. Some ions from Aries
River water were also analyzed: NO3~, NO,~, PO43~ Cu?*, Fe3*. Analysis of diatom communities has been
performed in order to quantify the level of water pollution of Aries River. All physico-chemical analyses
revealed that the most polluted site is Abrud; the source of pollution is most probably the mining

Keywords: . . . .
Wzter enterprise from Rosia Montana. Water isotope content increases from upstream to downstream of the
Pollution locations analyzed. The structure of diatom communities is strongly influenced by the different pollution

Heavy metals sources from this area: mine waters, industrial waters, waste products, land cleaning, tourism etc. The

Stable isotopes
Diatoms

water eutrophication increases from upstream of Campeni to downstream of Campia Turzii.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Toxic substances can enter lakes, streams, rivers and other water
bodies and they get dissolved or lie suspended in water or get
deposited on the bed. This results in the pollution of water, affecting
aquatic ecosystems. Water pollution has many sources. Organic
wastes are produced by animals and humans, and include such
things as fecal matter, crop debris (Stoate et al., 2009), yard clip-
pings, food wastes, rubber, plastic, wood, and disposable diapers
(Finnveden et al., 2009). Minerals, such as iron, copper, chromium,
platinum, nickel, zinc, and tin, can be discharged into streams and
lakes as a result of various mining activities (Gray, 1998), oil and gas
technology (Fakhru’l-Razi et al., 2009). Nutrients, like phosphorus
and nitrogen, support the growth of algae and other plants forming
the lower levels of the food chain. However, excessive levels of
nutrients from sources such as fertilizer can cause eutrophication,
i.e. the overgrowth of aquatic vegetation.

The European Water Framework Directive-WFD (EC, 2000)
establishes a framework for the protection of groundwater, inland
surface waters, estuarine waters, and coastal waters. The WFD
constitutes a new view of water resources management in Europe,
based mainly upon ecological elements; its final objective is achieving
at least ‘good ecological quality status’ for all water bodies by 2015

* Corresponding author. Tel.: +40742211558.
E-mail address: akeul@hasdeu.ubbcluj.ro (A. Butiuc-Keul).
1 All authors contributed equally.
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(Borja et al., 2006). The DPSIR framework (Driving forces - Pressure -
State - Impact - Response) aims at analyzing the cause—effect rela-
tionship between interacting components of complex social,
economic and environmental systems and at organizing the infor-
mation flow between its parts (Kristensen, 2004). In agreement with
the DPSIR framework we aimed to evaluate the level of water pollu-
tion of Aries River, to find ‘driving forces’ (economic sectors, human
activities) through ‘pressures’ (emissions, waste) to ‘states’ (physical,
chemical and biological) and ‘impacts’ on ecosystems, human health
and functions and eventually leading to political ‘responses’ (priori-
tization, target setting, indicators). In order to achieve this aim,
several physico-chemical and biological analyses were performed.
The stable isotope ratio of oxygen (**0/'°0) and hydrogen (*H/'H or
D/H) from water and the stable isotope ratio of carbon (*3C/!2C) from
aquatic plants as well as the concentration of several ions such as
NO3~, NOy~, PO~ Cu?*, Fe>* have been investigated and also the
distribution of diatom taxa in Aries River.

2. Material and methods

The physico-chemical analyses and distribution of diatom taxa
were carried out on water samples collected from eleven sample
sites, as follows (odd number—upstream; even number-
downstream of the collecting site): P1,2-Campeni; P3,4-Baia de
Aries; P5,6-Salciua; P7,8-Turda; P9,10-Campia Turzii; and P11-the
site where the Abrud River flows into the Aries. Samples have
been collected during 2006—2007.


mailto:akeul@hasdeu.ubbcluj.ro
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Some physico-chemical characteristics of water were analyzed:
pH, Eh, conductivity and O, concentration. The physico-chemical
parameters were accomplished using a multiparameter 340.
Determination of NO3~, NO,~, PO43~ Cu?*and Fe3* concentrations
has been done using an ionic analyzer.

The isotopic content of water samples is usually expressed in
delta (0) values defined as the relative deviation from the adopted
standard representing mean isotopic of the global ocean (SMOW):
0s/R = (Rsample/Rstandard — 1) % 103%,, where Rsample and Rstandard
stands for the isotope ratio in the sample and the standard (°R = D/
H and '®R = '80/60).

The isotopic content of plant material is expressed in ¢ values
defined as the relative deviation from the PDB standard repre-
senting 3C content of a powdered specimen of Belemnitella amer-
icana from Peedee formation of South Carolina.

The isotopic ratio of oxygen in CO, was measured using the
isotope ratio mass spectrometer (IRMS) type Delta V Advantage
designed by Thermo Finnigan. The 3D values were measured with
a home-made mass spectrometer type SMAD-1 on hydrogen gas
(Berdea et al.,, 1992). The precision of the measurement was
+0.01%, for 3'®0 and 0.5%, for dD.

For isotopic analysis of 6'°C in plant, the plants were dried at
80 °C, 24 h and then were ground in a mortar to pass through a 40-
mesh screen (0.425 mm). Conversion of the C from plant material in
CO; for isotopic analysis was accomplished by dry combustion in
excess of oxygen (Cuna et al., 2003). Purified CO, was analyzed with
IRMS Delta V Advantage. The standard deviation for replicate
combustions of the same sample was +0.03%,.

Diatom determination was achieved by using a Nikon Eclipse E
400 microscope.

3. Results and discussion
3.1. Variation of the 0 and D values in Aries River

380 and 3D of meteoric waters (precipitation, atmospheric
water, vapor) are strongly correlated. If 8D is plotted versus 520,
the data cluster along a straight line: 6D = 86180 + 10 9. This line
is referred to as the Global Meteoric Water Line (GMWL). Water in
river may originate from many sources and because of this its
isotopic composition can vary. Seasonal isotopic variations will be
observed in rivers in which surface run-off dominates the
discharge, whereas small isotopic variations will be observed in
rivers with only a single groundwater source. The factors control-
ling the isotopic composition of precipitation are: temperature,
latitude, altitude, amount, and a seasonal variation (Sharp, 2007).

Plants are generally depleted in '3C compared to the source CO,
needed for the photosynthesis. The isotopic fractionation associ-
ated with carboxylations depends on the enzyme involved and thus

on the photosynthetic pathway (C3, C4 and CAM) (Brugnoli and
Farquhar, 2000). Isotopic variations are more pronounced among
C3 plants (—35 to —22%,) than among C4 species (—20 to —8%,).
Carbon isotope composition in plants in the aquatic environment is
extremely variable, with values of 3'>C between —10 and —50%,
(Hemminga and Mateo, 1996; Gu et al., 1999). These large variations
reflect changes in the carbon source for photosynthesis, plant
physiological and ecological features, as well as environmental
changes such as temperature, pH, salinity and substrate concen-
tration. Despite the large variations in isotopic composition, most
plants of the aquatic habitat possess the C3 photosynthetic
pathway (Keeley and Sandquist, 1992).

The spatial and temporal variation of 3'80 and 3D values of the
water samples along the Aries River are shown in Table 1. The §'80
and 3D values are the result of mixing of the groundwater and of
the precipitation. From Campeni to Salciua, the 3'0 and 3D values
show small variations, especially in September: from —10.25%,
to —10.05%, for oxygen, and from —70.7%, to —74.4%, for D in
September 2006; from -9.99%, to —10.229%, for oxygen and
from —68.70%, to —68.40%, for deuterium in September 2007. It is
possible that predominant groundwater sources contribute at the
river in the upper course of Aries. The isotopic values are larger at
Turda and Campia Turzii sites: about —68%, for deuterium and
about —99, for oxygen. There is an altitude effect that marks this
difference between sites. 3'%0 and 3D values become higher with
increasing altitude because it is colder at higher elevation. Many
environmental parameters change with the seasons. Seasonal
changes in temperature clearly affect isotopic composition of
precipitation. The area of Aries River is a direct run-off dominates
system, so the seasonality of 580 and 8D in precipitation has
influence on the 3'80 and 8D values of the river waters. There is an
isotopic pulse for both 0 and D in March, with lower values
(—11.88¢, for 80 and —81.20%, for D at Turda). The waters origi-
nating from melted ice and snow supply the river with lower levels
of having 8'80 and 3D. Generally, waters that are depleted of 3'80
and 3D originate from snow melt (Ahmad et al., 2003). The mean
temperature in March (indicate value) is consistent with conditions
leading to melting snow and explains this isotopic pulse. In Fig. 1 it
is shown the seasonal effect on the 880 and 3D values and in Fig. 2
it is shown how the experimental data for '¥0 and D fall on the
GMWL. The water samples from Aries River fall on, or close, to the
GMWL indicating that these waters are of meteoric. Some scat-
tering of 3'30 (as example —12.86%, for the water collected at Baia
de Aries site) could be correlated with the pollution of the river.

3.2. 613C variations in aquatic plants of the Aries River

The 3'3C values of aquatic plants were investigated to determine
factors that affect the variability of the 8'3C. The 3'3C values varied

Table 1

Spatial and temporal variation of the 3'0 and 3D values of the water of Aries River.
No Site Sept. 2006 October 2006 March 2007 June 2007 Sept. 2007

3'%0(%) 8D(%) A¥®0o(y) dD(%)  AP¥O0(%)  D(%)  8'%0(%)  dD(%)  3°0(%)  3D(%,)

1 Abrud —-9.45 —64.4 -10.64 -71.89 -10.51 -70.2 —10.00 -71.9 -9.37 —-68.4
2 Campeni upstream -10.25 -70.7 —10.74 —72.74 -11.25 -73.6 —10.80 -72.8 -9.99 —68.7
3 Campeni downstream -10.85 -70.3 -10.74 —76.59 -11.63 -76.3 —-11.31 —72.40 -9.95 —68.2
4 Baia de Aries upstream -11.14 -709 -11.78 -71.12 -11.50 -73.3 —10.08 —75.50 -9.97 —68.6
5 Baia de Aries downstream —10.09 -73.8 -10.43 —70.86 -12.26 -72.7 -10.43 —73.20 —10.05 —68.7
6 Salciua upstream -10.76 —72.2 —11.52 -71.90 -11.03 -72.8 —10.85 —74.50 -9.89 —68.8
7 Salciua downstream -10.05 -744 -11.50 -72.10 —12.86 -74.6 —10.67 —74.60 -10.22 —68.4
8 Turda upstream -10.12 —68.1 —-11.07 —68.84 -11.88 —74.59 —10.06 —70.2 -9.80 —68.5
9 Turda downstream —10.40 —66.1 -10.48 -71.18 -11.12 -75.9 -10.83 -70.8 -9.71 —68.4
10 Campia Turzii upstream —-10.61 —69.8 -9.70 —70.83 -11.60 -81.2 —-10.69 -70.5 —9.53 —67.8
11 Campia Turzii downstream -10.17 —68.5 -12.45 —68.61 -11.77 —78.8 -10.70 -75.1 -9.40 —67.2
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Fig. 1. The variation of the 3'%0 and 3D values in March 2007 and September 2007.

from —28.6%, (Campia Turzii) to —32.60%, (Campeni) and were
significantly correlated with site of sampling. The lower isotopic
values was found for the plants collected on the upper course of the
Aries River, and the 3'3C values have increased toward the Campia
Turzii site. In moving waters, one mechanism that leads to such
increasing is due to the diffusion of CO, in the water, and in essence
the thickness of the boundary layer around the plant which in turn
can be related to water velocity (Finlay et al., 1999). Low turbulence
of the water resulted in more positive 3'>C values at Turda and
Campia Turzii sites due to greater diffusion resistance. High flow of
the water conducts at Abrud, Campeni, Baia de Aries and Salciua to
small boundary layer, and fast diffusion, and high >C discrimina-
tion due to large CO, pool available relative to plant requirements.
Slow flow of the water at Turda and Campia Turzii results in the
larger boundary layer, and slow diffusion, and less 3C discrimina-
tion due to plant CO; requirements coming closer to available CO;
pool. The trend of this variation is shown in Fig. 3.

Other physico-chemical analyses of water are presented in
Table 2. One can notice the difference between the P11 (the site
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Fig. 2. 3'0 and 3D values in water of Aries River.

where the Abrud River flows into the Aries) where the pH = 4.5 and
the Eh is positive and all the other sampling sites, where the pH is
alkaline (>7.5), and the redox potential (Eh) is negative. Nutrients
content in Aries water was also investigated and is shown in Table 3.
The higher concentration of NO3~ was observed in the P11 site
(Abrud), 8.67 mg/l and in P6 site (downstream of Campia Turzii),
8.42 mg/l. The indices of water quality in lakes and rivers from
Romania are listed in STAS 4706/88 (a compilation of parameters
used in Romania to determine quality indices). According to this
STAS, the concentration of NO3~ should be 10—30 mg/l, thus the
concentrations found are in admissible limits. The highest concen-
tration of NO,~ was detected in P10 site, 0.96 mg/l. According to
STAS 4706/88, the concentration of NO,~ should be 1-3 mg/l.
Samples collected from P5 and P6 sites contain the highest
concentrations of PO4>~ (2.85 mg/l, upstream and 2.35 mg]l,
downstream). In STAS 4706/88 there are no indications about the
admissible limits of PO4>~. Nutrients formation in the river water is
either the result of synthesis and distruction of organic materials or
indirect inflows of polluted municipal, agricultural and stock
breeding waste waters (Finnveden et al., 2009). In the last decades
the impact of the used fertilizers which trough the precipitations
enter the rivers increased significantly. In stream orthophosphate
concentrations can also be produced through mobilization of sedi-
ment bound phosphorus in anoxic water column and/or sediment
conditions, sediment in surface run-off from areas having had
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Fig. 3. The trend of the 5'3C values in the aquatic plant sampled in the Aries River.
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Table 2
Results of the physico-chemical analyses carried out in water of Aries River.
Sampling pH Eh Coductivity 0, mg/l Temperature
site (mV) (uS/cm) °C
P1 7.96 —62 140 11.30 8
P2 7.94 —62 144 11.00 8
P3 7.5 —-40 194 10.60 9
P4 7.85 -55 195 10.75 8.7
P5 7.80 -53 180 10.40 8.6
P6 7.85 —-60 222 9.85 8.5
P7 8.60 —105 421 11.33 8.3
P8 8.40 —88 492 10.65 8.6
P9 8.50 -94 580 10.75 9.5
P10 8.60 —100 666 10.80 9.7
P11 445 +145 920 10.30 83

surface applied phosphorus and groundwater from phosphorus
saturated soils (Tian et al., 1993).

In natural aquatic ecosystems, metallic compounds occur in low
concentrations, normally at nanogram to microgram per liter level.
We have detected low concentrations of Cu>* as 0—0.46 pg/ (Table 3)
and according to STAS 4706/88, the admissible limits of Cu?>* could be
0.05 mg/1. Fe>* was detected in high concentrations especially in P11,
P7 and P10 sites (440—1072 pg/1) and according to STAS 4706/88, the
admissible limits of Fe>* could be 0.3—1.0 mg/l. In fact, P11 site is
the most polluted site as regard the physico-chemical parameters.
The pollution source might be the mining enterprise in Rosia Mon-
tana (Kraft et al., 2006). Heavy metals may come from natural sour-
ces, leached from rocks and soils according to their geochemical
mobility or come from anthropogenic sources, as the result of human
land occupation and industrial pollution. Although trace metals at
low concentrations are essential to life, at high concentrations, may
become hazardous (Espinoza-Quifiones et al., 2005).

3.3. Diatom communities analysis

In several European countries, as well as in America and
Australia, the algae represent the main group of organisms used in
the monitoring of rivers (Stevenson et al., 1996; Prygiel and Coste,
2000; Potapova and Charles, 2007). The evaluation of water
quality from natural or influenced by human activities based on
aquatic organisms agrees to the actual legal rules (EU Frame
Directive 60/2000). Diatoms (Bacillariophyta) represent the domi-
nant algal group developing in streams, an additional reason for
their use in the water quality evaluation in running waters (Patrick,
1997).

Our study established marked differences in the number of
diatom species in the different sampling sites probably due to
various environmental changes, especially caused by human
impact present in the catchment area of the Aries River. The most

Table 3

Nutrients and metals concentrations in water of Aries River.
Sampling site  NO3; (mg/l) NO, (mg/l) PO4(mg/l) Cu(ug/l) Fe (ng/l)
P1 0.443 0 2.29 0 166
P2 3.54 0 0.97 0 59
P3 0 0.096 0.96 0 142
P4 0 0 0.64 0 43
P5 0 0.032 2.85 0.15 440
P6 8.42 0.064 2.32 0.32 57
P7 0 0 2.25 0 540
P8 0 0 0.03 0.13 384
P9 0 0 0.42 0.46 300
P10 4.87 0.96 0.49 0 476
P11 8.67 0 0.2 0.31 1072

severe impact forms are the inflowing acidic mine waters, the
outflows of decantation ponds or the sterile waste dumps of the
mining areas (Bucium Poieni-Rosia Montana-Abrud-Baia de Aries)
located in Aries River catchment basin. In the sampling site P8 there
have been identified 101 diatom taxa. The second highest number
of taxa (over 60 diatom taxa) was identified in sampling site P1,
located upstream Campeni, the lowest one-a single taxa, in
sampling site P2, located downstream Campeni, just below the
confluence with the Abrud (tributary of the Aries). In the Abrud
(sampling site P8) no diatoms could be found, due to its high degree
of acidic mine water pollution, drainage waters of sterile wastes
and decantation ponds located in the mining area of Bucium
Poieni-Rosia Montana-Abrud (Fig. 4). Environmental conditions
causing the occurrence of high number of diatoms on the upper
course of the Aries River (sampling site P1) are those natural, as
well as human pollution sources like tourism, wood clearings, and
waste waters of various origins conducing surely to the eutrophi-
cation of the river. This statement is sustained by the frequency in
the diatom community of several eutrophic elements like Amphi-
pleura pellucida, various species of Amphora, Cymbella and Navicula.
The dominant species in this community are the indifferent ones
(Achnanthes minutissima, Fragilaria capucina, F. ulna etc.) with high
relative abundance values (over 85%). The characteristic diatoms
for clear, mountain rivers, expected to be frequent here (Diatoma
hyemalis, Fragilaria arcus and Meridion circulare), are very scarce
indeed. The acidic mine waters, very low pH, heavy metals, and
suspensions of various nature, caused the total lack of living dia-
toms in the Aries River in sampling site P2, located just below their
confluence, where only few frustules of Achnanthes minutissima
could be detected, brought possibly from the upstream community.
In sampling site P3-upstream of Baia de Aries, the restoration of the
diatom community could be observed; the dominant elements
being the cosmopolitan ones, but exhibiting relative abundance
values less than 80%. Downstream the mining area of Baia de Aries
(sampling site P4), due to the same kind of mine waters, of
household wastes and of gravel pits from the river bad, the number
of diatom species is drastically diminished again (only 5). Toward
downstream, as the inflow of clear waters of the tributaries
(at Posaga and Ocolis), causes the dispersion of pollutants, the
regeneration of the diatom communities took place. Therefore, in
sampling site P5-upstream of Turda, 45 diatom taxa could be
detected and downstream the town (sampling site P6) almost 60
taxa. These communities are equally dominated by the same
cosmopolitan elements, intermingled with several eutrophic forms.
New feature of these communities (sampling sites P5 and P6) is the
occurrence of the diatoms indicating critical saprobity levels (-,
a- or o-polysaprobic taxa): Amphora veneta, Navicula accomoda,
N. cuspidata, N. goeppertiana, Nitzschia capitellata, N. filiformis and

Eh EEE H
R E
=F
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Fig. 4. The values of Shannon-Wiener diversity (H), equitability (E) and the index of
saprobity (S) in the sampling sites of the Aries River.



A. Butiuc-Keul et al. / Journal of Environmental Management 95 (2012) S3—S8 S7

some others. The appearance of these elements might be explained
by the involvement of new types of pollutants in this zone,
household garbage heaps on the river side, agricultural wastes etc.
The industrial pollution in the area of the towns Turda and Campia
Turzii involved once more the fall of the diatom taxa (to 44 in
sampling site P7, downstream of Campia Turzii). The dominant
diatoms indicate critical saprobity levels (the Nitzschia and Surirella
species already mentioned above). Our data agree with previous
findings concerning the same river (Momeu and Péterfi, 2007;
Momeu et al., 2007). The values of Shannon-Wiener diversity and
those of equitability (Fig. 4) show generally the same tendencies as
concerning the degree of benthic diatom community organization.
These indices have not been computed for sampling sites P2, P4 and
P8, due to the low number of species detected there. The index of
saprobity (Fig. 4) exhibit growing tendency from upstream toward
downstream in the Aries River; its water quality could be included
in class I-II upstream Campeni, being namely oligosaprobic, clear
or very slightly polluted. In sampling site P3 according to the value
of the saprobity index the water belong to class II, -mesosaprobic
or moderately polluted. The river water in sampling site P5 could be
included in class II-III, B-o- mesosaprobic level with moderate to
strong pollution, but in sampling sites P6 and P7 it could be referred
to quality class IlI-1V, B-a- and ¢-mesosaprobic levels, namely being
strongly polluted (Momeu and Péterfi, 2007).

In agreement with the recommendations of the DPSIR frame-
work the results of this study indicate that several responses are
needed to develop a right management of rivers from Romania.
Some physico-chemical methods such as filtration, chemical
precipitation, ion-exchange, and membrane systems have been used
for the last four decades (Shiao-Shing et al., 2007), so such methods
could be also used for water purification. As a promising solution,
bioremediation i.e. the use of biocomponents for environmental
remediation, is a potentially effective, safe, and environment-
friendly method. Since early 1970s several works have demon-
strated that aquatic macrophytes can be used to remove metals by
surface adsorption and/or absorption and incorporate them into
their own system or store them in a bound form (Garg et al., 1997).
New technologies relying on enzymatic mechanisms that can be
applied in various ways, such as biocatalyst-containing foams and an
enzymatic sponge, for environmental as well as personal exterior
decontamination could be also employed (Simo et al., 2008). In the
last few years, reliable biological methods have been used, including
the use of microorganisms (fungi, algae, bacteria), plants (live or
dead) and biopolymers (Singh and Gadi, 2009).

4. Conclusions

The 3'80 and 3D values of the water from Aries River confirm the
meteoric provenance of these waters. Some scattering of 3'%0
values could be correlated with pollution at the site of collection.

The 5'3C values measured on the plant material varied largely.
This variation was correlated with the site of sampling. The
mechanism that leads to such variation is the diffusion of CO, in the
water that is related with the water velocity. The 8'3C values are not
influenced by pollution.

According to the STAS 4706/88 the concentrations of NO3~,
NO,~, PO43~ Cu?tand Fe>* in Aries River are in admissible limits.

The structure of benthic diatom communities in the Aries River
is strongly affected by the various pollutants detected in the
investigated area.

The qualitative and quantitative structure of the diatom
communities confirm previous studies showing that the drastic
changes in the number of species is related to the presence, these
changes occur in both values of diversity and equitability. The level

of trophicity and saprobity grows from upstream toward
downstream.
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In the present study, trace metals contents (V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) and physico—chemical
parameters (nitrogen, organic and inorganic carbon, pH and particle size) in sediments samples along the
Calore river were analyzed in two seasons.

Sediment samples were collected in ten sites upstream and downstream of the city of Benevento and
its industrial area, the confluence of Sabato and Tammaro tributaries, and the confluence of Calore and
Volturno rivers. The highest contents of trace metals were found, generally, in the sites immediately
downstream of industrial area and of Benevento city. The sites on the Tammaro and Sabato also showed
relatively high contents of Ni and, only for Sabato sites, of Cr, and Fe. With the exception of Cd, the heavy
metal contents were highest in the last site of Calore river, which therefore is a source of pollution to the

Campania Volturno river. Besides the sites downstream of Benevento city showed the higher pH values and also the
Sediments highest contents of fine particles size and organic matter. Positive correlations among trace metals,
Pollution organic substance, particle size sediments were found.

Rivers The data obtained in this study were analyzed with reference to Interim Sediment Quality Guidelines

and indicated moderate-to-high pollution by some trace metals (V, Cr, Mn, Fe, Ni, Cu).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Trace elements, especially the so called ‘heavy metals’, are
among the most common environmental pollutants and their
occurrence in waters and biota indicate the presence of natural or
anthropogenic contamination. The main sources of metals in
aquatic systems are the weathering of soils and rocks and anthro-
pogenic activities (drainage of land and alterations in land use),
whereby industrial and urban wastes are discharged into water
bodies and so disturb the equilibrium between the metals in
sediment/soils and ground water or surface water (Yu et al., 2001;
Klavins et al., 2000; Filgueiras et al., 2004).

Throughout the hydrological cycle, far less than 1% of pollutants
remain dissolved in water whereas over 99% are stored in sediments,
that therefore are the major sinks and carriers for contaminants in
aquatic environments (Filgueiras et al., 2004). Analysis of sediments
is of common use to estimate the health state of water bodies and to
determine the index of pollution of drainage basins (Bryan and
Langston, 1992; Bubb and Lester, 1994; Darkalakis and O’Connor,
1995). Because of the tendency of pollutants to accumulate in
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E-mail address: stefania.papa@unina2.it (S. Papa).
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sediments, the living community associated with sediments is
particularly prone to harmful effects of pollution (Tam and Wong,
2000; Samecka-Cymerman and Kempers, 2001; Baldantoni et al.,
2004). The concentration of pollutants stored in sediments,
however, are affected by sediments mineralogy, dimension and
distribution. Trace elements are adsorbed by organic substances like
carbohydrates, and minerals like Fe and Mn oxides (Filgueiras et al.,
2004). The adsorption capacity increases with decreasing particle
sizes (Jain, 2004; Filgueiras et al., 2004). The overall process is
reversible and dependent on pH and redox potential, hence the
absorbed trace metals can be released again in the water body (Chen
et al.,, 1996; Kashem and Singh, 2001).

Heavy metals of anthropogenic origin are generally introduced
into the environment as inorganic complexes or hydrated ions,
which can easily bind to the surface of sediment particles by rela-
tively weak physical and chemical bonds. As a consequence, heavy
metals are found predominantly as a labile extractable fraction in
sediments (Jain et al., 2008). The presence and distribution of heavy
metal in aquatic systems, have been investigated quite extensively
in the last decade, but unfortunately essentially in water bodies of
northern Europe (Fytianos and Lourantou, 2004; Chandra Sekhar
et al,, 2003; Singh et al., 2005; Jain et al., 2008; Venugopal et al.,
2009), includingnorthern Italy rivers (Camusso et al., 1999;
Pettine et al., 1994, 1996; Vigano et al., 1999, 2003; Farkas et al.,
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2007). Very few data, however, are presently available on the topic
as concerns southern Italy rivers (Bartoli et al., 2009; Isidori et al.,
2004; Parrella et al., 2003).

The aim of this study was to evaluate trace metal contents (V, Cr,
Mn, Fe, Ni, Cu, Zn, Cd and Pb) and possible relationships with
physical—chemical properties (particle size, pH, nitrogen, organic
and inorganic carbon) in sediments samples along the Calore river,
its affluents Tammaro and Sabato, and as well as its contribution to
the Volturno, the most important river of Campania Region (South-
Italy). The “Calore” river was a navigable river before 1958 when
water deviation to Puglia region greatly reduced its flow. Urban and
industrial waste, in addition, as well as unlawful dumping and
quarries have highly increased the concentration of pollutants.

2. Material and methods
2.1. Study area

The “Calore” river (118,50 km) risen in the “Acellica” Mount, in
the group of the “Picentini” mountains (Campania), flows into the
Volturno river, near “Amorosi”. Its tributaries are “Ufita”, “Sabato”
and “Tammaro” before crossing Benevento (a city of ~70.000
inhabitans).

Agriculture, handcraft and industrial activities are the main
sources of river pollution along its drainage basin.

2.2. Sample collection and preparation

Fig. 1 shows the 10 sites selected for sampling: C1 (upriver of
Benevento, near agricultural fields); T (Tammaro tributary, imme-
diately upstream confluence with Calore river); C2 (upstream of
Benevento city and downstream of the industrial area); C3 (Calore
river, downstream confluence of Tammaro); S (Sabato tributary,
downstream of urban city and immediately upstream confluence
with Calore river); C4 (Calore river, downstream confluence of
Sabato); C5 (Calore river, downstream site C4); C6 (Calore river,
immediately upstream confluence with Volturno); V1 and V2
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(Volturno river, respectively upstream and downstream confluence
of Calore).

2.2.1. Sample collection and analytical methods

Sediment samples were collected in late Autumn 2004 (at the
end of the summer dry season) and in late Spring 2005 (after
winter floods). At each sampling site, five sediment cores were
collected by a snapper (& 5 cm) in the layer 0—15 cm and mixed to
form the site sediment sample.

Before transferring the sampled sediment in the special
containers, after decantation, the above water has been recovered
and used for the immediate pH determination with an electronic
pH meter (HI 8424, HANNA Instruments, Sarmeola di Rubano PD,
Italy).

A representative portion (500 g) of each sample was used for the
determination of coarse sand, fine sand, silt and clay composition in
according to USPRA classification (U.S. Public Roads Administra-
tion) (Hiller, 1982). A second portion of each sample, oven-dried at
75 °C until constant weight, was sieved (pore diameter 2 mm and
nylon sieves) and ground to a fine powder by a Fritsch Germany
pulverisette 6 with an agate pocket, to prevent trace element
contamination.

The pH of the sediment was measured by shaking an aliquot of
sediment in distilled water (10 g of dry sediment in 25 ml of water)
for 10 min. The suspension was left to stand for 10 min. The pH of
the supernatant was measured with an electronic pH meter (HI
8424, HANNA Instruments, Sarmeola di Rubano PD, Italy).

Total carbon (TC), inorganic carbon (IC) and nitrogen analyses
were carried out in triplicate on powdered sediment aliquot by an
NCS Analyzer (Carlo Erba NA 1500).

Inorganic C was evaluated by treating samples at 550 °C for 2 h
before combustion in the NCS Analyzer. Organic carbon (OC) was
determined as difference between total carbon and inorganic
carbon (OC = TC — IC).

Trace element (V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) analyses were
carried out in triplicate by atomic absorption spectrometry (Spec-
trAA 20 Varian) and quantified using standard solutions (STD

C3
c2

et Ci1

Fig. 1. Map of sampling sites. Description in the text.
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1

Physical and chemical characteristics of sediment sampled in the different sites along the Calore river. The pH of the water column above the sediments (pHy20) Was, also,
reported. Standard deviation is in parenthesis. The site names are as in Fig. 1

Sites PHsea PHi20 0C (mg/g) 0oC/IC C/N Coarse Fine Silt and
sand (% d.w.) sand (% d.w.) Clay (% d.w.)
1 8.0 (0.1) 8.16 (0.1) 43.2 (0.6) 2.75 (0.14) 65.18 (0.4) 38.8 51.0 10.2
T 7.6 (0.1) 7.73 (0.1) 43.1(0.9) 2.49 (0.11) 60.89 (0.6) 68.7 242 7.1
c2 7.1(0.1) 7.56 (0.1) 70.4 (0.6) 3.67 (0.15) 50.08 (0.4) 342 36.7 29.1
c3 8.0 (0.1) 8.26 (0.1) 42,5 (0.5) 2.45 (0.15) 55.33 (0.9) 59.6 303 10.1
S 7.7 (0.1) 7.66 (0.1) 41.5(0.3) 3.11(0.21) 51.46 (1.0) 212 70.7 8.1
c4 8.0 (0.1) 8.20 (0.1) 1232(1.1) 6.33 (0.23) 52.11 (1.0) 202 55.5 243
c5 8.0 (0.1) 8.00 (0.1) 119.6 (1.5) 6.10 (0.11) 49.66 (1.3) 15.6 34.0 50.4
Vi 7.9(0.1) 8.00 (0.1) 31.1(0.3) 227 (0.11) 4593 (1.1) 462 43.0 10.8
c6 8.1(0.1) 8.15 (0.1) 41.2 (0.4) 2.75 (0.12) 41.36 (1.0) 489 38.1 13.0
V2 7.9 (0.1) 8.00 (0.1) 38.2(0.8) 2.50 (0.13) 42.93 (0. 8) 423 49.0 8.7

Analyticals, Carlo Erba).

Aliquots of the powdered sediment

samples (250 mg) were mineralized in a Milestone Microwave
Laboratory Systems (Ethos 900), endowed with temperature
control, by a combination of hydrofluoric and nitric acid (HF
50%:HNO3 65% = 1:2). After digestion the solutions were diluted by
deionized water to a final volume of 50 ml. Nikel, Cr, Pb, Cu, V and
Cd concentrations were measured by graphite furnace AAS and the
Fe, Zn and Mn concentrations by flame AAS (Baldantoni et al., 2004,
Pagnotta and Pettine, 2005).

Accuracy was checked by concurrent analysis of standard
reference materials by the Resource Technology Corporation, Lar-
amie, WY; the recovery ranged from 90 to 100%.

2.3. Statistics

Data all measures were performed in triplicate for each

sample + SD.
200 autumn 200
v spring Cr
150 II II 150 -
] 3
3 100 | 1 ~ 2 100 - o
e I =k -5
= =&
S0 =X - 50 - ==
— -
o 0
CL T € ©3 S5 C4 C5 VI C6 W2 €1 T € ¢3
50 : 80 | Nj
e 70 I
40 4 i 1
i
w30 I w 30
? I'I T b | & R | 2 ]
01s ;& - 30 &
18 - & i
10 1 i I3 20 4
10
§ | i 'S '8 ol 'H "N 'H
€1 T €2 €3 S5 €4 C5 VI C5 W2 a1 T ¢z 3
140 12
120 | ZN g Cd
100 | o o b ] I
08 -
9 g0 i & ¥ e I
F! B o5 4
ED | o <& I
kI Tz 0.4 T =
| & 3
20 0.2 4
o LI W 2 'S B B B B 'S o LM TN
cl 2 2 C3 3 C4 ©5 VI C6 W2 cl T £z C3

The correlations were determined using the simple Pearson
correlation coefficient. The significance of differences was tested by
one-way analysis of variance (ANOVA) followed by Tukey test
(MINITAB INC 13).

3. Results and discussion

Table 1 shows physico—chemical properties of sediments
sampled along the Calore river. The pH in bioleaching process of
contaminated sediment depends on the buffering capacity of the
sediment. When pH reaches a certain value, metals will start being
released from sediments (Chen and Lin, 2001). In this study the
sediments displayed analkaline pH between 7.1 and 8.1 (Table 1)
and, in this range, there was no release of metals except for Mn, as
reported by Chen and Lin (2001). The lower pH (7.1) was deter-
mined in sediment taken immediately downstream of the indus-
trial area (C2), an intermediate value (7.6—7.7) in the tributaries
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Fig. 2. Trace elements in sediments (ug/g d.w.) collected in 10 sampling sites. The names ofsites are as in Fig. 1.
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Table 2

Comparison of heavy metals in sediments of different rivers of the world.
Rivers Cd (ng/g) Cr (ng/g) Cu (ng/g) Fe (ng/g) Mn (ng/g) Ni (ng/g) Pb (ng/g) Zn (ng/g) References
Ganga 2.55 — — — — — 256 36.1 Sakai et al. (1986)
Genesse — — 10.8 — — 23 40.0 69.0 Subramanian et al. (1987)
Ganga — - 21.0 — — - 25.0 46.0 Subramanian et al. (1987)
Olona 0.32 16 20 13,980 240 10 56 90 Dalmiglio et al. (2005)
Astura 0.305 74 321 15,576 255 31 122 480 Ceradini et al., 2005
Guadaia 3.0 38 25 25,000 477 37 20 51 Gonzalez et al. (2000)
Lambro 2.10 - 90 — — 161 98.5 305 Vigano et al. (2003)
Yamuna 9.5 — 222 — — — 60.0 59.2 Jain (2004)
Gomti 2.42 8.15 5.0 2660 148.13 15.7 40.33 41.67 Singh et al. (2005)
Lambro 3.70 - 187 - — 82 63.8 645 Farkas et al. (2009)
Piacenza 1.25 — 54.6 90.8 55.5 202 Farkas et al. (2009)

Tammaro and Sabato (T, S), and the higher values (8.0—8.1) in
sediments collected in the Calore river (C1, C3, C4, C5, C6).

As is well known, metals are not permanently bound to the
sediment, but can be remobilization from chemical and biological
agents both in the sediments and in the water column above (Stone
and Droppo, 1994; Filgueiras et al., 2004). For these reasons,
measurements on the water column above the sediments were
made. They showed values between 7.56 and 8.26, not significantly
different from pH sediment (Table 1).

It is well-established that granulometry and also organic matter
contents are important factors affecting the distribution of trace
metals (Farkas et al., 2009; Jain et al., 2005). Fine-grained sedi-
ments tend to have relatively higher metal contents, due in part to
the high specific surface of particles. This enrichment is mainly due
to surface adsorption to the mineral component and coatings of
organic matter (Rubio et al., 2000).

In this study coarse and fine sand (Table 1) were found to be
dominant in most of the sites ( ~90% on average) with respect to silt
and clay (~10% on average) and this may be attributed to contin-
uous deposition of alluvium on the riverbed of the Calore. A slightly
divergent situation was found in immediately downstream of the
industrial area and Benevento city sites (C2, C4 and C5), silt and clay
accounted for about 29%, 24.3% and 50.4% of sediment, respectively.
A higher percentage of fine particle size in the sediment results in
a more loose fabric, higher porosity and permeability, and more
easy transportation of the sediment downstream.

The organic carbon content (Table 1), which was found, varied
between 31.1 and 123.2 mg/g d.w. and, in particular, C2 site resulted
significantly lower (p < 0.001) than C4 and C5 sites and higher than

Table 3

the others (p < 0.001). This significant increase the organic carbon,
C2 than in C1 and C4 than C3, is probably originated from the
release of industrial and civil wastewater.

Significantly higher OC/IC ratio in C2 (p < 0.01) and in particular
in C4 and C5 (p < 0.001) pointed out a higher OC content than IC,
probably due to direct industrial and civil wastewater. On the
contrary, the C/N ratio, which decreased from C1 to V2, could
suggests a progressive increase in N contents, probably due to
leaching from extensively cultivated soil (Parrella et al., 2003).

Fig. 2 shows the contents of trace metals analyzed in the
sediments.

The metal concentrations determined in sediment sampled in
autumn showed similar values as those samples in spring.

The significant higher values of all assayed metals, except Mn,
were observed in the C4 and C5 sites (p < 0.01) compared to C3, the
upstream site of Benevento city. These sites showed also the
highest values of OC, particle fine size and alkaline pHgeq (Table 1).
The C2 site, downstream of the industrial area, showed Cd, Cr, Cu
and Zn higher values (p < 0.01), compared to the upriver site (C1).
Nickel, instead, was high in T and S sites apart from the C4 and C5
ones (p < 0.001). The S site, with the lowest OC, was, also, char-
acterized by relatively high content of Cr and Fe (p < 0.01). Mn,
instead, had the highest values in the C6 site. Sediments in the V1
site showed the significant lowest values (p < 0.01) than C6 site
(immediately upstream confluence with Volturno) for the all the
metals except for Cd.

These data were compared with metal concentrations reported
by other workers on some of the major rivers of the world (Table 2).
In particular it was evidenced that the highest concentrations

Correlation between heavy metals and physical-chemical characteristics of sediments sampled in the different sites along the Calore river.
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Table 4
Metal pair ratio (M/Fe) for heavy metal content in sediments.

Sites Cr Pb Ni Zn Cu \% Ccd
(x1073) (x1073) (x1073) (x1073) (x1073) (x1073) (x1073)

C1 3.68 0.77 2.08 3.22 0.52 5.10 0.02

T 4.13 0.77 4.42 333 0.99 0.91 0.03
c2 5.41 0.76 2.14 5.02 1.72 4.45 0.04
c3 3.09 1.00 2.10 3.63 0.65 1.17 0.02
S 4.09 0.73 1.85 2.51 0.79 2.19 0.01
C4 3.08 1.35 2.69 4.45 3.65 6.10 0.03
5 3.01 1.60 243 3.98 3.05 5.34 0.03
\4! 231 1.24 1.05 4.78 1.74 3.64 0.02
C6 1.59 1.02 1.34 4.04 1.76 3.00 0.01
V2 1.61 1.18 1.38 4.38 1.81 2.06 0.01

occurred in this study (C2, C4, C5, S e T) were: (a) lower than Po and
Lambro rivers; (b) higher than Alona and Astura rivers, except for
Pb and Zn; (c) generally higher than Ganga, Genesse, Guadaia,
Yamuna and Gomiti rivers, except for Cd (Table 2).

In the present study all heavy metals assayed, except Mn, were
correlated to each other, OC, IC, Ny and the fine fraction (silt and
clay) (Table 1). Positive correlations with OC (Table 3) suggest that
binding to organic substance has a major role in metal ion
adsorption to sediments. It has been reported, in fact, that the
charge of the metal ions is a major factor affecting absorption to
sediment particles (Gaw and Chen, 1998; Rule, 1986).

In order to facilitate comparison and integration of data relative
to heavy metal assessment, a number of specific “indexes” have
been introduced. For example Farkas et al. (2009) and Jain et al.
(2008) used the Index of geoaccumulation (Igeo) to determine
the quantitative extent of metal pollution in the middle stretch of
River Po (Italy) and the basin of River Narmada (India) respectively.
Others (Jain, 2004; Singh et al., 2005) use a comparison of metal
concentration ratios in the sediments as a quick and practical
method for tracing heavy metal enrichment. In natural river
systems, elements as well as metals exist together in relative
proportions to each other. These ratios are dependent on a large
number of processes in a geochemical cycle including weathering,
transport and deposition. The ratios of trace metals to conservative
elements may reveal geochemical imbalances due to elevated trace
metal concentrations normally attributed to anthropogenic
activities.

Table 4 reports trace metal to iron ratios in the different
sampling sites selected for this study. The metal pair ratios clearly
reflect maximum enrichment of lead, copper and vanadium at site
C4 and C5; nickel showed enrichment at site T followed by C4 and
C5; chromium showed maximum enrichment at site C2 followed
by T and S; zinc showed enrichment at site C2, C4, C5, C6, V1 and
V2, cadmium showed enrichment at site C2, C4, C5 and T. The
highest values were found in the sediments collected to down-
stream of the industrial area, of the city and its two tributaries,
which highlights the major contribution of the anthropogenic
origin of trace metals. The values were similar to Jain et al. (2005).

In contrast to marine sediments, there is no legal specify in Italy
that defines the limits for trace metals in river sediments. The data
obtained in this study, therefore, were analyzed with reference to
Interim sediment quality guidelines (ISQG) (Anzecc and Armcanz,
2000; McCauley et al., 2000; McCready et al, 2006). Effects
range-low (ERL) and effects range-median (ERM) guidelines (Long
et al., 1995) were re-named ISQG-Low and ISQG-High guidelines,
respectively (Anzecc and Armcanz, 2000). These values correspond
to the lower 10th percentile (ERL) and 50th percentile (ERM) of
chemical concentrations associated with adverse biological effects
in field studies and laboratory bioassays, in a large database
compiled from studies across all three coastlines of North America

(Long et al., 1995). These guidelines distinguish three ranges of
concentrations of sediment-associated contaminants, the first
rarely associated with adverse effects (<ERL), the second occa-
sionally (>ERLs and <ERMs), and the third frequently (>ERMs).
Under this perspective, it was observed that: (a) Cd, Pb and Zn
occurred below the ISQG-low limit value (1.5 pg/g, 50 ug/g and
200 pg/g respectively) in all sites; (b) Cr was above the ISQG-low
limit (80 pg/g) only in C2 and S, and close to limit in C4 and C5
sites; (c) Cu was above the ISQG-low limit (65 pg/g) only in C4 and
C5 sites; (d) Nickel was above the ISQG-low limit (21 pg/g) in all
sites except V1, (d) Ni was above the ISQG-High limit (52 ug/g) only
inT, S, C4 and C5 sites.

In conclusion, total amounts of trace metals in ten sampling
points distributed along the Calore river course, with exception of
Cd, Pb and Zn, indicate moderate-to-high pollution by them,
according to the ISQG criteria. Positive correlations among trace
metals, organic substance, particle size sediments indicate that
they are probably discharged from the same pollution source. So,
the river sites down the industrial area and the urban area of the
city were significantly more polluted than upstream sites. In
addition the two tributaries Tammaro and Sabato can be consid-
ered sources of pollution of the “Calore”, and on turn the “Calore”
resulted a source of pollution for the “Volturno” river for all the
elements tested except Cd.
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The goal of this study was to evaluate the suitability of the hilA, agfA, spvC and sef genes amplification by
PCR as a method for detection of Salmonella strains. Twenty nine isolates of Salmonella spp. including 6
different serotypes were analyzed in this study. The bacteria were isolated between 2005 and 2007 and
serotyped at the Clinical Hospital of Infectious Disease, Cluj-Napoca. Ten non-Salmonella strains were
also tested by the same procedure. We used a direct PCR technique, DNA extraction had been skipped

and the bacterial cell wall denaturated in the first step of the reaction. All Salmonella strains gave positive
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results by the PCR amplification of hilA gene. The utilization of the sef, and spvC genes or spvC and agfA
genes in a multiplex PCR provides a valuable diagnostic tool for Salmonella enteritidis strains.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Salmonellae are invasive enteropathogens of humans and
animals. In humans, Salmonella is the etiological agent of gastro-
enteritis and typhoid fever. One common feature among all
Salmonella spp. is that they display enhanced survival in non-host
environments, including soil and water (Winfield and Groisman,
2003). This fits into the cyclic lifestyle that has been proposed for
Salmonella spp., consisting of passage through a host into the
environment and back into a new host (Winfield and Groisman,
2003). The eradication of Salmonella isolates from the environ-
ment is practically impossible. Therefore the development of
control measures is necessary (White et al.,, 2003). Control of
infection depends on the availability of rapid methods and precise
diagnostic tests.

Clinical diagnosis of the salmonelloses is often difficult because
the symptoms closely resemble other diarrhoeal diseases (Keusch,
2002). Salmonella can be isolated and characterized using standard
bacteriologic media. Conventional culture methods require 5—7
days for presumptive results. Serological techniques may be used
for epidemiological characterization. Additional biochemical and
serologic tests are needed to identify specific serotypes. Conven-
tional methods of isolation of Salmonella strains are therefore
laborious and require substantial manpower (Van der Zee and Huis
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in’t Veld, 2000). Molecular testing has been most successful in areas
for which conventional microbiological techniques do not exist, are
too slow or are too expensive (Jungkind, 2001). Polymerase chain
reaction (PCR) is the best known and most successfully imple-
mented nucleic acid detection technology to date (Nissen and
Sloots, 2002).

The goal of this study was to evaluate the suitability of the, hilA,
agfA, spvC and sef genes amplification by PCR as a method for
detection of Salmonella strains.

2. Materials and methods
2.1. Bacterial strains

Twenty nine isolates of Salmonella spp including 6 different
serotypes were analyzed in this study (Table 1). Ten non-Salmonella
strains were also tested by the same procedure. The bacteria were
isolated between 2005 and 2007 and identified by biochemical and
serological tests (microagglutination, tube agglutination, and rapid
whole-blood plate agglutination assays) at the Clinical Hospital of
Infectious Disease, Cluj-Napoca, Romania (Gast and Beard, 1990).

2.2. Preparation of DNA samples

For selectivity tests, Salmonella or non-Salmonella strains were
grown aerobically without shaking at 37 °C for 16 h in Lur-
ia—Bertani medium. Five to six colonies were suspended in ultra
pure water to enhance the cell wall destruction. The optical density
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Table 1
Bacteria strains used in PCR.

Bacteriological isolation No. of strains

S. typhimurium 5
S. choleraesuis 2
S. dublin

S. enteriditis

S. gallinarum

S. infantis

Klebsiella pneumoniae
Escherichia coli
Shigella dysenteriae

—_

- W NN

Table 2
Primers for PCR amplification.

Gene Location Sequence 5'—3’ Amplicon Reference

target or function (forward/reverse) size (bp)

spvC  Virulence =~ TATGATGGGGCGGAAATACC 700 This study
plasmid JGCGTTTACTGTTCCGTTGC

agfA  Aggregative TCCGGCCCGGACTCAACG 261 Doran et al.
fimbriae /CAGCGCGGCGTTATACCG (1993)

sefC  Fimbrial TGGGGACAAATATACCAGTGC 1100 This study
protein JCTATTTGCCCTCTTGCTTGC

misL  SPI3 GACGTTGATAGTCTGCCATCCAG 986 Soto et al.

JCAATGCCGCCAGTCTCCGTGC (2006)
hilA SP1 GCGAGATTGTGAGTAAAAACACC 413 This study

/CTGCCCGGAGATATAATAATCG

at 600 nm of the suspension (OD600) was 0.4. Three pl of this
suspension were used in the reaction. Using this technique we can
skip the expensive DNA extraction and the self contamination of
workers is minimized. The PCR primers used in the experiment are
presented in Table 2.

The primers were designed according to the sequences found at
NCBI, accession numbers: U25352 for the hilA gene; DQ115388 for
spvC gene and L11010 for sefC gene.

2.3. PCR protocol

A typical 25-ul PCR mixture contained 2.5 pl 10 x PCR reaction
buffer, 25 pmol of each primer, 200 uM concentrations of each
dNTP, 2 pl MgCl,; 25 mM (2 mM final concentration) 0.75 U of Taq
polymerase, and 3 pl bacterial suspension. PCR was performed in
a Thermocycler, (M] Research). The parameters for amplification

_—

were as follows: initial denaturation at 94 °C for 4 min, 30 cycles of:
1 min each at 94 °C, 1 min at 63 °C, 1 min at 72 °C and a final
extension step at 72 °C for 10 min. Amplicons have been separated
on 1.5% agarose gel, stained with ethidium bromide.

3. Results

All Salmonella strains amplified a 413-bp fragment with the set
of primers for hilA gene (Fig. 1). Non-Salmonella strains did not
amplify and no nonspecific products were amplified. For the
Salmonella enteritidis strains an amplification of a 261 bp fragment
of the agfA gene was obtained. However, the same result could not
be achieved for the Salmonella choleraesuis strains (Fig. 1).

SpvC and sef genes amplification products were obtained at S
enteritidis; agfA gene product was obtained only at S. enteritidis
(Fig. 2). Amplification products for misL gene were obtained at all
Salmonella species that we analyzed (Fig. 3).

For discrimination between S. enteritidis and S. choleraesuis we
performed a multiplex PCR. Co amplification of sef and spvC or spvC
and agfA allowed us to see the difference between these two
species (Fig. 4).

4. Discussion

Serovar, S. enteritidis is a model for the study of fimbriae as
a virulence factor, by binding to specific host receptors; fimbriae
mediate bacterial colonization and/or optimal toxin delivery.
Fimbriae are proteinaceous filamentous structures present on the
surface of many members of the Enterobacteriaceae, including the
genus Salmonella (Thorns, 1995). Increasing evidence suggests that
bacterial fimbriae play an important role in infection (Naughton
et al., 2001; De Buck et al., 2003), although their exact role in the
pathogenesis of Salmonella is still controversial (Rajashekara et al.,
2000). S. enteritidis produces several fimbrial types (Bdumler and
Heffron, 1995). Its genome contains many putative fimbrial
operons: agf, bcf, fim, 1pf, pef, saf, sef, stb, stc, std, ste, stf, sth, sti
(Porwolik and McClelland, 2003); however, expression of fimbrial
proteins encoded by these operons has been demonstrated for
a few of them. It has been shown that S. enteritidis elaborates
fimbriae designated SEF17 (encoded by the agf operon) (Collinson
et al,, 1996) that mediate fibronectin binding (Collinson et al.,
1991). SEF17 fimbriae are composed mainly of a fimbrin and are
highly stable structures. SEF14 fimbriae are encoded by the sef
operon (Clouthier et al., 1993). Diarrheagenic Escherichia coli strains

i =
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Fig. 1. Agarose gel electrophoresis of PCR products after amplification of agfA and hilA genes. Lanes: 1, 22 — molecular weight marker; 2—5 and 7—10 — different strains of
S. enteritidis (agfA gene products); 6 and 11 — S. choleraesuis (agfA gene products), 12—15 — S. enteritidis (hilA gene products): 16—18 — S. typhimurium (hilA gene products); 19—21 —

S. choleraesuis (hilA gene products); 23-negative control.
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Fig. 2. Agarose gel electrophoresis of PCR products after amplification of sef, agfA and
spvC genes. Lanes: 1 — molecular weight marker; 2, 5, — different strains of S. enteritidis
(sef gene products); 3, 6, 9 — different strains of S. enteritidis (agfA gene products); 4, 7,
10 — different strains of S. enteritidis (SpvC gene products); 8 — S. typhimurium (sef gene
products); 11-13 — S. choleraesuis (sef, agfA and SpvC gene products).

produce thin, aggregative fimbriae that are biochemically and
serologically related to those of SEF17 (Collinson et al., 1992).
However, the degree of DNA sequence dissimilarity between the
respective fimbrin genes is sufficient that agfA-based nucleotide
probes hybridize only to Salmonella DNA, thereby providing
a valuable, genus-specific diagnostic for Salmonella spp. (Doran
et al,, 1993).

Many Salmonella serovars harbour virulence (V) plasmids with
variable size, depending on the serovar (Fierer and Guiney, 2001).
All 'V plasmids share a highly conserved 8 kb region with five genes
designated spvRABCD (Salmonella plasmid virulence) (Paesold
et al., 2002). The spv region appears to promote rapid growth and
survival of Salmonella within the host cells, being important for
systemic infection in experimental animals.

Many of virulence factors are clustered within Salmonella
pathogenicity islands (SPIs) (Fierer and Guiney, 2001) of which SPI-
1 and SPI-2 have been the most intensively studied (Galan, 2001;
Hensel, 2000). Several studies have reported that the expression

Fig. 3. Agarose gel electrophoresis of PCR products after amplification of misL gene.
Lanes: 1-S. enteritidis; 2 — S. Dublin; 3 — S. infantis; 4 — S. choleraesuis; 5 — molecular
weight marker; 6 — negative control (no template).

Fig. 4. Agarose gel electrophoresis of PCR products after multiplex amplification of sef
and spvC genes (lanes 2—5), spvC and agfA (lanes 6—9). Lanes: 1 — molecular weight
marker; 2, 3, 5, 6, 7, 9 — different strains of S. enteritidis; 4, 8 — S. choleraesuis.

of pathogenicity island genes is coordinated with that of genes
contributing to motility (Ellermeier and Slauch, 2003). This
connection between virulence gene expression and motility prob-
ably reflects a need for the pathogen to coordinate its physical
mobility with the expression of genes involved in niche invasion
and adaptation. Moreover, mobility is known to be required for
Salmonella virulence (Schmitt et al., 2001; Merrell et al., 2002).
Genetic studies have identified regulators that are specific to
particular virulence genes. These include the HilA protein that
regulates transcription of the SPI-1 island genes (Boddicker et al.,
2003).

Several PCR methods to detect Salmonella spp. in human
samples, food and water have been developed with the aim of
improving diagnosis of the infection or contamination
(Pathmanathan et al., 2003; Sanchez-Jimenez and Cardona-Castro,
2004).

The goal of this study was to evaluate the suitability of the hilA,
agfA, spvC and sef, genes amplification by PCR as a method for
detection of Salmonella strains. We have chosen these genes
because they play an important role in the pathogenicity and
virulence of Salmonellae. We have performed a multiplex PCR
which allowed us to see the difference between S. enteritidis and S.
choleraesuis. Our results confirmed yet again that PCR amplification
of hilA gene with primers that are specific for Salmonella is
a promising technique for diagnosing Salmonellae. The multiplex
PCR (using two sets of primers pairs, which were targeted for the sef
and spvC or spvC and agfA genes) allows correct identification of S.
enteritidis and S. choleraesuis.
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A continuous increase in the background level of tropospheric ozone (03) has become a major challenge
for present and future agricultural productivity at worldwide. Present study was designed to assess the
impact of ambient (present) and elevated (future) concentrations of O3 on two cultivars of Indian rice
(Oryza sativa L. cvs Malviya dhan 36 and Shivani). Shoot and root lengths, number of leaves and total leaf
area were severely affected by both ambient and elevated concentrations of Os. Photosynthetic rate,
stomatal conductance and photosynthetic efficiency (F,/F,) were also reduced by O3 with more drastic
effects under elevated levels of Os. Leaf proteome showed reduction of some major proteins due to Os.
Pollen viability, viable florets plant~! and economic yield also showed significant negative impact under
0O3-exposure in both the test cultivars. The experimental findings depict that both the cultivars of rice
demonstrate differential response against Os, and it may help the plant breeders in selection of resistant
cultivars for the area having higher concentrations of Os.

Yield
Proteome analysis

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Tropospheric ozone (03) has long been recognized as a major
threat to global agriculture (Booker et al., 2009; Cho et al., 2011). This
secondary air pollutant is normally produced by photochemical
reactions, involving volatile organic compounds and nitrogen oxides
(NOy), under bright sun light. According to Vingarzan (2004), the
mean global concentrations of tropospheric O3 will rise by 0.5—2%
annually; unless the levels of primary pollutants are reduced.

Rice is cultivated in around 95 countries at worldwide; and
provides food for more than 50% of global population (IRRI, 2002).
Yonekura et al. (2005) reported that the yield of Japanese rice is
reduced by 5—10% under ambient Os-exposure; and this loss might
increase up to 25—35% by 2050. Ainsworth (2008) calculated 14%
yield loss in rice, exposed to 62 ppb of Os, in a meta-analysis of 12
peer-reviewed studies published between 1980 and 2007.
Researchers have also found that, not only yield but other major
growth parameters in plants were severely affected by O3 too
(Ainsworth, 2008; Rai and Agrawal, 2008; Sarkar and Agrawal,
2010a). Rai and Agrawal (2008) observed significant reductions in
photosynthetic rate, stomatal conductance and total chlorophyll;
which resulted in 11—-15% yield loss in two cultivars of Indian rice

* Corresponding author. Tel.: +91 542 2368156; fax: +91 542 2368174.
E-mail addresses: sbagrawal56@gmail.com, sbagrawal56@yahoo.com
(S.B. Agrawal).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.06.049

under ambient Osz-exposure at Varanasi, India. Singh et al. (2005)
have also reported major loss in total biomass of Beta vulgaris L.
plants under ambient O3 concentrations in Allahabad, India.
Recently, Sawada and Kohno (2010) have noticed dose dependent
yield reduction in 12 Indian and Japanese cultivars of rice under
elevated Os-exposure. Plant reproductive parameters, viz. flowers,
pollen viability, fruit set, etc., also respond poorly under Os-expo-
sure (Ollerenshaw and Lyons, 1999; Black et al., 2000; Sarkar and
Agrawal, 2010a). Some researchers reported that O3 causes severe
damage in plant proteome too, by inhibiting the expression of
several photosynthetic and primary metabolism related proteins;
and indicated this as a major cause behind the reduced productivity
in crop plants under Os-exposure (Cho et al., 2008; Sarkar and
Agrawal, 2010b; Sarkar et al., 2010).

Keeping the above points in mind, this investigation was
designed to evaluate the impact of O3 on two Indian rice cultivars
by assessing certain growth, reproductive, physiological, molecular
and yield parameters. The findings might help in screening of rice
cultivars for the area experiencing high concentrations of Os.

2. Materials and methods
2.1. Rice cultivation at experimental site

The experiment was carried out at the Agricultural Research Farm,
Banaras Hindu University, India. The site (25° 14’ N, 82° 03’ E) was
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located at 76.1 m above mean sea level. Soil of the study site was
typical sandy loam with pH 7.2. Two high yielding cultivars of Indian
rice (Oryza sativa L. cultivars Malviya dhan 36 and Shivani) were
selected for the experiment. At the age of 21 days, seedlings were
transplanted in different experimental setups. Recommended dose
of fertilizers (120, 60 and 60 kg ha~! N, P and K as urea, single super
phosphate and muriate of potash, respectively) were used for present
study.

2.2. Ozone monitoring at experimental site

Ozone monitoring was done on a 12 h day~! basis
(6:00—18:00 h) at the experimental site and its concentrations
were measured by using automatic Os-analyzer (Model APOA 370,
HORIBA Ltd., Japan).

2.3. Experimental design

Rice plants were exposed to two elevated levels of O3 by using
open top chambers (OTCs) as performed by Sarkar and Agrawal
(2010a). Experimental OTCs were divided as: charcoal filtered air
(FC), non — filtered air (NFC), non — filtered air + 10 ppb O3 (NFC+)
and non — filtered air + 20 ppb O3 (NFC++). By this design, the rice
plants were exposed to four different levels of O3: (i) nearly no Os in
FC, (ii) ambient level of O3 in NFC, (iii) ambient + 10 ppb O3 in
NFC+, and (iv) ambient + 20 ppb O3 in NFC++. Open plots (OPs,
n = 3) were also maintained to monitor the effects of chamber
enclosures. The treatments were performed in a complete

randomized manner. Os-exposure was done by O3 generators
(Model Systrocom, India) daily at the peak O3 period (from 10:00 h
to 15:00 h) of local time.

2.4. Growth response analysis

To determine various growth and biomass parameters, five
monoliths (10 x 10 x 20 cm?) containing intact roots were carefully
collected at random from each chamber and also from open plots at
25, 50 and 75 days after transplant (DAT). Growth parameters like
root and shoot length, leaf area and number of leaves were recor-
ded. Leaf area was measured using portable leaf area meter (Model
LI — 3100, LI — COR, Inc. USA).

2.5. Reproductive response analysis

Fertile florets plant™! and pollen viability were assessed as
reproductive parameters. For counting of fertile florets, the tagged
spikelets were periodically evaluated until the seed set; and pollen
viability was scored with 2% aceto-carmine solution as described
earlier by Sarkar and Agrawal (2010a).

2.6. Photosynthetic pigment and photosynthetic efficiency analysis

Total chlorophyll and carotenoids were measured according to the
methods given by Machlachlan and Zalik (1963) and Duxbury and
Yentsch (1956). Chlorophyll fluorescence was measured by using
portable Plant Efficiency Analyzer (Model MK2 9414, Hansatech
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Fig. 1. Effect of O5; on shoot height, root length, number of leaves and leaf area of two different rice cultivars at different stages of growth. Values are mean =+ SE. Bars showing
different letters indicate significant differences among each group of bars according to Duncan’s test at p < 0.05.
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Instrument Ltd., UK). Initial fluorescence (F,) and maximum fluo-
rescence (F;) were measured to find variable fluorescence (F,) and F,/
Fp ratio. Photosynthetic rate (Ps) and stomatal conductance (gs) were
quantified with the help of portable photosynthetic system (Model
LI-6200, LI-COR, USA). The measurements were made on the third
fully expanded mature leaves from the top of each plant on cloud free
days between 08.00 and 10.00 h.

2.7. Leaf proteome analysis through 1 — DGE (one dimensional gel
electrophoresis)

Comparative analysis of leaf proteome from both Os-exposed
and unexposed rice plants was performed 11.5% SDS PAGE as
described earlier by Sarkar et al. (2010).

18

2.8. Yield parameters

Rice plants, at maturity, were harvested to assess different yield
attributes. Ten plants from each treatment were sampled; and
weight of grains m~2 and harvest index (HI) were recorded.

2.9. Statistical analysis

Observed data were subjected to one and two way analysis of
variance (ANOVA) for assessing the significance of quantitative
changes in different parameters due to various treatment and
treatment with cultivars. Duncan’s multiple range test was per-
formed as post hoc on parameters subjected to ANOVA test. The
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statistical analyses were performed using SPSS software (SPSS Inc.,
version 16.0).

3. Results and discussion

Present experiment was designed to evaluate the impact of
ambient and elevated concentrations of O3 on two high yielding
Indian rice cultivars; on growth, photosynthetic, reproductive,
molecular and yield parameters; under near natural conditions
using OTCs. Use of activated charcoal filters in FCs reduced the O3
concentration by 92.5%. During the experimental period, mean
monthly O3 concentrations were 42.7 ppb in June, 07; 41.3 ppb in
July, 07; 44.7 ppb in August, 07; 58.2 ppb in September, 07 and
59.9 ppb in October, 07.

In general, O3 severely affects the growth and development of
plants. Shi et al. (2009) reported significant reductions in plant
height and leaves in four rice cultivars under elevated O3 levels at
Xiaoji town, China. Sarkar and Agrawal (2010a) also found 39—62%
reduction in plant height, 54—60% in total number of leaves under
ambient + 20 ppm elevated O3 in two wheat cultivars at Varanasi,
India. Agrawal et al. (2005) also reported significant reductions in
shoot and root lengths, total leaf area and biomass of mung bean
plants under ambient levels of Os at Allahabad, India. Present
results also followed similar trend at post Os-exposure (Fig. 1). At
75 DAT; Malviya dhan 36 showed 7, 12.6 and 30%, and Shivani
showed 5.7, 17.6 and 27% reductions in shoot length at NFC, NFC+
and NFC++, as compared to FCs, respectively (Fig. 1). Total number
of leaves was also reduced by 20, 31.5 and 36% in Malviya dhan 36;
and 23, 34.8 and 44.9% in Shivani, in 75 DAT at NFC, NFC+ and
NFC++, as compared to FCs, respectively (Fig. 1). Other growth
parameters like root length and total leaf area also reduced simi-
larly at post Os-fumigation (Fig. 1). Miller et al. (1999), in their study
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with Arabidopsis, reported that O3 can induce several senescence
associated genes (SAGs) too. In the present study the decreasing
trend in healthy leaves at post Os-exposure, might be an effect of
SAGs activity in rice; which lead to early senescence (Fig. 1).
However, at lower level of elevated O3 (NFC+), it showed hormetic
effect on both the rice cultivars by stimulating some growth
parameters at the early stage (Fig. 1). Ishii et al. (2004) also found
early induction in the growth of rice plants under Os-exposure with
lower elevation.

As an initial effect on photosynthesis, O3 initiates the destruc-
tion of total chlorophyll by preventing the synthesis of this pigment
(Castagna et al., 2001). Rai and Agrawal (2008) reported 23—27%
reduction in total chlorophyll in rice under ambient concentration
of Os3. Results of the present study also revealed reduction in
chlorophyll by 18, 31 and 41% in Malviya dhan 36, and 26, 38 and
44% in Shivani, at NFCs, NFC+ and NFC++, as compared to FCs,
respectively (Fig. 2). Carotenoids also reduced significantly at post
0Os-exposure (Fig. 2). According to Lichtenthaler (1987), carotenoids
are important photo-protective compounds that prevent photo-
oxidative damage of chlorophyll. Rai and Agrawal (2008) also
reported a 41—44% reduction in carotenoids under ambient Os.
However, Rainieri et al. (2001) suggested that any reduction in
plant pigments may serve as an adaptation against Os-stress; as the
reduced number of light harvesting antennae complex may
protects PSII from further photo-inhibition.

Ainsworth (2008) and Rai and Agrawal (2008) reported reduced
photosynthetic rate (Ps) and stomatal conductance (gs) in rice
under ambient and elevated Os-exposure. Present study also
showed significant reduction in Ps in both the cultivars (Fig. 2).
Reduction in photosynthesis at post O3-exposure can be correlated
with the reduced amount in photosynthetic pigments too. Even,
significant reduction in gs was also observed during the present

- Z§ c L 0.4
% % % 0.2 %

Malviya dhan 36

Malviya dhan 36

Fig. 3. Effect of O; on various reproductive and yield parameters of two different cultivars of rice. Values are mean + SE. Bars showing different letters indicate significant
differences among each group of bars according to Duncan’s test at p < 0.05. Results of two way ANOVA shown as O3 x cv, O3 and cv. Level of significance ***p < 0.001, **p < 0.01,

*p < 0.05 and NS: not significant.
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Fig. 4. 1 — DGE analysis of Os-exposed (NFC++) and unexposed (FC) leaf proteome of
two Rice cultivars. (1: Protein from Osz-exposed leaves of cultivar Shivani; 2: Protein
from unexposed leaves of cultivar Shivani; 3: Protein from Os-exposed leaves of
cultivar Malviya dhan 36; 4: Protein from unexposed leaves of cultivar Malviya dhan
36). Arrows indicate the position of differential response in proteins.

£ R

study in both the cultivars under Osz-exposure (Fig. 2). F,/F;, ratio
indicates toward the photochemical efficacy of PSII, and any
decrease in this ratio might serve as a reliable indication of Os-
induced photo-inhibition in plants. In the present experiment, F,/
Fn, decreased by 15, 18 and 27% in Malviya dhan 36, and 18, 21 and
24% in Shivani at NFCs, NFC+ and NFC++, as compared to FCs,
respectively (Fig. 2). Rai and Agrawal (2008) also found a significant
reduction in F,/Fpy, in rice under ambient O3-exposure.

Ozone has also been recognized as a potent inhibitor of repro-
ductive structures in plants (Black et al.,, 2000). Schoene et al.
(2004) found that O3 affected the development of pollen by
inhibiting starch accumulation in pollen grains in perennial
ryegrass (Lolium perenne L.). Sarkar and Agrawal (2010a) also
reported significant reduction in pollen viability and viable florets
in wheat plants under Os-exposure. In present study, pollen
viability was affected by 25, 32 and 40% in Malviya dhan 36, and 16,
26 and 33% in Shivani at NFCs, NFC+ and NFC++, as compared to
FCs, respectively (Fig. 3). Viable florets also followed the similar
trend of reduction. Two ways ANOVA showed that in both the
parameters, O3 was the main determining factor (Fig. 3).

In any crop plant, yield is the ultimate interest of human society;
and studies have shown that Os can cause severe damage to the
grain and fruit yield of diverse crop plants (Ainsworth, 2008;
Booker et al.,, 2009). Liu et al. (2009) showed that the relative
yield loss in rice from 1990 to 1995 was 1.1-5.8% and would reach
10.8% in 2020 in Chongqing, China. Sawada and Kohno (2010) also
reported significant yield loss under both ambient and elevated
levels of Os-exposure in 12 rice cultivars. Present results also
responded similarly; as yield (g m~2) was reduced by 15, 27 and
39% in Malviya dhan 36, and 13, 31 and 45% in Shivani at NFCs,
NFC+ and NFC++, as compared to FCs, respectively (Fig. 3). Two

way ANOVA also showed that yield was significantly varied due to
03 (p < 0.001), cultivar (p < 0.01) and O3 x cultivar (p < 0.05).
Harvest index (HI) reflects the partitioning of photosynthates
between grains and above ground biomass. Present results also
showed significant reductions in HI due to O3-exposure in both the
rice cultivars (Fig. 3).

0Os-exposure also induced injuries in rice leaves, and the analysis
of leaf proteome of Os-exposed and unexposed leaves showed
some definite changes at three points, i.e. at 54 kDa, 35 kDa and
15.7 kDa (Fig. 4). While comparing the results with earlier studies
(Cho et al., 2008; Sarkar et al., 2010), it might be concluded that the
large subunit (LSU) and small subunits (SSU) of RuBisCO were
adversely affected with some other photosynthetic and energy
metabolism proteins in both the rice cultivars at post Os-exposure.

4. Conclusion

Present study clearly depicts that ambient as well as elevated
levels of O3 adversely affected the growth and yield of both the rice
cultivars. Reductions of plant height, leaf area, total chlorophyll,
photosynthetic rate, stomatal conductance, and chlorophyll fluo-
rescence kinetics; increasing number of non — viable florets and
pollens, and inhibition in the expression of major proteins are the
fundamental manifestations of Os3-stress. Yield is the major interest
of human society for retaining ‘food security’, and O3 severely
affected this parameter in both the test cultivars. However, cultivar
Shivani showed significantly higher reduction in yield than cultivar
Malviya dhan 36 under elevated levels of Os. This clearly pointed
toward the differential cultivar response of rice against O3, and
might be used for selecting suitable cultivars for an area experi-
encing higher concentrations of Os.
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We investigated the diversity of a denitrifying gene (nirK) and the emission of CO, and N0, in a “chi-
nampa” soil contaminated with methyl parathion. Soil at 40% of water holding capacity was spiked with
methyl parathion at four concentrations (i.e. 0, 0.7, 1.47 and 4.27 g kg~ dry soil), while emission of N,0
and CO, and nirK diversity was determined after 0, 1, 14, 30, 60 and 90 days. The emission of N,O on
a daily base and the cumulative emission of CO, was not affected by the different concentrations of

methyl parathion applied to soil. The diversity of the nirK gene, determined by using temperature

Keywords:
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Methyl parathion
nirK gene

Nitrous oxide
TGGE

gradient gel electrophoresis (TGGE), decreased with increased methyl parathion application. It was found
that methyl parathion had effect on the emissions of N,O and CO,, and reduced the diversity of the nirk
gene. Consequently, the reduced diversity of the nirK gene could affect the emission of N,O.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Denitrification is a microbial process by which the nitrogen is
returned to the atmosphere. The oxidized nitrogen compounds are
used as alternative electron acceptors for energy production when
oxygen is limited or absent (Delorme et al., 2003; Jones et al., 2008).
This process is of great importance in agriculture, waste treatment
and climate change. Interest in the denitrification process has
increased as it is often to most important source of nitrous oxide
(N20), an important greenhouse gas. NO contributes to changes in
global atmospheric properties, essentially the greenhouse effect and
ozone depletion (Bol et al., 2003; Zhang et al., 2008). Rochette et al.
(2004) reported that agriculture contributed to nearly 70% of the
annual emission of N,O, mostly through microbial transformations
of nitrogen via nitrification and denitrification. Although at a lower
concentration in atmosphere than CO,, the global warming poten-
tial of N,O is approximately 296 times higher than of CO; (IPPC,
2001). As such, N»O accounts for approximately 6% of the anthro-
pogenically derived greenhouse effect (IPPC, 2001).

Contamination of soil from pesticides is a result of their bulk
handling at the farm or following their application to the field.
Synthetic organophosphorous compounds, such as methyl

* Corresponding author.
E-mail address: natcabirol@yahoo.com (N. Cabirol).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.01.002

parathion, have been used extensively in certain parts of Mexico.
Different bacteria, such as Serratia sp. strain DS001, Bacillus sp.,
Pseudoaminobacter sp., Achromobacter sp., Brucella sp., Ochrobactrum
sp., Flavobacterium balustinum, Pseudomonas sp. A3, have been iso-
lated from soil that can degrade methyl parathion (Sreenivasulu and
Aparna, 2001; Zhang et al., 2005; Pakala et al., 2007). Methyl para-
thion can be used by some of these bacteria as carbon and phos-
phorous source (Ramanathan and Lalithakumari, 1999; Ortiz-
Hernandez et al., 2001). Soil characteristics, such as salinity and
organic carbon content are known to affect the dissipation of methyl
parathion from soil (Suter et al., 2002). Biodegradation of methyl
parathion starts with a hydrolysis and two compounds are formed,
i.e. 4-nitrophenol and dialkyl thiophosphate (DATP) (Singh and
Walker, 2006) and two enzymes, i.e. methyl parathion hydrolase
(MPH) and organophosphorous hydrolase (OPH), are involved
(Singh, 2009).

Methyl parathion has been applied extensively to plants culti-
vated in the so called “chinampa” (from Nahuatl or Aztec, chinamitl,
bulrush or cattail stalks lattice for hydroponics cultivation) found in
Xochimilco (Mexico City, Mexico) (CICOPLAFEST, 2004). Little is
known about the effect of pesticides on the soil microbial commu-
nities, although it has been observed that the microbial diversity
decreased (Girvan et al., 2005). Pesticides might affect microbial
activity and thus soil processes, such as emissions of N>O (Spokas
et al.,, 2006). For instance, it has been reported that chloropicrin
increased the production of N,O from soils (Spokas et al., 2005).
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Ecological studies have for nearly 15 years focused on the
phylogenetic diversity of bacteria in the environment (Cheneby
et al., 2000; Throbdck et al., 2004). Bacterial composition based on
16S rRNA analysis provides valuable information, but the functional
importance of each of the identified organisms remains largely
unknown. A relative new approach is to analyze the genes encoding
for important functions in an ecosystem to understand the micro-
bial ecology and biogeochemistry of an environment (Throbdck
et al., 2004). Functional genes that encode for the enzymes
involved in the denitrification process (i.e. nitrite, nitric oxide and
nitrous oxide reductases) can be investigated by using targeting
conserved regions. The nirK gene encodes nitrous oxide reductase
(Nir) and is determinant in the emission of N,O and N ratio. It is
always present in denitrifier microorganisms and could be used to
study the molecular ecology of denitrifying bacteria.

The objective of this study was to investigate the diversity of the
denitrification process related to gene nirK and the production of
N,0 and CO; in a chinampa soil of Mexico City contaminated with
methyl parathion. Cultivation in the chinampa soil is unique as it is
based on the traditional Aztec agricultural technique and little is
known about how methyl parathion might affect emissions of N,O
and CO», and nirK gene.

2. Materials and methods
2.1. Sampling site

The sampling site, i.e. a “chinampa” in Xochimilco N19°15.812/
and W 99° 04.10’, is situated in the South of Mexico City at an
altitude of 2240 m. The sampling site of 4500 m? was divided in
three equal plots. On 30th November 2007, the 0—15 cm layer of
each plot was sampled 20 times and the soil of each plot was pooled
so that three soil samples were obtained (n = 3). The pH and the
electric conductivity (EC) in the saturated extract of studied soil
were 7.8 and 1.3 dS m~! (low salinity), respectively. The clay loam
soil had an organic C content of 16 g kg™, total N 7 g kg~! and
a particle size distribution of 260 g kg~ ! sand, 440 g kg~ ! silt and
300 g kg~ ! clay.

2.2. Treatments and experimental design

The soil was taken to the laboratory and treated as follows. The
samples, of approximately 7 kg, were kept in drums at 4 °C under
aerobic conditions for a week. In each of the aerobic experimental
units (microcosm), 500 g of soil at 40% water holding capacity
(WHC) was added to a 1600 ml flask and amended with three
different concentrations of methyl parathion, i.e. at 0.7 g kg!
(treatment 1), 1.47 g kg~ ! (treatment 2) or 4.27 g kg~ ! (treatment
3). These concentrations cover the range used by the farmers in the
field. Soil without pesticide served as control. Each treatment
applied to soil of each plot was done in triplicate. As such, a total of
9 microcosms was used for each treatment. For the 4 treatments,
we obtained a total of 36 microcosms. Each microcosm contained
a vessel with 1 M sodium hydroxide (NaOH) solution to trap the
CO; evolved. The 1600 ml-glass bottles were closed air-tight with
a valve allowing gas interchange so that aerobic condition was
maintained. The closed jars were incubated at 20 °C for 90 days. Jars
were opened every 3 days to maintain aerobic conditions. Aerobic
conditions prevail in the field.

After 0, 1, 14, 30, 60 and 90 days, emission of N,O and CO, were
determined. The CO; trapped in the 1 M NaOH was determined by
titration with 0.1 M HCl (Jenkinson and Powlson, 1976; Amato,
1983) while N,O was separated from the other gasses in a Por-
apak Q column and measured with a Fisher chromatograph fitted
with a TCD detector.

2.3. Direct DNA extraction of soil and PCR amplification of nirK

Extraction of DNA from soil (0.25 g) was done with Ultra Clean
soil DNA isolation kit (MoBio, Carlsbad, CA, USA). The quality and
the size of the soil DNAs were checked by electrophoresis on 1%
agarose gels. DNA was quantified using a BioPhotometer (Eppen-
dorf, Hamburg, Germany) at 260 nm. Three replicates were used for
DNA evaluation in each microcosm.

The nirK gene was amplified from 50 ng DNA extracted
from soil with a total volume of 25 pl using the primers 1f
(5-GGMATGGTKCCSTGGCA-3') with a clamp sequence (5'-CGCC-
CGCCGCGCGCGGCGGGCGGGGCGGGGGCAC GGGGGG-3') and 51 (5'-
GCCTCGATCAGRTTRTGGTT-3') (Throback et al., 2004) under the
following conditions: one cycle of 94 °C for 5 min, 30 cycles of 94 °C for
1 min, 58 °C for 45 s and 72 °C for 1 min; one cycle of 72 °C for 10 min
and one final of 4 °C for 90 min. The final reaction mixture was: 1x Taq
Pol buffer, 3 mM MgCly, 0.2 mM dNTPs, 100 pmol of each primer,
200 ng of DNA and 2U of Taq Pol (GoFlex Taq Pol A, Promega), in a final
volume of 25 pl.

2.4. Temperature gradient gel electrophoresis (TGGE)

Aliquots of 20 pl were separated by electrophoresis on a native
8% acrylamide-bisacrylamide gel with 8 M urea, and 1.25 TAE at
60V for 13.5 h with temperature gradient (56—66 °C), temperature
rate 0.8 °C h~!, using a D-Code system (Bio-Rad Laboratories Inc.).
Gels were stained with 1:10000 (v/v) SYBR Gold for 1 h followed by
UV transillumination. Images were documented with the Gel Doc
2000 System (Bio-Rad) and digital pictures were analyzed with the
Quantity One software (Bio-Rad Laboratories Inc.).

The range-weighted richness (Rr) is a mathematical value used to
describe the total diversity of the sample analyzed, according to the
following formula: Rr = Total number of bands x [(Lb — Sb)/100],
where Lb is the longest band in terms of base pairs (bp), while Sb is
the shortest one (Rojas-Oropeza et al., 2010).

2.5. Sequencing and computer analysis

Selected DNA-band were cut and purified with Qiagen II Kit for
DNA sequencing. The nucleotide sequences of the DNA bands were
determined by automated DNA sequencing using the dideoxy
chain-termination method and the ABI model 373A sequencer
stretch (Applied Biosystems, Instituto de Fisiologia Celular, UNAM).
Each sequence was compared with sequences available in data-
bases (GenBank, Blast, NCBI). A selection of denitrifying bacteria
from soil was included for the tree analysis (Functional Gene
Pipeline, http://fungene.cme.msu.edu/). The absence of chimerical
sequences was checked with the Pintail program (http://www.
bioinformatics-toolkit.org/) (Kevin et al., 2005). Derived nucleo-
tide sequences of nirK were aligned with nucleotide sequences of
equivalent length using the ClustalW Multiple alignment software
of BioEdit Sequence Alignment Editor, version 7.0.9.0. The tree
analysis was performed with the software Phylip 3.67 and Tree-
view. Distance matrix analyses were done with the Jukes and
Cantor correction (Jukes and Cantor, 1969). The tree was recon-
structed using the neighbor-joining method (Saitou and Nei, 1987)
and the tree topology was determined by bootstrap analysis using
100 replicates.

2.6. Nucleotide sequence accession numbers

Sequences obtained in this study were deposited in Genbank
under accession numbers HQ292060—HQ292064.
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2.7. Statistical analyses

Results were analyzed using the General Linear Model of the
univariate type with SPSS 13.0.

3. Results
3.1. Emissions of N>O and CO,

Emission of N,O was most accentuated in the first day for all
treatments and changes thereafter were small or non-existent
(Fig. 1). The emission of N,O was significantly higher in the
microcosm amended with the highest amount of methyl parathion
(treatment 3) than in the control and in the microcosm amended
with low concentrations of pesticides (treatments 1 and 2)
(P < 0.05).

Emission of CO, was most accentuated in the first day for all
treatments and changes thereafter were small (Fig. 2). The emission
of CO, was significantly higher in the unamended control soil than in
soil amended with the lowest amount of methyl parathion (treat-
ment 1), but lower than in soil amended with the highest amounts of
the pesticide (treatment 3) than in the unamended control soil
(P < 0.05). The ratio between N,0 and CO, produced ranged from
1/8 and 1/12 and the higher production of N;O was correlated to
a higher production of CO,.

3.2. TGGE study

In the control treatment, the TGGE analyses of partial nirK genes
gave only a few bands (Fig. 3). Two dominating dense bands were
found in the middle of the gel (X3 and X7). Similar patterns were
obtained in soil amended with the lowest amount of the pesticide
(treatment 1) (Fig. 4, supplementary material). This indicated
a similar microbial diversity in the control treatment and treatment
1. Patterns in treatments 2 and 3 were similar, but less bands were
found than in the control treatment and treatment 1 (Fig. 5,
supplementary material; Fig. 6). It appears therefore, that the
microbial diversity was lower in treatments 2 and 3 than in treat-
ment 1 and the control. In treatments 2 and 3, the intensity of
bands X3 and X7 decreased after 30 days suggesting a disappear-
ance of these Operational Taxonomic Units (OTUs).
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Fig. 1. Emission of N,O (mg N kg~! dry soil) from unamended soil (A), and soil
amended with 0.7 g methyl parathion kg ! soil (O), 1.47 g methyl parathion kg~ ! soil
(A) or 4.27 g methyl parathion kg~! soil (@) incubated aerobically for 90 days. Bars
are + one standard deviation.
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Fig. 2. Emission of CO, (mg C kg~! dry soil) from unamended soil (A ), and soil
amended with 0.7 g methyl parathion kg ! soil (O ), 1.47 g methyl parathion kg~! soil
(A) or 427 g methyl parathion kg™! soil (@) incubated aerobically for 90 days. Bars
are + one standard deviation.

3.3. Comparison of range-weighted richness (Rr)

The range-weighted richness (Rr) of the unamended control soil
and soil amended with methyl parathion (treatments 1, 2 and 3)
was 3.61 &+ 1.95, 3.77 + 1.66, 0.87 + 0.31 and 0.78 + 0.08, respec-
tively. This confirmed the similarity between the control and
treatment 1, and between the treatments 2 and 3.

3.4. Phylogenetic analysis

At least five isolates from each of the four TGGE types were
selected for nirK gene sequencing. No chimeras were detected for
X1 OUT sequence. Similarity percent was too low to obtain accurate
results for X2, X3, X6 and X7 OUT sequences. No reliable sequences
were available in these cases, because all the most similar

day 15 day 30 day 60 day 90
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~Jen

Fig. 3. TGGE profile of the unamended control soil incubated aerobically for 90 days
(8% acrylamide-bisacrylamide gel, 8 M urea).
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Fig. 4. TGGE profiles of soil amended with 0.7 g methyl parathion kg~" soil (treatment
1) incubated aerobically for 90 days (8% acrylamide-bisacrylamide gel, 8 M urea) (lane
C1 and lane C15 correspond to the profile of unamended control soil).

sequences were from uncultured origin. Approximately 450
nucleotides were sequenced from each amplified nirK and used to
generate a phylogenetic tree with nosZ gene of Marinobacter sp. as
outgroup (Fig. 7). The five isolates were associated with Bacteria.
The X1, X3 and X6 isolates were not related to known denitrifying
strains, although Rhizobium sp. was close to them, and they were
similar to each other. The X2 isolate was related to an uncultured
clone of nirK gene, but not to other isolates or to known denitrifying
bacteria. The X7 isolate was related to Pseudomonas fluorescens Pf5,
but not to the other isolates. The two dense bands dominating in
the middle of the gel, X3 and X7, had a high sequence divergence
for distance-based phylogenetic inference.

4. Discussion

It is a fact that constructing microcosms can distort microbial
community composition, richness and soil structure (Hughes et al.,

day 0 day 1 day 15 day 30 dav G0 day 90
F 1 & 3 1 2 3 1 2 3 Fl

Fig. 5. TGGE profiles of soil amended with 1.47 g methyl parathion kg~' soil (treat-
ment 2) incubated aerobically for 90 days (8% acrylamide-bisacrylamide gel, 8 M urea).
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Fig. 6. TGGE profiles of soil amended with 4.27 g methyl parathion kg~! soil (treat-
ment 3) incubated aerobically for 90 days (8% acrylamide-bisacrylamide gel, 8 M urea)
(lane C1 and lane C15 correspond to the profile of unamended control soil).

2008). In this study, the alterations due to abiotic and biotic factors
were the same for each treatment. It is therefore assumed that the
comparison between the treatments is valid (Philippot et al., 2002).

The major emission of N,O and CO, was produced in the first
24 h. This might be related to a sudden and rapid mineralization of
organic matter as a result of manipulating the soil, addition of
a substrate, e.g. methyl parathion and changes in soil water content.
Emission of N2O is mainly the result of nitrification, denitrification
or denitrification—nitrification processes (Wrage et al., 2001).
Denitrification is the process that normally contributes most to
emissions of N,O. Although incubation conditions were aerobic,
anaerobic micro-sites could not be excluded. In these anaerobic
micro-sites, denitrification is induced increasing emissions of N,O
(Zumft, 1997). It has to be remembered that aerobic denitrification
might also have contributed to emission of N0 (Kong et al., 2006).
Application of methyl parathion to soil often increases emission of
CO; as it is readily mineralized (Ragnarsdottir, 2000). It might be
that the specific soil characteristics permit the mineralization of
methyl parathion in this experiment.

In the phylogenetic tree, X7 OTUs were related to nirK of Pseu-
domonas fluorescens Pf5. Strains of this genus are known to denitrify
under aerobic conditions (Kong et al., 2006). X7 was found in all four
treatments and might have contributed to the emission of N,O.

The band pattern in the control treatment suggests a represen-
tative structure of the denitrifying microbial population. The X1, X2,
X3, X6 and X7 OTUs were found in the three plots, as well as a great
number of bands between X1 and X2, and X3 and X6. The range-
weighted richness (Rr) was always lower than 10. This indicated
a low Rr and as such a low bacterial diversity (Marzorati et al.,
2008). However, it must be remembered that Marzorati et al.
(2008) used the 16S gene, which can give higher values.

Similar patterns were obtained for the control and treatment 1.
Application of 0.7 g methyl parathion kg~' soil did not affect the
denitrifying diversity and its functional potential (as expressed by
the emission of N,O). Therefore the functional stability (defined
here as the resistance and resilience of short-term denitrification to
pesticide perturbation) was preserved in these conditions (Griffiths
et al., 2004). The patterns for the treatment 2 and 3 were similar,
confirmed by values of Rr.

However, N,O emissions in the microcosm of treatment 3
were significantly higher than in the other treatments. Rates of
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Fig. 7. Phylogenetic relationship of nirK gene. Phylogenetic distances were determined
by neighbor-joining analysis. nosZ gene of Marinobacter sp. as outgroup. The isolates
numbers are indicated in bold.

phenotypic change, involving either genetic or plastic change, are
particularly high within anthropogenic contexts (Hoffmann and
Willi, 2008). In Xochimilco, soil use is intensive for the produc-
tion of vegetables, extensive use of pesticides with frequent irri-
gation with wastewaters characterized by a high salt content,
organic matter and microorganisms. A ‘plastic’ change, which is
defined as a change in phenotypic expression but not in the
genotype, might have occurred as a result of environmental change
due to the application of methyl parathion (Hoffmann and Willi,
2008). However, the soil functional stability might be strong
enough to resist anthropogenic pressure without a probably
‘plastic’ change. More investigations with RNA are recommended to
study this hypothetic ‘plastic’ change.

Sdez et al. (2003, 2006) reported that the N,O release from
Xanthobacter autotrophicus CECT 7064 and Paracoccus denitrificans
strain ATCC 19367 (denitrifying bacteria) was strongly inhibited by
several pesticides (methyl parathion, aldrin, etc.). The result of this
observed inhibition may be related to the smaller microbial diver-
sity noted in the patterns of treatments 2 and 3 as a great number of
bands between X3 and X6 disappeared. The toxicity of methyl
parathion might lead to a shift in microbial community structure
tending toward a significant loss in functional diversity. Pampulha
et al. (2007) observed that the widespread use of the herbicide
glufosinate might have negative effects on soil microorganisms and
their activities. Nevertheless it is difficult to determine which
enzyme was inhibited and affected the emission of N,O. It might be
that hydroxylamine oxidoreductase (hao gene) in the nitrification
process or the nitrous oxide reductase (nosZ gene) in the denitri-
fication process was inhibited. Even so, TGGE analysis of the

nitrifying and denitrifying communities might be very important in
order to evaluate the nitrous oxide production.

The X3 and X7 OTUs are always present in treatments 2 and 3,
with a tendency to disappear. These bands appear to represent the
dominant denitrifying bacteria. Therefore the genetic pool of
bacterial community was not characterized by a significant reduc-
tion, but the active fraction responding in the physicochemical
assay of treatment 3 changed suggesting a reduction in the
potential for a complete reduction to N, (Gémez et al., 2004). As
such, a ‘plastic’ change could be observed in treatments 2 and 3.
Concentration effects were also observed in previous studies (Min
et al,, 2001; Chen et al, 2003). Pampulha and Oliveira (2006)
reported that the magnitude of these effects was dependent on
the assayed concentrations of the herbicide mixture.

In our study, five isolates could be associated with Bacteria.
Monophyletic grouping at the family, order, class, and phylum
levels were not supported by the data, with the exception of the
2 archaeal species (Jones et al., 2008). It is difficult to identify each
OTUs in Bacteria. Furthermore four of them are related to an
uncultured clone of the nirK gene, which represents an obstacle to
study the microbial ecology. The phylogenetic tree revealed a high
diversity of the denitrifying bacteria. Horizontal gene transfer is the
most likely explanation for this widespread ability to denitrify
(Throbdck et al., 2004).

5. Conclusions

Methyl parathion had effect on the emissions of N,O and CO,.
The diversity of the nirK gene as determined with the thermal
gradient gel electrophoresis (TGGE) decreased when increasing
methyl parathion application. Consequently, the reduced diversity
of the nirK gene could affect the emission of N,O in the Chinampa
soil.
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SALTIRSOIL (SALTs in IRrigated SOILs) is a model for the medium to long term simulation of soil salinity in
irrigated, well-drained lands. Once the algorithms were verified, the objective of our study was to
validate SALTIRSOIL under one of several water quality and management scenarios in Mediterranean
agriculture. Because drip and surface are the most common irrigation systems in irrigated agriculture in
Valencia (Spain), the validation was performed with climate, soil, irrigation water (composition and
management) and crop (species and management) information from an experimental plot surface irri-
gated with well water and planted with watermelon that has been monitored since the late spring of
2007. To carry out the validation, first we performed a global sensitivity analysis (GSA). Second, we
compared simulated soil saturation extract composition against measured data. According to the GSA,
SALTIRSOIL calculations of soil salinity seem to be most affected by climate (rainfall and evapotranspi-
ration) with 60% of explained soil salinity variance, water salinity with 26% of explained variance, and
then irrigation with 4%. According to the closeness of the first comparisons between predictions and
measurements, SALTIRSOIL does not seem to be affected by any systematic error, and as a consequence,
neither inclusion of new parameters nor calibration of the others already included would be needed at
least for surface irrigation. The validation of SALTIRSOIL continues under other water quality and irri-
gation management scenarios.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Soil salt build-up is the main threat to the sustainability of
irrigated agriculture in the world. It originates in a wrong irrigation
management. The use of validated soil salinity models able to
simulate the soil salt build-up is essential to devise sustainable
irrigation management practices against salinization. SALTIRSOIL
(Visconti et al., 2006) is a new deterministic, steady-state, capacity-
type and chemical equilibrium model developed to simulate the
build-up of the major inorganic ions (sodium, potassium, calcium,
magnesium, chloride, sulphate, nitrate), alkalinity, pH and electrical
conductivity in the soil solution of irrigated well-drained fields.

Abbreviations: ETa, Actual evapotranspiration; Alk, Alkalinity; ETc, Crop
evapotranspiration; EC, ECys, Electrical conductivity at 25 °C; GSA, Global sensitivity
analysis; SA, Sensitivity analysis; SRC, Standard regression coefficient; TSSse, Total
soluble salts in saturation extract, for other abbreviations the reader is referred to
Table 1.

* Corresponding author. Tel.: +34 961220540; fax: +34 961270967.

E-mail address: fernando.visconti@uv.es (F. Visconti).

! Tel.: +34 963424000; fax: +34 963424001.

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.03.020

SALTIRSOIL calculates the average concentration factor of the soil
solution with regards to the irrigation water at field capacity, or at
saturation, given climate, irrigation and soil information. Then it
applies an equilibrium model to calculate the final composition of
the soil solution at equilibrium with calcite, gypsum and carbon
dioxide. A working version of the SALTIRSOIL model is download-
able from the website http://www.uv.es/fervisre/saltirsoil.html.
For the assessment of environmental models, sensitivity anal-
ysis (SA) is a task as important as the validation itself (Shelly et al.,
2000). The objective of the SA is to evaluate the importance of the
input variables on the model output. The SA is usually performed by
changing one input variable at a time within a given range while
maintaining the other variables unchanged and measuring the
variability in the model output. In the present work, we have
changed to Global SA (GSA) using the Factors’ Prioritisation Setting
by Saltelli et al. (2004) and performed the SA by means of a more
appropriate Monte Carlo experiment (Sobol, 1994). For a suitable
model output for the GSA, we have chosen the total soluble salts in
the saturation extract (TSSse) expressed as the sum of the major
inorganic ions in mmolc L~ Despite its importance, the SA of soil
models is usually not reported: to our knowledge, it has been
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applied to soil models of organic matter decomposition (Xenakis
et al.,, 2008), hydrology (Rocha et al., 2006) and erosion (Weill
and Sparovek, 2008), but not to a soil salinity model.

Our objectives in this study were i) to evaluate the importance of
the input variables of SALTIRSOIL on the output variable TSSge by
means of a GSA, ii) to simulate the water balance and soil salinity of
a plot furrow irrigated and planted with watermelon, and iii) to
compare the simulated soil salinity to measurements.

2. Materials and methods
2.1. Sensitivity analysis

The GSA was done using a Monte Carlo experiment. The
seventeen input variables included in the GSA are shown in Table 1
with their means and standard deviations used. Means and stan-
dard deviations were selected so that the maximum and minimum
values include the values usually found in most Mediterranean
agricultural environments. A normal distribution of N = 250 data
was generated independently for each one of the variables to
produce the Monte Carlo sample input matrix used in SALTIRSOIL
(see supplementary data Table SD1 and SD2).

2.2. Study area

The experimental plot studied in this research is located in the
lower Palancia river basin in Valencia Community near the Medi-
terranean coast of Spain. The climate is characterised by high
evapotranspiration (1000 mm yr~ ') and low rainfall (500 mmyr~1).
Irrigation is applied using drip or surface systems. The electrical
conductivity of the irrigation water varies from low-medium
(1 dS m™!) to high (4 dS m~'). The experimental plot has been
cultivated to grow vegetables since a drainage system was installed.
It was surveyed and monitored since the late spring till autumn of
2007. The soil texture (USDA) is a clay loam with soil organic matter
values up to 3% in the arable layer and calcium carbonate equivalent
around 15%. In 2007, it was planted with watermelon and furrow
irrigated with salty water (4.2 dS m~') from a nearby well.

2.3. Simulations

Because a soil salinity appraisal is usually based on a saturated
paste analysis (USSL Staff, 1954), the saturated soil paste and extract
composition in the experimental plot was simulated in SALTIRSOIL

using the information shown in Boxes 1 and 2. The information for
the soil solution concentration factor calculation is shown in Box 1,
while the information for the calculation of the final composition in
equilibrium with CO,, calcite and gypsum is shown in Box 2.

2.4. Plot sampling and soil analyses

The experimental plot was sampled during the spring-summer
season of 2007 at two points: one near the irrigation water inlet to
the plot (Point 1) and another point opposite this downgradient
(Point 2). Each point was sampled at three depths: 0—10, 10—30 and
30—60 cm. Soil and water samples were analysed according to the
methods described in Box 3.

A weighted average, soil saturation extract composition was
calculated in each one of the points using Equation (1), where P is
the average value of the property and Pg_19, P1o—30 and P3p_gp are
its values in the samples from the 0—10, 10—30, and 30—60 soil
layers, respectively.

P = (Po_10 + 2 P10_30 + 3 P30_60)/6 [1]

3. Results and discussion
3.1. Sensitivity analysis

SALTIRSOIL was batch-run, and TSSge was computed for each
one of the 250 simulations in the Monte Carlo sample input matrix
(see supplementary data Table SD3). Next, the product—moment
correlation coefficients among each pair of input variables and the
output variable TSSs. was calculated. The largest correlation coef-
ficient among input variables was 0.24. Because the input variables
were also normally distributed, they could be considered inde-
pendent from each other, which is a desirable property in an SA
(Saltelli et al., 2004).

The output TSSge was moderately correlated with the input
TSSiw (r = 0.43). On average, TSSs. was 38% higher than TSS;y. The
next statistically significant (p < 0.001) correlated input variables
with TSSge were the average crop coefficient (r = 0.41) and the
annual rainfall (r = —0.39).

The regression model of the output variable TSSg using the
seventeen input variables was computed (Table 2). The coefficient of
determination for the linear model was R? = 0.78. Therefore, SALT-
IRSOIL can be considered a linear model, and the GSA can be carried

Table 1
Statistical summary of the variables used in the sensitivity analysis.

Variable Definition Mean St. Dev. Max. Min.
R/mm yr~! Rainfall 450 120 719 88
ETo/mm yr—! Reference evapotranspiration 1200 150 1537 780
Rf/day yr~" Number of days of rainfall per year 70 20 121 18
Clay/g (100g)~" Soil clay percentage 36 11 70 0
Sand/g (100g)~! Soil sand percentage 25 7 42 6
SP/g (100g) " Stone percentage 15 5 28 3
CCE/g (100g)~! Calcium carbonate equivalent 50 12 85 18
SOM/g (100g)~! Soil organic matter 2.0 0.8 4.5 0.2
Gypsum/g (100g)~! Gypsum 0.40 0.15 0.76 0.01
logpCO, Log of carbon dioxide partial pressure -3.00 0.20 —242 -3.57
SD/cm Soil depth 100 10 130 70
Kcb Annual mean basal crop coefficient® 0.8 0.2 1.25 0.19
SS (%) Shaded soil 74 9 100 50
I/mm yr~! Annual irrigation 700 100 1001 443
If/day yr~! Number of days of irrigation per year 40 10 71 10
WS (%) Wetted soil 70 10 98 44
TSSiw/mmolc L1 Total soluble salts in irrigation water® 99.4 18.0 152.6 54.7

2 For a definition of basal crop coefficient see footnote a to Box 1.
b Calculated as the sum of main inorganic ions in mmolc L.
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Box 1. Input information for the soil solution concentration
factor calculation in 2007.

Weather from Benavites SIAR station:
< Rainfall of 637 mm yr~’
« Reference evapotranspiration of 1050 mm yr—
calculated according to Penman—Monteith (Allen
et al., 1998)
Irrigation:
« Application
» Method: furrows 154 m long
» Wetted soil: 20%
» Quantity and frequency (number of days

1

a month):
Month April May June July August
mm 28 41 49 55 44
N days 1 2 2 2 2
< Water quality:
EC,s Na® K* Ca®t Mg?* C- NO3;~ S04~ Alk pH

423 147 03 8.0 6.8 248 4.1 6.4 38 795

All ions in mmol L1, alkalinity (Alk) in mmolc L~! and electrical conductivity
(ECps) in dS m™!

Crop:
< Species: watermelon (Citrullus lanatus) with cabbage foot
+ Basal crop coefficients (Kcb)? (Allen et al., 1998):

Stage Initial Development Mid season Late season
Duration/day 31 41 47 26
Crop coefficient 0.15 0.575 1.00 0.85

< Growing season: from 1st April until 24th August (145
days)

 Maximum shaded soil (SS): 35%

< Maximum rooting depth (SD): 60 cm

< Water uptake pattern within the rooting depth:
40:30:20:10°

Soil:
< Physical properties
» Stone percentage (SP): <5%
» Texture (USDA): 35—43 and 33—38 clay-sand in
Point 1 and 2, respectively

< Chemical properties
» Calcium carbonate equivalent (CCE): 11% in Point 1
and 16% in Point 2.
» Gypsum: <0.5%
» Soil organic matter (SOM): 3% and 3.5% in the top
10 cm of Point 1 and 2, respectively

Drainage:
< Pipeline 60 cm deep with a 9 m spacing

2 The basal crop coefficient is defined as the quotient of crop evapotranspiration
to reference evapotranspiration (ET./ETy) for a non-stressed crop (neither water nor
nutrient lacking, no salt-stressed, etc), and with no soil evaporation.

b percentage of soil water taken by the plant roots from each quarter of the
rooting depth from top to bottom.

Box 2. Input information to the chemical equilibrium
calculation.

Chemical equilibrium constants:
« lon association constants: Lindsay (1979)
« Calcite solubility product (pKs): 8.29
< Gypsum solubility product (pKs): 4.62

CO,, partial pressure in equilibrium with the solution in the
saturated soil paste after 4 h: 9.5 1074 atm

out on the regression coefficients (Saltelli et al., 2004). The magni-
tude of the standardised regression coefficient (SRC) is a reliable
measure of the importance of an input variable on the output, and
the sign of the SRC (f;) or non standardised regression coefficient (B)
is a measure of the direction of that influence. Each SRC was squared
(8;%) and divided by the summation of all the squared SRCs to obtain
a parameter (6;%/=6;%) useful for measuring the relative influence of
each input variable on the output in terms of variance. The input
variables can be arranged as follows from the greatest to the least
influence on the output: R > TSSjy, > Kcb >> I = CCE = ETy
> SD > WS > clay > fR > SOM > SS > fl > sand > gypsum > SP >
logpCO,.

The annual rainfall accounts for 37% of the variance of the output.
Following rainfall is TSS;,y that accounts for 26% of the variance. Next
are the variables related to the crop evapotranspiration such as the
crop coefficient with 21%, the reference evapotranspiration with
3.1% and wetted soil (1.5%). Then there is the annual irrigation with
3.7%,and the variables related to the soil water holding capacity such
as CCE, soil depth and clay with 3.3, 2.1 and 1.1% of explained vari-
ance, respectively. The rest of the input variables explain less than
0.8% of variance each and less than 1.9% of the whole.

In terms of direction of influence, the TSSse increases when TSS;yy
increases because in well-drained soils, salts are only supplied with
the irrigation water. With regard to the soil water balance variables,
the soil water inputs, such as rainfall and irrigation, influence TSSge
negatively while the soil water outputs, i.e., the evapotranspiration,
influence TSSse positively. As expected, TSSs. decreases as more
water enters the soil either as rainfall or irrigation. However, while
rainfall has a profound influence on TSSq., the influence of irrigation
is significantly less. While irrigation provides salts to the soil and
also washes them out, rainfall only washes out the salts. The
significant rainfall amount in the simulations carried out in this SA
(98% with R > 210 mm yr~!, Table 1) decreased the importance
irrigation had on soil salinity.

In the simulations, the CCE influences the TSSge negatively
because according to the pedotransfer functions developed for
SALTIRSOIL (Visconti et al., 2011), the CCE significantly decreases
the water amount the soil holds at field capacity but not at satu-
ration. Then as the CCE increases, the difference between the water
amount held at saturation and at field capacity also increases giving
rise to more salt dilution in the soil saturation extract. In the
simulations, just like with the CCE, as the clay fraction increases, the
difference between the water content at saturation and at field
capacity also increases, thus diluting the salts in the saturation
extract with regard to field capacity.

Given these results, the soil water balance inputs, mainly rainfall
and secondarily irrigation, and outputs (crop evapotranspiration
accounted for by the crop coefficient, reference evapotranspiration
and wetted soil) are the most important factors affecting the
calculated TSSse. After rainfall, the irrigation water salinity summa-
rized by TSS; is the second most important factor. The other main
variables to affect soil salinity are the properties that influence the
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Box 3. Plot sampling and Sample analyses.

Soil samples were air-dried, ground and sieved to pass
through a 2 mm-mesh sieve.

Saturated soil pastes were prepared by adding deionized
water to the soil according to the method described by
Rhoades (1996) with the only exception that sodium hexam-
etaphosphate solution was notadded to the saturation extract
once collected. Soil saturation extracts were analysed for
electrical conductivity (ECos5), sodium, potassium, calcium,
magnesium, sulphate, chloride, nitrate, alkalinity and pH.
Determination of EC.5, pH and alkalinity was performed
within 2 h of extract collection. ECo5 was measured with
a Crison (Crison Instruments SA, Barcelona, Spain) microCM
2201 conductivity meter with a temperature probe, and pH
was measured with a Crison GLP22 pHmeter. Alkalinity was
determined by potentiometric titration with 20 mN sulphuric
acid standardized every week. Simultaneously, an aliquot of
the soil saturation extract was diluted with deionized water for
the determination of main ions. This determination was per-
formed by ion chromatography in the diluted extracts filtered
through 0.45 pm pore filters to remove particulate material,
within four days of extract collection.

Irrigation water was sampled three times during the
growing season and analysed with the same methods used
with the soil extracts.

Texture, soil organic matter and calcium carbonate equiv-
alent were determined according to the Spanish Ministry of
Agriculture official methods (MAPA, 1994).

soil water holding capacity. This is characterised by both intensity
(CCE and clay percentages) and quantity (soil depth) properties. The
other variables are of much less importance and thus not important
enough to consider in a likely calibration process.

Rainfall and irrigation water salinity together explain at least
60% of the variance on the simulated soil salinity, and both were
reliably determined for an essay plot, so a comparison of
measurements and SALTIRSOIL calculations was conducted.

Table 2

Summary of the linear regression analysis of TSS,e with the seventeen input variables.?

—e— Rainfall —o— Irrigation —A—ETo

——ETc —x—ETa —x— Drainage
240 -
200 -
160 «
£ 120 1
£ 120 ]
80 1
40 «
01

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
months

Fig. 1. Monthly soil water balance in 2007.

3.2. Modelling the properties of saturated pastes and extracts

The soil water balance simulated by SALTIRSOIL in the experi-
mental plot is shown in Fig. 1. Crop evapotranspiration during the
growing period was 481 mm, and actual evapotranspiration was
409 mm; therefore, there was a certain water stress. In contrast, the
irrigation amount (217 mmyr~') and the annual rainfall (637 mmyr~,
Box 1) totalled to 854 mm, which resulted in 160 mm yr~! of drainage,
half of it at the end of the growing season (October).

The soil saturation extract composition in Point 1 and 2 was
calculated with SALTIRSOIL, called Sim.1 and Sim.2, respectively,
and compared to the observed compositions (Fig. 2). The calculated
values of TSSge in Point 1 and Point 2 differed only in the second
significant figure: 65.3 mmolc L~! and 66.1 mmolc L™}, respectively.
This difference is due to the clay fraction that changes from one
point to the other. However, it is a very small difference because this
textural fraction is more than 20 times less important than the
annual rainfall or TSS;y, on the TSS,e calculation as known from the
GSA. In Point 1, a TSSse value of 41.1 mmolc L~ was observed while
the observed value in Point 2 was 62.0 mmolc L™'. The TSS point is
observed above the diagonal line in the Point 1 simulation (Fig. 2a)
and almost on the diagonal line in the Point 2 simulation (Fig. 2c).
The error in the calculation of TSSs in Point 1 is due to the error in
the calculation of chloride, sodium, calcium, magnesium and

Non standardised coefficients Standardised coefficients t Sig. 95% confidence
interval for B
Variable B Std. error G ;2 100 6%/=6:2 Lim. Inf. Lim. Sup.
Constant 62.360 32.877 — — — 1.90 0.059 -24 127.1
R —0.198 0.011 —0.587 0.344 36.6 —-17.72 <0.001 -02 —-0.2
ETo 0.046 0.009 0.170 0.029 31 5.35 <0.001 0.0 0.1
fR 0.170 0.065 0.084 0.007 0.8 2.62 0.009 0.0 0.3
clay -0371 0.118 —0.101 0.010 1.1 —-3.14 0.002 —-0.6 —-01
sand 0.200 0.184 0.035 0.001 0.1 1.09 0.278 -0.2 0.6
SP —0.045 0.257 —0.006 0.000 0.0 -0.17 0.861 -0.6 0.5
CCE —0.597 0.106 -0177 0.031 33 —5.63 <0.001 -08 —-04
SOM 3.821 1.599 0.076 0.006 0.6 2.39 0.018 0.7 7.0
gypsum 2.987 8.638 0.011 0.000 0.0 0.35 0.730 -14.0 20.0
logpCO, -0.126 6.538 —0.001 0.000 0.0 —-0.02 0.985 -13.0 12.8
SD —0.569 0.127 -0.141 0.020 21 —448 <0.001 -08 -03
I —0.076 0.013 —0.187 0.035 37 —5.82 <0.001 —-0.1 -0.1
fl 0.158 0.126 0.039 0.002 0.2 1.25 0.212 -0.1 04
WS 0.479 0.128 0.119 0.014 1.5 3.75 <0.001 02 0.7
Kc 89.590 6.600 0.444 0.197 20.9 13.57 <0.001 76.6 102.6
SS 0.192 0.144 0.043 0.002 0.2 1.34 0.182 -0.1 0.5
TSSiw 1.109 0.074 0.493 0.243 25.8 14.98 <0.001 1.0 13
Total - — — 0.941 100 — — —

@ The variables that account for more than 1% of variation in the output are written in bold face.
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Fig. 2. Scatter plots of predicted versus observed values in 2007. All parameters are for the saturation extract except pH, which is for the saturated paste, all ions in mmol L™,

alkalinity (Alk) and total soluble salts (TSS) in mmolc L~

sulphate, which are the most abundant ions in the irrigation water
(Fig. 2b and d) and thus dominate the TSS value.

An alkalinity (AIk) of 1.50 mmolc L~! was calculated in Points 1
and 2, 2% higher than the alkalinity observed in Point 1
(147 mmolc L~1) and 27% less than the alkalinity observed in
Point 2 (1.90 mmolc L™1). The saturated paste pH value (PHsp)
simulated in both points was 7.91, which is very close to the
observed values of 7.90 and 7.86 in Points 1 and 2, respectively. As
the alkalinity, and hence pH, is more dependent on the carbon
dioxide partial pressure in the saturated paste than on TSSjy
(Visconti et al, 2010), both parameters are among the most
accurately calculated properties.

In general, surface irrigation practice suffers from a lack of
homogeneity in water application. In the case of furrow irrigation, the
further the soil is from the water inlet, the less that the water infil-
trates into it. Less irrigation water means more TSSge as was revealed
by the GSA (Table 2). This situation explains why the soil near the
water inlet (Point 1) has less TSSge than the soil at the opposite point
downgradient in the field (Point 2, 150 m from Point 1). The average
saturation extract composition of Points 1 and 2 was calculated and
compared to the plot average simulation (Ave. Sim.) (Fig. 2e and f). The
simulated value of TSSe is 65.7 mmolc L~ !, whereas the observed one
is 51.5 mmolc L~! (Fig. 2e). In Fig. 2f, it can be observed how the
overestimation of chloride and magnesium, and to a lesser extent

sodium and sulphate, explains the overestimation of the saturation
extract salinity. Nevertheless, the relative concentrations of the entire
set of ions have been calculated accurately.

Conversely, potassium with a value of 0.2 mmol L~! is far
from the average observed value of 0.6 mmol L~L This is
because potassium is supplied by fertilizers and organic
amendments in addition to irrigation water. Surprisingly, nitrate
with a calculated value of 3.1 mmol L' is very close to the
observed value of 3.0 mmol L™'. Thus the processes generating
and eliminating the nitrate ion probably have compensated for
each other in this plot.

4. Conclusions

The SA of SALTIRSOIL was successfully performed by means of
a Monte Carlo experiment in the framework of the Global SA
Factors’ Prioritisation Setting. It was shown that SALTIRSOIL can be
considered a linear model for the simulation of soil salinity on the
basis of the seventeen input variables selected for the SA. As
a consequence, the relative magnitude and direction of influence of
every variable could be reliably assessed based on the regression
coefficients obtained in the multiple regression analysis. The soil
water balance variables, mainly rainfall and then evapotranspira-
tion, appear to be the most important variables for the soil salinity



S36 E Visconti et al. / Journal of Environmental Management 95 (2012) S31-S36

calculation in SALTIRSOIL accounting for 60% of the variance in soil
salinity, closely followed by the irrigation water salinity (26%) and
further by the irrigation and the soil water holding capacity.

The average saturation extract composition and pH of soil from
an experimental plot planted with watermelon and furrow irri-
gated with well water in an area under risk of salinization was
simulated. Calculated and observed concentrations of major inor-
ganic ions and hence total soluble salts in the saturation extract are
similar. Further validations are needed with other irrigation
systems and water supplies.
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The effect of isolate Pseudomonas fluorescens biotype F and P. fluorescens CECT 378" inoculation on fresh
weight and ions accumulation was studied in sunflower plants grown in sand:peat substrate with
addition of 100 mM NaCl. The inoculation resulted in an increase in fresh weight of more than 10% in salt
treatments and in an accumulation of less Na* and more K' in plant tissues in all cases. The bacterial
inoculants favoured the K*/Na™ ratio in all plant parts and in the case of the isolate CECT 378" conducted
to 66% increment in leaves, 34% in stems and 16% in roots, while the effect of isolate inoculation was
(only) more evident in leaves and stems with 30% and 26%, respectively. Both strains were found to
produce indoleacetic acid and siderophores in in-vitro tests, thus the production of indoles was highly
dependent on the exogenous tryptophan in the medium. The results suggest that salt stress in sunflower
plants was alleviated partially by the inoculation with strains that produce indoles and siderophores,
having also a positive effect on the K*/Na* ratio in the shoot. Moreover, those plants were characterized
with better-developed roots.

Sunflower

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Many processes in natural soils in arid regions frequently
produce saline soils. In these conditions, an inadequate water
regime can increase the salinity and represents a significant
problem in most regions. The direct effect of soil salinity on phys-
ical—-chemical and biological properties renders these soils
unsuitable for both soil microbial processes and growth of the crop
plants involving osmotic and ionic stress (Munns, 2002; Benlloch-
Gonzalez et al., 2005). The inhibition of growth by salinity occurs
in all glicophytes, but the grade of tolerance and the rate of growth
reduction by high concentrations of salt vary widely among
different plant species. Salt tolerance in glicophytes has been
related with their ability to avoid the accumulation of Na™ in their
tissues and to remain a high K*/Na® ratio in the shoot. Both
mechanisms enable the plants to maintain cell growth and avoid
Na™ accumulation. This effect has been already described in many
species such as wheat (Poustini and Siosemardeh, 2004), sunflower
and barley (Greenway and Munns, 1980). The role of K™ in the plant
growth is also well known. An adequate K" status of the plant
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favours the cellular hydration, the turgidity and the cell elongation
(Hsiao and Lauchli, 1986)

The application of bioinoculants like arbuscular-mycorrhizal
fungus, and/or plant-growth-promoting rhizobacteria such as
Azospirillum, Agrobacteria, Pseudomonas and several Bacillus species
is an environment-friendly, energy efficient and economically
viable approach for reclaiming soils and increasing biomass
production (Mayak et al., 2004; Rabie and Almadini, 2005). The
inoculation of bacterial strains producing exo-polysaccharides
enabled the plants to withstand the initial effects of salts and the
osmotic stresses but it also benefited the inoculated plants in terms
of a better exploitation of the soil nutrients and through providing
an increased extent of rhizodeposits in the soil for gearing up of the
soil microbial activities (Ashraf et al., 2006). Microbial populations
are known to affect the mobility and availability of elements to the
plant releasing chelating agents, acidification, phosphate solubili-
zation, and redox changes (Abou-Shanab et al., 2003). Specially,
some plant-growth-promoting bacteria (PGPR) associated with
plant roots also may exert some beneficial effects on plant growth
and nutrition through a number of mechanisms such as Ny fixation,
production of phytohormones and siderophores, and trans-
formation of nutrient elements when they are either applied to
seeds or incorporated into the soil (Glick, 1995; Glick et al., 1998).
Moreover, some rhizobacteria can exude compounds, such as
antibiotics, phosphate solubilization, indoleacetic acid (IAA), side-
rophores, 1-aminocyclopropane-1-carboxylic acid (ACC) deami-
nase, which increase bioavailability and facilitate root absorption of
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nutrients, such as Fe (Crowley et al., 1991) or non-essential
elements, such as Cd and Pb (Salt et al.,, 1995), and enhancing the
tolerance of host plants by promoting plant growth (Duffy and
Défago, 1999; Shilev et al., 2001). IAA produced by rhizobacteria
is believed to play an important role as a phytohormone, influ-
encing many cellular plant processes, such as the cell elongation. It
has been well documented that the biosynthesis of auxins with
their excretion into soil makes a major contribution to the bacterial
plant-growth-promoting effect (Lambrecht et al, 2000). Also,
fluorescent pseudomonads are known to produce siderophores, the
pyoverdines which are available in both homologous and heterol-
ogous uptake systems (Sharma and Johri, 2003). They are low
molecular weight iron chelators which are released under iron
limited conditions in the surroundings, possess high binding
affinity and specificity for iron (III), and facilitate its transport into
the bacterial cell (Schalk et al., 2001). All these bacterial charac-
teristics support the symbiotic interactions in the rhizosphere zone
for mutual benefits of plants and microbes.

The aim of the present work was to study the plant-growth
promotion properties of Pseudomonas fluorescens biotype F and
P. fluorescens CECT 378, as well as their capability to alleviate salt-
produced stress in sunflower plants.

This work was conducted during 2008 in the Departments of
Microbiology and Agronomy, University of Cérdoba, Spain.

2. Material and methods
2.1. Properties of bacteria

In this study, two different fluorescent pseudomonads were
used: P. fluorescens biotype F (isolate) and P. fluorescens CECT 378",
The first one was formerly isolated from heavy metal contaminated
soil (Shilev et al., 2001), while the second one was purchased from
the Spanish Type Culture Collection (CECT). They were maintained
at 4 °C on nutrient agar tubes and refreshed immediately before
each experiment. The tolerance of bacteria to elevated concentra-
tions of NaCl was studied in Nutrient broth (NB) medium con-
taining different salt concentrations from 0 to 100 mM. Aliquots of
20 pl of medium with cells in late exponential phase were intro-
duced into the flasks to final volume of 50 ml and placed on rotary
shaker. Twenty-four hours later the growth was evaluated
measuring optical density at 550 nm.

2.1.1. Quantification of IAA production

Both isolates were propagated overnight in liquid Bacto-Pseu-
domonas F (BPF) (Belimov et al., 2005). Equal aliquots were trans-
ferred into 20 ml of the same medium supplemented with the
following concentrations of L-tryptophan (taken from a filter-ster-
ilized 4 mg ml~! stock solution prepared in warm water; Sigma): 0,
100, 300, 500, 700 and 900 pg ml~L. After incubation for 24 h, the
density of each culture was measured spectrophotometrically at
550 nm, and then the bacterial cells were removed from the culture
medium by centrifugation (5500 rpm, 10 min). A 0.2 ml sample of
the supernatant was mixed vigorously with 0.8 ml of Salkowski’s
reagent (150 ml of concentrated H,SO4, 250 ml of distilled H,O,
7.5 ml of 0.5 M FeCl3-6H;,0, Gordon and Weber, 1951) and left for
reaction at room temperature for 20 min before measuring the
absorbance at 535 nm. The concentration of IAA in each culture
medium was determined generating a standard curve for samples
containing IAA.

2.1.2. Determination of siderophore production

The production of siderophores was determined by the modi-
fication made of Pérez-Miranda et al., 2007, of the method of
Schwyn and Neilands, 1987.

2.2. Growth chamber experiment

Helianthus annuus L. cv. Sungro 393 seeds were purchased from
Eurosemillas S.A., Cérdoba. Seeds germination and growth chamber
conditions are described in Quintero et al. (2007). The germinated
seeds were placed in 21 pots filled with river sand:blond peat
mixture 2:1 in growth chamber. All pots were watered on daily
basis with a standard nutrient solution with the following
composition: 2.5 mM Ca(NO3);, 5 mM KCl, 0.25 mM Ca(HyPO04),,
1 mM MgSO0y, 12.5 uM H3BO3, 1 tM MnSOy4, 1 pM ZnS0Oy4, 0.25 uM
CuSO4, 0.2 uM (NH4)sMo07024 and 10 uM Fe-ethylene-diamine-
di-o-hydroxyphenylacetic acid. The plants were watered with the
above solution during the first seven days, thereafter half of the
treatments received 100 mM NaCl during 4 weeks. Since sowing
the pots had been inoculated with the rhizospheric bacteria P. flu-
orescens biotype F and P. fluorescens CECT 3787, separately, with
107 cfu (colony forming units) per 1 g of substrate, once each two
days. Firstly, the bacteria were grown separately in liquid BPF
medium till late exponential growth phase. The inoculum needed
of each culture was centrifuged at 6000 rpm for 10 min. The
obtained pellets were washed first in 20 mM MgCl, to remove ions
and after that in distilled water. In this way, six treatments were
arranged: control, control with P. fluorescens biotype F, control with
P. fluorescens CECT 378, and the same treatments with supple-
mentation of NaCl to the nutrient solution. The plants never
showed dehydration symptoms under those conditions during the
experiment.

2.2.1. Determination of Na® and K*

Roots were individually washed for 5 min in 150 ml of a cold
5 mM CaSO4 solution (5 °C) to allow exchange of the cell walls
contents. Shoots were washed in deionised water (Milli-Q). Then,
roots, leaves and stems from each plant were weighed indepen-
dently and placed in plastic vials. The vials were closed and frozen
at —20°C. Na™ and K" content were determined by atomic
absorption spectrophotometry Varian AA240FS after extraction
with 10% acetic acid solution.

3. Theory and calculations
3.1. Properties of bacteria

Study of the tolerance of P. fluorescens biotype F and P. fluo-
rescens CECT 378" in liquid media (NB) showed differences between
both strains (Fig. 1). The population density of isolate CECT 3787
increased from 0 to 10 mM NaCl with effective concentration (ECsg)

O @ P. fluorescens biotype F
o O P. fluorescens CECT 3787

OD (550 nm)

0 10 20 30 40 50 60
mM NaCl
Fig. 1. Growth of P. fluorescens biotype F and P. fluorescens CECT 378" in liquid BPF

medium supplemented with different NaCl concentrations. The results represent the
average of three replicates, while the standard errors were found less than 5%.
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Fig. 2. 1AA production of P. fluorescens biotype F and P. fluorescens CECT 378" in liquid
BPF medium supplemented or not with different concentrations of L-tryptophan, after
24 h of cultivation on rotary shaker. Bars represent the mean of three replicates + the
standard error.

that provokes a reduction of 50% of the population at 34 mM and
lethal concentration at 50 mM, while the other isolate was less
tolerant showing a constant decreasing curve with lethal concen-
tration at 10 mM.

The production of IAA with tryptophan in medium was higher in
P. fluorescens biotype F population than in that of isolate CECT 3787
(Fig. 2). In all cases, the production of IAA was correlated with the
tryptophan concentration in the media. This means that exogenous
tryptophan is required in most cases, although it seems that is more
necessary for the first isolate.

The production of siderophores by microorganisms is often
related with pathogen suppression of plant-growth-promoting
microbes (Kloepper et al., 1989) and iron acquisition. In our study,
the colour change of overlaid medium surrounding both bacteria
inoculations from blue to orange (as reported for bacteria that
produce hydroxamates; Meyer and Stintzi, 1998) was observed in
a period of 30 min after the overlaid application (data not shown).
Further quantification of siderophores produced by these strains is
currently underway at our laboratories.

3.2. Growth chamber experiment

Sunflower plants had an optimal growth in treatments watered
with standard nutrient solution without NaCl (Table 1) and no
significant differences in fresh weight (FW) were found as conse-
quence of bacterial inoculations. On the other hand, the salt
concentration was found significant for the plants and cause
important decline of their FW. This effect was highly marked in the
case of leaves and stems, while in all studied plant parts the
bacterial inoculants resulted in a higher biomass production. This
was significant for P. fluorescens biotype F for leaves, stems and
roots compared with the corresponding control (increment

Table 1
Effect of salinity and two bacteria on leaves, stems and roots fresh weight of
sunflower plants. The results represent the average + the standard error.

Treatments Fresh weight (g)
Leaves Stems Roots

Control 19.6+0.1 203+05 9.9+09
Control + P. fluorescens biotype F 199+04 19.1+07 107404
Control + P. fluorescens CECT 3787 195+06 193+0.8 9.5+0.6
100 mM NaCl 84+02 8.8+03 54+04
100 mM NaCl + P. fluorescens biotype F 9.6 +0.3 9.8+0.3 6.2+0.2
100 mM NaCl + P. fluorescens CECT 3787 9.1+0.2 92+04 6.3+0.2

Table 2

Effect of salinity, P. fluorescens biotype F and P. fluorescens CECT 378" on Na*
concentration in leaves, stems and roots of sunflower plants grown in salt treat-
ments. The plants were grown during 5 weeks in pots with sand:peat mixture and
watered with standard nutrient solution supplemented with 100 mM NaCl. The
results represent the average + the standard error.

Treatments Na* mMg ! FW

Leaves Stems Roots
100 mM NaCl 384+39 925+73 98.4+2.1
100 mM NaCl + P. fluorescens biotype F 289+4.8 823+79 101.1+3.9
100 mM NacCl + P. fluorescens CECT 3787 237+58 795+106 90.7+1.9

between 11 and 15%), as well as for P. fluorescens CECT 378 for roots
(16%, Table 1).

The internal content of Na* and K* was measured in leaves,
stems and roots of plants grown in presence or not of 100 mM NaCl
(Table 2 and Fig. 3). When NaCl was used to induce salt stress, Na*
content in root and stem was higher than in leaves (Table 2). On the
other hand, the bacterial inoculants inhibited significantly Na™*
accumulation in leaves. This effect was more marked with CECT
378" than with the Biotype F. Thus, P. fluorescens CECT 3787
contributed to the reduction of Na* content with a 38.2% in leaves,
a 14% in stems and a 8% in roots, while the effect of P. fluorescens
biotype F was 24.6%, 11% and 0%, respectively.

The accumulation of K was greater in shoot than root, in all
cases (Fig. 3). This effect was favoured by salinity. However, salinity
inhibited the accumulation of K' in the root. The bacterial
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Fig. 3. Effect of salinity, P. fluorescens biotype F and P. fluorescens CECT 378" on K*
concentration in leaves, stems and roots of sunflower plants. The plants were grown
during 5 weeks in pots with sand:peat mixture and watered with standard nutrient
solution supplemented or not with 100 mM NaCl. The bars represent the average + the
standard error.
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inoculants favoured significantly the accumulation of K' in
the shoot in all cases, although this effect was more marked in the
saline treatment. However, in the root the inoculants favoured
significantly the accumulation of K* only in the saline treatment.
Considering both inoculants the CECT 378" was more efficient in
the promotion of the K™ accumulation in the shoot.

In Fig. 4 it is represented the relation of K*/Na* in leaves, stems
and roots of sunflower plants. In our study this relation decreases in
next order: leaves > stems > roots notifying that only in roots the
values are lower than 1. Both bacterial inoculants contribute to
significant increment of this relation in all parts, notifying that it
was higher in case of isolate CECT 378, This inoculation conducted
to 66% increment in leaves, 34% in stems and 16% in roots, while the
P. fluorescens biotype F incremented just in leaves and stems with
30% and 26%.

4. Discussion

Saline conditions are known to reduce the growth of plants
(Greenway and Munns, 1980). In this study a high concentration of
salt (100 mM Na(l) in the irrigation solution prompted a significant
reduction of growth (Table 1). However, when plants under saline
conditions were treated with a suspension of P. fluorescens biotype
For P. fluorescens CECT 378", it was observed a lower level of growth
reduction and higher fresh weight values than in untreated plants.
This clearly demonstrates that the use of strains can partly alleviate
some of the negative effects of salt stress (Mayak et al., 2004). It is
known that sunflower plants avoid the accumulation of Na™ in the
leaves (Ashraf and O’Leary, 1996). This accumulation is the balance
between the total Na* translocation to the shoot, via the xylem, and
the Na™ recirculation from shoot to root, via the phloem that occur
in sunflower plants (Lessani and Marschner, 1978; Quintero et al.,
1998). In this study, the treatments with a suspension of P. fluo-
rescens biotype F or P. fluorescens CECT 378" prompted the Na*
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Fig. 4. Effect of salinity, P. fluorescens biotype F and P. fluorescens CECT 378" on the
relation K*/Na™ in leaves, stems and roots of sunflower plants. The plants were grown
during 5 weeks in pots with sand:peat mixture and watered with standard nutrient
solution supplemented with 100 mM NaCl. The bars represent the average + the
standard error.

excluder character of these plants. However, it is known that a high
K*/Na™ ratio in the shoot is more important for many species than
simply maintaining a low concentration of Na'* (Maathuis and
Amtmann, 1999). It is also widely accepted that the differences in
salt tolerance in Triticeae in both Triticum (Gorham et al., 1991) and
Hordeum (Garthwaite et al., 2005) genus, are associated with the
capacity of remaining a high K*/Na™ ratio in the shoot. In this study,
both bacterial treatments favoured this effect, mainly in the leaves
(Fig. 4).

In summary, the inoculation of both bacterial suspensions
decreased the levels of accumulated Na™ in all plant parts consid-
erably, thus K* content in them increased, as well as the biomass of
corresponding plants. Probably, this is due to the stimulation
of plant root growth by IAA (Table 1), better iron status because of
siderophores production, and may be due to the capability to utilize
ACC through ACC-deaminase, thus decreasing ethylene production
that conducts to enhanced root length (Patten and Glick, 2002). In
this sense, our further investigations are directed to the determi-
nation if both strains contain ACC-deaminase, quantify the side-
rophores production and identification of other mechanisms
involved in the bacterial plant-growth-promoting effect in abiotic
stress conditions.
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This study was designed to determine the state of polluted soils in the main landfills of the Community of
Madrid (central Spain), as part of a continuous assessment of the impacts of urban solid waste (USW)
landfills that were capped with a layer of soil 20 years ago. Our analysis of this problem has been highly
conditioned by the constant re-use of many of the USW landfills, since they have never been the target of
any specific restoration plan. Our periodical analysis of cover soils and soils from discharge areas of the
landfills indicates soil pollution has worsened over the years. Here, we examined heavy metal, salts, and
organic compounds in soil and surface water samples taken from 15 landfills in the Madrid region.
Impacts of the landfill soil covers on nematode and plant diversity were also evaluated. These analyses
continue to reveal the presence of heavy metals (Zn, Cu, Cr, Ni, Pb, Cd) in soils, and salts (sulphates,
chlorides and nitrates) in soils and surface waters. In addition, non-agricultural organic compounds,
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Anions samples collected showed chemical demand of oxygen (CDO) values in excess of 150 mg/l. Traces of
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phenolic compounds were detected in some landfills, some of which exhibited high levels of 2-
chlorophenol and pentachlorophenol. All these factors are conditioning both the revegetation of the
landfill systems and the remediation of their slopes and terrestrial ecosystems arising in their discharge
areas.
This work updates the current situation and discusses risks for the health of the ecosystems, humans,
domestic animals and wildlife living close to these landfills.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Municipal solid waste landfills often represent a major envi-
ronmental problem due to their proximity to inhabited areas.
According to Chiemchaisri et al. (2007) for example, in 2004 there
were 425 disposal sites (95 landfills; 330 open dumps) in Thailand
such that for many years over 60% of solid waste disposal in
Thailand involved open dumping. Recent literature in this area has
been abundant, with emphasis on publications from Asian coun-
tries (Esakku et al., 2005; Fan et al., 2006; Nagendran et al., 2006;
and Matuseviéilité, 2005; Zupancic¢ et al., 2009; Businelli et al.,
2009; Mari et al.,, 2009) but also with significant contributions
from other regions (@ygard et al, 2004; Slack et al, 2004;
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E-mail address: jpastor@ccma.csic.es (J. Pastor).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.06.048

Herwijnen et al. 2007; Ostman et al., 2006; MacDonald et al.,
2008; Schenato et al., 2008). In contrast, few research efforts
have been devoted to landfills in arid or semi-arid environments
(Illera et al., 2000; Al-Yagout and Hamoda, 2003).

The risks of soil pollution for ecosystems in periurban areas are
especially linked to the pollution effects of old mixed solid waste
landfills (industrial and urban solids). It is possible that a significant
role may be attributed to effects arising from these waste materials
such as the physical medium, the movement of contaminants due
to flow forces, and new interactions occurring in the system due
mainly to salinity, heavy metal toxicity and organic contaminants.
Around 20 years ago, a large number of the Madrid region’s urban
solid waste landfills were sealed. At different times over these past
twenty years, the landfill soils and the discharge areas of the sealed
tips have been analyzed. Since then, we have constantly been
assessing the presence of contaminating residues both in landfill
soils and in affected surrounding ecosystems. Hernandez et al.
(19984, b), Pastor et al. (1993b) and Pastor and Hernandez (2002)
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Table 1
Current uses (2008) of the 15 landfills.
Landfills Lat. Long. Discharge areas Current use of the landfill No. slopes
Gneiss & granite
Colmenar Viejo 40° 39N 3° 45'W Creek & wet grassland Cattle grazing 3
S. Lorenzo 40° 35'N 4° 8'W Creek & ash-trees Nomad shepherding; Reforestation 3
El Escorial 40° 35'N 4° 7T'W Creek & wet grassland Cattle grazing 4
Arkoses
Moéstoles 40° 20'N 3° 52'W Creek & wetland Cereal crops and shepherding 3
Villaviciosa 40° 21'N 3° 54W Wetland Leisure 1
Navalcarnero 40° 17’N 4° 17W Cereal crops Sheep grazing; Housing —
El Alamo 40° 13'N 3° 59W Wetland Restoration with herbaceous covers 2
Limestone
Pinto 1 40° 14N 3° 41'W Cereal crops Reforestation 5
Pinto 2 40° 14N 3° 42'W Cereal crops In disuse 4
Pinto 3 40° 14'N 3° 42'W Road Re-used; Use controlled at present. 4
La Poveda 40° 17'N 3° 26'W Creek Re-used for rubble disposal 2
Arganda del Rey 40° 18'N 3° 26'W Creek Uncontrolled; new spillages of rubble 2
Mejorada de campo 40° 23'N 3° 29'W River Nomad shepherding. Reforestation 1
Alcala de Henares 40° 29'N 3° 22'W River Reforestation 1
Gypsum
Aranjuez 40° 1'N 3° 38'W Creek Crumbling observed after sealing 1

have described the physical and chemical condition of these soils,
taking into account the substrate underlying the landfills that were
capped with soils from their respective surroundings. These past
reports have also described the main plant species growing during
the process of revegetation of the tips in the first few years. The aim
of the present paper was to describe some of the most significant
chemical determinants for the design of measures to restore the
impacts of these landfills. The goal of the “road-map” we propose is
to identify the heavy metals, salinity and organic compounds
responsible for the main detrimental effects produced, mainly on
soils and surface waters, but also on plants and soil organisms.

2. Materials and methods

We examined 15 old urban (and industrial) solid waste landfills
near the major cities and towns of the province of Madrid. These
landfills were sealed around twenty years ago, simply by capping
with soil. The main characteristics of the waste landfills can be
found in Pastor and Hernandez (2002 and 2007).

At each of these 15 landfill sites, 4 to 6 soil samples (0—10 cm)
were collected depending on their size to give a total of 75 samples.
Control samples were taken from the topsoil layer (0—15 cm) of
surrounding grazing lands (reference ecosystems).

A spade was used to obtain an average sample of topsoil in each
zone that was subsequently used for physical-chemical determi-
nations (MAPA, 1982; Hernandez and Pastor, 1989; Pastor and
Hernandez, 2007). Determination was made of pseudototal
contents of Al, heavy metals and trace elements (Cr, Ni, Pb, Cd, Cu,
Zn, Fe, Min), as well as pH, soil anions and EC. Metals in the soil were
determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). For these determinations, the soil samples were
ground in an agate mortar and acid digested using a 4:1 mixture of

Table 2

Heavy metal contents (mg/kg) recorded for the soil covers (mean values and stan-
dard deviation) of landfills overlying the main representative substrates of the
Madrid area five years after capping.

Soil heavy metals Granites and gneiss Arkoses Limestones
Zn 125.5 + 69.8 83.5 + 146.0 57.5 +£10.5
Cu 8.7 +£194 150.9 + 730.2 13.0 £ 11.0
Pb 7.7 +5.6 72.8 +297.0 28.5 +£3.5
Ni 222 +£3.6 15.7 + 8.1 225 +£35
Cr 0.0 £ 0.0 444+ 45 0.0 £ 0.0
cd 0.0 + 0.0 03+ 2.1 0.0 + 0.0
Co 0.0 + 0.0 1.5+23 0.0 + 0.0

HNO3; and HCIO4. Soil
chromatography.

The organic pollutants determined were: total hydrocarbons by
infrared spectrophotometry (UNE 77307); chlorinated insecticides
and polychlorinated biphenyls by gas chromatography (ISO 10382),
PAHs by gas chromatography (ISO 18287), and phenols by gas
chromatography (U.S. E.P.A 3550B, U.S. E.P.A 3650B and U.S. E.PA
8401).

Water samples were also collected from the main discharge
zones of the landfills. These samples were obtained at random
points across the wetland and stored in dark glass containers to
determine organic and inorganic compounds.

For the determination of organic pollutants in water, organic
compounds (lipophilic) were extracted from the water sample by
retention on a cartridge or a disk containing the organic phase
octadecylsilyl chemically bound to a solid matrix. Retained
compounds were subsequently eluted using a small amount of
dichloromethane, separated by gas chromatography and identified
by mass spectrometry.

In a separate study conducted only on the arkosic landfills,
a further 91 soil samples were obtained in spring from 1 m?
-quadrants set up in semi-natural grasslands and agricultural lands
abandoned in the last 20 years (55 sites) and in 36 urban waste
landfill sites sealed with a 30 cm layer of soil. After inventoring the
plant species present in these plots, the soil samples (maximum
depth 10 cm) were subjected to nematode counts using previously
described methods (Hernandez and Pastor, 1989). Samples were
kept at 4 °C until processing. Nematodes were extracted from
100 ml by the sugar centrifugation method as described in
Hernandez and Pastor (1989). After counting the total number of
nematodes, 100 nematodes per sample were randomly selected
and identified to the genus level if possible with the help of an
inverted compound microscope. Identified taxa were classified into
fungivore, bacteriovore, omnivore, predator or plant feeding
trophic groups on the basis of either reported feeding habits or
stoma and oesophageal morphology (Yeates et al., 1993; Urcelai
et al., 2000).

anions were analyzed by ion

3. Results and discussion
3.1. Main characteristics of the landfills

Table 1 shows the geographical coordinates of each of the 15
landfills and their current uses. Mean soil heavy metal contents and
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Table 3

pH and heavy metal contents (mg/kg) recorded for the soil covers of landfills in the Madrid area 18—20 years after capping (2007—08).
Landfills pH Al Fe Mn Zn Cu Cr Ni Pb Ccd
Colmenar Viejo 6.3 33588 22598 293 68 14 3.7 5.6 139 0
San Lorenzo 7.3 29819 21304 218 185 40 12 6.0 223 0
El Escorial 7.2 29067 77315 446 693 139 23 13 182 0
Méstoles 5.7 23886 12188 241 38 8.8 2.7 3.1 9.4 0
Villaviciosa 7.5 26751 15479 213 93.3 36.1 13 2.9 248 0
Navalcarnero 6.5 8744 5019 202 124 4.3 1.6 1.1 2.7 0
El Alamo 7.2 8711 4149 93 26 8.0 19 15 44 0
Pinto 1 7.3 27366 16794 217 39 8.5 0.3 34 7.0 0
Pinto 2 7.6 31327 20261 204 39 8.2 0.4 34 4.7 0
Pinto 3 7.9 42483 25938 631 144 55 40 5.0 51 0
La Poveda 7.6 28985 19731 225 50 28 2.8 9.1 134 0
Arganda 8.0 29684 15488 193 110 27 5.9 74 60 0
Mejorada del campo 7.7 70090 39706 366 148 29 8.1 15 20 0
Alcala 7.6 51800 32384 288 130 23 12 15 134 0
Aranjuez 7.7 71420 37512 256 86 69 2.2 15 11.6 0
Reference levels 140 36 100 35 50 1

their corresponding standard deviations are provided by geological
substrate in Table 2. The plant cover characteristics of the waste
landfills can be found in Pastor and Hernandez (2002).

The residues deposited in the landfills examined here are of
a heterogeneous nature (urban, industrial and inert solids) and
have undergone no previous treatment. The edaphic landfill
material has never exceeded 40 cm. The scant layer of landfill soil
and the steep slopes have meant that much soil has been lost over
the years through erosion, leaving many un-decomposed residues
in the cracks produced by surface run-off. The characteristics of the
slopes do not only affect plant colonization in these systems but
also the ecosystems of the discharge areas. Even where there is only
one slope, its run-off sometimes fans out, and thus differently
affects the biodiversity of the damp ground in different zones of the
discharge area. Also, considerable variation in soil variables exists
on a given slope (Pastor and Hernandez, 2002, 2007). Since our first
analyses, differences have also arisen in relation to the landfill
material originating from the different substrates. Research into
this problem is strongly conditioned by the constant re-use of many
of the landfills, given that no particular recovery plan was envis-
aged for any of them. This has led to the deposition, after the first
sealing, not only of inert residues but also residues of manifest
chemical composition. This aggravates the problems of many tips
and poses great difficulty when trying to restore their impacts. In
the following sections we describe some of the findings on which
these assertions are based.

Table 4
Anion contents (mg/kg) and electrical conductivity (uS/cm) recorded for the soil
covers of the landfills 18—20 years after capping (2008).

Landfills F Cl NO, NO; PO, SO4 EC

Colmenar Viejo 0.7 538 14 51.7 221 643 244
San Lorenzo 04 9.7 26 5443  16.7 46.1 669
El Escorial 04 151 37 783.1 134 733 606
Méstoles 08 653 1.0 649 307 852 160
Villaviciosa 03 9.6 6.1 745 458 193 392
Navalcarnero 0.7 49 13 167.5 9.8 17.7 101
El Alamo 03 108 2.7 136 349 148 106
Pinto 1 3.6 98 53 9.3 5.1 172 190
Pinto 2 4.6 58 82 7.3 0.0 172 184
Pinto 3 1.6 309 3.0 409.1 83 6769 759
La Poveda 2.9 108 44 70.8 53 774 645
Arganda 14 644 56 19795 25 3164 1947
Mejorada del Campo 49 550 23 298.5 6.3 1195 1248
Alcala 09 439 84 4433 283 102 650
Aranjuez 1.3 203 27 189.4 3.8 4065 2440
Reference levels >12 >55 — >100 >45 >150 >350

3.2. Identifying pollutants in the topsoil layer

The landfill soils and the soils from the discharge areas have
been periodically assessed over the last 20 years, with attention
mainly paid to inorganic chemical compounds. Tables 3 and 4 show
the maximum levels of heavy metals recorded for each landfill.
These factors compromise the biotic components of the affected
ecosystems. Tables 2 and 3 show the soil variables indicating
contamination produced by residues from the tips; in 5 of the
landfills these exceed the benchmark levels for heavy metals.
Johansen and Carlson (1976) found that among the heavy metals, Fe
were high in all soils examined followed by Zn. We also detected Zn
in highest quantities in our landfills. Concentrations of Cr, Ni, Cu, Cd
and Pb were low. Xiaoli et al. (2007) studied the characteristics,
distribution, and mobility of heavy metals in a landfill. The refuse
was characterized as containing high concentrations of heavy
metals and a relatively high pH. Zn demonstrated the greatest
mobility compared to other heavy metals, whereas Cd was well
retained in the landfill. Zn was also found at higher concentrations
than the remaining heavy metals. In the dumpsite examined by
Esakku et al. (2005), total metal contents in descending order were
Fe, Cu, Zn, Cr, Mn, Pb, Ni and Cd.

In a semi-arid environment, Illera et al. (2000) observed
considerably increased levels of Cd, Cu, Pb and Zn as a consequence
of the high contents and/or high availability of these metals in
mixed solid waste (MSW) landfills. According to these authors Zn,
followed at some distance by Cu, was the most abundant heavy
metal. In arid regions, the generation of leachate from MSW land-
fills has long been neglected on the assumption that only minimal
leachate could be formed in the absence of precipitation (Al-Yaqout
and Hamoda, 2003). The latter authors found that leachates
collected from both active and old (closed) landfills were severely
contaminated with organic compounds, heavy metals and salts.
The metals we found in our 15 landfills mainly in semi-arid envi-
ronments in descending order were Fe, Al, Zn, Mn, Cu, Pb, Cr, Ni and
Cd. Leachate Zn contents in the study by Al-Yaqout and Hamoda
were similar to those detected here while Cu levels were higher.

Heavy metals absorbed by plants can be harmful to the animals
that consume them, both domestic and wild. Sanchez-Chardi and
Nadal (2007) quantified the bioaccumulation of metals (Pb, Hg,
Cd, Fe, Mg, Zn, Cu, Mn, Mo, and Cr) from the landfill of Garraf
(Barcelona, Spain) in the greater white-toothed shrew, Crocidura
russula (Insectivora, Mammalia). These authors observed substan-
tial amounts of potentially toxic metals (Pb and Cd concentrations
of up to 59.71 and 56.57 ug g~ DW respectively in the kidneys). The
genotoxic actions of these metals suggested detrimental effects also
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Table 5
Organic pollutants (mg/kg) recorded in the old urban landfills in 2008.
Landfill Phenolic compounds Chlorinated Insecticides Hydrocarbons PCBs PAHs
Colmenar Viejo Phenol Lindane, Hexachlorebencene
San Lorenzo
El Escorial 58.21 0.054 Benzo(a)pyrene
0.027 Dibenzo(a,h)anthracene
Mostoles Lindane
Villaviciosa Lindane
Navalcarnero Lindane
El Alamo Phenol (0.033)
Pinto 1¢ p.p’-DDD Benzo(a)pyrene
Pinto 2 2-chlorophenol Hexachlorebencene Benzo(a)pyrene
Pinto 3 2,4,5-trichlorophenol,
2,4,6-trichlorophenol,
2,4-dichlorophenol, Lindane;
Pentachlorophenol Hexachlorebencene 62.34
La Poveda Lindane Benzo(a)pyrene
Arganda Phenol, Cresols Lindane (gamma-HCH) 0.038
Mejorada 2-chlorophenol, 59.7 0.01
Pentachlorophenol,
Phenol, Cresols
Alcala de H. Pentachlorophenol, Cresols
Aranjuez Phenol 0.027
Refer. Levels 0.01 (Lindane) 50.0 0.01

Higher contents are represented in bold.

@ Chlorinated hydrocarbons: 1,4-dichlorobencene, 1,2,4-trichlorobencene, 1,4-dichlorobencene.

on biota. In general, the heavy metal contents of the huge landfill
investigated by these authors were higher than those observed
here. This may be explained by the industrial importance of
Barcelona.

Soil salinity in the landfills emerged as a factor that was more
detrimental than soil heavy metal concentrations (Hernandez et al.,
1998b), although the landfills showed intensely varying concen-
trations of the different anions examined, as may be seen in Table 4,
which is provided as an example. Soil EC was high in 9 of the
landfills, NO3 in 8 and SOy in six.

To assess the impact of pollutants from the main landfill of the
city of Zagreb (Croatia) on the underlying soil, Ahel et al. (1998)
determined a broad spectrum of inorganic and organic constitu-
ents in samples of solid waste, soil and aquifer sediments. The
compounds identified in the landfill could be classified into the
two main categories: markers of biological waste and of its
microbial transformation (ammonia, dissolved organic carbon,
short-chain aliphatic acids, phenols and derivatives of abiotic
acid) and markers of anthropogenic waste (toxic metals, hydro-
carbons chlorinated hydrocarbons, surfactant-derived com-
pounds, phthalates and pharmaceutical chemicals). These authors
noted that, besides the vertical infiltration of leachate from the
solid waste, the hydrological groundwater regime also had

Table 6

a strong impact on contaminant distributions in soils beneath the
landfill.

We also observed considerable differences in the organic
pollutants appearing on our landfill slopes. The hydrocarbons
analyzed often occurred at exceedingly high values. Some chlori-
nated insecticides (of the 13 studied) such as lindane also exist at
harmful levels in the soils, according to the indicator values rec-
ommended for terrestrial organisms. In discharge areas, other
organic pollutants detected were phenolic compounds, poly-
chlorinated biphenyls (PCBs) and polyaromatic hydrocarbons
(PAHs). Slack et al. (2004) examined pollutants in leachates from
household hazardous waste (HHW) in municipal landfills. Their
results indicate that the risks associated with the disposal of HHW
have not been fully elucidated. This review revealed that a broad
range of xenobiotic compounds occurring in leachates could be
linked to HHW. Mari et al. (2009) analysed the exposure to heavy
metals and polychlorinated dibenzo-p-dioxins and polychlorinated
dibenzofurans (PCDD/Fs) of people living in the vicinity of
a hazardous waste landfill (HWL) in Castelloli (Barcelona, Spain).
The metals most often detected were again Zn and Cu, while Pb, Ni
and Cd were lower and Cr higher than the values we recorded.
Health risks were evaluated according to the distance from the
sampling locations to the HWL (near and far-sites). Concentrations

Differences in soil variables (Student’s t-test) between landfill covers (n = 59) and reference ecosystems (92 pasture soils) in arkosic substrates.

Soil variable Landfill covers

Reference ecosystems Significance level

X + s.d. Range X &+ s.d. Range

pH 7.1+£03 6.3-7.6 6.2+ 0.5 51-7.1 99.9
oM 0.7 + 04 02-1.6 35+ 2.7 0.2-12.2 99.9
Fe 15291 + 6455 5047—-28453 9057 + 4029 2315—-21945 99.9
Mn 223 +£ 113 46—552 112 + 88 40-269 99.9
Zn 89 + 157 13.8—960 32+ 11 9.7-5.8 99.0
Cu 187 + 741 2.5—3680 19.6 &+ 32.1 0-63

Pb 89.8 + 313 0-797 8+ 228 0-11.3

Ccd 1.9+34 0-10 0.1+16 0-6.1 90.0
Cr 46 +4.7 0-17 27428 0-6.0

Ni 14.0 £ 9.2 0-32 74 +63 1.6-21 95.0
Co 1.9+26 0-9 0.0 £ 0.0 0-1.9 99.0
Al 37404 + 13696 15250—65790 24783 + 11062 5700—54300 99.9
B 55+ 11.8 0—-50.0 2.6 +55 0—-20.0
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Table 7

Mean and s.d. of electrical conductivity (EC) and soil anions in discharge areas of
several landfills (L) located in different substrata versus soils from nearby reference
ecosystems (R.E.).

Soil variable Arganda del Rey  Alcala de Henares  Pinto 1
L RE. L. RE. L RE
EC (uS/cm) M 1430 530 3890 1200 11045 3940
sd. 156 735 6583
Chlorides M 335 5.0 22.0 5.0 76.5 18.0
(mg/100 g) s.d. 7.8 2.8 10.6
Sulphates M 68.5 1.0 155.5 4.0 4544.0 412.0
(mg/100 g) s.d. 3.5 3.5 5883.1
Nitrates M 4.2 2.0 3.9 0.5 313 19.8
(mg/100 g) s.d. 0.5 0.9 19.1
Table 8

Statistically significant differences recorded in 36 soil samples taken from landfills
and 55 samples from a reference ecosystems in arkosic terrain.

Biological parameters Landfill Reference Significance

covers ecosystem level
Plants X

soils

Plant cover (%) 349+ 17.1 606 +£25.0 95
Average height of plant cover (cm) 14.9 + 9.1 22.7 +10.2
Plant diversity (No sp/m?.) 155 + 7.3 295+ 114 95
Nematodes
Total Density (No/100 cm?) 456 + 383 122.1 +£50.7 99.9
Ectoparasites 10.1 +13.2 305+ 157 999
Endoparasites 0.1 +04 0.9 + 4.0
Omnivores 106 +11.3 12.6 £ 10.2
Bacterial feeders 713+ 187 37.7+175 999
Fungal feeders 8.0+93 170 +£133 95

of PCDDJFs, as well as those of some metals, were found to be
relatively higher in the HWL and Castelloli (the nearest village)
than in samples collected far away, resulting in slightly increased
exposure to those pollutants.

Open landfill dumping areas for municipal wastes in developing
countries have received particular attention with regard to envi-
ronmental pollution problems. Because of the uncontrolled burning
of solid wastes, elevated contamination by several toxic chemicals
including dioxins and related compounds in these dumping sites
has been anticipated. Hung Minh et al. (2003) analyzed concen-
trations of PCDD/Fs and coplanar PCBs in soils from dumping sites
in the Philippines, Cambodia, India, and Vietnam. Residue
concentrations of PCDD/Fs and coplanar PCBs in dumping site soils
were apparently greater than those in soils collected in agricultural
or urban areas far from dumping sites, suggesting that dumping
sites are potential sources of PCDD/Fs and related compounds.
Observed PCDD/F concentrations in soils from dumping sites in the
Philippines and Cambodia were comparable or higher than those
reported for dioxin-contaminated locations in the world. Table 5
indicates the current values of organic variables recorded in our
study. The contents of these pollutants were at times quite high.
Values exceeding permissible levels according to Spanish legisla-
tion appear in bold.
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Table 6 shows differences in soil variables between the arkosic
landfills and their reference ecosystems. It may be observed that
the differences recorded for most of these variables are highly
significant. Heavy metal contents were higher in the landfill covers
than the control soil samples. Table 7 shows differences in the
electrical conductivity and soil anion levels in discharge areas of
several landfills located in different substrates compared to soils
from nearby reference ecosystems.

3.3. Impacts of landfill covers on the diversity of plants and
nematodes

The topsoil layer of the landfills is inhabited by soil pop-
ulations such as microorganisms or nematodes, and is also the
main source of mineral nutrients for plant species growing in the
soil (Hernandez et al.,, 1998a; Urcelai et al., 2000; Pastor and
Hernandez, 2002). Our phytoecological and soil studies per-
formed in the past years both on the capping soils and soils of the
discharge zones of urban waste landfills have revealed certain
features that may be of help when planning to ecologically
restore this type of environmental setting. Table 8 shows the
reduced diversity of plants and nematodes detected in the
capping layer of the landfills, which is probably the result of
adverse conditions in general, and toxicity due to heavy metals,
high contents of salts or organic pollutants. This diversity is even
lower than that reported for other highly degraded ecosystems of
the area (Urcelai et al., 2000). Biederman et al. (2008) also
investigated nematode community early development in ecolog-
ical restoration.

Contrary to expectations, surface amendment treatments
significantly increased bacterivorous, plant parasitic, omnivorous
and predator nematode densities, but had no influence on fungi/
root-tip feeding nematodes. In agreement with these authors,
bacterial feeders were the predominant group detected at our
landfills. Numbers of ectoparasites, endoparasites, fungal feeders
and omnivores were significantly lower than in our reference
ecosystems. Other observations in soil fauna were made by

the domestic waste landfills of Vilnius (Lithuania). These authors
focused on the influence of landfills on the soils of their environ-
ment. The structure of microarthropod complexes was mono-
dominant, species composition was poor, and herbaceous plants
intensively accumulated heavy metals. Even after fifteen years, the
landfills remained polluted with high concentrations of Cd, Ni, Pb,
and Zn.

Taking into account these findings together with those of
Pastor et al. (19934, b) and Herndndez et al. (1998a, b), who also
observed increased levels of salts in landfills, the difficulty in
securing an environment of available nutrients for plants
becomes clear, despite the appropriate pH of the soil (means of
7.1 were detected for landfills and 6.2 for control soil samples).
Such high salt contents indicate a need for bioassays aimed at
evaluating the suitability of native plant species as plant covers
for landfills.

Table 9

Current pH, macroelement and boron contents (mg/l) of water samples obtained from the discharge areas of the landfills.
Landfills pH Ca Mg K Na P S Al Fe Mn B
Colmenar Viejo 6.9 223 8.6 103.3 126.0 0.0 43.6 0.12 0.04 0.10 0.19
San Lorenzo 7.8 18.4 3.9 22 6.2 0.0 8.7 0.0 0.00 0.0 0.03
Méstoles 8.8 1103 244 614 2109 2.19 203 0.05 0.36 1.97 0.22
El Alamo 8.4 55.4 7.9 7.1 30.7 0.56 26.1 0.04 0.06 0.03 0.06
Getafe 8.1 530.0 2444 4.1 713 0.0 567 0.06 0.06 0.08 0.18
Aranjuez 8.6 410.8 583.6 33.6 2736.5 0.0 2780 0.0 0.11 0.06 0.75
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Table 10
Heavy metal (mg/l) contents of water samples collected from damp ground and
streams at the foot of the landfills in early spring.

Table 12
List of organic compounds detected in 2008 in water samples affected by the
presence of a landfill.

Landfills Zn Cu Méstoles El Alamo
Colmenar Viejo 0.06 n.d Tetradecane Undecane

San Lorenzo n.d n.d 4-tert-butyl benzoic acid Octanoic acid
Méstoles 0.034 0.011 Dietiltoluamide Tetradecane

El Alamo n.d 0.025 Diethyl phthalate Terbucarb
Aranjuez n.d 0.023 Heptadecane Diethyl phthalate

Pb, Cd, Cr, Ni, As: not detected.

3.4. Composition of waters in discharge areas

In a study in Denmark by Kjeldsen et al. (1998), an old municipal
landfill emerged as a groundwater pollution source based on
landfill history and leachate composition. Table 9 shows the current
pH and composition of water obtained from damp ground and
streams at the foot of the present landfills. Table 10 provides the
heavy metal contents (mg/1) of these samples. Elevated values were
recorded of pH, Na and S. High Ca and Mg contents were also
detected in the waters close to the landfills of Getafe and Aranjuez.

Table 11 shows the electrical conductivity (uS/cm), chemical
demand of oxygen (CDO) and anion contents (mg/l) of water
samples collected from damp ground and streams in the discharge
areas. Around 50% of the water samples collected showed CDO
values greater than 150 mg/l. In contrast, nitrates and fluorides
have undergone a considerable rise over the years. These trends
differ according to the aquatic ecosystem affected by the landfills,
although salinity also seems to be declining in the landfills on
a granite substrate (Pastor et al., 1993c). Similar studies to ours
reporting comparable findings include those by Mikac et al. (1998),
who assessed groundwater contamination in the vicinity of
a municipal solid waste landfill in Zagreb (Croatia), Paxéus (2000),
who examined organic compounds in municipal landfill leachates,
and Slack et al. (2004), who analyzed the hazardous components of
household waste.

Table 12 shows the relationship between the organic
compounds in the waters and their proximity to the landfills.
Harmsen (1983) and Albaiges et al. (1986) identified organic indi-
cators of groundwater pollution close to a biohazardous waste
landfill. We observed a tendency towards higher carboxylic acid
levels in some of our landfills, but more intense effects have been
attributed to biohazardous waste in the landfills of Barcelona than
those examined here. Albaiges et al. detected around double the
concentration of phthalates, a group of colourless, odourless liquid
chemical compounds mainly used as laminates, to that observed in
our landfills. In Oman and Rosqvist’s (1999) study of the transport
fate of organic compounds in water flowing through landfills, the
maximum concentration of diethyl phthalate (DEP) detected was
346 pl.

According to Jobling et al. (1995), a variety of environmentally
persistent chemicals, including some phthalate plasticizers, are
weakly estrogenic. Bauer and Herrman (1997) estimated the envi-
ronmental impacts of phthalic acid esters leaching from household
wastes. These authors recorded maximal concentrations of 2.6%

Tetradecanoic acid 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,
3-propanodyl, propionate

Diisobutyl phthalate

Butyl isobutyl phthalate

Dibutyl phthalate

Diisobutyl phthalate
Dibutyl phthalate
Hexadecanoic acid

Oleic acid Hexadecanoic acid
Octadecanoic acid Pentadecane

Tricosane Tricosane
Di-2-ethylhexyl adipate Di 2-ethylhexyl adipate
Tetracosane Tetracosane

Eicosane Eicosane

di-2-ethylhexyl phthalate Di 2-ethylhexyl phthalate
Squalene

San Lorenzo Colmenar Viejo

Octanoic acid Butyric acid

3-hydroxy-2,2,4-trimethylpentyl Undecane
isobutanoate
Tetradecane 3-Hydroxy-2,2-dimethyl

hexyl butyrate
Tetradecane
Diethyl phthalate

Diethyl phthalate

1,3-pentanediol, 2,2,4-trimethyl
diisobutyrate

Tetradecanoic acid 1,3-Pentanediol,

2,2,4-trimethyl diisobutyrate

Diisobutyl phthalate

Pentadecanoic acid

Dibutyl phthalate

Hexadecanoic acid

Diisobutyl phthalate
Butyl isobutyl phthalate
Dibutyl phthalate
Hexadecanoic acid

Pentadecane Octadecanoic acid
Tricosane Pentadecane

Di 2-ethylhexyl adipate Tricosane

Tetracosane Bis 2-ethylhexyl adipate
Eicosane Tetracosane
Di-2-ethylhexyl phthalate Eicosane

Dotriacontane Di-2-ethylhexyl phthalate
Squalene Squalene

Aranjuez

Undecane Oleic acid

Octanoic acid Octadecanoic acid
Tetradecane Pentadecane

Diethyl phthalate Tricosane
Tetradecanoic acid 2-etilhexil adipate
Diisobutyl phthalate Tetracosane
Pentadecanoic acid Eicosane

Butyl isobutyl phthalate Bis 2-ethylhexyl phthalate
Dibutyl phthalate Squalene

Hexadecanoic acid

Most dangerous pollutant are represented in bold.

di-(2-ethylhexil)phtalate and calculated this figure to translate to
around 1 kg of phthalate esters per ton of dry waste and the
leaching of some 1 g of phthalic acid esters per ton of dry waste.
Staples et al. (1997) reviewed the global environmental fate of

Table 11

Electrical conductivity (uS/cm), chemical demand of oxygen and anion contents (mg/1) of water samples collected from damp ground and streams close to the landfills.
Landfills EC CDO F Cl NO, NO3 PO4 S04 COs3 HCOs3
Colmenar Viejo 1281 261.0 0.12 269 nd 67.7 n.d 1309 0.0 0.0
San Lorenzo 265 168.0 0.17 4.46 n.d 52 n.d 26.2 0.0 48.8
Méstoles 2490 207.8 0.28 568.3 0.10 4.5 3.0 60.9 60.0 201.3
El Alamo 523 914 0.24 415 0.49 5.4 23 69.3 30.0 97.6
Aranjuez 13420 111.8 0.12 770 n.d 203 n.d 8341.0 48.0 207.4
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phthalate esters determining that traces of these compounds are
common in waters despite their relatively low solubility in water,
high solubility in oils and low volatility. The most employed
phthalate is the one used for PVC; others are used as solvents to
elaborate perfumes, pesticides, enamels, adhesives, putties and
paint pigments. The high quantities found in our water samples,
despite their low solubility, is worthy of note, although there is
much controversy regarding their effects on health. Several
experiments have shown that the bioaccumulation of phthalate
esters in the aquatic and terrestrial food chain is limited by
biotransformations, which occur more frequently with increasing
trophic level. Thus, they are usually considered to be low- or
medium-level pollutants although high doses of some of them may
cause abnormal hormone behaviour in rodents, as well as damage
to the liver, kidneys, lungs and testicles. Fukuoka et al. (1997)
suggested phthalic acid esters as a cause of testicular damage. In
contrast, studies conducted in primates have not been able to
confirm this theory. Diisobutyl phthalate (DIBP) is used as a plasti-
cizer in coatings (e.g. in antislip coatings and epoxy repair mortars)
and toxic effects of DIBP on reproduction and development have
been described. Diisobutyl phthalate has also been described to
have comparable anti-androgenic effects to di-n-butyl phthalate in
foetal rat testis (Borch et al., 2006; Saillenfait et al., 2008).

It therefore seems evident that diisobutyl phthalate fulfils the
criteria for its classification as a CMR (carcinogenic, mutagenic and
reprotoxic) substance according to article 57a) of the REACH
regulation.

The European Union, however, has not yet established any
guidelines for the control of phthalic acid esters. We also detected
large quantities of the resin 4-(1-pyrrolydinyl)-2(1H)-pyr-
imydinone, detergent components and the herbicide Terbucarb at
our landfill sites.

4. Conclusions

Chemical analyses conducted on the soils and waters around
landfills sealed 20 years ago continue to reveal the presence of
heavy metals (Zn, Cu, Cr, Ni, Pb, Cd) in soils, and salts (sulphates,
chlorides and nitrates) and high levels of organic pollutants in both
soils and waters. The events and/or ever-changing uses given to the
landfills after their initial sealing, together with their particular
characteristics pose difficulties both for the revegetation and
remediation of these soils that show great variation and hetero-
geneity in terms of the pollutants found, the density of nematodes
(trophic groups) in the soil, and plant cover.

The existence of intense differences between the landfills and
the surrounding reference ecosystems was identified in terms of
the diversity of plants and nematodes, as well as differences in soil
variables among the different landfills themselves.

Our findings reveal the real risks posed by these mixed indus-
trial/household landfills in periurban areas and also illustrate how
different concentrations of salts and ions can affect the biotic
components of the surrounding ecosystems.
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Assessing the environmental impact of a soil-topped landfill requires an accurate ecotoxicological
diagnosis. This paper describes various diagnostic protocols for this purpose and their application to
a real case: the urban solid waste (USW) municipal landfill of Getafe (Madrid, Spain). After their initial
sealing with soil from the surroundings about 20 years ago, most USW landfills in the autonomous
community of Madrid have continued to receive waste. This has hindered precise assessment of their
impact on their environment and affected ecosystems. The procedure proposed here overcomes this
problem by assessing the situation in edaphic, aquatic and ecological terms.

The present study focused on the most influential soil variables (viz. salinity due largely to the
presence of anions, and heavy metals and organic compounds). These variables were also determined in
surface waters of the wetland most strongly affected by leachates running down landfill slopes. Deter-
minations included the characterization of plant communities and microbial biodiversity.

Landfill vegetation

The study was supplemented with a bioassay under controlled conditions in pots containing soil

contaminated with variable concentrations of Zn (as ZnCl,) intended to assess ecochemical actions in
a population of Bromus rubens, which grows profusely in the landfill.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In previous work (Pastor and Hernandez, 2007), we examined
evidence obtained over the past 20 years of the difficulties involved
in restoring ecosystems under the impact of urban solid waste
(USW) in sealed landfills. Based on them, we concluded that an
accurate ecotoxicological diagnosis cannot be solely based on the
factors most closely related to the plant populations and commu-
nities at the sites under the impact of a landfill. This led us to
develop an effective diagnostic protocol and check its effectiveness
by application to a real case: the Getafe landfill (Madrid), a city
located in the Spain central region. Although the diagnostic
methodology used is consistent with theoretical foundations
established in previous works (Ramade, 1995; Landis and Yu, 1999;
Rapport et al., 2003), no similar ecotoxicological studies on closed
solid waste landfills appear to have been conducted to date. Thus,
we expect to show a conceptual and methodological framework
which allows to validate a protocol for ecological diagnosis in these
environments.

* Corresponding author.
E-mail address: anaj.hernandez@uah.es (A.J. Hernandez).

0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2010.10.052

2. Materials and methods

Regarding the methodology, we have performed a revision and
systematization of several works from our research group, related
to sealed landfills in order establishes a protocol which allows its
application in landfills. Below, we provide the methods and tech-
niques used for a landfill in the region of Madrid.

2.1. Sampling and analyses

Soil samples were randomly collected from 8 zones in the landfill
and associated dumps; all sampled zones previously exhibited soil
spots suggesting alterations in the sealing edaphic material. Samples
were collected with a hoe and a small shovel to obtain an average
sample of topsoil (+2 kg) in each zone that was subsequently used
for physico-chemical (Hernandez and Pastor, 1989; Pastor and
Hernandez, 1989) and analyses including enzyme profiles (Garcia
et al., 2003). Total hydrocarbons were also determinated.

Plant specimens from the landfill and water samples from the
main discharge zone for the wetland were also collected. The water
samples were obtained at randomly distributed points across the
wetland and stored in opaque glass bottles for determination of
organic and inorganic compounds.
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2.2. Assays under controlled conditions

The most heavily metal polluted soils in central Spain are
located in areas occupied by old urban and industrial waste landfills
or abandoned mine lands. Zinc is the most widely dispersed
pollutant in them, where it can reach phytotoxic concentrations. In
this work, we conducted a bioassay under controlled conditions
involving the use of pots containing soils polluted with variable
amounts of Zn in the form of ZnCl, in order to assess the eco-
chemical action of a plant population of Bromus rubens L. growing
profusely at the studied landfill site. The pot soil, a calcic luvisol,
was kept under greenhouse conditions over a period of 18 weeks.
The characteristics of this soil were similar to those of the landfill
soil and included an alkaline pH (7.6) and the following contents:
0.8% OM; 0.063% total N; 14.2, 327, 8.7 and 1.4 mg K, Ca, Mg and Na,
respectively, per 100 g soil; and 67 mg Zn/kg soil. Each pot was
filled with 1 kg of previously sieved soil in triplicate for each Zn
concentration used (100, 300 and 500 mg/kg/pot). A further 3
replicate plots were sown with 8 seeds from a plant specimen
collected in the studied area. The seeds had previously been
germinated in a growth chamber in the dark at 24 °C. The results of
the treatments were compared by ANOVA, using LSD methodology
as a post-hoc test to identify differences between means.

3. Results and discussion
3.1. Conceptual framework: principal vectors of landfill pollution

We initially examined the vectors through which pollutants in
a sealed landfill may flow or be transferred on a spatial and
temporal scale (Fig. 1). We excluded the potential atmospheric
impact of gaseous emissions and restricted the study to those
vectors where the sealing edaphic material was the main

TYPES OF ECOSYSTEMS POSSIBLY AFFECTED WATER SAMPLING

\ / [ SAMPLIG THE TOPSOIL LAYER |

SITE CHARACTERISATION | |

| SOIL MICROBIOLOGICAL ANALYSIS |

RECORDING PHYTOECOLOGICAL RELEVES |

/ \

TYPES AND COMPOSITION COMMUNITY TYPES AND
OF ECOPHYSIOLOGICAL ANALYSIS
MATERIALS COLLECTED OF FIELD PLANTS POPULATIONS

BICASSAYS PERFORMED UNDCER CONTROLLED CONDITIONS

Fig. 2. Protocol of study.

component for ecotoxicological assessment of a given site. As far as
the edaphic vector is concerned, the nature and depth of the sealing
cover of a landfill is related to various soil physical properties
hindering pollution (Herndndez et al., 1998a) and often making
landfill slopes unsuitable for development of the ecological
succession in a landfill system. The loss and retention of chemical
elements by the soil cover is related to pollution in the landfill
system. The transfer of landfill pollutants to the autotrophic
component causes remote ecosystems in the environment to be
polluted.

One of the most immediate requirements was to identify the
directions of underground water flows and their relationship to
surface waters in the environment (Adarve et al., 1994). This factor
is also associated to local or diffuse pollution of aquatic ecosystems,

ESSENTIAL ASPECTS OF SEALED LANDFILLS
AS REGARDS ECOTOXICOLOGICAL DIAGNOSIS
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Fig. 1. (Essential aspect of sealed landfills as regards ecotoxicological diagnosis).
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Table 1

pH, electrical conductivity (dS/m) and chemical composition (mg/1) of the wetland water in a very rainy spring.
No. pH F Cl NO3 SO4 Ca K Mg Na Fe Cu B EC
1 7.6 n.d. 201 8.4 1683 509 583 143 120 0.124 0.020 0.38 0.322
2 8.1 3,8 177 285 2730 622 268 355 114 0.068 0.014 0.32 0.411
3 8.0 n.d. 90 328 2126 668 82 264 77 0.052 0.016 0.38 0.369

No detectable amounts of phosphates or nitrates were found.

surface water courses and terrestrial ecosystems, and also to the
effect of pollution on animal populations with a potentially impact
on the ecosystems structure. One other factor to be considered was
the composition of leachates (Adarve et al., 1998) and the directions
of their main flows in relation to the discharge zones; in fact, this
component is associated to spatial and temporal pollution of
ecosystems in the landfill environment. Water table levels in
discharge zones play a role in the pollution of stable ecosystems in
the environment (Herndndez et al., 1998a; Pastor and Hernandez,
2007). This justifies the need for an ecotoxicological study (Pastor
et al,, 1993a, b; Herndndez et al., 1998b; Urcelai et al., 2000), one
that should be conducted within the framework of risk analysis
methodology.

We focused on the autotrophic component of the affected
ecosystem for various reasons, namely: toxicity tests could be
useful to examine the physiological and behavioural responses
(mortality, injury, metabolic changes) of organisms, and also pop-
ulation (density, risk of extinction), and community-related vari-
ables (structure, diversity, biomass, nutrient flow changes). The
accumulation of a heavy metal in the above-ground portion of
a plant (phytoaccumulation) consumed by herbivores is also
detrimental to health as it introduces the pollutant in the trophic
network. Root systems may play a role in phytostabilizing heavy
metals and preventing their passage into deeper soil layers. Finally,
because fine materials in landfills and waste tip slopes may be
easily eroded, vegetation can help prevent transfer of topsoil
pollutants to other ecosystems (Hernandez and Pastor, 2008).

3.2. Ecotoxicological diagnosis protocol

Wastes discharged at landfills first sealed in the late 1980s and
subsequently reused for disposal of additional waste are of mixed
nature (urban, industrial and inert) and have received no pre-
treatment. The sealing edaphic cover is never thicker than 40 cm.
Tips are usually more 15 m tall and occasionally overlap by effect of
the discharge of additional waste on previously sealed landfills.

In addition, many landfills have rather steep slopes (over 40% in
some cases). Their characteristics influence not only plant coloni-
zation, but also the zones receiving runoff leachates. Even in the
presence of a single tip, runoff exhibits a fan-shaped distribution
pattern and affects biodiversity in the discharge area to a varying
extent. Moreover, soil parameters usually vary widely in each area,
even though the sealing soils often come from various substrates
(Pastor and Hernandez, 2002a).

Table 2

Grain size distribution (%) of wetland soil at three randomly chosen points in late
spring (once virtually all surface water had evaporated). Binding coefficients and pF
values. SCCC = Soil Clay Compaction Coefficient; SIC = Silt Impermeabilization
Coefficient.

Sand Silt Clay SCCC SIC  SCCC + SIC Field Wilting  Available
capacity point water

35 62 3 0.03 0.61 0.64 28.3 17 113

36 57 7 0.07 0.55 0.62 44.2 25.7 18.5

40 57 3 0.03 0.55 0.58 31.9 17 149

Our recent assessment of the situation led us to conclude that
the events and/or uses which have uninterruptedly followed the
initial sealing of the landfills, and the characteristics of each landfill,
have individual connotations that justify use of a special protocol
(Fig. 2). In landfills capped with soils from their respective
surroundings, the two processes involved in the ecological
succession intermix. Thus, there can be a primary succession by
effect of a new community starting in these recently arising
systems; also, however, a secondary succession may arise through
germination of the seed bank present in the soil used as cover. The
two major points here are the need to arrest erosion and its effects
(e.g. silting of water courses, eutrophication, and pollution of
surface waters) and then ensure appropriate surveillance in order
to avoid constant reuse of a sealed landfill for waste disposal, which
can make any restoration efforts futile. In previous work, floristic
relevés were recorded in twenty capped landfills lying on various
types of substrates (granite and gneiss, arkoses, gypsum, limestone
and marl) in central Spain.

Obvious differences in relation to diversity of plant species (all
herbaceous) were observed between landfill soil covers and the
corresponding reference ecosystems. An initial response to eco-
chemical relationships was associated to the salinity of the landfills.
These findings led us to examine the potential connection between
salinity and pasture species in order to understand the ecological
behaviour of the plants and apply this knowledge to our restoration
strategies (Adarve et al., 1998; Hernandez et al., 1998b; Pastor and
Hernandez, 2002a; 2002b). Since we examined behavioural
patterns at both species and community level under control
conditions, we also conducted supplemental tests under field
conditions. Such tests revealed that the plants responded to some
physical abiotic (slope gradient and orientation) and biotic factors
(species growth habit in relation to horizontal soil cover, rooting
type in shallow soils and seed production).

3.3. Application of the proposed protocol to the Getafe landfill
(Madrid)

3.3.1. Description of the landfill and its discharge areas

After its initial sealing, in 1986 the landfill was in theory used to
dump inert waste; in fact, discharges included industrial and
organic waste. In 1993/94, it was reused to dump industrial waste
(particularly steel slag). At present, it is used as a mixed landfill
consisting of superimposed tips which have been expanded with
two large dumps. The landfills contain a large number of rabbit
dens. After the first sealing, the main discharge area was sown with

Table 3
Comparison of soil parameters (means) between the landfill wetland soil and similar
grassland in the environment not affected by the landfill.

Soil parameters Landfills (USW) Reference ecosystems
pH 7.3 7.2

Conductivity (uS/cm) 8065 2960

Chloride (mg/kg) 1775 70

Sulphate (mg/kg) 5210 3450

Nitrate (mg/kg) 91 25
Total N (%) 0.450 0.200
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Table 4

pH, OM and N (%), available elements (mg/100 g), anions (mg/kg); and electrical conductivity (EC, dS/m) of the soils in the landfill tips.
Soil pH OM N P20s5 Ca Mg K Na F Cl NO, NO3 PO4 SO4 EC
G-1 7.7 42 0.195 12 2414 184 21 94 8.6 7570 0.0 495 0.0 5918 0.822
G-2 7.7 2.0 0.110 16 915 20 30 54 2.9 199 23 29 0.0 3830 0.235
G-3 7.7 6.2 0.285 14 522 51 72 17 3.8 135 2.9 93 2.0 1938 0.149
G-4 7.8 7.8 0.365 22 603 58 58 8.5 1.6 77 1.5 0.0 0.0 3322 0.196
G-5 7.9 0.9 0.060 14 212 141 46 6.0 3.2 33 1.2 28 0.0 96 0.027
G-6 7.6 2.1 0.090 20 274 52 48 3.7 1.6 30 1.5 110 54 67 0.034
G-7 7.5 3.8 0.130 105 246 18 41 4.2 3.7 125 19 148 29 1647 0.149
G-8 7.8 3.8 0.100 7 216 29 29 5.7 2.9 43 1.0 34 0.0 1729 0.150

grain. The wetland is used for drinking by sheep herds grazing
throughout the site and also by some bird populations. In addition,
the area abounds with shells of a gastropod mollusc of the genus
Helicilla. The site includes another area under a lesser impact that is
sown with wheat.

3.3.2. Composition of the wetland water and soil slopes

The nature of the substrate (calcareous and gypsiferous marls)
and the precipitation regime are the two factors most strongly
influencing the composition of water in the studied wetland.

Table 1 shows the data for a highly rainy spring (2008). Another
spring much drier on 2006 (unpublished data) the average chloride
and sulphate concentrations were 770 and 8341 mg/l, respectively.
No detectable amounts of phosphates or nitrites were found, and
no appreciable levels of Zn, Cd, Pb or Ni in surface water were
detected; by exception, Cu was found at 0.023 mg/l. However, as
can be seen from Table 1, the metal contents of the water varied
depending on the particular sampling location at the foot of the
different tips. The properties of soil in a dry wetland are obviously
dependent on its nearness to the water table.

Table 2 illustrates the capacity of the soil to retain moisture as
measured via field capacity, wilting point and available water. In
addition, it gives the cementation and impermeabilization ability of
the soil associated to the clay and silt, respectively, it contains. Both
factors are crucial with a view to assessing the potential impact of
some chemical elements and compounds on underground water in
the environment of a landfill. Soil salinity in the studied wetland
was already high in the determinations performed twenty years
ago (Table 3).

Tables 4 and 5 show other soil data, as the anions, of ecotoxico-
logical interest. Chemical analyses (Tables 5 and 6) revealed the
presence of heavy metals and non-agricultural organic compounds.
Worth special note are the aliphatic and aromatic hydrocarbons
detected in 4 of the 8 soil samples, which were present at very high
levels in some. Also, some insecticides such as y-HCH (lindane) (non
published data) were found at detrimental levels for terrestrial
organisms in soil. Their potential toxicity is closely related to their
biodegradability. We conducted preliminary microbiological assays
in order to evaluate the activity of enzymes involved in the C, Nand P
cycles (Table 7). The results obtained for the enzyme patterns

revealed marked differences in enzyme activity between zones. The
highest activities determined were those for acid phosphatase,
alkaline phosphatase and p-glucosidase in sample G-4.

3.3.3. Plant communities

The studied wetland, overlying marl and gypsum materials
where the presence of a water table or precipitation and the
discharge of leachates released from the landfill tips and dumps
have led to highly saline soils, now bears communities of juncus
acutus in addition to Spergularia media, Sonchus crassifolius, Plan-
tago maritima, Sphenopus divaricatus, Parapholis incurva, Galium
parisiense and Minuartia hybrida, all typical of saline soil lacking an
upper organic horizon. In trough zones of the landfill, these
communities are accompanied by pasture species such as clovers
(Trifolium scabrum, T. pratense) in addition to Medicago rigidula and
grasses (Poa bulbosa and Bromus hordaceus), which make them
palatable to sheep and are in fact grazed despite their dubious
quality a result of the polluted condition of the soil.

The tips are covered by a plant tapestry that differs between
sunny and shady zones. Thus, the sunny zones are covered by an
annual community that is virtually single-stratum and consists of
short plants on the top layer of the landfill sealing soils; the
community is composed largely of Calendula arvensis accompanied
by Bromus rubens, Centaurea melitensis, Malva parviflora, M. pusilla,
Eruca sativa and Herniaria hirsuta, among others. Cardus bourgea-
nus, C. tenuiflorus and Sylibum marianum form small spots in the
bottom of the small gullies left by stream water from precipitations.
These spots are easy to distinguish visually by their increased
density and cover virtually all north-oriented tips; however, they
are unpalatable to the ovine livestock.

The plant communities on the tips and dumps have evolved
little in recent years, where they have been dominated by
pioneer species with modest soil requirements. Obviously, these
plant covers have helped stabilize the landfill sealing by forming
thin humus layers; however, the methanogenic processes asso-
ciated to the successive discharges have prevented germination
and rooting of more demanding species. One other major factor
for these covers is the high density of rabbits that feed on their
roots. Because the landfill site is used for two primary purposes
[viz. ovine grazing and gaming (rabbit)], a need exists to
consider more frequent plant species which, by growing on

Table 5 Table 6
Metal contents (mg]kg) of the soils on the landfill, Total, aliphatic and aromatic hydrocarbon contents (mg/kg) of the soils in the Getafe
Soil Fe Mn 7n Cu Pb Ni Cr landfill in the spring of 2006.
G-1 4775 205 2381 184 56.9 4.6 29 Site Concentration Aromatic/Aliphatic ~ Total
G-2 18186 339 739 13.5 16.9 6.4 15 - ——  Latio concentration
G-3 21604 306 5277 365  117.0 8.6 6.6 Aromatic  Aliphatic
G-4 21770 312 365.9 34.9 64.5 7.3 5.7 Getafe 2 0.0 7.487 0.0 7.487
G-5 17963 328 61.1 9.5 184 5.1 23 Getafe 4 0.0 5.129 0.0 5.129
G-6 23995 224 69.2 31.0 8.2 5.2 9.2 Getafe 6 5.116 8.092 0.632 13.208
G-7 285480 1448 576.9 881.7 148.8 155.7 110.2 Getafe 8 0.0 854.414 0.0 854.414
G-8 417320 1842 476.8 1260.0 1394 212.7 152.7 Reference level >50 mg/kg
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Table 7

Enzyme activities as determined in a control soil and at four different points in the Getafe landfill.

Soil Acid phosphatase Alkaline phosphatase B-Glucosidase Invertase Cellulase B-N-acetyl-glucosaminidase
Control 1.11 0.29 1.09 16.21 0.092 0.28
G-2 0.37 137 0.46 20.25 0.05 0.20
G-4 1.71 3.88 3.90 42.97 0.03 0.17
G-6 0.54 3.34 2.61 55.69 0.05 0.31
G-8 0.54 2.26 1.13 17.45 0.08 0.11

The phosphatase, f-glucosidase and B-N-acetyl-glucosaminidase activities are given in pmol pnitrophenol/gh, and the invertase and cellulase activities in pmol glucose/h.

Table 8
Average micronutrient levels (mg/kg) in the aerial portion of Bromus rubens plants as
a function of the Zn content of the soil (mg/kg).

Soil Zn  Zn Cu Fe Mn

Control 277 +26a 77+17a 582.0 +2074a 2883 +284a
100 169.0 +206b 93 +12ab 4207 +376a 268.0 + 68.2 a
300 3300+ 552¢ 107+09b 14283 +£1387.6a 277.0+30.0a

500 506 +639d 113+05b 627.0 £ 1579a 2733 +36.2a

Treatments sharing the same letter were not significantly different at p = 0.05.

polluted soils, can facilitate the passage of pollutants into other
elements of the trophic network.

This entails not only analysing field material, but also conduct-
ing appropriate bioassays with variable concentrations of metals in
the form of soluble salts applied to the soil and sowing various
autochthonous species collected in the field. To this end, we chose
Bromus rubens, which was one of the most abundant species among
the grazed wetland communities and also on the tips and plateaux
of the landfill and dumps.

3.4. Bioassay with Bromus rubens L.

Table 8 shows the Zn, Cu, Fe and Mn uptake by this species as
obtained in the bioassay. The increase in soil Zn was found to
have a favourable effect on Cu. Also, the increased Zn levels were
correlated with decreased accumulation of Mn in plants such as
corn. The accumulation of Zn at high levels in the above-ground
portion of red brome can have toxic effects on grazing animals.
Zinc tissue levels above 300 mg/kg are usually toxic (Seaker,
1991; Shuman et al.,, 2001). The Zn levels found in this species
exceeded those previously reported for other Poaceae (Dudka
et al., 1996).

Once should bear in mind that this species can grow in aban-
doned landfills and exhibit Zn levels similar to those found here;
therefore, it may be accumulating similar of even greater amounts
of Zn than those measured and eventually reach consumers
through the trophic chain.

4. Conclusions

Assessing the environmental impact of a soil-topped landfill
requires an accurate ecotoxicological diagnosis. For this purpose,
this paper describes a diagnostic protocol and its application to
a real case: the urban solid waste. The procedure proposed here
overcomes this problem by assessing the situation in edaphic,
aquatic and ecological terms.
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Environment management is turning its efforts to control the air pollution. Nowadays, gas phase
contaminants coming from different sources are becoming into the main cause of serious human illness.
Particularly, benzene, toluene, ethylbenzene and xylene (BTEX) are getting more and more attention
from the scientific community due the high level of volatilization showed by these compounds and their
toxicity. Decomposition of these compounds using different treatments is requiring lots of new strategies
based on novel options. In the present work the use of ozone was proposed as possible alternative
treatment in the gaseous phase of VOC’s liberated from water by stripping. This study deals with the
decomposition by ozone in gaseous phase of model mixtures of BTEX stripped from water. The exper-
iments were realized in a tubular reactor with fixed length (1.5 m length and diameter of 2.5 cm). The
experiments were conducted in two stages: in the first one, organics was ventilated by oxygen flow to
liberate BTEX to the gaseous phase; second stage deals with the liberated BTEX decomposition by ozone
in the tubular reactor. Ozonation efficiency was determined measuring the VOC’s concentration at the
output of the tubular reactor. This concentration was compared to the concentration obtained at the
input of the reactor. The obtained results confirm the possibility to use of ozone for the VOC's decom-
position in gaseous phase. Also, the dynamic relationship between degradation and liberation was
studied and characterized.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Air emissions coming from a variety of industries contain big
amounts of VOC’s and have been subject to increasingly stringent
environmental regulations over last two decades (Park et al., 2008).
For example, benzene, toluene, ethylbenzene, xylene (BTEX) and
methyl-tert-butyl-ether (MTBE) are considered as predominant
pollutants in areas near to large cities or industrial zones (EPA,
1992). Many VOC's are emitted to the environment from an
extensive variety of sources including combustion products of
wood and fuels, industrial production, adhesives preparation, use
of degreasing agents and aerosols (Shih and Li, 2008). The presence
of VOC’s in atmosphere causes severe health problems (United
States Solid waste and EPA 542-R-98-008, 1998). Even when not
all VOC’s pose a direct risk to human health, many of them can
participate in photochemical smog cycle that is also a source of
health danger. Besides, human exposition to VOC's occurs by
ingestion (consuming contaminated water or food), inhalation or
absorption through the skin, etc. (Sarafraz-Yazdi et al., 2009). The
main problem with this kind of organic compounds is that their

* Corresponding author. Tel.: +52 55 14 01 93 07.
E-mail address: tpoznyak@ipn.mx (T. Poznyak).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.09.009

degradation products are known or suspected carcinogens.
Following the previous ideas, effective treatments developments to
remove these organics are necessary (Jia et al., 2008b).

A variety of air pollution control (APC) technologies, including
adsorption, absorption, thermal oxidation, catalytic oxidation, and
chemical scrubbing, are technically capable of recovering or
destroying VOC'’s from industrial emissions (Beltran et al., 2002).
However, applications of these conventional APC technologies
generally have disadvantages in treatment of dilute industrial VOC
emissions. A number of methods have been developed to remove
VOC’s in the gaseous phase. Among them, the main methods are
bio-filtration, incineration, the stripping, scrubbing and physical
adsorption (Reza Iranpour et al., 2005; Jia et al., 2008a; Mascolo
et al, 2008; Devinny et al., 1999; Saravanan and Rajamohan,
2009). All methods cited before have advantages and disadvan-
tages that serve for adequate selection of method treatment of
VOC'’s remediation. One common method of the VOC’'s emissions
control is their adsorption in activated carbon (Shih and Li, 2008).
This method has high removal efficiency and low cost, however, it
requires disposal or a secondary treatment process to decompose
the adsorbed VOC's (Ambrozek, 2008). Biological filtration (or bio-
filtration) is a technology based on the biological oxidation of VOC’s
using microorganisms, but this method has been widely used when
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the VOC’s concentration in air is relatively low (0.6—2.85 ppm). In
addition, this method can also be limited by the biological reaction
rate, that is, in the case of poorly biodegradable and/or toxic
pollutants. Interestingly, some poorly biodegradable VOC’s such as
MTBE require a long start-up phase (months rather than days)
before significant removal was observed (Reza Iranpour et al., 2005;
Zhangli et al., 2007).

Additionally, there exists the problem of the treatment of
ground and residual water as well as contaminated soil with high
content of volatile organic compounds (VOC’s), because of their
stripping to atmosphere (Liberation of VOCs from the aqueous
phase to the gaseous phase using the gas inflow as carrier)
surrounding the contaminated water and soil. Indeed, some treat-
ments have been proposed to recover the stripped contaminants
with different technologies (Ambrozek, 2008; Budzianowski and
Miller, 2008; Budzianowski and Koziol, 2005).

This stripping process can provoke air contamination in the
case of incomplete decomposition of VOC’s in the liquid and solid
phases. Indeed, when the water is extracted from underground (to
develop any possible on-site treatment), there is a possibility to
lose VOC’s (until 99.9% for low-weight volatile compounds) into
the atmosphere without any previous treatment (Shah et al,
1995). These both aspects can serve as a justification to treat the
dissolved VOC's in liquid phase and to treat the stripped
compounds in gaseous phase. In the last case, the chemical
oxidation is an alternative method to decompose hazardous
contaminants to less toxic compounds (Beltran et al., 1999). One of
the important powerful oxidative agents is the ozone. Ozone
treatment for contaminated water (Beltran, 2004) and soil (Rivas,
2006; Rivas et al., 2009; Poznyak et al., 2007) has been deeply
studied. Nevertheless, the ozone application on groundwater
remediation still has similar problems about stripping. One
possible option is the gasesous phase reaction between ozone and
volatile organics (Razumovskii and Zaikov, 1984).

In the present study, the decomposition of the model VOC's
(BTEX), dissolved in water and then stripped from it, by ozone in
the gaseous phase was realized. The treatment was performed
using a tubular reactor with fixed length (1.5 m length and diam-
eter of 2.5 cm), at different gas flow and reagents concentration.
The BTEX decomposition efficiency in ozonation was determined
using the relationship of compounds concentration in the input and
the output of tubular reactor that was measured by liquid chro-
matography (HPLC) (Bin and Roustand, 2000).

2. Materials and methods
2.1. Ozonation procedure

The ozone procedure was conducted in three sequential stages.
In the first stage, the aqueous solution containing the dissolved
VOC's was injected with oxygen. This procedure provokes the BTEX
stripping from liquid phase enclosed in a continuous reactor
(500 mL), which has a diffuser plate at its bottom for feeding the
oxygen. Adsorption process was performed using an initial
concentration of 200 mg L~ for benzene, toluene and xylene while
ethylbenzene was 150 mg L~ The treatment process was initial-
ized with the stripping process that was performed with an input
flow of 0.5 and 0.2 L min~". The volume of aqueous solution was
250 mL for all samples. The liberated BTEX were adsorbed in
granular activated carbon (GAC) (1.0 g). The activated carbon was
settled in a bed. This bed was prepared with 10 g of GAC in a small
tube with 1 cm diameter. To determine the stripping dynamics,
water samples were analyzed at different times (2, 5, 10, 15, 20, 30
until 60 min).

On the second stage, the stripped BTEX pass through a tubular
reactor where the BTEX's ozonation is carried out in gaseous phase.
The ozonation in a tubular reactor with fixed length (1.5 m length
and diameter of 2.5 cm) was realized with the ozone concentration
(30 and 15 mg L) and the variation of gas flow (0.2 L min~! and
0.5 L min~!). The residual ozone, byproducts and final products of
ozonation in GAC were adsorbed.

In the third stage, BTEX and products formed during ozonation
were adsorbed into a bed of GAC located at the reactor output. The
Fig. 1 shows the experimental set-up (Pedro et al., 2008), where the
ozone generator "AZCO" with high-voltage was employed at the gas
flow of 0.2—0.5 L min~L All experiments were carried at the
ambient temperature. The measurements of ozone in gaseous
phase at the reactor input was done with an ozone sensor model
BMT 930, connected to a PC (using an acquisition data board NI-
6024), to take the input concentration of ozone.

2.2. Analytical methods

Intermediates and final products obtained in ozonation in the
gaseous phase were adsorbed on activated carbon. The solid samples
of activated carbon were analyzed using the Soxlhet technique
(Wang et al., 2006): the adsorbed compounds were extracted in

1.

Fig. 1. Schematic diagram of the experimentation at laboratory scale: (1) oxygen tank, (2) valve step, (3) ozone generator, (4) reactor with model solution, (5) tubular gaseous phase

reactor (6) activated carbon, (7) ozone analyzer, (8) data acquisition board, (9) PC.
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methanol (30 mL per 0.5 g of GAC). Extracted samples were analyzed
using the high performance liquid chromatography (HPCL). HPLC
analysis was carried out by a liquid chromatograph Perkin—Elmer
series 40 coupled with the UV/VIS detector and a chromatographic
column Nova Pack C-18, 250 x 4.6 mm. BTEX analysis was performed
using a mobile phase of water—acetonitrile (30.0:70.0) with the flow
0.5 mL min~'. The injected sample volume was 30 pL and the used
wavelength for benzene 264 nm, toluene 250 nm, ethylbenzene
262 nm and xylene 249 nm. Organic acids were determined using
the same equipment but using 211 nm with the same sample
volume. The mobile phase was not modified. Therefore, no acidifi-
cation was needed to obtain the organic acids concentration.

3. Results and discussion

Results will be presented in two subsections: First one describes
stripping of VOC's and their adsorption into activated carbon;

second one describes the degradation of organics in the gaseous
phase by ozone at different operating conditions to evaluate the
BTEX decomposition degree.

3.1. BTEX stripping and adsorption in GAC

Fig. 2(a—e) displays the BTEX stripping and adsorption
dynamics for benzene (Fig. 2b) at two gas flow. These adsorption
dynamics are quiet similar to those obtained for toluene, ethyl-
benzene and xylene. So, as it can be observed, for the oxygen flow of
0.5 L min~", toluene and ethylbenzene were stripped before 10 min
and for benzene and xylene were 15 and 30 min, respectively. The
decrease of the oxygen flow to 0.2 L min~! increases the stripping
time for all hydrocarbons to 20—40 min. The stripping rate of the
VOC depends on many factors related to the operating conditions,
as well as the properties of the organics like vapor pressures and
the water solubility. The mass transferring between both phases,
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Fig. 2. Stripping dynamics of benzene (a), toluene (c), ethylbenzene (d) and xylene (e), and adsorption dynamics of benzene (b) at the gas flow of 0.2 and 0.5 L/min.
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Table 1
Henry's Law coefficient, liberated constants of BTEX at two different flows
(k, min~1).

Compound Vapor pressure, Henry’s Law k, min~!
kPa at 20 °C coefﬁc1§nt 02Lmin" 05Lmin"
(atm m>/mol)
Benzene 10.0 5.49 x 1073 6.2 x 1072 8.7 x 1072
Toluene 29 6.44 x 1073 5.1 x 1072 8.8 x 102
Ethybenzene 0.9 843 x 1073 57 x1072 211 x 1072
Xylene 0.8 3.9 x 1072 5.4 x 1072

liquid and gaseous, may be characterized by the Henry’s coefficient.
In order to characterize the dependence of the BTEX stripping on
their properties were calculated the rate constants of their liber-
alization for the two gas flows. In Table 1 these values were pre-
sented. As it can be observed, the values of the stripping constants
calculated are not correlated with the values of the Henry's Law
coefficient and the vapor pressure. In the base of this, we may
conclude that the Henry’s Law coefficient is a better predictor of the
stripping behavior, which in turn coincides with the observations of
other investigators (Deshusses and Johnson, 2000). In addition, the
stripping time of VOC’s is the same as the adsorption time.

3.2. Decomposition of BTEX

The suggested experimental scheme promotes a dilution of the
ozone concentration and the stripped contaminant in the tubular
reactor by oxygen. According to the obtained results, the BTEX
degradation starts just after these organics were released along the
reactor for all BTEX. However, as one can suppose, there is

a 045 Benzene decomposition in gas phase after stripping
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Time (min)

a remarkable difference between the reaction rates of the organics
with ozone. So, xylene is decomposed faster (<2 min of ozonation)
among the other BTEX. On the other hand, benzene cannot be
decomposed completely under special reaction conditions (gas
flow of 0.5 L min~! and the initial ozone concentration of
15 mg L~ 1). In the Fig. 3a—d the decomposition dynamics of studied
BTEX under different operating conditions was presented. As it can
be seen, benzene was decomposed under the gas flow of
0.2 L min~! during 15 and 30 min, under 35 and 15 mg L™,
respectively (Fig. 3a). In the case of toluene ozonation under the gas
flow of 0.2 L min~! and the ozone concentration of 35 mg L™, this is
decomposed in 10 min. For all cases, ozone has an efficiency of 100%
to decompose the toluene (Fig. 3b). Ethylbenzene was not
completely decomposed under the tested operating condition (gas
flow of 0.5 L min~! and ozone concentration of 15 mg L~ !). There is
a remaining of about 30%. Nevertheless, if the ozone concentration
is increased (35 mg L™') and the gas flow is decreased (0.2 L min™1),
this organics is completely decomposed during 10 min. This fact is
very important considering that among others BTEX, the ethyl-
benzene is stripped faster (during 10 and 15 min) (Fig. 3c).

The ratio Ct/Ci showed in Fig. 3 is different to that depicted in
Fig. 2. This ratio was obtained using the same extraction method
presented in the previous section. This relationship is valid consid-
ering that both concentrations were measured in the activated
carbon. Initial concentration was obtained using a pure strpped
process based on oxygen flow. The information presented in the
figure corresponds to different experiments where the oxidation
based on ozone was applied on renewed activated carbon samples.

Ozone was extremely effective to decompose xylene (Fig. 3d). If
the ozone concentration is low (15 mg L~!) and the higher gas flow
was applied (0.5 L min~'), the xylene is completely decomposed.
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Fig. 3. Decomposition dynamics of: benzene (a), toluene (b), ethylbenzene (c) and xylene (d).
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Table 2

Intermediates and final products formatted in the BTEX ozonation under different operating conditions (in the methanol extract/in the gaseous phase of the tubular reactor).

BTEX Products Concentration, mg L~! extract in methanol/gaseous phase
0.5 L min~! 0.2 L min™! 0.2 L min~!
[03]=15mgL! [03] =15 mgL! [03] =35mgL!
Benzene Benzoic acid 3.7/0.3 1.0/0.1 1.6/0.1
Oxalic acid 4.0/0.3 6.4/0.5 9.0/0.7
Formic acid 146.0/11.0 0.3/0.03 36.0/3.0
Toluene Benzoic acid 1.0/0.1 ND 6.4/0.5
Oxalic acid 97.0/8.0 12.0/0.9 ND
Malonic acid ND 28.0/2.0 ND
Fumaric acid ND 0.4/0.03 ND
Formic acid ND 1.9/0.2 ND
Benzene 17.0/1.4 ND 5.0/0.4
Ethylbenzene Benzoic acid 119.0/9.0 35.0/3.0 3.0/0.25
Malonic acid 8.0/0.7 3.0/0.3 ND
Xylene Oxalic acid 0.5/0.04 4.0/0.3 ND
Malonic acid 188.0/15.0 44.0/3.5 19.0/1.5
Formic acid 2.5/0.2 1.3/0.1 ND
Benzene ND 0.5/0.04 ND

ND = not detected.

This result corresponds with some results reported recently in
studies describing the xylene ozonation (Kasprzyk-Hordern et al.,
2005).

Concentrations showed in Figs. 2 and 3 are measured in the
activated carbon. These values were obtained by the extraction
method described in section 2. This procedure was designed to
avoid the utilization of either on-line mass or liquid chromatog-
raphy. Therefore, even when the contaminant concentration in the
gas phase has been reduced to zero, the activated carbon still has
a representative amount of such compounds (as it showed in the
figure). This is an experimental restriction to describe the gas phase
contaminant decomposition. However, results obtained by the
method proposed in this paper seem to be representative of gas
phase decomposition dynamics. Considering the activated carbon
renovation after each experiment and the extraction procedure
(that was developed just after each experiment was finished), one
may claim that gas phase transient dynamics is close to that
depicted in Fig. 2. On the other hand, the steady state concentration
of each compound is no longer related to the actual gas phase
concentration, because the adsorbed contaminant in the activated
carbon cannot be eliminated by simple ozonation.

3.3. Identification of intermediates and final compounds formatted
in the BTEX ozonation

In order to identify intermediates and final products of the BTEX
decomposition in ozonation, the HPLC analysis at specific condi-
tions (see 2.2) was realized. In Table 2 are presented all products
obtained in the BTEX ozonation with their concentration in the
extract in methanol and in the gaseous phase in the tubular reactor.
In the base of data presented in this table we may conclude that all
intermediates and final products identified are presented in the
gaseous phase as trace (<2.0 mg L), except formic acid in the
benzene decomposition, oxalic acid in the toluene decomposition,
benzoic acid in the ethylbenzene decomposition and malonic acid
in the xylene decomposition with concentrations in the range of
3.0—15 mg L. In the comparison of all experimental conditions,
the best results in the efficiency of the degradation of initials VOC's
and intermediaries were obtained under a flow of 0.2 L min~! and
ozone concentration of 35 mg L~

4. Conclusions

Experimental results show that the ozonation in the gaseous
phase is effective for the reduction of BTEX’s emission. The

decomposition dynamics and the decomposition degree depended
on the ozonation kinetics and the operating conditions that can be
attributed to the chemical structure of studied VOC's. Particularly,
under the experimental conditions, the best results about degra-
dation efficiency of initials VOC's and intermediaries were obtained
under the flow of 0.2 L min~! and the ozone concentration of
35 mg L~ 1. The main by-products obtained by the reaction between
BTEX and ozone were identified and characterized. The relationship
between the stripping and degradation processes is identified and
explained by the relationship observed in the corresponding
experiments. The study proposed in this paper uses the dynamic
relationship between both these procedures.
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A new adsorbent for removing metallic elements, nitrate and phosphate ions from municipal and
industrial wastewaters has been investigated. This new adsorbent consists of micro-particles of dried
Withania frutescens plant (<500 pm). Batch experiments were conducted to evaluate the removal of
metallic elements and anions from raw wastewaters by W. frutescens particles. The results show that the
micro-particles of W. frutescens plant presented a good adsorption of metallic elements, nitrate and
phosphate ions from both real wastewaters. This adsorption increased with increasing of contact time.
The percentage of metallic elements removal from industrial wastewater by W. frutescens plant was

ff\,‘fyﬁvi‘,’;‘isc'ens 98~99% for Pb(ll), 92~93% for Cd(Il), 91~92% for Cu(ll) and 92~93% for Zn(ll). The maximum
Adsorption adsorption capacity was dependent on the type of ions. The results also indicate that the values of
Metallic elements chemical oxygen demand (COD) decrease after the contact with W. frutescens particles. Based on the
Phosphate results it can be concluded that the dried W. frutescens plant appears to be an economical and envi-
Nitrate ronmentally friendly material for wastewater treatment.

Wastewater treatment

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Municipal and industrial wastewaters frequently contain heavy
metals, nitrate and phosphate ions. Heavy metals pollution is
spreading throughout the world because of the expansion of
industrial activities. The industrial use of metals increases their
concentrations in air, water and soil. The trace metals are widely
spread in environment and may enter the food chain from the
environment. It is well recognized that the presence of heavy
metals in the environment can be detrimental to a variety of living
species, including human. Unlike organic pollutants, metals are
non-biodegradable and because of this the removal of heavy metal
ions becomes essential. Also, nitrate and phosphates are commonly
found in various raw wastewaters. They can cause serious water
pollution and threaten the environment. It is therefore, essential to
control and prevent their unsystematic discharge in the environ-
ment. For this reason, increased attention is being focussed on the
development of technical know how for their removal from nitrate,
phosphate and metal bearing effluents before being discharged into
water bodies and natural streams.

A number of physico-chemical technologies such as chemical
precipitation, coagulation and flocculation, ion exchange and

* Corresponding author. Tel.: +212 660 60 22 29; fax: +212 282 20 100
E-mail address: mmchiban@yahoo.fr (M. Chiban).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.06.044

membrane techniques are available for wastewater treatment.
These methods often involve high capital and operational costs and
may also be associated with the generation of secondary wastes,
which present treatment problems. This had as result a need for
innovative treatment technologies for anions and metallic elements
removal. The adsorption is one of the techniques, which is compar-
atively more useful and economical at a low pollutant concentration.
In recent years, considerable attention has been devoted to the study
of different types of low cost materials as adsorbents such as tree
bark, wood charcoal, saw dust, alum sludge, red mud, peanut hulls,
peat, corncobs, cocoa shells and other waste materials for the
adsorption of some toxic substances (Periasamy and Namasivayam,
1995; McKay and Porter, 1997; Reddad et al., 2002; Clave et al,
2004; Meunier et al.,, 2003; Kadirvelu and Namasivayam, 2001;
Cengeloglu et al., 2002). The use of crushed and dried plants in the
wastewaters treatment has been studied in recent years and the
results of the laboratory investigations showed that dried plants are
good adsorbents for the removal of nitrate, phosphate and heavy
metals ions from wastewaters (Abdel-Halim et al., 2003; Benhima
et al., 2008; Chiban et al., 2005, 2008). The plant selected to be
used as an environmentally friendly adsorbent of wastewater treat-
ment was Withania frutescens plant from the south—western part of
Morocco. It is a shrub with little leathery leaves belonging to the
Solanaceae family. The calyx of this plant increases after flowering
and forms a small addition that completely hides reddish Bay
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(Ozenda, 1983). This plant is used against poisoning and skin
diseases. It also has hepatoprotector (Montilia et al., 2006) and anti-
inflammatory (Ahmad et al., 1990) properties.

For the present work the adsorptive properties of W. frutescens
plant, which is a low cost adsorbent, have been evaluated for
copper, cadmium, lead, zinc, nitrate and phosphate ions adsorption
from two real wastewaters, the municipal and industrial ones. The
objective of this study is to investigate the efficiency of a new
process for wastewater treatment by batch adsorption method
onto an abundantly available and a low cost adsorbent.

2. Materials and methods
2.1. Preparation of the natural adsorbent

W. frutescens plant was collected from the semi-arid zones of
Morocco (Agadir zone). Then it was air-dried for 2—3 days and
grinded. Afterward, W. frutescens powder was sieved using 500 pm
sieves and used as such without any pre-treatment. The dried
plants are used as adsorbents for wastewaters treatment and
inorganic pollutants removal such as: cadmium, copper, lead, zinc,
nitrate and phosphate, classified as major pollutants of domestic
and industrial wastewaters (Benhima et al., 2008). A recent
screening (Chiban et al., 2007) of chemical composition and surface
characterization has shown that the major functional groups in
W. frutescens plant are polar hydroxyl, aldehydic and carboxylic
groups. These groups made W. frutescens plant to have great
potential as an adsorbent for metal ions in aqueous solutions. These
micro-particles of W. frutescens plant are also known to be non toxic
(Montilia et al., 2006; Ahmad et al., 1990). Their selection was made
in close relation to their relative abundance in the south—western
Morocco zones where they are considered a worthless matter.

2.2. Collection and preparation of wastewater samples

The wastewaters used in this study were raw wastewaters
collected from two Agadir zones, M’zar and Anza regions. Several
raw wastewater samples were collected and stored in polyethylene
bottles from two Agadir zones. M’zar and Anza wastewater samples
are municipal and industrial wastewaters from Agadir zones. These
samples were decanted and filtered on Whatman paper of 0.45 pm
porosity. The pollutant charge of wastewater samples has been
determined before using them for the batch experiments.

All the glassware and sample bottles which were used, were
washed first with a detergent solution, rinsed with tap water,
soaked with 1.0% subboiled HNOs for at least 12 h, and finally rinsed
with Milli-Q water several times.

2.3. Batch adsorption studies

Batch adsorption experiments were carried out by batch
process. 40 ml of wastewater solution with a given ions concen-
tration, Co, was mixed with 1 g of dried and grinded W. frutescens
plant. The solutions put in contact with the plant matter were
maintained at a constant temperature of 25 °C in a water bath
thermostat, the mixture being vigorously stirred by means of
a magnetic stirrer. The sampled solutions were then centrifuged at
8500 g for 15 min (Biofuge primo, Heraeus Instruments). The
preliminary experiments had shown that ions adsorption losses to
the walls of flask and during centrifugation process were negligible.

2.4. Apparent capacity measurements

The pollutant uptake was calculated by the simple method of
concentration difference. The initial concentration, Cp (mg/l) and

ion concentrations at different contact time, C; (mg/l) were deter-
mined and the uptake capacity (qq, mg/g) and percentage removal
(%) of pollutant were calculated as follows:

_CO—Ct><
T m

1%

qa

Co -G

G x 100

%Adsorption =

where V (mg/1) is the volume of the solution and m (ml) is the mass
of the adsorbent.

2.5. Instruments and apparatus

The instrument used for the determination of lead, cadmium,
copper and zinc ions concentration was a Varian model 220FS
atomic absorption spectrophotometer. The concentration of nitrate
and phosphate ions was measured by Waters model capillary
electrophoreses and HP model spectrophotometer, respectively.
The pH values of the wastewater samples were measured by
a Mettler-Toledo meter (MP120).

The specific surface of W. frutescens particles was determined by
N,/BET method (Micromeritics ASAP 2010) and found to be
3.8 m?/g. The surface structure, morphology and the elements of
W. frutescens particles were measured by scanning electron
microscope coupled with energy dispersive X-ray analysis (SEM/
EDX, LEICA-S-260) (IEM—Montpellier-France).

3. Results and discussion
3.1. W. frutescens adsorbent characterization

SEM images of W. frutescens micro-particles (Figure not shown)
indicated the presence of grains in the structure. The morphology
of this material can facilitate the adsorption of anions and metallic
elements, due to the irregular surface of W. frutescens particles.
Thus it makes possible the adsorption of anions and metallic
elements in different parts of the material. So, based on the
morphology, as well as on high amounts of amino acid and tannins
(Chiban et al., 2007), can be concluded that this material presents
an adequate morphological profile to retain heavy metal and
anions. The qualitative EDX spectra for dried W. frutescens micro-
particles (Fig. 1) indicated that Oxygen, Calcium, Carbon, Silicon,

W. frutescens
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Fig. 1. EDX spectrum of W. frutescens particles.
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Sulfur, Aluminum, Sodium, and Magnesium are the main constit-
uents. These have been known as the main elements of
W. frutescens plant.

3.2. Composition of wastewater samples

The characteristics of the raw wastewater samples selected in
this study are presented in Table 1. The treatment of two different
types of wastewaters in Agadir zone was studied. M’'zar and Anza
wastewater samples are municipal and industrial wastewater from
Agadir zones (Morocco), respectively.

These results indicate that M’zar wastewater samples contain
a low concentration of metallic elements but high concentration of
NO3 and POz~ ions. It also shows high values of Chemical Oxygen
Demand (COD). The values obtained for nitrate and phosphate ions
are superior comparing to the European norms. For Anza waste-
water samples, we note that the wastewater samples contain
higher concentrations of metallic elements such as Pb(II), Cu(Il) and
Zn(II) comparing to those of M’zar wastewater samples.

The adsorption studies of all pollutants from both real waste-
waters on micro-particles of W. frutescens adsorbent are studied
using the average concentration of these pollutants from several
wastewater samples. The values of pH and temperature of M’zar
wastewater samples are 7.6 and 24 °C respectively. The values of pH
and temperature of Anza wastewater samples are 2.2 and 24 °C
respectively.

3.3. Metallic elements adsorption from municipal and industrial
wastewater samples

The M’'zar wastewater samples contain a low concentration of
metallic elements including Cu(Il), Cd(II), Pb(Il) and Zn(II) (Table 1).
For this reason, it is not necessary to study the adsorption process at
different contact times. It has been studied the removal of metallic
elements by W. frutescens micro-particles after 3 h of contact time.
The % removal of the metallic elements from M’zar wastewaters
was noticed for all metal ions (Pb(II), Cd(II), Cu(Il) and Zn(II)) at
about 100%, using crushed plant as adsorbent.

The variations of the % removal of metallic elements ions by
W. frutescens micro-particles from Anza wastewaters versus the
contact time are presented in Fig. 2. These results show that the
percentage of the removed metallic elements by 1 g of W. frutescens
increased with the increasing of the contact time. For all heavy
metal ions, adsorption was very fast and the equilibrium was
reached within 60 min. Equilibrium adsorption efficiency for Pb(II)
was achieved ~98—99% with an initial solution concentration of
~6.09 mg/l. About ~90% of the equilibrium Pb(I) uptake was
adsorbed rapidly within first 15 min. This indicates a high

Table 1
Characteristics of municipal and industrial wastewaters.

M’zar wastewater  Anza wastewater ESDW
(mg/1) (mg/l) (Directive 98/83/CE) (mg/l)
Pb%* 0.0 6.093 0.050
cd*> 0 0.068 0.005
Cu?* 0.75 213 1
Zn** 113 17.35 5
NO3 123.5 2.97 50
PO~ 985 81.58 0.05
CcoD 1274 1575 30
TSS 1023 1034 25
pH 7.6 22 6.5 <pH< 9.5
T(°C) 24 24 <25

All values are in mg/l except for pH and T, ESDW : European standard in drinking
water (mg/l), COD : chemical oxygen demand, TSS : total suspended solids.
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Fig. 2. Adsorption of metallic elements from Anza wastewater by 1 g of W. frutescens
plant: Co(Cd) = 0.068 mg/l, Co(Cu) = 2.13 mg/l, Co(Pb) = 6.09 mg/l, Co(Zn) = 17.35 mg/l,
m/V =25g/l,pH=22and T = 25 °C.

adsorption rate for metallic elements from real wastewaters. It is
also noticed that : i) The adsorption quantities of Cu(II), Cd(II), Pb(II)
and Zn(II) ions by W. frutescens particles are about ~78, ~2, ~241
and ~640 ng/g respectively and ii) the treated wastewater onto
micro-particles of dried W. frutescens plant fulfills the requirements
of World Health Organization (WHO, 2004). The results show that
the percentage adsorption of metallic elements from wastewaters
by W. frutescens plant was found to be ~99% for Pb(Il), ~92% for
Cd(II), ~91% for Cu(ll) and ~92% for Zn(Il). It is clear that the
maximum %removal was depending on the type of the metal ions.
Similar results were found for metallic elements removal onto
Carpobrotus edulis plant (Chiban et al., 2008). These values are
much lower comparing to those obtained for laboratory solution at
various concentrations, i.e. the concentrations adsorbed by these
inert materials of metallic elements from laboratory solution are
1.08 g/1 for copper and 0.72 g/l for zinc (Chiban et al., 2006). In the
studied conditions, the %adsorption of metal ions from Anza
wastewater followed the order of Pb(II) > Cd(II) > Zn(II) > Cu(II). A
similar trend has been noticed in the removal of divalent metal ions
(Cu(Il), Cd(I1), Zn(Il) and Pb(II)) by other plants (Benhima et al.,
2008).

3.4. Nitrate and phosphate ions adsorption from real wastewaters

The variations of the % removal of nitrate and phosphate ions
from selected municipal and industrial wastewaters, versus the
contact time are plotted in Fig. 3 for W. frutescens plant as
adsorbent.

For both nitrate and phosphate, we note that the % adsorption of
W. frutescens particles increased with the increasing of the contact
time. The equilibrium time was found to be 60, 240 min for nitrate
and phosphate ions, respectively. It is also noticed a rapid kinetic
adsorption with up to ~95% nitrate ions removal in the first 30 min.
After the fast initial process, the adsorption continues at a slower
rate, before reaching a constant level. The final nitrate ions
concentrations (C; < 3 mg/l) are lower than 25 mg/l, which is the
European standard for drinking water (Directive 98/83/CE, 1998).

The adsorption process of phosphate ions by W. frutescens plant
appeared to follow a process in two phases characterized by an
initial fast retention step lasting at the maximum, less than 30 min,
and corresponding to an uptake concentration of about
~48—~56% of the initial PO}~ concentration of Anza wastewater,
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Fig. 3. Adsorption of NO3 and PO3~ ions by 1 g of W. frutescens plant from: (a): M'zar
wastewater; Co(NO3) = 123.5 mg/l, Co(PO3 ™) = 98.5 mg/l, pH = 7.6 and T = 25 °C. (b):
Anza wastewater; Co (NO3) = 2.97 mg/l, Co (PO3™) = 81.58 mg/l, pH = 2.2 and
T=25°C

followed by a much slower step lasting for hours and tending to
a stable state. The equilibrium is attained in less than 5 h for M’zar
wastewater and more than 5 h for Anza wastewater. This difference
can be explained by the type of wastewater.

Under these experimental conditions, the maximum efficiency
for nitrate and phosphate ions uptake by unit of weight of dried
plant is higher than 4.91 mg/g. These values depend on the type of
anions because the uptake of NO3 is higher than that for PO~ ions.
This indicates some specificity of the interactions between anions
and active sites of W. frutescens plant responsible for the ions
adsorption. These results are much lower in comparison with those
obtained for the laboratory solutions. The concentrations retained
by W. frutescens of nitrate and phosphate ions from aqueous solu-
tions are 2.8 g/l (115 mg/g) for NO3 and 0.61 g/l (22 mg/g) for PO3~
ions (Chiban et al., 2006).

The results of adsorption onto micro-particles of W. frutescens
plant with distilled water show that the negligible quantities of
nitrate and phosphate ions are released by W. frutescens plant
(Qreleased (NO3) << 0.01 mg/g, after 24 h of contact time).

3.5. Chemical oxygen demand (COD)

The effect of the contact time under agitation on the supplement
COD from two types of raw wastewaters (M’zar and Anza
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Fig. 4. Effect of contact time variation of the COD supplement by gram of W. frutescens
plant: T = 25 °C, m/V = 25 g/l and natural pH.

wastewaters) by W. frutescens particles is presented in Fig. 4. For
Anza wastewater samples, the results show that COD supplement
decreased with the increasing of the contact time. In the case of
M'’zar municipal wastewater, the results indicate that the release of
the organic matter in the solution by the adsorbent obtained from
W. frutescens increased with the increasing of the contact time. This
difference can be explained by the variation of the pH of waste-
water samples (pH(Anza) = 2.2, pH(M’zar) = 7.6). The tests of
adsorption process with distilled water showed that the micro-
particles of W. frutescens plant can release important amounts of
organic matter in solution, which suggests the necessity of a pre-
wash before using these micro-particles of dried W. frutescens
plant.

4. Conclusion

In this study, tests were performed to evaluate the use of
W. frutescens plant as an adsorbent for nitrate, phosphate and
metallic elements. The results showed that the micro-particles of
W. frutescens plant can be used as an adsorbent for the effective
removal of Pb%*, Cut, Cd?*, Zn?*, NO3 and PO3~ ions from raw
wastewater samples of Agadir zones (Morocco). It was found that
zinc, lead, cadmium and copper were adsorbed by dried and
crushed W. frutescens plant very rapidly (within the first 30 min),
while equilibrium was reached in 60 min for metallic elements and
nitrate and 240 min for phosphate ions. The % removal of metallic
elements from Anza wastewater samples by W. frutescens plant was
98~99% for Pb(Il), 92~93% for Cd(Il), 91~92% for Cu(ll) and
92 ~93% for Zn(Il). The adsorption’s percentage of metal ions from
Anza wastewaters followed the order: Pb(Il) > Cd(II) >
Zn(1I) > Cu(IIl).

The experimental results of this study can be used to design
batch adsorption systems for the metallic elements, nitrate and
phosphate removal. Such a batch system will be applicable to small
industries which generate metallic elements-containing
wastewaters.
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Vinasse, the wastewater from ethanol distillation, is characterised by high levels of organic and inorganic
matter, high exit process temperature (ca. 90 °C) and low pH (3.0—4.5). In this study, the treatment of
tequila vinasse was achieved by a flocculation—coagulation process using poly-y-glutamic acid (PGA).
Results showed that the use of PGA (250—300 ppm) combined with sodium hypochlorite and sand
filtration managed to remove about 70% of the turbidity and reduced chemical oxygen demand (COD) by

79.5% with the extra benefit of colour removal. PGA showed its best flocculating activity at pH 2.5-3.5

Keywords:

Vinasse

Poly-y-glutamic acid (PGA)
Flocculating activity
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and a temperature of 30—55 °C. Such a treatment may be a solution for small tequila companies for
which other solutions to deal with their vinasse may not be economically affordable.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Vinasse is the wastewater produced from ethanol distillation
(e.g. tequila). It is one of the most difficult waste products to dispose
of, due to its low pH (3—4.5), high temperature, dark brown colour,
high ash content and high biochemical oxygen demand (BOD) with
values ranging from 35 to 50 g O,/1 (Nandy et al., 2002). Currently,
two methods for disposal of vinasse are direct land discharge
(Conde et al., 2009) and anaerobic digestion for methane produc-
tion (Espinoza-Escalante et al., 2009). However, the former may
result in severe damage to local agriculture (Conde et al., 2009).

In water treatment, flocculants are important in improving the
efficiency of solid removal and reducing the processing time in
solid—liquid separation for both water purification and wastewater
treatment. At present, aluminium derived flocculants such as
aluminium sulphate, poly-aluminium chloride (PAC) and synthetic
polymers such as polyacrylamide (PAM) are widely used in coag-
ulation treatment. However, aluminium is suspected to be related
to Alzheimer’s disease (Campbell et al., 2000) and the poly-
acrylamide monomer has been identified as a strong neurotoxin

* Corresponding author. Tel.: +52 229 9218741; fax: +52 229 7752036.
E-mail address: ocarvajal@uv.mx (O. Carvajal-Zarrabal).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.05.001

(Takahashia et al., 2005), two characteristics that could lead to their
prohibition in the future. Thus, the search is on for alternative
compounds without these drawbacks. Biodegradable flocculants
could represent such an alternative to the presently used conven-
tional flocculants. Reports are available on the production and
application of bioflocculants such as polysaccharide from Proteus
mirabilis (Zhang et al., 2010), and Bacillus mucilaginosus (Lian et al.,
2008), polyamide from Bacillus licheniformis (Shih and Van, 2001),
Bacillus subtilis DYU1 (Wu and Ye, 2007), and protein from Bacillus
sp. DP-152 (Suh et al., 1997).

Among these bioflocculants, poly-y-glutamic acid (PGA),
a polyamide flocculant, is considered the best option because of its
high yield, high flocculating activity and ability to flocculate a wide
range of organic and inorganic compounds (Shih and Van, 2001).
PGA is an anionic, naturally occurring, water-soluble homo-poly-
amide consisting of p- and L-glutamic acid monomers connected by
amide linkages between o-amino and y-carboxyl groups (Sung
et al., 2005). It is biodegradable, edible, and non-toxic for humans
and the environment (Shih and Van, 2001). The performance of
polyglutamic acid-based bioflocculant PGA in processing kaolin
suspension has been reported (Pan et al., 2009). It was observed
that the efficiency of suspended solid removal was dose-dependent
and that neither temperature nor pH were critical parameters
affecting its flocculating activity. Practical applications of cross-
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linked PGA flocculating activity in various polluted water samples
have been reported. Successful treatment of samples high in BOD
from rivers and lakes in Japan was accomplished using 20 pg/ml
PGA. However, the addition of 2 pg/ml PAC was necessary to
enhance the flocculating activity of PGA (Taniguchi et al., 2005). The
treatment of vinasse from tequila using 200 mg/l PAM resulted in
95.1-100% removal of BOD. Similarly, the use of this synthetic
polymer does not necessitate pH and temperature adjustment to
ensure the best flocculating activity (Ifiiguez-Cobarrubias and
Peraza-Luna, 2007).

In this study, PGA was used initially for the treatment of vinasse
from a tequila production facility to remove the suspended solids.
The addition of an antioxidant such as NaClO was also tested in an
attempt to remove the coloured compounds.

It is financially challenging for small industries to invest in new
expensive technologies, therefore an effort to propose a simple
method for the treatment of this wastewater was the main aim of
this research. The principal objectives were to provide a method
without the need of a pre-treatment and to process wastewater
without modifying its characteristics (pH and temperature), using
sand filters in place of a costly centrifuge machine.

2. Materials and methods
2.1. Vinasse characterisation

Raw vinasse was obtained directly from the storage tank of
a tequila producing company and refrigerated until use. Both raw
and treated vinasse were characterised by measuring COD, pH,
turbidity and sedimentable solids (SS).

2.2. Jar testing apparatus

The optimum operating conditions for vinasse treatment were
determined by the jar test procedure, as described in detail else-
where (Satterfield, 2005). Briefly, samples supplemented with PGA
from O to 300 ppm (in 50 ppm increments) were agitated at
120 rpm for 1 min, then reduced to 30 rpm for 30 min. Samples
were allowed to settle and analysed for turbidity. PGA is commer-
cially available as PGo21Ca™, a powder formulated with 14% (dry
basis) poly-y-glutamic acid and stabilised with minerals such as
calcium sulphate. Throughout the paper, this is the formulation
referred to. PGo21Ca™ was kindly provided by Poly-Glu de Mexico,
S.A. de C.V. and Nippon Poly-Glu, Co. Ltd. Osaka, Japan. PGa21Ca™
was used directly in its powder form for the jar test.

2.3. Filtration using sand columns

The filtration tests were performed on tequila vinasse samples
after treatment at 60 °C with 250 ppm PGA using the same reaction
and flocculation time as in the jar test. The filtration column (0.71 L
working volume, 30 cm height, 6 cm diameter) used for the sepa-
ration of the flocks was packed under dry conditions with 596 g of
fine (0.125—0.25 mm) and medium size (0.25—0.5 mm) sand river.
The finer sand represented around 72% of the column volume. To
ensure complete water saturation, the column was flushed with
about 10 column volumes of distilled water before use.

2.4. Colour removal using sodium hypochlorite

Fifty ml of a 5.25% (w/v) solution of sodium hypochlorite was
added to 950 ml filtrate from the sand column. This solution was
maintained at 60°C and agitated at 200 rpm to enhance the
chemical reaction and at the end of the chemical treatment, the
solution was percolated again through the sand column.

2.5. Assay of flocculating activity

Flocculating activity was based on the decrease in vinasse
sample turbidity against a formazin calibration curve following
a method described in the U.S. Geological Survey (Anderson, 2005).
Samples (150 ml) were placed in beakers and supplemented with
PGA at different concentrations and filtered as before. The turbidity,
reported in nephelometric turbidity units (NTU), was measured by
a UV—Vis Zeiss PM2K spectrophotometer at 420 nm and calculated
according to the following equation:

Flocculating activity (%) = [(B — A)/B] x 100

where B = Initial turbidity (NTU), A = Final turbidity (NTU).

2.6. Effects of pH and temperature on flocculating activity

Raw vinasse samples were adjusted to different pH values (from
1 to 10 in one unit increments) and supplemented with 250 ppm
PGA (the best dose ascertained from the jar test). The pH was
adjusted with either 2 N H,SO4 or 2 N NaOH. Once the pH for the
best flocculating activity was identified, another set of samples
were prepared. PGA was added until 250 ppm was attained and the
mixture was heated at different temperatures (30 °C, 45 °C, 60 °C
and 75 °C).

2.7. Analysis

Vinasse COD before and after the various treatments was
determined by the standard photometric method (APHA, 1998).
Samples were digested using a thermoreactor (Model TR 300,
Merck Pte. Ltd.) and analysed by a spectrophotometer (UV—VIS
Hewlett Packard 8452, diode array). The volumetric sediment
concentration of raw and treated vinasse were estimated after 24 h
settling using Imhoff cones and reported as ml/l.

2.8. Statistical analysis

Data from two replicate experiments and three repetitions of
the analysis for each sample were expressed as mean =+ standard

500
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—B— Supernatant treated with NaClO
0 : | |

0 100 200 300 400
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Fig. 1. Turbidity of the vinasses without and after treatment with PGo21ca™ at
different concentrations followed by sand filtration (@) and additional chemical
treatment with 5% (v/v) sodium hypochlorite followed by a second sand filtration (H).
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Fig. 2. Effect of pH on the flocculating activity of PGa21Ca.

deviation (x +SD). A one-way analysis of variance (ANOVA) was
used to compare the means of the studied treatment with post hoc
Duncan multiple range tests at 5% for those results where a signif-
icant difference was indicated. Minitab version 12 statistical soft-
ware was used.

3. Results and discussion
3.1. Effects of PGA concentration on flocculating activity

From the jar test, it was evident that flocculating activity was
dose-dependent. PGA flocculated the suspended solids and the
flocks were removed by a sand filter. This filtrate was analysed for
turbidity and then was further treated with NaClO; the precipitated
solids were removed again with a sand filter and the filtrate ana-
lysed for turbidity (Fig. 1). At this stage of the study, the treatments
were performed without modification of the original vinasse pH
(3.5).

Treatment with PGA, followed by sand filtration, revealed that
the highest flocculating activity occurred between 250 and
300 ppm, and turbidity was reduced by 37% from 400 to 278 NTU
(Fig. 1). The results obtained with 250 ppm were not significantly
different from those obtained with 300 ppm (p > 0.05). Higher
concentrations of PGA had no effect in decreasing turbidity. Further
removal of suspended impurities remaining in the clarified vinasse
(already treated by PGA and sand filtration) with a new PGA
addition was not observed. These suspended impurities that still
caused appreciable turbidity could be substantially removed by
means of a chemical treatment with NaClO. The combined PGA —
sand filtration—NaClO — sand filtration treatment finally resulted in
70% turbidity removal (Fig. 1).

3.2. Effects of pH and temperature on flocculating activity

It has been reported that factors such as temperature, pH,
polymer concentration, and ionic strength affect both the orienta-
tion of PGA functional groups and the charge of the molecule and,
as a consequence, its overall conformation and local structure
(Inbaraj et al.,, 2009). Since these charges may have potential
consequences for PGA flocculation capacity, it was necessary to
study flocculation at different pH values and temperatures in order
to define the conditions where an optimal particle aggregation can
be achieved.
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Fig. 3. Effect of temperature on the flocculating activity of PGa21Ca.
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Fig. 4. Colour removal by chemical treatment a) control, b) treatment with 5.25% (w/v)
of a sodium hypochlorite solution (NaClO), and c) sedimentable solids after 24 h in
static conditions.

In terms of pH, acidic conditions promoted the formation of fast
settling macro-flocks while alkaline conditions favoured the
formation of much smaller ones (Fig. 2). An optimum flocculation
was achieved at pH 2.5, which is very close to the natural pH of the
tequila vinasses (3.5). Flocculation efficiency at these two pH values
was comparable. PGA flocculation efficiency was directly propor-
tional to temperature within the range 30—55 °C. At both lower and
higher temperatures, however, this efficiency was affected (Fig. 3).
The effect of temperature on flocculation has not been the subject
of many studies (Mohtadi and Rao, 1973; Fitzpatrick et al., 2004;
Pan et al, 2009). In particular, Pan et al. (2009) found an
optimum range (50—60 °C) for flocculation when PGA was added to
kaolin suspensions. All this indicates that too high or too low
a temperature is unfavorable for flocculation (Fig. 3), a disadvan-
tage for vinasse treatment, since the exit temperature of the tequila
distillation process is around 80—90 °C. However, during transport
and storage of the vinasse in tanks, the temperature decreases to
around 50—70°C which allows treatment with PGA without
compromising flocculating activity.

Pan et al. (2009) stated a physico-chemical explanation for the
increase of flocculation with temperature: (a) “suspended particle
moves faster and collision frequency is greater at higher tempera-
tures, thus contributing to the increase in reaction rate”. Li and
Logan (1997) stated “there is a low capture of particles due to low
flow through macropores formed between large clusters within the
aggregates”.

Therefore at higher temperatures (upper limit of range),
although the reaction speeds up, small flocks are formed with
a stronger hydrating tendency, making separation by precipitation
more difficult.

Table 1

At temperatures at or below the lower limit, the reaction slows
down and the increase in water shear in the flocculant yields small
flocks which also make it difficult to separate by precipitation (Pan
et al.,, 2009).

This confirms the effect of temperature on flocculation perfor-
mance, as mentioned above. In this study, it was also obvious that
the samples had properties which enhanced PGA flocculating
activity.

3.3. Removal of colour from vinasse

Vinasse colour notably decreased with the addition of sodium
hypochlorite. This oxidant promotes precipitation of additional
organic material that can be removed from the bulk liquid by
sedimentation. Fig. 4 shows the difference between the colour of
the original sample and the final colour after chemical treatment. A
total of 150 ml solids could be recovered following the treatment
after 24 h settling (Table 1). The efficiency of this process can be
improved, depending on the nature of the vinasse, which may vary
between each process, and even from batch to batch. These varia-
tions are influenced by the types of raw materials used or by the
final use of the ethanol produced (industrial grade, biofuels, and
beverages).

The purpose of colour removal was to eliminate additional
particles and colloidal materials from the vinasse. Highly sedi-
mentable organic matter such as cellulosic materials could easily be
removed by sedimentation. However, the main problem was the
presence of less dense suspended particulate matters and colloidal
materials. The former may be removed by sedimentation, but only
with extended residence times. This may not be feasible in factories
where the daily generation of vinasse is higher than 100 m>.
Colloidal particles, on the other hand, consist mainly of coloured
compounds of the melanoidin group formed during the cooking of
raw materials or during broth sterilisation for the fermentation
process (Ifiguez-Cobarrubias and Peraza-Luna, 2007). Although
the concentration of coloured compounds may be low, it is still
necessary to consider the treated vinasse from an environmental
point of view, since it does not satisfy the minimum requirements
outlined in environmental regulations.

In vinasse treatment, the most difficult task is the removal of
these coloured compounds. Pan et al. (2009) reported that PGA
does not remove coloured compounds, but, as shown in the present
study, with the use of NaClO it was possible to eliminate these
compounds to some extent.

The processes of coagulation/flocculation have been used
intensely for colour and turbidity removal, as well as for lowering
COD of different industrial effluents. In the case of vinasse from the
tequila industry, it can be observed that, with different PGA doses
and at a constant pH, turbidity and COD decreased by 70% and
79.5% respectively (Table 1) in a combined (coagulation/floccula-
tion)/sand filtration/NaClO/sand filtration treatment. Turbidity
removal by a coagulation—flocculation treatment reached approx-
imately 34% (Fig. 1). This relationship between flocculant concen-
tration and its flocculating activity has been reported before (Wu

Summary of COD, pH, turbidity and sedimentable solids (SS) parameters obtained after a combined (coagulation/flocculation)/sand filtration/NaClO/sand filtration treatment

using different PGA concentration for the coagulation/flocculation step.

PGo21Ca (mgL™1) COD (mgL~ ') Removal (%)? Turbidity (NTU)? Removal (%)? Sedimentable solids (mL) pH
0 40,000 + 3850 440 + 40 420 3.5
100 27,250 + 2580 31.9+6.45 342 +18 22+41 310 5.6
200 12,700 + 1790 68.3 + 6.6 253+23 43 +52 250 5.6
300 8200 +920 79.5+11.2 134 +33 70+7.5 150 5.6

The original vinasse had a pH of 3.5 and the final pH was 5.6 after the addition of the basic NaClO solution (pH 10—11).

¢ Data are mean values + SD of 3 determinations.



S70 O. Carvajal-Zarrabal et al. / Journal of Environmental Management 95 (2012) S66—S70

and Ye, 2007; Yokoi et al., 1995). The results obtained showed that
PGA has a remarkable effect on turbidity removal.

4. Conclusions

The use of PGA is an appropriate alternative as a harmless
biodegradable biopolymer flocculant for the removal of suspended
solids as for instance for vinasse produced from tequila distilleries.
The treatment of vinasse using PGA is attractive, since this can be
accomplished without the necessity of pre-treatment processes
and the low pH of the vinasse actually enhanced its flocculating
activity. However, use of PGA at temperatures higher than 55 °C is
not recommended due to the reduction in flocculating efficiency.
Removal of coloured compounds was achieved using a mild
chemical treatment using NaClO which concomitantly enhances
COD reduction of the vinasse.

At first sight, this work could be interpreted as the transfer of
a pollution problem from a liquid (vinasse) to a solid form (sludge
from the flocculation process). However, the chemical composition
of vinasse is known to fertilize, therefore the sludge from this
treatment should maintain this property. One example of this
application can be consulted in Irizarri-Navalpotro (2009) who
presented a patent application to the United States Patent and
Trademark Office for the use of products derived from vinasse as
fertilizer.
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Waste stabilization ponds are an appropriate technology for domestic onsite wastewater treatment. It is
a low-cost technology, requires low maintenance, is highly efficient, mostly natural and remarkablably
sustainable. In facultative ponds, the existence of an algal population is very important for the stability of
the symbiotic relation with aerobic bacteria. The aim of this work is to determine the pattern of
microalgae in the facultative and maturation ponds to obtain information for the operation and main-
tenance work. The important parameters for phytoplankton measured in this study are the organic load,
temperature, light penetration, dissolved oxygen and nutrients. Methodology consists in: analysis of
main water quality parameters, plankton taxonomic determination and abundance calculation related
with the maintenance operations. Results show that cyanobacteria are present in under-loaded condi-
tions and chlorophyceae are present when the pond is overloaded. Using this methodology over time we
can obtain a year round pattern to use the phytoplankton as a bioindicator of the pond’s conditions. Our
conclusion is that the phytoplankton determination and density can be used to know the pond’s
performance and help the operation and maintenance tasks.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainable water management and integrated water resources
are a priority for science and research. To avoid export of the
problem over time or space, the solution should be based on a long
and global view (Balkema et al., 2002) and sometimes can found
solutions on the decentralized systems (Tchobanoglous, 1996).
Besides the savings on transport and treatment costs, the waste is
treated in the same spot preventing externalization to further
zones and using it as a resource (Crites and Tchobanoglous, 1998).
Natural treatment systems uses natural processes to achieve the
goal of recycling (Tchobanoglous, 1996) without depending exclu-
sively of external energy for their performance (Reed et al., 1995).
On limnology science it is considered a stressed ecosystem acting as
an open system constantly fed with organic matter. As a conse-
quence succession is disrupted and the ecosystem remains in
a primitive state, mainly with phytoplankton (Margalef, 1983).

Waste stabilization ponds (WSP) are a satisfactory solution for
small communities (Racault et al., 1995), (Hosetti, 1995). They
consist of a set of connected basins in which biological processes
break down the organic matter at a natural rate thanks to forces of
nature such as temperature, wind, sunlight and the biological
interaction of microorganisms (Mara, 2009). WSP are considered

* Corresponding author. Tel.: +34 971172525.
E-mail address: caterina.am@gmail.com (C. Amengual-Morro).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.07.008

environmentally sustainable given their low energy consumption
(Muga and Mihelcic, 2008), the associated carbon dioxide emis-
sions reduction (Shilton et al.,, 2008) and because they return
nutrients to the surrounding environment (Muga and Mihelcic,
2008). WSP generates important savings on operation and main-
tenance costs (Tsagarakis et al., 2003).

Wastewater treatment plants, either pilot or full-scale in
campus areas, to be used as a teaching and research tool, are located
on some university campuses in Spain. There are two public
universities treating some wastewater in a decentralized plant
onsite: the Espinardo campus in Murcia and La Laguna campus in
Gran Canaria. (1) The plant in Murcia was launched in 1980 and
consists on a deep pond with a daily rate of 102 m3/day. Researches
emerging from it reveal the hydrodynamic behaviour, performance
models (Torres et al., 1997). (2) The plant in Gran Canaria was built
in 1995, combining constructed wetlands and maturation ponds.
Research has shown optimal BOD removal on the gravel filter and
better nitrogen elimination on the pond although its best results
are attributed to the combination between microorganisms from
both environments (Herrera et al., 2009).

The University of the Balearic Islands gave its support to
decentralized wastewater treatment in 2001 by deciding to build
a WSP on the campus, to be used as a primary wastewater treat-
ment system. We present the first results on the pond’s perfor-
mance, focused specially on the phytoplankton role in the aeration
process in relation with the operation and maintenance tasks.
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Fig. 1. Pond layout showing the hydraulic circulation and pond nomenclature.

Natural treatment systems are often considered to function by
themselves. This is a common misconception, but many authors
(EPA, 1992), (Garcia et al., 2000), (Crites and Tchobanoglous, 1998),
(USEPA, 2002) and associate the failure of small-scale systems to
lack of proper operation and maintenance (O&M) procedures.

2. Materials and methods
2.1. Case study

The University of the Balearic Islands’ campus is located 7.5 km
north-west of Palma city. The climate is typically Mediterranean,
with an annual rainfall of 529.5 mm and an average temperature of
17.6 °C. The campus was constructed in 1980 and has an extension
of about 100 Ha, with a mixture of urbanization and rural landscape
of non irrigated tree crops. After a severe drought, the board
decided to build an onsite wastewater treatment plant to reclaim
water to be used for landscape watering and to indirectly
contribute to the groundwater recharge.

The wastewater treatment plant is a full-scale experimental
stabilization pond; it was constructed in 2002 following Wolverton
(1979) and was designed following the theories of Oswald and
Gotaas (Middlebrooks et al., 1982), based on the relation estab-
lished between solar radiation and organic load. The design equa-
tion is:

Where A is the pond area (Ha); N number of inhabitants; C the
organic load (kg BOD/hab-day) and Ls is a constant = Radiationpj,
*1,12/1,5. The plant consists of primary sedimentation and greases
separation, influent screening (2 mm), a first facultative pond,
volume = 2.278 m? (A), and a second maturation pond, vol-
ume = 916 m> (B) (See Fig. 1), designed for pathogen elimination
through ultraviolet radiation (Brissaud et al., 2000). It has a round
shape with an island in the middle acting as a baffle between the
inlet and outlet. Rounded shapes give better results in hydraulic
circulation (Alamancos et al., 1999) and buffered geometries are
preferred (Pearson et al., 1995). The capacity of the whole plant is

enough to treat 34% of the total wastewater production of the
university, corresponding to 18.250 m? per year (50 m?/day), the
same as 225 equivalent inhabitants. The daily organic load
corresponds to 160 kg BOD/Ha-day. The total water surface is
2.686 m?, the average depth is 1.27 m for the first and 1.03 m for
the second, and the maximum depth is 2.5 m. The hydraulic
retention time resulting is 48 days for the first pond and 21 days
for the second.
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2.2. Samples and analysis

Inlet flows were measured using an ultrasonic flow meter after
the sedimentation tank. A monitoring program was carried out
from August 2006 to May 2008. Raw wastewater (after the sedi-
mentation tank), and input and output samples were analysed
monthly according to Standard Methods (APHA, 1992) and
included: pH, total suspended solids (TSS), total and dissolved
chemical oxygen demand (COD), total and dissolved biological
oxygen demand (BODs), total nitrogen (TN), total phosphorus (TP),
faecal coliforms (FC) and chlorophyll a (Cha). Parameters as
temperature (T), dissolved oxygen (DO) and electrical conductivity
(EC) were measured weekly in situ at 11 am every 10 cm on the
water column on pond A using a WTW probe (Oxi 1971 and Cond

1971). Water samples (100 ml) for the determination of phyto-
plankton and zooplankton composition biomass were collected
weekly at two points of each pond. Surface water samples were
collected at 1 m away from the shore. Fresh samples were used for
identification and for plankton enumeration they were fixed with
Lugol’s iodine solution. Zoo- and phytoplankton identification was
carried out using and optical microscopy (OLYMPUS BX 60).
Determination of phytoplankton abundance was performed using
the Utermohl technique (Utermohl, 1958). Enumeration of phyto-
plankton taxa was carried out in sedimentation chambers using the
optical inverted microscope (ZEISS AXIOVERT 100). Spearman’s
rank correlations analysis was performed to determine the rela-
tionships between study variables (e.g. nutrients, organic matter
and algal cell density). All statistical analyses were performed with
JMP version 7.0.1 software (SAS Institute Inc., Cary, NC, USA).

2.3. Operation and maintenance

Daily inspection has been carried out every working day at
7:30 h, requiring 45 min of work, and recorded in a routine form
with the observations. The maintenance programme has been
recorded from July 2007 to October 2009. The data collected is
stored in a database and percentages have been used to determine
patterns on operator observations.

3. Results and discussion
3.1. Water quality

Typical seasonal fluctuations in temperature are observed in
Fig. 2 ranging from 9 °C in the winter to 26 °C during the summer
and a temperature gradient of decreasing depth in each one. The
average temperature difference in the first meter reaches 3.3 °C
during the spring. Diurnal stratification is represented in Fig. 3,
where surface temperature is increased 1.4 °C and a thermocline
appears with a difference of 0,8 °C between the layers of 20 and
30 cm. A thermal gradient of 0.6°C/m proved satisfactory as a limit
value for identification of the occurrence of thermal stratification
for tropical climatic regions (Kellner and Pires, 2002). Higher dis-
solved oxygen (DO) concentrations visualized on Fig. 3, corre-
sponding to pond A, were associated with algal bloom
development during the spring, and the minimum during the
summer is because the DO decreases with high temperature. DO
values from 100 cm deep are associated with wind episodes during
the winter that can affect the whole water mass (Alamancos et al.,
1999). In Table 1 we display the main average water quality

Table 1

Pond performance as an average of two years’ results. Inlet and Outlet points of each pond are indicated on Fig. 1.
Parameter Units Inlet Pond A Pond B Reduction

Inlet Outlet Inlet Outlet %

pH 7.16 8.51 8.75 9.03 9.2
Turbidity NTU 154.75 45.17 339 50.5 51.97 66.42
SS mg/l 199.31 66.26 54.67 69.86 66.67 66.55
BOD5 mg/l 209.89 66.33 57.56 26.56 23.89 88.62
BODS filtered mg/l 90.67 43.33 17 17.7 7.97 91.21
CcoD mg/l 1672.41 329.85 199.19 343.7 375.05 77.57
COD filtered mg/l 311.33 117.62 109.57 79.01 62.49 79.93
T Nitrogen mg/l 131.49 30.15 29.8 18.19 17.69 86.55
Nitrate mg/l 0.39 1.36 1.59 2.1 24
Nitrite mg/l 0.02 0.1 0.11 0.02 0.01 31.25
Amonium mg/l 36.3 52 5.07 0.19 0.27 99.26
T Phosphorous mg/l 11.16 4.85 4.88 3.23 3.01 97.31
Chlorophyl a mg|/l 0 313 374 38.8 438 -
Faecal coliforms UFC/100 ml 3.10° 2-10° 1-103 5.107" 4.107" 99.99
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parameters with the reduction ratios on percentage. The concen- suspended solids are decreased by the biomass effect, from the
trations of main nutrients, analyzed as total nitrogen and phos- inlet to the A pond, and the same paremeter is slightly increased in
phorous, are highly reduced due to the biomass consumption. The the B pond compared to A, because there are more algae density on
pH values are related with high Chlorophyll a values. Turbidity and the second pond. Faecal coliforms are dramatically reduced,
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Fig. 4. Plankton succession in taxonomic orders compared with nutrients and organic load for the period between July 2007 and May 2008. Big differences between scales are
caused by the ecological characteristics of the groups.
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especially on the second pond due to the high pH, solar radiation
(Curtis et al., 1992) and long hydraulic retention time.

3.2. Plankton and nutrients

Although there is a succession of dominant algal species during
the year, generally only one or two species will be dominant at any
one time in the facultative pond. The most commonly recorded
genera are: Chlorella, Scenedesmus, Chlamydomonas, Micractinium,
Euglena, Ankistrodesmus, Oscillatoria, and Microcystis. The microor-
ganisms observed are common on literature concerning WSP (Mara
and Pearson, 1998). The dominant algal species is determined by
the organic loading, with those algae able to tolerate anaerobic
conditions being recorded in ponds receiving heavy organic loads,
e.g. Chlamydomonas spp. and Euglena spp. The main function of
algae is as phtototrophs, producing oxygen to maintain the aerobic
condition of the pond. A supplementary role, but a very important
one, is the removal of plant nutrients such as nitrogen and phos-
phorus. Nutrients are also precipitated out of solution as a conse-
quence of the pH change brought about by photosynthesis, which
reduces the concentration of carbon dioxide in the water. Above pH
8, phosphates are precipitated out as calcium phosphate, and at
higher pH values nitrogen can be lost as ammonia. However, above
pH 9, the conditions are no longer optimal for normal aerobic and
facultative bacterial activity. Maximum dissolved oxygen concen-
trations reach a peak in mid afternoon, falling to a minimum during
the night as photosynthesis ceases but respiration continues.
During periods of rapid photosynthesis, algal demand for carbon
dioxide exceeds that produced by bacterial respiration. At this
point, carbonate and bicarbonate ions dissociate to produce carbon
dioxide, which is used by the algae, and hydroxyl ions, which
accumulate, raising the pH even further to 10 and above. Once
photosynthesis declines, free carbon dioxide accumulates and the
pH returns to normal parameters. This is a major mechanism for the
destruction of faecal bacteria in ponds.

Variation in phytoplankton composition is closely linked to
changes in the physico-chemical properties of the pond water.
Sometimes, when dominated by green algae, the pond exhibited
a dark green appearance, which is indicative of a healthy algal
population (Mara and Pearson, 1998). Instead, a surface scum
characterized the pond water when the cyanobacteria were
dominant (Kotut et al., 2010).Fig. 4 represents the plankton
succession related to two important factors: nutrients and organic
load. Cyanobacteria have a bloom when organic load is low (20 m?/
day). Main genus determined on this division are Spirulina sp.,
Microcystis aeruginosa, and rarely Anabaena flos-aquae developed in
a quasi monospecific environment. The cyanobacteria, both
Microcystis and Anabaena, are well known for their ability to
produce potent toxins causing animal deaths (Kotut et al., 2010).
When the N/P relation is below 1/16 cyanobacteria are sensitive to
fix atmospheric nitrogen, becoming more competitive vis-a-vis
other groups (Margalef, 1983). From November 2007 onwards, the
organic load increased by a higher daily flow (60 m?/day); under
these conditions Euglenophyta prevail and Chlorophyta are more
competitive. The zooplankton is represented mostly by Protozoa,
and secondly by rotifers. Presence in the A pond indicates
a complexity on the food web characteristic of complex aquatic
ecosystems. This group is represented mostly by Brachionus sp. and
Filinia sp. On the later episode (Spring 2008) population is domi-
nated by the Euglenophyta, because they are mixotroph and can
alternate the carbon source, so when we increment the in-flow they
are more competitive. This group is represented by diverse species
of Euglena and Phacus, included Euglena sanguinea. Euglena have
the advantage to keep a double ecological niche (Reynolds, 2006),
and they can feed from primary production or from particulate

Table 2

Sperman’s correlation between main algal groups (Chlorophyta, Cyanobacteria,
Euglenophyta); zooplankton (Protozoa and Rotifers) and water parameters (COD
filtered, Phosphorus and relation Nitrogen Phosphorus).

Variable by Variable Spearman p Prob>|p|
Chlorophyta Cyanobacteria -04 0.03
Euglenophyta Cyanobacteria -0.62 0
Euglenophyta Chlorophyta 0.28 0.14
Protozoa Cyanobacteria 0.11 0.56
Protozoa Chlorophyta -0.18 0.33
Protozoa Euglenophyta 0.33 0.07
Rotifers Cyanobacteria 0.04 0.85
Rotifers Chlorophyta -0.57 0
Rotifers Euglenophyta 0.04 0.82
Rotifers Protozoa 0.31 0.1
COD filtered Cyanobacteria -0.29 0.13
COD filtered Chlorophyta 0.32 0.09
COD filtered Euglenophyta -0.12 0.54
COD filtered Protozoa -0.32 0.09
COD filtered Rotifers -0.42 0.02
Phosphorus Cyanobacteria -0.59 0
Phosphorus Chlorophyta 0.35 0.07
Phosphorus Euglenophyta 0.37 0.06
Phosphorus Protozoa -0.32 0.1
Phosphorus Rotifers -0.15 0.45
Phosphorus COD filtered 0.35 0.07
Relation N/P Cyanobacteria 0.11 0.6
Relation N/P Chlorophyta -0.18 0.38
Relation N/P Euglenophyta -0.08 0.7
Relation N/P Protozoa 0 0.98
Relation N/P Rotifers —0.08 0.68
Relation N/P COD filtered 0 0.98

organic matter present on water. Protozoa appear in a moment of
change between Cyanobacteria and Euglenophyta. Protozoa group
is represented by Amoebae, heliozoans, flagellate and ciliates. A
common pattern on the ponds is that because they are on serial the
bloom starts on A pond and continues in the B pond. Chlorophyta
algae is present mostly with: Chlamydomonas sp., Oocystis sp.,
Pandorina morum, Eudorina elegans and Scenedesmus spp. The
bloom of Chlamydomonas on January of 2008 produced the high
peak on the Fig. 4, with values of five orders of magnitude. In
Table 2 we show the statistical analysis made with Sperman’s
correlation, where Euglenophyta and Cyanobacteria are negatively
correlated, the same as rotifers and Chlorophyta. In relation to
nutrients, Cyanobacteria are negatively correlated with phosphorus
and nitrogen. In summary a relation can be established between
water quality and phytoplankton development. Fluctuations of
nutrients and organic load have an effect on the unicellular density
of the ponds.

3.3. Operation and maintenance

The register data (n = 273) were stored and treated on a data-
base software. One of the variables is to identify the presence of
floating elements on the ponds. On 63% of the days there were algae
accumulations on pond A and on 54% of the days on the pond B. The
presence of superficial foam is also related with the oxygen
production of phytoplankton and was identified in 33% of the
registers on pond A and in 24% on pond B. During the cyanobacteria
bloom two wild ducks were found dead on the pond and recorded
on the daily register. This is another important point: the plankton
species determine the maintenance tasks and the security of the
public facility.

4. Conclusions

Onsite wastewater treatment technology can be a reality as
a university campus facility using natural systems. The WSP have
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demonstrated effectiveness at nutrients and organic matter
removal and especially on faecal coliforms elimination. The results
on the effluent water quality show this water to be suitable for
landscape watering. Identifying the phytoplankton group’s pres-
ence and relating it to the water quality parameters can help to
understand the ecological dynamics of the system. The operation
and maintenance tasks are necessary, and floating algae accumu-
lation and foams have been found to be a common problem. The
natural plankton succession is related to changes in nutrients and
organic load. The knowledge of plankton fluctuation and response
can help the pond’s management and maintenance operations
through the anticipation of certain harmful phases, as the domi-
nance of cyanobacteria.
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An experimental design methodology was applied to study the effects of temperature, pH, biomass dose,
and stirring speed on copper removal from aqueous solutions by Aspergillus terreus in a biosorption batch
system. To identify the effects of the main factors and their interactions on copper removal efficiency and
to optimize the process, a full 24 factorial design with central points was performed. Four factors were
studied at two levels, including stirring speed (50—150 min '), temperature (30—50 °C), pH (4—6) and
biosorbent dose (0.01—0.175 g). The main factors observed were pH and biomass dose, along with the
interactions between pH and biomass, and stirring speed. The optimal operational conditions were
obtained using a response surface methodology. The adequacy of the proposed model at 99% confidence
level was confirmed by its high adjusted linear coefficient of determination (R‘Z,\dj = 0.9452). The best
conditions for copper biosorption in the present study were: pH 6, biosorbent dose of 0.175 g, stirring
speed of 50 min~! and temperature of 50 °C. Under these conditions, the maximum predicted copper
removal efficiency was 68.52% (adsorption capacity of 15.24 mg/g). The difference between the experi-
mental and predicted copper removal efficiency at the optimal conditions was 4.8%, which implies that
the model represented very well the experimental data.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Electroplating, textile, storage batteries, ceramic, glass and metal-
processing industries discharge large amounts of heavy metals into the
environment. These pollutants are highly toxic, non-biodegradable
and could accumulate in living organisms. Although copper is essential
to living organism at trace levels, high concentrations can cause several
physiological and health problems or even death. Several treatment
processes have been reported to remove copper from wastewater.
These processes include precipitation, electrochemical treatment,
membrane filtration, ion exchange and adsorption (Han et al., 2006;
Ng et al., 2008; Reyes et al., 2006). Biosorption of heavy metals by
microorganisms could be an effective and eco-friendly treatment
method for metal removal from aqueous solutions. The use of dead
biomass is preferred because it does not require nutrients, it is not
affected by toxic pollutants, and may be regenerated and reused in
anumber of adsorption—desorption cycles (Kumara et al., 2008; Wang
etal., 2004). Fungal biomass is useful in biosorption processes because

* Corresponding author. Tel./fax: +52 8183294000.
E-mail addresses: felipe.cerinocr@uanl.edu.mx, felipejccuanl@yahoo.com.mx
(EJ. Cerino-Cérdova).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.01.004

of its high ability to bind heavy metals and high availability from
industrial residues (Mullen et al.,, 1992; Amini et al., 2009; Pakshirajan
and Swaminathan, 2009; Preetha and Viruthagiri, 2007).

Aspergillus terreus, by-product of the fermentative process of
lipase production, has been tested as a biosorbent for copper removal
(Gulati et al., 2002); however, the optimal conditions for adsorption
processes have not yet been obtained. The experimental design is
a helpful tool to identify significant variables that affect the process
and to determine optimal conditions in several processes with
minimal experimental runs (Amini et al., 2009; Cruz-Gonzalez et al.,
2010; Freitas et al., 2009; Gulati et al., 1999; Yus Azila et al., 2008).

This research examined A. terreus (strain ATCC-20516) as a bio-
sorbent for copper removal from aqueous solutions. In addition,
factors with significant effects on cooper removal efficiency were
studied to obtain the optimal conditions.

2. Materials and methods
2.1. Preparation of biosorbent

A. terreus strain ATCC-20516 was the microorganism used in this
study. The fungi were cultivated in a sterile medium containing
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20 g dextrose/L, 5 g yeast extract/L, 5 g soya flour/L, 5 g NaCl/L and
5 g KoHPO4/L. Culture medium was adjusted to pH 7 using HCl
(6 N). After four days of incubation at 28 °C and 150 min’, the
living microorganism was recovered by centrifugation, washed
several times with NaCl solution (0.96% w/v) and dried at 70 °C for
4 h. Dried biomass was milled and stored at 10 °C previous to the
adsorption experiments.

2.2. Batch biosorption experiments

Copper solution was prepared by dissolving copper nitrate
(analytical reagent grade) in bi-distilled water to obtain a copper
concentration of 50 mg/L. Batch adsorption experiments were carried
outin 250-mLErlenmeyer flasks containing 100 mL of copper solution
(50 mg/L), and different biomass quantity, solution pH and tempera-
ture. Aliquots were withdrawn at the beginning of the experiment and
after 3 h once the equilibrium was reached. These experiments were
carried out in triplicate. Collected aliquots at the equilibrium were
centrifuged at 3000 min~ for 10 min, and the copper concentration of
the supernatant (Table 2) was determined by an atomic absorption
spectrophotometer (GBC Scientific model 932AA). Copper concen-
tration deviation was less than 3%. Copper removal efficiency was
estimated according to the following equation:

%R = (Co—Ce) x 100 (1)
G

where %R is the copper removal efficiency by A. terreus, and Cp and

Ce are the initial and equilibrium concentrations of copper in mg/L,

respectively.

2.3. Experimental design for optimization

2.3.1. Full factorial design with central points

A 2% factorial design with central points was used to study the
effects of the independent process variables (factors) and their
interactions on copper removal efficiency. The selected indepen-
dent factors were stirring speed, temperature, pH and biosorbent
dose. The ranges and the levels of the variables (coded as —1 or low,
and +1 or high) studied in this research are shown in Table 1: pH (4,
6), biomass dose (0.01, 0.175 g), stirring speed (50, 150 min~') and
temperature (30, 50 °C).

To detect curvature in the response surface, replicates at
a central point were added to the full 2% factorial design (Myers
et al., 2009). This factorial design with central point consisted of
55 experiments including 48 factorial points, and seven central
points (coded as 0).

The regression model was built to determine whether the
response surface would be a plane or a curved surface in the range
of the factors studied. The regression model represented by Eq. (2)
includes the factors and their interactions.

I l I ! l l
Y =00+ Bixi+D> <> Bixixi+>_ <D <> BijkxiXiXy+e
i=1 =1 i=1 j=1

i=1 j= h=1
(2)

Table 1
Factors and levels used in the 2* factorial design with central points.

Independent Factor Coded levels

variable 1 0 "

Actual levels

Stirring speed (rpm) A (x1) 50 100 150

Temperature (°C) B (x3) 30 40 50

pH C(x3) 4 5 6

Biosorbent dose (g) D (x4) 0.01 0.0925 0.175

where Y is dependent variable or response, (g is a constant coef-
ficient, B;, 8, Bijk are the coefficients for the linear, double, and triple
interaction effects, respectively; x;, Xj, Xi are the independent vari-
ables or factors, and ¢ is the random error.

A measure of the variability of the linear model was explained
by the adjusted linear coefficient of determination (Rf\dj) in Eq. (3).

RZ = 1- SSResidual/DFResidual (3)
Adj (SSModel + SSResidual)/(DFModel + DFResidual)

where SS is the sum of squares and DF is the freedom degrees.

Data analysis and response surface graphics were performed
using Design Expert (version 6.0.1, Stat-Ease, Inc., USA). Analysis of
variance (ANOVA) was used to determine if the regression model is
able to represent the experimental data; additionally, this was
verified by the adequate precision ratio (Eq. (4)) (Box et al., 1978;
Myers et al., 2009).

Max(?) - Min(?) _ Max(f/) - Min(?)

) &
) (4)

where V(Y) is the average variance of the predicted values, p is the
number of model parameters (including 8g), o2 is the residual mean
square, and n is the number of experiments.

The selected regression model was used to predict copper
removal efficiency by A. terreus and to build a response surface to
explore the design space. The maximum amount of copper bio-
sorption was observed on the three-dimensional response, the
contour, and the cube plot.

Adequate precision =

3. Results and discussion
3.1. Model for copper biosorption process

The experimental design matrix derived from factorial design
2% and the predicted and observed responses (copper removal
efficiency and adsorption capacity) are shown in Table 2. The
average experimental data of copper removal efficiency and
adsorption capacity ranged from 6% to 72%, and from 7.86 to
268.67 mg/g, respectively. A linear model was built to estimate the
response as a function of stirring speed, temperature, pH and bio-
sorbent dose.

The analysis of variance (ANOVA) is shown in Table 3, and the
results show that there is no inflection point on the response
surface because the curvature is non-significant (Prob > 0.37).
Therefore, the linear model is appropriate to represent the design
space, this was confirmed by other tests included in the ANOVA
analysis that are described as follows. The linear regression model
was highly significant at 99% confidence level (Prob > 0.0001). The
adjusted determination coefficient (RzAd, = 0.9452, a value higher
than 0.70 is desirable) was very high, which means that the model
represented 94.52% of response total variation, and only 5.48% of
total variations was due to random error. Finally, the adjusted linear
model obtained in this study showed an adequate precision ratio of
33.12, which indicates an adequate signal-to-noise ratio because
a value higher than four is desirable. In that case, the copper
removal efficiency model can be used to predict, build and explore
the design surface.

The normal probability plot (Fig. 1) showed the magnitude of
negative or positive effect of each individual variable, and their
interactions on copper removal efficiency. A positive value of effect
means an increase of copper removal efficiency when the factor
level increases; on the other hand, a negative value of effect means
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Table 2
Experimental design and results for percentage of metal adsorbed from aqueous solution.
Trial Coded values Copper removal efficiency (%) q (mg/g)
A B C D Runs Average Predicted

1 2 3
1 -1 -1 -1 -1 11.31 10.92 14.58 12.27 14.58 57.37
2 +1 -1 -1 -1 7.68 7.07 3.34 6.03 6.81 28.21
3 -1 +1 -1 -1 9.66 17.28 9.95 12.30 11.25 57.51
4 +1 +1 -1 -1 5.99 6.98 3.61 5.53 3.49 25.84
5 -1 -1 +1 -1 37.27 32.21 48.45 39.31 40.02 183.84
6 +1 -1 +1 -1 30.44 4543 34.79 36.89 39.27 172.50
7 -1 +1 +1 -1 55.80 59.89 56.67 57.45 55.48 268.67
8 +1 +1 +1 -1 52.95 57.29 57.30 55.85 54.73 261.16
9 -1 -1 -1 +1 34.31 38.90 38.02 37.07 36.50 9.91
10 +1 -1 -1 +1 28.86 28.60 30.79 29.42 26.90 7.86
11 -1 +1 -1 +1 40.20 40.58 40.15 40.31 42.14 10.77
12 +1 +1 -1 +1 31.62 31.35 30.91 31.30 32.55 8.36
13 -1 -1 +1 +1 59.58 59.78 60.04 59.80 62.02 15.98
14 +1 -1 +1 +1 50.47 51.53 50.14 50.71 45.41 13.55
15 -1 +1 +1 +1 67.35 77.61 71.04 72.00 68.52 15.24
16 +1 +1 +1 +1 47.25 47.38 41.37 45.33 51.90 12.11
17 0 0 0 0 38.34 36.23 31.59 35.38 36.97 17.89

36.01 34.14 38.83

32.53

q: average experimental adsorption capacity.

a decrease of copper removal efficiency when the factor level
increases. The factors located to the right of the central line (Fig. 1)
were significant at a 1% significance level and have a positive effect
(C, D, Band BC) on copper efficiency removal. It is also observed that
copper efficiency removal increases with increasing biomass dose:
an increase of functional groups on the biosorbent surface could
explain this behavior. A similar effect was observed when the
solution pH was increased and could be explained based on the
biosorbent surface charge which become more negative indicating
a rise of electrostatic attraction between the biosorbent functional
groups and copper species. On the other hand, the effect of tem-
perature (B) suggest an endothermic process, which means that an
increase of temperature increases the equilibrium constant value.
In the adsorption process, it is always necessary to study the effect
of temperature to determine if the process will be favored at low or
high temperature values. Different authors have reported both
positive and negative effects for temperature (Preetha and
Viruthagiri, 2007; Veit et al., 2005).

The factors to the left of the central line are also significant but
have a negative effect (A, CD, BCD, AD and ACD) on copper removal
efficiency. In addition, the factors located on the central line, that
crosses the zero value at the abscissa, were non-significant (BD,
ABD, AB, ABCD, ABC and AC) at a 1% significance level. Taking into
account these main factors, the model coefficients were estimated
to build the linear regression model and to predict copper removal
efficiency. This model, in terms of coded factors, is shown in Eq. (5):

Y = 36.97 — 4.34A + 3.03B + 15.20C + 8.77D — 2.21AD
+ 2.46BC — 3.98CD — 1.75ACD — 2.24BCD (5)

Table 3
Analysis of variance for factorial design with central points.

Variation Sum of Degree Mean F-value Prob.
source square of freedom square
Model 17983.95 8 2247.99 153.84 <0.0001
Curvature 15.49 1 15.49 1.06 0.3087
Residual 657.58 45 14.61
Lack of fit 176.59 7 25.23 1.99 0.0817
Pure error 480.99 38 12.66
Total 18,657.02 54

The linear regression model (Eq. (5)) built from the analysis of
variance was used to estimate copper removal efficiency and the
values of effects. The results showed that pH (Prob < 0.0001) has
the greatest effect on copper removal efficiency, followed by
biosorbent dose (Prob < 0.0001), stirring speed (Prob < 0.0001)
and the interaction between pH and biosorbent dose
(Prob < 0.0001). Yus Azila et al. (2008) observed a similar effect of
this interaction on lead biosorption using Pycnoporus sanguineus.
The magnitude of the effect of the triple interaction between
stirring speed, pH and biomass dose (Prob < 0.0082), the double
interaction between stirring speed and biomass dose
(Prob < 0.0011), the triple interaction between temperature, pH
and biosorbent dose (Prob < 0.001), and the double interaction
between temperature and pH (Prob < 0.0004) are less significant
for copper removal efficiency.
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Fig. 1. Normal probability plot of effects at a 99% confidence level.



S80 EJ. Cerino-Cordova et al. / Journal of Environmental Management 95 (2012) S77—S82

The obtained model can be used to represent copper removal
efficiency as a function of the process factors (pH, temperature,
biomass dose, stirring speed, and their interactions). Although the
obtained model is a statistical model, the response variable
(removal efficiency) can be adequately predicted by the model
(including main factors and their interactions). However, this
model does not physically explain the biosorption phenomena.

3.2. Optimal conditions of copper biosorption process

The hierarchical linear model (Eq. (5)), obtained in this study,
was used to represent the response surface. The optimization of
copper biosorption was carried out using the cube plot, the
response surface plot, and the contour plot of the response.

To evaluate the effect of stirring speed on copper removal effi-
ciency, Fig. 2 was built from the regression model by varying the
stirring speed and biomass dose from low to high at middle point of
pH, and temperature. It was observed that copper removal effi-
ciency decreases, at high biomass dose, when the stirring speed
increases from 50 to 150 min~. This behavior could be explained
by the mechanical biomass damage caused by shear stress. There-
fore, the level of stirring speed was selected as 50 min~' for the
following analysis steps because copper removal efficiency was
better at this level than at 150 min~.

Fig. 3 shows the cubic representation of the triple interaction
between temperature, pH and biosorbent dose at a low stirring
speed level (50 min~"). The results showed that a rise of temper-
ature at high pH level and low biosorbent dose level caused an
increase of copper removal efficiency from 40.02 to 55.48%. Copper
removal efficiency greatly increased from 42.14 to 68.52% when the
pH level was high along with high levels of temperature and bio-
sorbent dose. On the other hand, copper removal efficiency
increased from 55.48 to 68.52% when increasing biosorbent dose
from 0.01 to 0.175 g (at high levels of both temperature and pH).
Other microorganisms have shown different behavior (Amini et al.,
2008; Basha et al., 2009) due to the loss of active sites by biomass
agglomeration. Although, in this study the agglomeration pheno-
menon was experimentally observed, the amount of available sites
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Fig. 2. Factor plot of stirring speed and biomass dose effect, with the other factors
remaining constant (40 °C, and pH 5). Biomass dose: [J 0.01 g, A 0.175 g.

at high biomass dose were enough to adsorb copper as the biomass
amount was 17 times higher than at low biomass dose.

As shown by its overall effect and strong interaction with other
factors, pH was the most important factor affecting copper bio-
sorption (Fig. 1). Gulati et al. (2002) previously observed the
importance of the effect of pH on copper biosorption by A. terreus;
however, the interaction between pH and biomass dose was not
studied. Copper biosorption strongly increased to 68.52% when the
pH level increased, and biosorbent dose increased as shown in
Fig. 4a and b; in addition, stirring speed was low, and temperature
was high. The effect of pH can also be explained in terms of point of
zero charge (pHpzc =5, data not shown) of the biosorbent; at this
pH value, the number of positive and negative charges is equal, and
thus the total surface charge becomes neutral. Furthermore, ion
copper adsorption is favorable at pH values higher than pHpzc due
to the increased electrostatic attraction force between A. terreus
and copper, because the augmentation of pH causes the biosorbent
surface to become more negative. On the other hand, the decrease
of copper removal efficiency with decreasing pH can be explained
by the competition between copper ions and hydrogen ions for the
active sites of A. terreus. Although, at pH > 6 the biosorbent surface
charge become more negative and, therefore, copper removal
efficiency may be increased, it is not recommended to rise the
solution pH higher than 6 because copper can be precipitated
instead of being adsorbed on the biosorbent.

Based on these results, the optimal conditions for copper bio-
sorption from aqueous solution using A. terreus as a biosorbent are
a pH of 6.0, a biosorbent dose of 0.175g, a stirring speed of
50 min~!, and a temperature of 50 °C. The maximum quantity of
adsorbed copper predicted by the model was 68.52%, as can be seen
in the response surface and contour plots (Fig. 4).

The final copper concentration at the optimal tested conditions
was 14 mg/L (average copper removal efficiency of 72%) and, at this
final concentration, the treated effluent can be discharged onto public
sewer according to the recommended discharge concentration in
Mexico (NOM-002-SEMARNAT-1996: daily average of 15 mg/L).

In copper plating processes, the operation temperature varied
from 20 to 75 °C by using copper cyanide or copper sulfate. These
operational plating conditions could allow treating the exha-
usted water bath at this temperature range (United States Patent
US4933051). If the wastewater is treated by biosorption processes

Copper removal efficiency (%)

§2.02 68.52

C+ 40.02 55.48
T
(=5
. 36.50 42 14 D+
8}

D: Biosorbent dose (g)

C- 1458 11.25 D-

B- B+

B: Temperature (°C)

Fig. 3. Cube graph of the triple interaction between temperature, pH and biosorbent

dose: stirring speed 50 min~".
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by using A. terreus biomass at 30 °C (pH 6 and 0.175 g biomass)
copper removal efficiency achieved 62% whereas at 50 °C removal
efficiency increased up to 72%.

The factorial design applied in this research was a valuable tool
to optimize the copper adsorption process using A. terreus. At the
optimal conditions, adsorption capacity was 268.67 mg/g; this
value is 1.7 times higher than the reported value by Gulati et al.
(2002). These dissimilar results may be attributed to the solution
pH: at pH around 6 the copper removal could be associated to an
adsorption—microprecipitation coupled process. Other types of
fungi have shown an adsorption capacity of 1.52—89 mg/g in
copper biosorption process at different operational conditions;
therefore, a direct comparison between these different results is
not appropriate (Veit et al., 2005; Gopal et al., 2002; Gabriel et al.,
2001; Kapoor et al., 1999).

Surface response methodology allows obtaining the optimal
conditions for treating industrial wastewaters but other pollutants
may reduce the copper removal efficiency reported in this research,
where synthetic aqueous solution was used for adsorption exper-
iments. These pollutant species may compete for functional groups
of A. terreus biomass. This effect requires to be explored experi-
mentally to assess the final copper removal efficiency.

The optimal conditions obtained in this research can be used to
carry out column adsorption studies to treat wastewaters con-
taining copper in solution.

4. Conclusion

This study demonstrates the usefulness of a factorial experi-
mental design to model copper biosorption from aqueous solutions
by A. terreus biomass. The most significant factors affecting copper
removal efficiency were: pH, biosorbent dose, and the double
interaction between pH and biosorbent dose. The selected model was
adequate to represent the response surface and to obtain the optimal
conditions for copper biosorption by A. terreus from aqueous solu-
tion; these were pH 6.0, 0.175 g of biomass, 50 min~! and 50 °C. At
these conditions, the predicted copper removal efficiency was 68.5%
that is similar to the experimental copper removal efficiency (72%).
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The white-rot fungus Anthracophyllum discolor immobilized on wheat grains was evaluated for chlor-
ophenol (2,4-dichlorophenol, 2,4,6-trichlorophenol and pentachlorophenol) degradation in allophanic
soil columns activated by acidification. Columns without inoculation were used as the control to evaluate
the adsorption capacity of the soil columns. The chlorophenols were removed efficiently in soil columns
by both adsorption and degradation processes. In inoculated soil columns, 2,4-dichlorophenol was highly

degraded and this degradation is associated with a high production of manganese peroxidase. 2,4,6-
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trichlorophenol was degraded to a lesser extent compared with 2,4-dichlorophenol. Pentachlorophenol
was first removed by adsorption and then through degradation by the fungus. Manganese peroxidase
activity was lowest when the column was fed with pentachlorophenol and highest when the column was
fed with 2,4-dichlorophenol. Laccase was also produced by the fungus but to a lesser degree.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The use of soil or natural adsorbents for the removal of organic
compounds from contaminated wastewater is considered a bene-
ficial method, as in this system the contaminants can be removed
by both adsorption and degradation processes (Kookana and
Rogers, 1995; Lin and Juang, 2009; Uddin et al., 2009). Taking
adsorption processes into account, fixed-bed columns packed with
allophanic soil (Andisol) have proven to be effective in the removal
of chlorophenols present in kraft mill wastewater (Navia et al.,
2003, 2005; Diez et al., 2005). However, no information is avail-
able regarding the biodegradation of chlorophenols by immobilized
white-rot fungi in a fixed-bed column packed with allophonic soil.
Chilean Andisol is an effective support for this system due to its
high organic matter content with a great affinity for pollutants due
to the presence of humic and fulvic acids and a reactive clay fraction
(allophane) that contains Al and Fe hydroxide groups and a high
specific surface area (Mora et al., 1994; Diez et al., 2005). In addi-
tion, pH plays an important role in the adsorption of compounds
with acidic functional groups due to their neutral and ionic forms

* Corresponding author. Chemical Engineering Department, Scientifical & Tech-
nological Bioresource Nucleus, Universidad de La Frontera, PO Box: 54-D, Temuco,
Chile. Tel.: +56 45 325476; fax: +56 45 325053.
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0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2010.09.024

(Kookana and Rogers, 1995; Diez et al., 2005; Cea et al., 2007). In
a pH-dependent variable surface charge soil, Diez et al. (1999)
demonstrated that phenolic compounds adsorption increased as
the pH decreased, as a result of electrostatic repulsion between the
compounds and the resulting negative surface charge.

White-rot fungi are microorganisms with a well known capacity
for degrading a wide range of organic compounds, attributed to
their extracellular enzymatic system conformed by lignin peroxi-
dase (LiP), manganese peroxidase (MnP), and laccase (Lac) involved
in the degradation of lignin compounds. Phanerochaete chrys-
osporium and Trametes versicolor have been the most widely used
fungi for chlorophenol degradation. However, several studies have
been performed to evaluate new fungal strains with a high ability
for degrading recalcitrant organic compounds (Levin et al., 2004;
Tortella et al., 2008), new technological processes such as degra-
dation of pentachlorophenol in soil slurry cultures by Bjerkandera
adusta and Anthracopyllum discolor (Rubilar et al., 2007) and
biodegradation of 2,4-dichlorophenol in columns packed with
immobilized P. chrysosporium (Wu and Yu, 2008). Tortella et al.
(2008) characterized several Chilean native wood-rotting fungi,
and showed that the selected strains presented high lignin perox-
idase (LiP) and manganese peroxidase (MnP) activity. Their ability
to degrade 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol
(2,4,6-TCP) and PCP especially by the fungus A. discolor (Sp4) was
also shown.
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Several aspects of white-rot fungi degradation properties have
been reviewed recently (Tortella et al., 2005; Gianfreda and Rao,
2008; Rubilar et al., 2008). The application of white-rot fungi in
a fixed-bed column has not been investigated in any depth (Wu and
Yu, 2008), in spite of the fact that they can degrade some complex
substances which are beyond the metabolic abilities of bacteria.
The main purpose of this study was to evaluate chlorophenol
degradation in columns packed with allophanic soil and inoculated
with the white-rot fungus A. discolor immobilized on wheat grains.

2. Materials and methods
2.1. Column preparation

Glass columns (35 cm long with 5 cm internal diameter) packed
with a mixture of quartz sand and allophanic soil (1:1) were tested
for 2,4-DCP, 2,4,6-TCP and PCP adsorption. The allophanic soil used
was an Andisol, belonging to the Temuco Series, located in southern
Chile. The soil sample was taken from 0 to 20 cm depth, air dried at
room temperature and sieved through a 2 mm mesh. The allo-
phanic soil used has a pH(w) of 5.9 and 14.6% organic matter (Cea
et al., 2007). The quartz sand was washed with distilled water,
dried at 100 °C and stored in a vacuum desiccator prior to use.
Columns were packed with 300 g of total mass (bulk density (p)
was 1.26 g/mL) and were pre-conditioned to pH 4.5 by eluting the
columns with H,SO4 0.1 M so as to activate the soil surface (Diez
et al., 1999). The columns were covered with aluminium foil to
avoid oxidation processes.

2.2. Fungus immobilization

A white-rot fungus A. discolor, isolated from decayed wood in
the rain forest of southern Chile (Tortella et al., 2008) was used in
this study. The fungus was transferred from slant tubes (maintained
at 4 °C) to glucose malt extract agar plates (15 g/L agar, 3.5 g/L malt
extract, and 10 g/L glucose) and kept at 30 °C for 5—7 days before its
use as inoculum. To immobilize the fungus, 30 g of wheat grains
were put in a flask of 250 mL and moistened with 30 mL of distilled
water and sterilized at 121 °C for 15 min. Then, the flask was
inoculated with 5 agar disks (6 mm in diameter) of active mycelia of
A. discolor from 5-day-old cultures on LBM medium (Tortella et al.,
2008) and put in darkness at 25 °C for 6 days approximately (or
until the mycelia covered completely the wheat grains). To evaluate
the degree of immobilization, samples were analyzed using scan-
ning electron microscope JEOL JSM-6380LV.

2.3. Columns operation

Columns were inoculated with white-rot fungus A. discolor
previously immobilized on wheat grains. The colonized wheat
grains were placed on the upper part of each column (5 cm). The
columns were operated in continuous systems and were fed with
the respective chlorophenol (100 mg/L) at a flow rate of 1.5 mL/min,
at room temperature for approximately 29 days (until saturation
point C/Co >0.7). Samples were taken from the effluent of the
columns throughout the time and analyzed for phenols (2,4-DCP,
2,4,6-TCP, PCP), manganese peroxidase (MnP) and laccase (Lac)
enzymes. All the experiments were carried out in duplicate and the
average values were used for further calculations. Columns without
inoculation with A. discolor were used as the control to evaluate the
adsorption capacity of the soil columns. The evaluation of the
column performance was conducted by plotting chlorophenol
concentration in effluent to chlorophenol concentration in influent
(C/Co) as a function of flow time (min).
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Fig.1. 2,4-DCP, 2,4,6-TCP and PCP adsorption breakthrough curves in soil columns (pH
4.5) without inoculation with A. discolor.

2.4. Chlorophenol analyses

2,4-DCP, 2,4,6-TCP and PCP analyses were performed using HLPC,
with a Merck Hitachi L-7100 pump, a Rheodyne 7725 injector with
20 pL loop diode array detector. The detection was set up at 215 nm
and the column was a reverse phase (Lichrosphere 60RP select B,
5 um, 4 mmdiameter x 250 mm long). The mobile phase consisted of
acetonitrile/phosphoric acid 1% (1:1 v/v) delivered at a flow rate of
1 mL/min, at room temperature (22 4+ 1 °C). The sample was filtered
(0.2 pm) before injection into the chromatograph.

2.5. Determination of enzyme activity

Laccase (Lac) was assayed as peroxide-independent degradation
of 2,6- dimethoxyphenol (2,6-DMP) at pH 4.5 at 468 nm. The
mixture contained 200 pL (250 mM, pH 4.5) of sodium malonate,
50 pL (20 mM) of 2,6-DMP, and 600 pL of supernatant (10 min at
5000 rpm) in a total volume of 1 mL. One laccase activity unit (U)
was defined as the quantity of enzyme that produced 1 pmol of
oxidized product per minute. Manganese peroxidase (MnP) activity
was measured from the supernatant of a previously centrifuged
sample (10 min at 5000 rpm). MnP activity was determined by
monitoring the oxidation of 2,6-dimethoxyphenol (2,6-DMP)
spectrophotometrically at 30 °C (Cecil CE 7200, UK). The reaction
mixture (1 mL) contained 200 pL (250 mM, pH 4.5) of sodium
malonate, 50 puL (20 mM) of 2,6-DMP, 50 uL (20 mM) of
MnSO4-H;0, and 600 pL of supernatant (10 min at 5000 rpm). The
reaction was initiated by adding 100 pL (4 mM) of Hy0; The
absorbance of the colored product was measured at 468 nm and
corrected for Lac activity (Wariishi et al., 1992). One MnP activity
unit (U) was defined as the amount of enzyme transforming 1 pmol
of 2,6-DMP per minute.

3. Results and discussion
3.1. Chlorophenol breakthrough curves without inoculation

Fig. 1 shows chlorophenol (2,4-DCP, 2,4,6-TCP and PCP)
adsorption breakthrough curves in soil columns (pH 4.5) without A.
discolor inoculation. The soil column fed with 2,4-DCP solution was
rapidly saturated (90 h), showing a lower adsorption capacity for
this contaminant; by contrast, the columns fed with 2,4,6-TCP and
PCP were saturated after 160 and 250 h, respectively. In Fig. 1, it is
clearly stated that the total area under the PCP breakthrough curve
is much higher than those of 2,4-DCP and 2,4,6-TCP, suggesting
a higher affinity of PCP to allophonic soil under these experimental
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Fig. 2. 2,4-DCP, 2,4,6-TCP and PCP adsorption breakthrough curves in soil columns
(pH 4.5) inoculated with A. discolor.

conditions. Indeed, under the experimental pH condition (4.5), PCP
should be present at about 50% in anionic form, and likely adsorbed
completely (Diez et al., 1999). This is not the case for 2,4-DCP and
2,4,6-TCP pollutants, which are present in their non-ionic form at
pH 4.5, leaching through the column and decreasing their adsorp-
tion. Previous studies have demonstrated that the presence of MnP
and laccase enzyme activity in columns packed with allophonic soil
without inoculation is not significant (Diez et al., 2006), suggesting
that the removal of chlorophenols under these conditions may be
associated mainly with adsorption processes.

PCP presents a high affinity with soil organic matter (14.6% in
the allophonic soil used in this study), associated with its log Kow
value of 5.01 compared to the 2,4-DCP K, value of 3.08. The pKa
values of PCP, 2,4,6-TCP and 2,4-DCP are 4.75, 6.15 and 7.85,
respectively, with their adsorption being strongly affected by soil
pH in allophanic soil (Diez et al., 1999; Cea et al., 2007).

Chlorophenol adsorption capacity of allophanic soil in batch
processes has been studied under different operational and envi-
ronmental conditions (Diez et al., 1999, 2005; Cea et al., 2005; Cea
etal.,, 2007), and it has been demonstrated that its use is technically
feasible with a high removal efficiency. Cea et al. (2007) described
the adsorption capacity of this allophanic soil in three depths for
2,4-DCP and PCP, showing that PCP adsorption was higher than that
observed for 2,4-DCP, and it decreased as organic matter fell with
soil depth. The multiple regression analysis between Kd and various
soil properties showed that soil organic carbon content is a strong
indicator of chlorophenol adsorption. In addition to organic carbon,
pH is an important parameter controlling adsorption behavior (Cea
et al., 2007). Columns assays using this allophanic soil for chlor-
ophenol removal from contaminated wastewater have also been
reported (Navia et al.,, 2003, 2005, 2006), and the operational
conditions, the irrigation model, and the kinetic parameters have
been established, leading to the conclusion that the adsorption
rates are comparable to other adsorption systems and adsorbent
materials.

3.2. Chlorophenol breakthrough curves with inoculation

Fig. 2 shows chlorophenol (2,4-DCP, 2,4,6-TCP and PCP) break-
through curves in soil columns (pH 4.5) inoculated with the fungus
A. discolor immobilized on wheat grains. The adsorption of the
chlorophenols into the A. discolor mycelium was about 2%; there-
fore, it was not considered in the evaluation. In general, it can be
observed that the operational time of the inoculated columns
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Fig. 3. Manganese peroxidase activity in soil columns (pH 4.5) inoculated with
A. discolor.

increased compared to the non-inoculated columns, showing the
following trend: 2,4-DCP>PCP>2,4,6-TCP. The 2,4-DCP break-
through curve shows high degradation of the contaminant
compared with the 2,4-DCP breakthrough curve in the soil column
without inoculation (Fig. 1). When using the inoculated column,
2,4-DCP degradation was constant between 100 and 320 h with
C/Co of approximately 0.2 in this period of time. Then, the C/Co
ratio increased until complete saturation of the column after 600 h
of operation. The high 2,4-DCP removal was associated with
degradation processes and with the high production of the lig-
ninolytic enzyme manganese peroxidase (MnP) produced by
fungus A. discolor (Fig. 3). MnP activity increased during the oper-
ation of the column, with the maximum value of 70 U/L being
attained after 280 h.

The 2,4,6-TCP breakthrough curve in the column inoculated
with the fungus A. discolor shows degradation of the contaminant
(Fig. 3), but to a lesser extent than 2,4-DCP. The removal of 2,4,6-TCP
was higher compared with the 2,4,6-TCP retention in the soil
column without inoculation (Fig. 1). 2,4,6-TCP degradation was
almost constant between 80 and 185 h with C/Co of approximately
0.4 in this period. Then, the C/Co ratio increased until complete
saturation of the column after 270 h of operation. 2,4,6-TCP
degradation using the inoculated column was associated with the
production of the ligninolytic enzyme manganese peroxidase
(MnP) produced by the fungus A. discolor. MnP activity increased
during the operation of the column, with the highest value of 50 U/L
being attained after 150 h.

The breakthrough curves of PCP in both columns (with and
without inoculation) were similar until 150 h of operation (Figs. 1
and 2), indicating that the adsorption process for PCP removal is
predominant in this period. After 150 h, PCP was degraded in the
inoculated column, and the degradation remained constant
between 150 and 350 h (C/Co of 0.4). The total saturation of this
column was obtained after 420 h of operation. The degradation of
PCP was associated with MnP production by the fungus during the
column operation (Fig. 3). MnP activity increased during the
operation of the column, with the maximum value of 30 U/L being
attained after 300 h.

The enzyme activity of manganese peroxidase (MnP) and lac-
case during the operation of the inoculated columns are shown in
Figs. 3 and 4. In general, it can be observed that MnP activity was
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Fig. 4. Laccase activity in soil column (pH 4.5) inoculated with A. discolor.

higher (up to 70 U/L) when the column was fed with 2,4-DCP and
lower (up to 30 U L™!) when the column was fed with PCP.
However, the highest MnP activity was obtained during the
constant degradation period for the three chlorophenols. Laccase
was also produced by the fungus but to a lesser extent, reaching less
than 10 U/L values for the three chlorophenols.

The degradation capacity of white-rot fungi has been attributed to
enzyme ligninolytic activity (Gianfreda and Rao, 2008). In our work,
the highest MnP activity was obtained in the column fed with 2,4-
DCP and was lower when the column was fed with PCP. This addition
inhibited MnP production by A. discolor in the soil column; however,
its degradation was not affected (Fig. 2). These results agree with the
results obtained by Rubilar et al. (2007). The authors reported that
the PCP degradation capacity of A. discolor was not affected when
MnP activity decreased in a soil slurry culture, and that MnP activity
was negatively affected (up to 75% reduction) when initial PCP
concentrations were increased from 100 to 250 mg/kg of soil. The
degradation of these compounds may also be attributed to the action
of other cellular and extracellular fungal enzymes, such as pheno-
loxidases and cellobiose dehydrogenases, which may participate
concomitantly with the ligninolytic enzymes in degradation
processes (Montiel et al., 2004; Tortella et al., 2008).

Table 1 shows column data and parameters obtained for chlor-
ophenols in the soil column with and without A. discolor inoculation.
The equilibrium sorption capacity (geq) of 2,4-DCP was ten times
higher when inoculated columns were used. For 2,4,6-TCP and PCP,
the geq values were approximately two times higher when inocu-
lated columns were used, while a similar situation was observed
with respect to saturation time (t,). The total removal efficiency (R)
was almost two times higher for 2,4-DCP and 2,4,6-TCP when
inoculated columns were used; however, it was found to be slightly
lower in the case of PCP. Although there are no similar studies to this
one in the literature for performing a proper comparison, we can

Table 1

Column data and parameters obtained for chlorophenols (100 mg/L initial concen-
tration) in the soil columns non-inoculated and inoculated with A. discolor (1.5 mL/
min flow rate).

Column Chlorophenol Geq (Mg/g) tp (h) R (%)

Non inoculated 2,4-DCP 1.69 90 303
2,4,6-TCP 3.23 160 32.1
PCP 9.46 250 61.2

Inoculated 2,4-DCP 20.25 600 56.1
2,4,6-TCP 8.09 270 52.1
PCP 16.5 420 46.2

(eq = equilibrium sorption capacity.
t, = saturation time.
R = total removal efficiency.

show that Wu and Yu (2008) studied the biosorption of 2,4-DCP
from aqueous solutions by immobilized P. chrysosporium biomass in
afixed-bed column. The authors found values of geq between 5.2 and
12.2 mg/g and, total removal capacity between 22.3 and 72.6 (%)
depending on the flow rate (1.0—3.0 mL/min), influent concentra-
tion (20.9—80 mg/L) and bed depth (15—26 cm) used in their study.

The use of A. discolor immobilized on wheat grains promoted
chlorophenol degradation in the allophanic soil columns, coupled
with ligninolytic enzyme production. The growth and colonization
of wheat grains by A. discolor completely covered the lignocellulosic
support after 7 days of incubation. The effect caused by wheat
grains on fungus growth is probably due to their high content of
carbohydrates and starch, which are not present in the other
supports, and it provides a major source of energy for the fungus.

4. Conclusions

Chlorophenols were removed using allophanic soil columns with
and without A. discolor inoculation by both adsorption and degra-
dation processes. Chlorophenol degradation increased in allophanic
soil columns inoculated with the fungus A. discolor immobilized on
wheat grains, increasing the capacity of allophanic soil columns to
adsorb and eliminate these contaminants. Equilibrium sorption
capacity and retention time increased when inoculated soil columns
were used. The higher degradation capacity of the inoculated soil
columns was associated with the presence of the ligninolytic
enzymes manganese peroxidase and laccase.
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Four lab scale sequencing batch reactors (SBRs) were operated to remove organic matter and nitrogen from
four different industrial wastewaters. The biomass grew in the reactors in the form of aerobic granules
characterized by good settling properties. The high biomass concentrations achieved inside the reactors
allowed reducing the solids concentration in the effluent down to 0.2 g VSS L. The organic loading rates
(OLR) applied to reactors ranged between 0.7 and 5.0 g COD L~ d~! with removal efficiencies of 60—95%.
The nitrogen loading rates (NLR) applied varied between 0.15 and 0.65 g NH4"-N L~ d~! with variable
removal efficiencies in the four systems (between 15% and 76%).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The biological wastewater treatment is normally accomplished
in the WWTPs (wastewater treatment plants) in conventional
activated sludge systems, which generally require large surface
areas for implantation and the presence of biomass separation
units due to the poor settling properties of the sludge. Systems
based on aerobic granular biomass are an alternative because the
footprint of this technology is only 25% compared to that of the
conventional activated sludge one (de Bruin et al., 2004). This is due
to the fact that the reactor design and the properties of the biomass
make unnecessary the construction of secondary settlers. Large
organic and nitrogen loads can be treated in these systems.
Furthermore simultaneous carbon, nitrogen and phosphorus
removal is feasible (de Kreuk et al., 2005).

A number of factors can affect the granulation process (Liu,
2006), being one of them the type of substrate. Up to date, the
results from several research works seem to indicate that the
formation of aerobic granules is possible treating different
substrates but evidence shows that the microbial structure and
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diversity of mature granules are closely related to them (Liu et al.,
2003; Tay et al, 2001). The development of aerobic granular
biomass has been studied treating different synthetic mediums
using as carbon source ethanol (Beun et al., 1999), acetate (Chen
et al., 2008), glucose (Tay et al.,, 2001) and phenol (Chiu et al.,
2005). Furthermore the application of this technology to treat
industrial wastewaters (Arrojo et al., 2004; Cassidy and Belia, 2005;
Inizan et al., 2005; Schwarzenbeck et al., 2004; Schwarzenbeck and
Wilderer, 2005; Wang et al., 2007) indicates that it is possible to
grow aerobic granules with complex substrates. This is of interest
for the industries that normally have limitations in the surface for
the WWTP installation.

The main objective of this work was to study the feasibility of
the development of aerobic granular systems to treat four different
industrial effluents. Results will be compared in terms of physical
properties of obtained granular biomass and of carbon and nitrogen
removal efficiencies.

2. Materials and methods
2.1. Experimental set-up

Four SBRs, each one with a total volume of 2.5 L and a working
volume of 1.5 L, were used. Dimensions of the units were: height of

465 mm and inner diameter of 85 mm. The height to the diameter
ratio (H/D) being 5.5. The maximum level of the liquid was 264 mm,
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and the minimum level of 132 mm after effluent withdrawal.
Oxygen was supplied to the reactors by using spargers to promote
the formation of small air bubbles (Fig. 1). A set of two peristaltic
pumps was used to feed (on top of the reactor) and to discharge the
effluent (at medium height in the column reactor), respectively in
each reactor. The exchange volume was fixed at 50%. A program-
mable logic controller (PLC) Siemens model S7-224CPU controlled
the actuations of the pumps and valves and the length of every
operational period in the SBRs.

2.2. Operational conditions

Reactors were operated at room temperature (15—20 °C) and at
oxygen concentrations between 4 and 8 mg0,L . The cycle of
operation was of 3 h and distributed as follows according to Arrojo
et al. (2004): 3 min of feeding, 171 min of aeration, 1 min of settling
and 5 min of effluent withdrawal.

The reactors were fed with four different industrial effluents
produced in: a laboratory for analysis of dairy products character-
ized by having a high concentration of suspended solids (R1), a fish
canning industry with 30 g NaCIL~! (R2), a plant processing marine
products with a previous physical-chemical treatment (R3) and
a pig farm characterized by its high organic matter and nitrogen
content (R4). The composition of the feeding media used in each
reactor is shown in Table 1. All the reactors were operated during
200 days except for R4 which was operated during 100 days.

Each reactor was inoculated with flocculent activated sludge of
different origin: R1 and R3 inocula were collected from the WWTPs
operated in the laboratory of analysis of dairy products
(SVI=200 mL(gVSS)~!) and in the plant processing marine prod-
ucts (SVI =125 mL(g VSS)~1), respectively; R2 and R4 inocula were
collected from two urban WWTPs with SVI values of 100 and
115 mL(g VSS)~}, respectively.

2.3. Analytical methods

The ammonia, nitrate, nitrite, total suspended solids (TSS),
volatile suspended solids (VSS) and sludge volumetric index (SVI)
were determined according to the Standard Methods (APHA-
AWWA-WPCF, 1998). Concentrations of total carbon (TC), total
organic carbon (TOC) and inorganic carbon (IC) were measured
with a Shimadzu analyser (TOC-500). Chemical oxygen demand
(COD) was determined by a semi-micro method (Soto et al., 1989);
total COD (CODr) was measured directly in the sample and the
soluble COD (CODs) from the sample filtered through 0.45 pm pore

: AIR |

INFLUENT

Fig. 1. Experimental set-up: (1) feeding tank; (2) feeding pump; (3) effluent pump; (4)
effluent tank; (5) air; (6) PLC.

Table 1

Composition of the feeding media of each SBR.
Parameter R1 R2 R3 R4
CODr (mgO,L 1) 400-1750  350-530 500—1500  400—1550
CODs (mg 0, L~ 1) 200—-1000 300—470 400—-1300 375—1250
NH4* (mgNH4*-NL1)  25-185 40-70 50—150 70-220
TSS (mg TSSL™1) 100—-900 30-200 30-150 70-520
VSS (mg VSSL™1) 50—700 20-70 20—-100 60—-200
pH — 6.6—7.5 6.0-7.4 7.2-79

size filters. The morphology and size distribution of the granules
were measured regularly by using an Image Analysis procedure
(Tijhuis et al., 1994) with a stereomicroscope (Stemi 2000-C, Zeiss).
Biomass density, in terms of g VSS per litre of granules, was
determined with dextran blue, which is not absorbed by the
biomass (Jiménez et al., 1988) and following the methodology
proposed by Beun et al. (1999).

3. Results and discussion

3.1. Granule formation and properties

During the first days of operation an almost complete biomass
washout occurred in the four reactors. This was a result of the
operational strategy of the systems, in which a very short settling
and a fast effluent withdrawal period were applied. Then the
process of granules formation coincided apparently with that
proposed by Beun et al. (1999).

In the four reactors the time needed for the granules develop-
ment was different. In R1, three weeks after the start up, the
formation of aggregates with 2.3 mm was observed. Mature gran-
ules of 3.5 mm of average diameter were measured on day 60.
Granules were formed on day 45 in R2 characterized by small
fibrous structures on their surfaces which gradually disappeared.
Mature granules with an average diameter of 2.2 mm were only
observed after day 75. In R3 on day 35 filamentous aggregates were
observed with an average diameter of 2.97 mm that were grown
and on day 91 had a diameter of 5.41 mm. Then these aggregates
fell apart due to lysis and on day 144 mature granules were
observed with 2.9 mm. In R4 the first aggregates were observed on
day 11 with a diameter of 1.9 mm, but mature granules were
obtained on day 50 with a diameter of 3.7 mm. These values are
higher than those obtained by Cassidy and Belia (2005), who
operated an aerobic granular sludge reactor treating an abattoir
wastewater and obtained granules with a mean diameter of 1.7 mm
during steady state operation (day 16 to day 76).

Once stable granules are formed (Fig. 2) larger biomass
concentrations can be maintained inside the reactors. The physical
properties of granules were very good in four cases, with density
values between 15 and 60 gVSS(Lgmnule)’1 and SVI values between
30 and 60 mL(gVSS)~! (Table 2). Other authors obtained similar
results of SVI (30—50 mL(g VSS)~!) treating industrial wastewater
(Schwarzenbeck et al., 2004; Schwarzenbeck and Wilderer, 2005;
Wang et al., 2007). Taking into account that similar operational
conditions were imposed in all cases the differences in the obtained
values in the four reactors can be attributed to the kind of treated
wastewater.

3.2. Solids concentrations and carbon and nitrogen removal

The settling time shortage during the start-up period tempo-
rarily increased the effluent solids concentration due to the floc-
forming biomass washout. However, once the granular biomass
was formed, the solids concentrations in the reactors increased
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Fig. 2. Pictures of the aerobic granules in R1 day 72 (a), in R2 day 79 (b), in R3 day 144 (c) and in R4 day 51 (d). The size bar is 2 mm.

because aerobic granular systems promote better biomass reten-
tion, and the amount of solids in the effluent decreased to less than
0.2gVSSL™! except in R4 where they were between 0.2 and
0.4 g VSS L~ (Fig. 3a—d). The increase of solids in the effluent up to
these values was caused by natural purge of biomass from the
reactor, because the granules reached the level of the withdrawal
port due to the biomass accumulation inside the reactor. In R2, R3
and R4 solids concentration inside reactor was larger than
10 gVSSL~!, whereas in R1 the maximum reached value was of
5gVSSL™L. The solids concentrations followed a similar trend as
the organic loading rates fed, as it can be observed comparing the
figures a—e, b—f, c—g and d—h (Fig. 3), and the type of wastewater.

A comparison of the results obtained with these reactors, cor-
responding to stages with similar biomass concentrations inside
each unit (5—-6 gVSSL™1), is resumed in Table 3. All the reactors
achieved organic matter removal percentages between 80% and
93%. However the nitrogen removal efficiencies were more vari-
able. Reactors fed with wastewaters from the laboratory of dairy
products (R1) and piggery slurries (R4) treated higher nitrogen
loads and achieved the best values in terms of nitrogen removal of

Table 2
Physical properties of granules in four SBR.

Reactor  Day of operation  Density (g VSS(Lgranule) ') SVI (mL(gVSS)™")
R1 60 15 60
R2 90 60 30
R3 170 60 35
R4 100 44 37

76% and 68%, respectively. In the case of R2 and R3 comparable
values were obtained due to the similarity of the treated waste-
water and, although the ammonia oxidation efficiency was 87% and
51%, respectively, the overall nitrogen removal was only 15% in both
reactors. In the case of R2 this low value of the overall nitrogen
removal was due to the lack of organic matter to accomplish the
complete denitrification. In the case of R3 the limiting step was the
low nitrifying capacity of the reactor which involved the accumu-
lation of ammonia in the effluent and reduced the overall nitrogen
removal by denitrification.

The organic matter removal efficiency, expressed in terms of
CODs removal, was between 60% and 95% (Fig. 3e—h) and in
accordance with other authors treating synthetic wastewater (Chen
etal., 2008; Tay et al., 2002) and industrial wastewater (Cassidy and
Belia, 2005; Inizan et al., 2005; Schwarzenbeck et al., 2004;
Schwarzenbeck and Wilderer, 2005; Wang et al., 2007). The
maximum OLR treated in each reactor with stable granular biomass
was:4gCODL1d1inR1,2gCODL'd 'inR2,3gCODL 'dlin
R3 and 5 gCOD L~! d~!in R4. The loading rates treated in R1 and R4
were higher than those treated by Wang et al. (2007) using brewery
wastewater (3 g COD L~ d~1), while the loading rates of R2 and R4
were similar to Cassidy and Belia (2005) treating abattoir waste-
water (2.6 gCODL1d1).

Concentrations of the carbon and nitrogen compounds were
periodically tracked in the liquid phase during selected operational
cycles for each reactor in order to establish their profiles. As an
example the profiles for R3 on the operation day 183 are shown in
Fig. 4 (the trends in R1, R2 and R4 were similar, data not shown).
The dissolved oxygen (DO) concentrations were in the first minutes
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Fig. 3. Solids concentrations (VSS) in the reactor (M) and in the effluent (O ) in R1 (a), R2 (b), R3 (c) and R4 (d). Organic loading rate in the influent ( ) and in the effluent (A ), COD
removal efficiency () in R1 (e), R2 (f), R3 (g) and R4 (h).

Table 3

Operational conditions in the four reactors when the biomass concentration was of

5-6g VSS, L.
Reactor R1 R2 R3 R4
Day operation 160 80 154 67
C/N ratio 5 8 8 6
g VSSerL™! 030 0.02 0.05 0.27
OLR (gCODL™'d™1) 3.14 1.27 1.67 3.43
NLR (gNH4*-NL~'d1) 0.60 0.15 0.22 0.62
% Organic matter removal 80 93 80 90
% N removal 76 15 15 68
% NH4"-N oxidized to NO, -Nef 0 70 28 1
% NH4"-N oxidized to NO3 -Nef 4 2 8 28

(feast period) almost constant at values between 4 and 6 mg O, L™,
and during time left (famine period) near the saturation value
(8 mg 0, L~ 1). The biodegradable organic matter was almost fully
removed at the beginning of the cycle (Fig. 4a) and the time of feast
period for each reactor was approximately: 10 min R1, 20 min R2,
40 min R3 and 30 min R4 (data not shown). The amount of organic
matter measured at the end of the cycle could be attributed to the
fraction of slowly or non biodegradable substrate contained in the
wastewater. Ammonia was oxidized to nitrite, and nitrite to nitrate,
during the aerobic period immediately after the disappearance of
biodegradable organic matter from the liquid phase. Nitrite and
nitrate accumulated at the end of the cycle were consumed via
denitrification during the first minutes of the next cycle while
biodegradable organic compounds might be partly aerobically
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Fig. 4. (a) TC (A), IC (x) and TOC () and (b) NH4"-N (<), NO, -N (@) and NO3 -N (A) concentrations for R3 during a cycle on day 183.

oxidized, partly used as electron donor for denitrification and
partly stored in the biomass.

4. Conclusions

From the obtained results it can be concluded that production
and operation of granular biomass is possible with different
industrial effluents containing readily biodegradable organic
matter.

In the four reactors granules with good settling properties were
obtained (SVI around 60 mL(gVSS)~!). In R2 and R3 the granular
biomass reached similar values for SVI (30—35 mL(gVSS)~!) and
density (60 gVSS(Lgranule)’l) since in both cases the treated
wastewater was obtained from the seafood industry. These char-
acteristics of biomass provided low solids concentrations in the
effluent and, therefore, large biomass concentrations could be
retained in the reactors.

In all the reactors combined removal of organic matter and
nitrogen was achieved. Organic matter removal percentages of
60—95% were obtained with the four types of industrial waste-
water, whereas the removal of nitrogen compounds was between
68% and 76% in R1 and R4 and of 15% in R2 and R3.
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removals from 32 to 51% were achieved in the assays after 30 days of incubation. The best assay had
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C/N/P ratio of 100/1.74/0.5. The results of the Microtox® and Ames tests indicated that the original sludge
was highly toxic and mutagenic, whereas the best assay gave a final product that did not show toxicity or

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A considerable quantity of oil sludge is generated during the
processing chain in the petroleum industry, including exploration
processes, crude oil production, transportation, storage, and refining
(Xu et al,, 2009). It has been estimated that for every 500 tons of
crude oil processed, one ton of oil sludge waste is generated (van
Oudenhoven et al., 1995). Oil sludge is a complex chemical mixture
with dissimilar physicochemical properties, showing a wide range of
toxicity levels.

Environmental regulations from various countries in Europe,
Asia and America, including Mexico, consider oil sludge as
a hazardous waste (Machin-Ramirez et al., 2008; Mater et al., 2006;
NOM-052-SEMARNAT, 2005; Xu et al., 2009). The safe disposal of
oil sludge is one of the main problems encountered by the oil
industry.

Mexico is one of the major crude oil producing countries
(Gallegos-Martinez et al., 2000). The Mexican oil industry generates
an annual average of 31,000 t of oil sludge, mostly from refining and
petrochemical processing (PEMEX, 2007).

Current technologies for oil contaminated soil are used to
remediate oil sludge. These techniques include ultrasound, solidi-
fication, pyrolysis, photocatalysis, incineration, chemical treat-
ments, heat cleaning, and extraction (Castafieda et al., 2001; Liu

* Corresponding author. Tel.: +55 5591756913; fax: +55 5591756380.
E-mail address: polguin@imp.mx (P. Olguin-Lora).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.04.014

et al,, 2009; Mater et al,, 2006; da Rocha et al., 2010; Xu et al,,
2009). Most of them, however, are considered costly or ineffec-
tive due to the high hydrocarbon concentration and waste
complexity. Biological processes can offer a combination of low cost
and efficiency (Semple et al., 2001). An assessment of their feasi-
bility is required based on a determination of the extent to which
they can biodegrade the contaminated sludge.

The nutrients needed for microbial activity must be supplied in
a suitable proportion to achieve a balance related to the amount of
carbon in the waste to be treated. Consequently, relevance should
be given to a characterization of the residue (sludge, soil, sediment)
and an assessment of the bioavailability of the nutrients. Further-
more, the most adequate C/N and C/P ratios for the degradation of
these pollutants must be determined (Rojas-Avelizapa et al., 2007,
2006).

Some research has reported on the biological removal of total
petroleum hydrocarbons (TPH) contained in sludge from the oil
industry (Admon et al., 2001; Kuyukina et al., 2003). However, few
studies have addressed the biological hydrocarbon removal from oil
sludge or contaminated soils with concentrations above 100 g
TPH kg~ L. Marin et al. (2006) described the utilization of a biopile
system for the remediation of oil sludge with concentrations of up
to 300 g TPH kg~ !, where an efficiency of 60% was achieved after
a 3-month treatment period.

The difficulty in treating oil sludge lies in the complicated
structure of the component blend, as well as its concentration,
implying that each type of sludge has a specific problem that must
be evaluated in order to determine treatment feasibility. For
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example, the hydrocarbon and metal contents in sludge are vari-
able and can affect the performance of biological systems (Sandrin
and Maier, 2003). Moreover, changes in sludge toxicity caused by
biological activity have hardly been evaluated (Mazlova and
Meshcheryakov, 1999).

The aim of this research was to evaluate the biostimulation of
native microbiota at different nutrient ratios for the potential
treatment of oil sludge with a high content of hydrocarbons.
Changes in organic extract toxicity caused by biological activity in
the sludge were also examined.

2. Materials and methods
2.1. Sludge sample

Oil sludge was obtained from a natural gas processing facility
located in Tabasco, Mexico. The residues of the facility are deposited
in an uncovered lagoon where solids, the aqueous phase, and most
of the oil are separated by gravity. Hydrocarbons floating on the
surface of the lagoon are removed and placed in a storage tank,
and the aqueous phase is pumped to a treatment plant prior to
discharge outside the industrial facility. The untreated sediment
remains in the lagoon and was the source of the oil sludge used in
this work. Samples were collected in plastic containers and were
transported and stored at 4 °C until use.

2.2. Biodegradability assays

The aerobic biodegradation assays were performed in 125 ml
serum bottles with 15 g of sludge. Six biodegradability microcosm
assays, as described in Table 1, were prepared in order to evaluate
the effect of different C/N/P ratios. The bottles identified as MA, MB,
MC and MD were supplemented with external nitrogen (NH4Cl)
and phosphorus (K;HPO4) in order to biostimulate the native
microbiota, whereas those identified as MF and MG received only
phosphorus. The addition of nutrients did not cause a considerable
dilution of the sludge. No nutrients were added to the control assay
(C), which was sterilized by autoclaving. The C/N/P ratio for this
assay corresponds to the original N and P contents of the sludge.
The bottles were sealed with acrylonitrile rubber stoppers and
aluminium crimps, incubated at 30 °C and shaken at 100 rpm in an
orbital shaker for a 30-day period. The microcosms were opened
under sterile conditions once a day for 30 min to maintain the
oxygen supply. Sampling took place at the onset (0 day) and at 15
and 30 days. Six bottles were prepared for each assay and two
bottles were analysed on each sampling occasion. The total
contents of the bottles were analysed for each assay. The moisture
content, pH level, heterotrophic (HB) and hydrocarbon-degrading
bacteria (HDB) and TPH contents were quantified.

2.3. Analytical methods

Enumeration of HB and HDB was performed by the plate-count
method (Alef and Nannipieri, 1995) in selective media, according to

Table 1

Codes used for the different assays with the respective C/N/P ratios tested.
Assays C/N/P ratio C/N ratio C/P ratio
MA 100/6.9/0.75 14.49 1333
MB 100/6.9/0.5 14.49 200.0
MC 100/3.0/0.75 3333 1333
MD 100/3.0/0.5 33.33 200.0
MF 100/1.74/0.75 57.47 1333
MG 100/1.74/0.5 57.47 200.0
Control 100/1.74/0.21 57.47 4762

C, N, P: Carbon, Nitrogen and Phosphorous.

Fernandez et al. (2006). The entire sample from a bottle was
manually mixed and 1 g was taken for microbial analyses. Nutrient
agar was used for HB, and mineral medium with noble agar for
HDB. The plates were incubated at 30 °C and counted on day 3 for
HB and on day 5 for HDB.

In order to determine TPH contents, sludge samples (1 g dm)
were taken from each bottle and extracted with dichloromethane
by following a modified shaking/centrifugation method (Arce et al.,
2004). The organic extracts were asphaltenes free and were
precipitated by hexane. Concentrated samples (1 ul) were analysed
by FID-gas chromatography (Agilent Technologies, model 6890)
under the conditions described by Rojas-Avelizapa et al. (2006), but
increasing the time in the last step to 25 min. Helium was used as
the carrier gas at a flow rate of 1.4 ml min~. Injector and detector
temperatures were set at 250 °C. The range of C-atom hydrocarbons
present in the sludge was determined by the boiling point distri-
bution using the ASTM D7169-05 method. The analysis of hydro-
carbon fractions was achieved using the SARA method (ASTM
D2007-03).

Total organic carbon was quantified using an IR Shimadzu (Rojas-
Avelizapa et al., 2007), total nitrogen by the Kjeldahl method, total
sulphur according to the ASTM D4294-10 method, phosphorus
by the Bray—Kurtz method (Bray and Kurtz, 1945; Sims, 2000)
and total metal contents were analysed by inductively coupled
plasma—atomic emission spectrometry. The sludge samples
required acid digestion prior to analysis using the EPA-6010C tech-
nique. The pH was measured in a suspension of 1 g sludge in 9 ml
distilled water, using an Orion pH meter. Moisture levels were
measured by the gravimetric method. All analyses were carried out
in duplicate.

2.4. Toxicological evaluation

2.4.1. Preparation of organic extracts

A sample from the organic extracts obtained to determine the
TPH content was taken for toxicological evaluation. Dichloro-
methane was removed from the organic extracts with N, gas
(purity 99.9%). The pH was adjusted with 0.1 N NaOH to the levels
required for the Microtox® and Ames assays. All organic extracts
were stored in amber vials with Teflon-lined screw caps at 4 °C in
the dark. The Microtox® and Ames tests were carried out by
diluting extracts in 1% v/v dimethylsulphoxide (DMSO). The
Microtox® bacterial reagent, the reconstitution solution, the dilu-
ents and osmotic adjusting solution were purchased from Azur
Environmental.

2.4.2. Acute toxicity assays

The Microtox® assay is based on the use of the bioluminescent
marine bacterium Vibrio fischeri. The light emitted by these bacteria
is reduced upon exposure of the test organisms to an organic
extract sample, and this reduction is directly related to the relative
toxicity of hydrocarbons. The effective concentration for 50% inhi-
bition (ECsg) of luminescence after 5 and 15 min incubation was
calculated using Microtox® data software (Azur Environmental,
1998; Microbics Corporation, 1992). Phenol (Sigma—Aldrich) was
used in a 100 mg ml~! solution as a reference substance in order to
monitor the quality of all bioassays.

2.4.3. Mutagenicity assays

The Ames test (Salmonella-his reversion test) for evaluating
mutagenicity was performed following the Maron and Ames (1983)
methods. This assay employed two histidine auxotroph mutant
strains of Salmonella typhimurium: the TA98 strain detects frame-
shift mutations while the TA100 strain detects base pair substitu-
tions. The tests were performed with and without S9 activation
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(mouse liver microsomal suspension). Positive controls were
developed using N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
and 2-aminoanthracene (2-AA).

2.5. Data analysis

The effects of the C/N and C/P ratios were statistically analysed
by a variance analysis (ANOVA) and response surface methodology
using STATISTICA V. 6 software. The hydrocarbon degradation
results were also statistically analysed using Fisher’s least signifi-
cant difference (LSD) method to compare the means (Montgomery,
2001).

3. Results and discussion
3.1. Characterization of the sludge

Table 2 shows the results of the physicochemical characteriza-
tion of the sludge. A high initial TPH concentration and high
concentrations of iron, zinc, nickel, cadmium and sulphur were
observed. The phosphorus content in the sludge was low compared
to the optimal levels reported in the literature for bioremediation
(Rojas-Avelizapa et al., 2007); hence phosphorus was added as
phosphates to the assays. Although nitrogen was detected in the
original sludge, uncertainty emerged regarding its bioavailability;
therefore, NH4 was added in some treatments.

Chromatographic analysis of the original sludge oil extract evi-
denced a complex mixture of different hydrocarbons; most of them
were heavy compounds. The range of C-atom hydrocarbons con-
tained in the oil sludge was from Cg to C73; the range from Cy3 to C3g
was dominant (Fig. 1). SARA analysis revealed that the sludge con-
tained 47.0% aromatic compounds, 45.73% saturated compounds,
5.47% resin (polar compounds) and 1.77% asphaltenes. The sludge
also presented high metal and sulphur contents (Table 2). Some
biodegradation studies with oil sludge have reported high concen-
trations of hydrocarbons (Marin et al., 2006; Ouyang et al., 2005);
however, neither metal concentrations nor sulphur contents were
reported, which are two elements known to negatively impact the
degradation of hydrocarbons (Benka-Coker and Ekundayo, 1998;
Sandrin and Maier, 2003).

3.2. pH and moisture evaluation

All oil sludge samples amended with different N and P amounts
had initial pH values between 7.5 and 8, which decreased to 5.3—4
after 30 days of incubation. In contrast, the pH of the control
remained unchanged. This decrease in pH might be attributed to the
presence of microorganisms in the sludge capable of producing
acids. In the original sludge the total sulphur content was 2.68% w|w

Table 2
Characterization of the oil sludge before treatment.

Parameter Concentration
Total petroleum hydrocarbons TPH (g kg~ dm) 334.7 (£7.0)
Total organic carbon (g kg~! dm) 234.3 (£3.1)
Total sulphur (% weight) 2.68 (£0.4)
Total nitrogen (g kg~! dm) 4.08 (+0.17)
Total phosphorous (g kg~! dm) 0.5 (£0.01)
Total iron (g kg~! dm) 60.2 (+£1.7)
Total chrome (g kg~ ' dm) 0.2 (£0.01)
Total zinc (g kg~! dm) 8.2 (£1.1)
Total nickel (g kg~! dm) 0.1 (+0.03)

pH 7.82
Moisture (%) 73.9 (+£0.9)

dm: dry matter.

Distillation mass %
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Fig. 1. Distribution of C-atoms of the hydrocarbon compounds in the oil sludge.

(26.8 g kg~1) and the sulphate concentration was 5.08 g kg~ 1. After
30 days of incubation the sulphate concentration increased up to
64.8 g kg~ ! (data not shown), suggesting the production of sulphuric
acid. It is well known that some acidophilic microorganisms such as
Thiobacillus ferrooxidans and Thiobacillus thiooxidans can catalyse
the oxidation of sulphide and elemental sulphur to sulphuric acid
(Chazal and Lens, 2000; Kuenen et al., 1992).

The pH level can also be influenced by the nitrogen source during
hydrocarbon biodegradation; Wrenn et al. (1994) found that the pH
level could dramatically decrease in cultures containing NH4Cl but
not in those supplied with KNOs. Extreme pH values can adversely
affect the activity of HDB populations and may explain why the
hydrocarbon removal in our case was limited to 50—60%. Several
reports recommended controlling pH values between 6 and 8 in
order to maintain microbial hydrocarbon-degrading activity, a pH
range that was found to be optimal for hydrocarbon degradation
(Cunningham and Philip, 2000). Nevertheless, in our assays,
adrastic decrease in the pH level was unexpected and was only seen
at the end of the study before pH control could be implemented.

All systems had moisture contents of 75—77% and no significant
modifications were noticed. These moisture values are in agree-
ment with the 40—85% range suggested by von Fahnestock et al.
(1998) for biological remediation systems.

3.3. Microorganisms

The microbial count is an indication of microorganism viability
and the biodegradation potential in a contaminated system (Mishra
et al,, 2001). The native populations of HB and HDB in the oil
sludge were (at the beginning) 7.1 x 10° and 7.08 x 10 CFU g~ ! dm,
respectively. After 15 days of treatment, all systems showed an
increase from two to three orders of magnitude in the microbial
count of both bacterial groups (data not shown), probably as
a result of the nutrient supply and aeration.

After 30 days of treatment, all systems displayed a reduction in
the microorganisms from one to three orders of magnitude
compared to the number of microorganisms recorded at 15 days.
This is most likely due to the drop in pH to 5.5 or below observed
after 30 days in most of the microcosms.

3.4. Hydrocarbon removal

The most relevant response parameter in biodegradability tests
is hydrocarbon removal (% TPH). Fig. 2 shows the percentage
hydrocarbon removal from the different assays after 30 days of
treatment. Control (C) exhibited a very low hydrocarbon removal
(6.9%) and the assay did not produce CO,. This difference was
attributed to abiotic causes, likewise the loss of volatile compounds
during the aeration period or the extraction process.
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Fig. 2. Removal of the hydrocarbons present in the sludge and the control after 30
days of incubation.

The TPH contents in the oil sludge for all assays decreased
between 32 and 51.7%. Assays MF and MG showed the highest TPH
removal. The aeration, stirring and nutrient addition to the systems
were adequate as they stimulated microbial activity.

The degradation rates (3.6—5.7 ¢ TPH kg~! dm d~!) obtained in
this study were equivalent or higher than data estimated by other
authors (Admon et al., 2001; Lazar et al., 1999; Rojas-Avelizapa
et al.,, 2007) who also utilized high hydrocarbon concentrations in
their systems. However, other pollutants, such as metals and
sulphur, were not reported in these cases. Marin et al. (2006) found
that the treatment of a refinery oil sludge containing 280 g
TPH kg~ resulted in a hydrocarbon removal of 60% after 3 months.
In this work, hydrocarbon biodegradation was performed in 30
days and TPH contents decreased up to 51%, even in the presence of
a high metal concentration. Some authors found that Ni inhibited
the biodegradation of organic compounds at concentrations
ranging from 5.1 to 20 mg 1-%. The same effect was observed for
Zn concentrations between 0.43 and 10 mg 1-! (Benka-Coker and
Ekundayo, 1998; Sandrin and Maier, 2003). Nickel and zinc
concentrations (Table 1) in our work exceeded the inhibitory values
mentioned above.

The previous results suggest that hydrocarbon removal can
probably be increased by controlling the pH of the assays, by adding
other nutrients or bulking agents or by increasing the oxygen
available and the treatment time.

Fig. 3 shows the hydrocarbon chromatographic profile for the
MG assay at 0, 15 and 30 days. The decrease in TPH contents could
mainly be attributed to the removal of light and medium weight
hydrocarbon fractions.

0d

pA
v
)

@ ‘Ll_....h_._x s

Time (min)

Fig. 3. Chromatogram of TPH for the biostimulation treatment of MG after 0, 15 and 30
days of the experiment.

Statistical analysis was performed in order to determine the
major differences between the six assays and the control by using
Fisher’s least significant difference (LSD) test with a significance
level of « = 0.05 (Montgomery, 2001). The outstanding assays were
MF and MG, which showed a significant difference when compared
to the other treatments, but not between themselves. The least
significant differences, calculated as removal percentages, were
higher than the LSDeoretical (9.9).

Eq. (1) was obtained from the regression analysis:

HCremoval(%) = 25.0058 +0.0987x +0.1947y —0.0001x?

—0.0026xy +0.0081y? (1)
where:
x: C/Pratio
y: C/Nratio

The analysis of variance (ANOVA) revealed that the main effect
was given by the C/N ratio with a significant p = 0.0125 and
a = 0.05.

The response surface of hydrocarbon removal was plotted as
a function of the C/N and C/P ratios (Fig. 4). The highest theoretical
hydrocarbon removal (58%) was reached for a C/N/P ratio of 100/
1.66/0.83, which was close to those obtained for the MF and MG
assays after 30 days. This implies that the nitrogen in the original
sludge was of a suitable amount and was available for hydrocarbon
removal. In contrast, the analysis indicated that the best result was
obtained from the lowest C/P ratio; therefore, the addition of
phosphorus was necessary for treating this kind of oil sludge.

3.5. Toxicological evaluation

The assay with the highest hydrocarbon removal rate (MG) and
the controls were subjected to a toxicological evaluation. In order to
determine the level of toxicity, the results from the assays were

Hydrocarbon removal (%)

C/P ratio

Fig. 4. Response surface plot of hydrocarbon removal as a function of C/N and C/P
ratios after 30 days of incubation.
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Table 3
Toxicity of the organic extracts of the oil sludge after 30 days of treatment.

Microtox® ECsq
Toxic effect (%)

Organic extract Mutagenic potential®

TA98 TA100
5 min 15 min S9 S9
MG 4.385 21 Negative Negative
Control 0.0202 0.0203 Positive Negative

@ Strains TA98 and TA100 of Salmonella typhimurium that have mutations in genes
involved in histidine synthesis.

referred to effect categories: according to Brower et al. (1990), ECsq
values higher than 2% denote non-toxic effects, 1-2% uncertain
toxicity and 0.75—0.99% lower toxicity. Additionally, values from
0.5 to 0.74% are considered as low toxicity, 0.25—0.49% toxic and
0.0—0.24% very toxic (Bennett and Cubbage, 1992).

The control assay showed ECsq values of 0.0202% at 5 min and
0.0203% at 15 min; thus the sludge was very toxic at the start of this
study in all systems. After 30 days, the ECsg values of the MG assay
were 4.38 and 2.10% (5 and 15 min, respectively); thus the oil sludge
became non-toxic (Table 3).

The control sludge disclosed a mutagenic potential with the
S. typhimurium TA98 strain at a concentration of 120 mg TPH 1!
with metabolic activation (S9) at the beginning of the experiments
and after 30 days of incubation. The MG assay showed mutagenic
potential with the TA98 strain at time zero. However, no mutagenic
effects were detected with TA98 and TA100 at day 30. It is impor-
tant to emphasize that the S. typhimurium TA98 strain has been
used to detect mutagenic agents such as aromatic compounds
(Maron and Ames, 1983). The findings of this work suggest
that mutagenic compounds present in the sludge could be trans-
formed to non-mutagenic forms along the biodegradation process.
Furthermore, biodegradation studies should be complemented
with toxicity and mutagenic tests to make sure that the biodegra-
dation products are less toxic to the environment than the original
sludge.

4. Conclusions

The results obtained showed that the native microorganisms
present in the oily sludge can be used to treat this type of waste
with high heavy hydrocarbon and metal contents. An adequate
balance of nutrients and oxygen favourably affects hydrocarbon
mineralization. A TPH removal of 173 g kg~! dm was achieved and
the degradation rates reached 3.6—5.7 ¢ TPH kg~! dm d~. The
toxicological analysis showed that the biological treatment gener-
ated end products that had no toxic or mutagenic effects.
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During anaerobic digestion of organic waste, both energy-rich biogas and a nutrient-rich digestate are
produced. The digestate can be used as a fertiliser in agricultural soils if the levels of hazardous
compounds and pathogens are low. This article reviews the main findings about phenols in anaerobic
digestion processes degrading organic solid wastes, and examines the effect of process temperature on
the anaerobic degradation of phenols, the microbial community and the quality of the digestate. The
degradation efficiency of a number of different phenols has been shown to be correlated to the process
temperature. Higher degradation efficiency is observed at mesophilic process temperature than at

ﬁi};‘gfggi degradation thermophilic temperature. Possible explanations for this variation in the degradation of phenols include
Digestate differences in diversity, particularly of the phenol-degrading bacteria, and/or the presence of tempera-
Microbial community ture-sensitive enzymes. Chemical analysis of digestate from bioreactors operating at thermophilic
Phenol temperature detected a higher content of phenols compared to mesophilic bioreactors, verifying the
Potential ammonia oxidation assay degradation results. Digestate with the highest phenol content has the greatest negative impact on soil
Soil microbial activity.

Temperature © 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic digestion of different organic solid wastes results in
a digestate rich in plant nutrients (N, P, K and Mg) that is suitable for
use as a fertiliser in agricultural soil. Digestate has been shown to have
positive effects on the soil quality by improving the soil structure,
increasing the water-holding capacity and stimulating the microbial
activity (Debosz et al., 2002; Marinari et al,, 2000; Arthurson, 2009).
Furthermore, fertilisation with digestate is reported to give higher
crop yields and better grain quality in comparison with unfertilised
soil, and equivalent effects after the application of artificial fertiliser
(Arthurson, 2009). To maintain the long-term fertility of the soil and
to avoid risks during the production of food and feed, it is important
that the digestate contains adequate nutrient levels, however no
pathogens or hazardous compounds such as various organic pollut-
ants. Organic contaminants, if not sufficiently degraded in the
anaerobic digestion process, can result in a digestate with a lower
value as a fertiliser.

Organic material used for biogas production, such as organic
industrial wastes, animal manure and organic household wastes,
may contain a variety of organic pollutants. Compounds shown to be

* Corresponding author. Tel.: +46 18 673213; fax: +46 18 673392.
E-mail address: Lotta.Leven@mikrob.slu.se (L. Levén).

0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2010.10.021

present in such materials and in digestate include dioxin-like
compounds (Brdndli et al., 2007¢; Engwall and Schniirer, 2002;
Olsman et al, 2002, 2007), polyaromatic hydrocarbons (PAH)
(Angelidaki et al., 2000; Brandli et al., 20073, 2007b), polychlorinated
biphenyls (PCBs) and pesticides (Brdndli et al., 2007a, 2007b; Nilsson,
2000), chlorinated paraffins (Brdndli et al., 2007c; Nilsson et al.,
2001), phthalates (Angelidaki et al., 2000; Brdndli et al., 2007c;
Hartmann and Ahring, 2003; Nilsson et al, 2000) and phenolic
compounds (Angelidaki et al., 2000; Levén et al., 2006; Levén and
Schniirer, 2005; Wu et al., 1999). The presence of these compounds
can negatively affect the microorganisms in the anaerobic digestion
process and also result in digestate not suitable for use as a fertiliser
in agricultural soils. This paper reviews the main findings about
phenols in anaerobic digestion processes degrading organic solid
wastes in terms of: (i) the effect of temperature on phenol degrada-
tion capacity and pathways; (ii) the effect of temperature on anaer-
obic microbial community diversity and its correlation to phenol
degradation efficiency; and (iii) the effect of phenol content in the
digestate on soil microbial activity.

2. Sources of phenols in digestate

Phenols are widespread compounds and occur for example in
different industrial wastewaters (Khardenavis et al., 2008; Veeresh
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Fig. 1. Two alternative degradation pathways for phenol under methanogenic condi-
tions, either via caproate or via 4-hydroxybenzoate and the benzoyl-CoA pathway
(Elshahed et al., 2001; Fang et al., 2006; Li et al., 2000). Enzymes involved in trans-
formation of phenol; 1. phenol carboxylase/4-hydroxybenzoate decarboxylase; 2.
4-hydroxybenzoate-CoA ligase; 3. 4-hydroxybenzoate-CoA reductase.

et al., 2005) and sewage sludges (Angelidaki et al., 2000). They have
also been found in digestate from large-scale and laboratory-scale
bioreactors anaerobically treating different types of organic solid
wastes, mainly slaughter house waste, animal manure and food
wastes (Levén et al., 2006; Levén and Schniirer, 2005). The occur-
rence of phenols in anaerobic digestate can be due to the biodegra-
dation of different xenobiotic compounds, such as pesticides, but also
due to biodegradation of naturally occurring aromatic amino acids
and aromatic polymers, e.g. humic acids, lignins and tannins, in plant
materials (van Schie and Young, 1998). Swine manure has also been
identified as one likely source of phenols, as it is known to contain
phenolic compounds (Wu et al,, 1999) and the phenol content in
digestate has been shown to be higher with a higher input of swine
manure (Levén et al., 2006). In the future, a major source of substrate
for biogas production is likely to be second generation substrates
such as straw or energy forest. To increase the biogas production from
these materials, different pre-treatment techniques are often
needed. However, such pre-treatment can result in the production of
e.g. avariety of phenols (Chen et al., 2006; Klinke et al., 2004). These
compounds can affect downstream microbial processes and, if they
are not degraded, the quality of the digestate. Negative effects of
phenols on microbial activities have been reported for several
different microorganisms (Dyreborg and Arvin, 1995; Hernandez and
Edyvean, 2008; Levén et al., 2006; Olguin-Lora et al., 2003; Varel and
Miller, 2001), illustrating the toxicity of these compounds.

3. Anaerobic degradation of phenol and the effect of
temperature

Under methanogenic conditions, the mineralisation of phenols
can proceed through different pathways and requires a consortium

Table 1

of various microorganisms. As an example, two possible pathways
have so far been reported for phenol; either via 4-hydroxybenzoate
into the benzoyl-CoA pathway or via caproate to acetate (Fig.1). The
degradation of phenol to benzoate is well documented and has been
demonstrated for several methanogenic consortia (Béchard et al.,
1990; Chen et al., 2008; Fang et al., 2004; Karlsson et al., 1999;
Knoll and Winter, 1989; Kobayashi et al., 1989; Levén et al., 2006;
Levén and Schniirer, 2005, 2010; Sharak Genthner et al., 1991) and
isolates of bacteria (Juteau et al., 2005; Qiu et al., 2008). However,
although caproate has been identified as an intermediate, neither
the bacteria responsible for the production nor the degradation
pathway are currently known (Fang et al., 2006). Previously
described methanogenic consortia and isolated bacteria degrading
phenol are listed in Tables 1 and 2.

Anaerobic degradation of phenol has been reported to occur at
both mesophilic (37 °C) and thermophilic temperatures (55 °C)
(Chen et al., 2008; Fang et al., 2006; Karlsson et al., 1999; Levén
et al., 2006; Levén and Schniirer, 2005). However, the majority of
the known phenol-degrading consortia and the isolated bacteria
are mesophilic (Béchard et al., 1990; Juteau et al., 2005; Karlsson
et al., 1999; Knoll and Winter, 1989; Kobayashi et al., 1989; Levén
and Schniirer, 2010; Qiu et al., 2008; Sharak Genthner et al.,
1991). Investigations of phenol degradation have shown effects of
temperature on both the degradation efficiency and the degrada-
tion pathway. Comparisons of degradation at mesophilic and
thermophilic temperature have revealed a strong influence of
temperature, with more efficient phenol degradation in anaerobic
organic waste digestion processes at the mesophilic temperature
(Levén et al., 2006; Levén and Schniirer, 2005). These degradation
studies have shown that no or very slow degradation, often with
a long lag phase, occurs for both phenol and p-cresol at the ther-
mophilic temperature, while both compounds are quickly converted
to methane at the lower temperature. Furthermore, lowering of
temperature from a thermophilic to a mesophilic temperature
triggers the degradation of both phenols and enhances the degra-
dation rate by the microbial consortia. A more detailed study of the
importance of temperature has revealed that phenol degradation
rate is stimulated when the temperature is lowered below 50 °C
(Levén and Schniirer, 2005, 2010). Chemical analysis of digestate
from different bioreactors anaerobically treating organic solid
wastes has confirmed this difference in degradation of phenols, with
a lower content of phenols after digestion at mesophilic tempera-
ture (Levén et al., 2006; Levén and Schniirer, 2005).

Temperature has previously been shown to have an impact also
on the degradation pathway of phenol in different methanogenic
systems (Fang et al., 2006; Karlsson et al., 1999; Levén and Schnirer,
2005). This might be a possible explanation for the difference in
degradation efficiency of a number of different phenols observed
during anaerobic digestion of solid organic waste (Levén and
Schniirer, 2005). At mesophilic temperature, benzoic acid is
commonly seen as an intermediate during degradation of phenol,

Important populations in seven different phenol-degrading methanogenic consortia. UASB = Upflow anaerobic sludge blanket reactor, WWTP = wastewater treatment plant,
CSTR = continuous stirred tank reactor, OMSW = organic municipal solid waste, GAC-AFB = granular activated carbon-anaerobic fluidized bed. 4-OHBa = 4-hydroxybenzoate.

Important populations Origin

Temperature? (°C)  Substrate® References

Desulfotomaculum subcluster Ih
Clostridia, Syntrophorhabdaceae
Syntrophorhabdaceae

Desulfotomaculum subcluster Ih

UASB treating phenol-containing wastewater
UASB treating phenol-containing wastewater
WWTP¢
WWTP¢

Syntrophorhabdaceae Syntrophus Full-scale GAC-AFB treating phenolic wastewater

Syntrophorhabdaceae
Desulfotomaculum subcluster Ih

Mesophilic CSTR treating OMSW*
Thermophilic CSTR treating OMSW*®

26 Phenol Zhang et al., 2005

55 Phenol Fang et al., 2006

37 Phenol, benzoate, terephthalate Chen et al., 2008

55 Phenol, benzoate, terephthalate Chen et al., 2008

35 Phenolic wastewater Chen et al., 2009

37 Phenol, 4-OHBa, benzoate Levén and Schniirer, 2010
37 Phenol, 4-OHBa Levén and Schniirer, 2010

2 Process temperature.
b Substrate used for enrichment of methanogenic consortia.
¢ Enrichment cultures.
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Table 2
Phenol-degrading bacteria isolated from methanogenic environments.
Isolate Origin T opt? (°C) Substrate® References
Sedimentibacter hydroxybenzoicum Freshwater sediment sample 33-34 Phenol, catechol, 4-OHBa Zhang et al.,, 1994
Cryptanaerobacter phenolicus Culture mix of swamp water, sewage sludge, 30-37 Phenol, 4-OHBa Juteau et al., 2005
swine waste, soil
Syntrophorhabdus aromaticivorans Terephthalate manufacturing 35-37 Phenol, p-cresol, benzoate, Qiu et al., 2008

wastewater treatment plant

4-OHBa, isophthalate

2 Temperature optimum for growth.
b Substrate utilized by the bacterium.

whereas it has not been detected at 55 °C. (Fang et al., 2006; Karlsson
et al., 1999; Levén et al., 2006). This indicates the simultaneous
turnover of benzoate or an alternative pathway. Fang et al. (2006)
suggested that phenol is transformed via caproate instead of
benzoate at thermophilic temperature.

4. Effect of temperature on microorganisms and enzymes

The previously shown temperature effect on the degradation
capacity with a higher degradation capacity at the lower temper-
ature likely has a biological explanation (Levén et al., 2006; Levén
and Schniirer, 2005). Since phenol degradation is dependent on
a consortium of microorganisms and sometimes also on unknown
growth factors produced by some microorganisms, differences in
the general microbial diversity (Levén et al.,, 2007) can be one
reason for the difference in the degradation capacity (Levén and
Schniirer, 2005). Only a few studies have isolated the impact of
temperature on the microbial community by using two bioreactors
that use the same substrate and similar performance, except for the
temperature (Hernon et al., 2006; Levén et al., 2007; Pender et al.,
2004; Sekiguchi et al., 1998). In all the studied anaerobic bioreac-
tors, the microbial diversity of both Bacteria and Archaea is reported
to be comparably lower at thermophilic temperature than at
mesophilic temperature (Hernon et al., 2006; Karakashev et al.,
2005; Levén et al., 2007; Pender et al.,, 2004; Sekiguchi et al.,
1998). Furthermore, the phlyogenetic distribution of the micro-
bial populations has clearly been shown to be affected by temper-
ature (Ariesyady et al., 2007; Chouari et al., 2005; Dollhopf et al.,
2001; Fang et al., 2006, 2004; Hernon et al., 2006; Levén et al.,
2007; Sekiguchi et al., 1998; Weiss et al., 2008).

Temperature not only influences the community structure in
general, but also the methanogenic consortia degrading phenol. A
great difference in the microbial community structure has been
observed between methanogenic consortia degrading phenol at
different temperature (Chen et al., 2008). In the study of Chen et al.
(2008), one conceivable phenol degrader belonging to the Syntro-
phorhabdaceae and one to the subcluster Ih within Desulfotomac-
ulum was found at mesophilic and thermophilic temperature,
respectively (Table 1). Similar results are shown by Levén and
Schniirer (2010). These clusters have been shown to be two
important groups of bacteria capable of degrading aromatic
compounds, in particular phenols and phthalates, under meth-
anogenic conditions (Chen et al., 2009, 2008; Fang et al., 2006; Fang
et al., 2004; Levén and Schniirer, 2010; Qiu et al., 2004; Zhang et al.,
2005).

Yet another possible explanation for the differences in the
degradation capacity could be that some enzyme(s) involved in
the degradation of phenol to benzoate are temperature-sensitive.
Temperature has previously been shown to affect enzyme activities
and the degradation of different aromatic compounds such as
chlorophenols and PCBs (Kohring et al., 1989; Wu et al., 1996). The
impact of temperature on enzyme activity is difficult to evaluate for
phenol degradation, since one of the possible temperature-sensitive
enzymes (phenol carboxylase/4-hydroxybenzoate decarboxylase) in

phenol degradation has a strong reversible activity and thus it is
difficult to measure (Li et al., 2000). However, results from NMR
(nuclear magnetic resonance) analyses performed with washed,
dense cell cultures supported the hypothesis that the inability of the
thermophilic community to degrade phenol above 48 °C was due to
temperature inactivation of one of the initial enzymes in the
degradation pathway (Levén and Schniirer, 2005).

5. Effect of phenols on methanogens and soil microbial
functions

Phenols that are introduced or produced in the anaerobic diges-
tion process can cause problems due to their inhibition of acetate-
utilising methanogens (Hernandez and Edyvean, 2008; Olguin-Lora
et al, 2003). In a digestate from a Swedish biogas plant treating
a high proportion of swine manure, the phenol concentration
(274 mg/kg digestate) was found to be in the same range as the
minimal inhibitory concentration for these methanogens (Levén
et al., 2006).

In addition to negative effects in the anaerobic digestion process,
the addition of hazardous compounds to the soil by the application
of digestate as fertiliser can also pose a serious threat to microbial
functions and subsequently the productivity and sustainable use of
the soil (Pell and Torstensson, 2002). One way to investigate the
effects of such toxic compounds on the microbial transformation of
carbon and nitrogen in soil is to use different microbial assays as
stress indicators (Pell and Torstensson, 2002). One such assay is the
PAO (potential ammonia oxidation) assay, which has frequently
been used for studying the effects of different pollutants applied to
the soil, as well as different agronomic treatments (Chang et al.,
2001; Hastings et al., 1997; Nyberg et al., 2004; Pell et al., 1998;
Petersen et al., 2003).

One difficulty in investigating the effects of digestate application
to the soil is that it causes a general stimulation of soil microor-
ganisms due to the presence of inorganic nutrients and organic
matter (Petersen et al., 2003). This stimulation might hide the
underlying effects of pollutants on more specific microbial groups
(Nyberg et al., 2004). However, by extracting the organic fraction of
the digestate and then using the extract in soil microbial tests, it is
possible to isolate the effects of the pollutant (Levén et al., 2006;
Nyberg et al., 2004). Using this approach, organic extracts of diges-
tate from large-scale bioreactors, as well as from swine manure, have
been shown to inhibit the activity of ammonia oxidising bacteria
(AOB) in soil, indicating the presence of toxic organic substances
(Levén et al., 2006; Nyberg et al., 2006, 2004). There is a clear
positive relationship between the degree of inhibitory effects on AOB
activity and the content of phenols in the digestate (Levén et al.,
2006). This correlation is further supported by the fact that the
addition of pure phenols to the soil causes similar inhibitory effects
(Levén et al., 2006). For some digestate samples the amount of
phenols in the soil after application of digestate are on the same level
as the guideline value (1.5—5 pg g~ ' dry weight of soil) set by the
Swedish Environmental Protection Agency for phenol and cresol in
contaminated soil (http://www.naturvardsverket.se, 2010-06-28).
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This value should not be exceeded due to the potential risk for
human health and/or the environment. Therefore, to avoid inhibi-
tory effects in the anaerobic digestion process and in the soil, it is
important that phenolic compounds are efficiently removed in the
anaerobic degradation process. Alternatively, the levels of phenols
can be controlled by regulation of the combination of substrates that
are treated in the biogas process.

6. Summary

The process temperature in anaerobic digestion processes
degrading organic solid waste has been shown to have a strong
impact on the degradation of a number of phenols, with higher
degradation efficiency at mesophilic temperatures than at thermo-
philic. As a consequence, digestate from thermophilic processes
generally contains comparatively higher levels of phenols, if phenols
are present in the anaerobic digestion process. Digestate with high
phenol content cause inhibition of AOB activity in soil, implying risks
for environmental disturbances. One possible explanation for the
limited degradation of phenols at the higher process temperature is
the presence of different phenol-degrading consortia at different
temperatures. The lower microbial diversity in processes operating
at the thermophilic temperature may also cause differences in the
degradation capacity. Another possibility is that the activity of
enzyme(s) involved in anaerobic phenol degradation is strongly
regulated by temperature. Thus, it is important to consider the
process temperature when anaerobically treating phenol-rich
material. For such materials, mesophilic process temperatures are
recommended.
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The agricultural use of anaerobically digested sewage sludge (ADSS) as stable, mature compost implies
knowing its total content in heavy metals and their bioavailability. This depends not only on the initial
characteristics of the composted substrates but also on the organic matter transformations during
composting which may influence the chemical form of the metals and their bioavailability.

The objective of this work was to examine the relationships between the changes in the organic matter
content and humus fractions, and the bioavailability of heavy metals.

A detailed sampling at 0, 14, 84, and 140 days of the composting process was performed to measure C

Is?v/vv:;gd;udge contents in humic acids (HAs), fulvic acids, (FAs) and humin, the total content of Zn, Pb, Cu, Ni, and Cd,
Compost and also their distribution into mobile and mobilisable (MB), and low bioavailability (LB) forms.

Humic substances Significant changes of C contents in HA, FA, and Humin, and in the FA/HA, HA/Humin and Cpymus/TOC
Humin ratios were observed during composting. The MB and LB fractions of each metal also varied significantly

Heavy metals
Bioavailability

during composting. The MB fraction increased for Zn, Cu, Ni, and Cd, and the LB fraction increased for Pb.
Stepwise linear regressions and quadratic curve estimation conducted on the MB and LB fractions of each
metal as dependent on the measured organic variables suggested that Zn bioavailability was mainly
associated to percentage of C in FAs. Bioavailability of Cu, Ni and Cd during composting was associated to
humin and HAs. Pb concentration increased in the LB form, and its variations followed a quadratic
function with the Cpymus/TOC ratio. Our results suggest that the composting process renders the metals in
more available forms. The main forms of metal binding in the sludge and their availability in the final
compost may be better described when metal fractionation obtained in sequential extraction and humus
fractionation during composting are considered together.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The agricultural use of anaerobically digested sewage sludge as
an organic amendment to improve soil fertility is becoming
increasingly important. The management of the raw sludge
involves many problems such as pathogens, plant seeds, odors, and

Abbreviations: Cya, Carbon in humic acids; Cga, Carbon in fulvic acids; Cyumin, C
in hydrolisable humin; Chymys, (Sum of C contents in FAs, HAs and hydrolyzable
humin); TOC, Total organic carbon; Xy, mobile and mobilisable metal form; Xz,
low bioavailability metal form.
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a pasty structure with high water content. This later feature makes
it hard to store and may lead to immobilization and volatilization of
plant nutrients (Cambardella et al., 2003). One of the possibilities to
convert sewage sludge into a marketable organic amendment or
fertilizer is to co-compost it with different bulking agents, such as
wood chips, thus obtaining a humus-like material that is easy to
store (Gallardo et al., 2007). The addition of such a bulking agent for
composting may optimize substrate properties such as air space,
moisture content, C/N ratio, particle density, pH and mechanical
structure, affecting positively the decomposition rate. In this sense,
ligno-cellulosic by-products such as wood chips and sawdust are
commonly used as bulking agents (Maboeta and van Rensburg,
2003; Pasda et al., 2005; Neves et al., 2009). In the case of anaer-
obically digested sewage sludges with high contents of nitrogen,
heavy metals, and other toxic or phytotoxic substances, bulking
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agents like sawdust are recommended because of the dilution
effect (Banegas et al., 2007).

Composting of organic wastes has been defined as a well-
established method, which leads to a stabilized product rich in
humic substances that resemble native soil humic substances (De
Bertoldi et al.,, 1996). In addition, the agricultural use of stable,
mature sewage sludge-based compost means knowing its content
(Cec, 1986; Royal Decree, 1990), and the biogeochemical forms of
the heavy metals present (Hsu and Lo, 2001).

Most of the studies on the speciation of heavy metals have been
carried out in raw or composted sludges-amended soils (Petruzzelli
et al., 1994; Kunito et al., 2001; Maboeta and van Rensburg, 2003;
Hanc et al., 2009). Only a few were dedicated specifically to study
the bioavailability of the heavy metals during composting of
sewage sludges (Amir et al., 2005; Liu et al., 2007; Tandy et al.,
2009). Studies relating changes in bioavailability of heavy metals
with changes in humus fractions during composting are scarce
(Amir et al., 2005; Liu et al., 2007).

The speciation of each metal in the sewage sludge-based
compost may depend not only on its initial chemical state in the
sewage sludge which also depends on their nature and processing
(Fuentes et al., 2004; Walter et al., 2006), but also on the organic
matter transformations during composting. These could influence
the metal distribution through metal interaction with the newly
formed humic substances (Petruzzelli et al., 1994; Amir et al., 2005;
Liu et al., 2007).

The objective of this work was to examine the relationships
between the changes in the organic matter content and humus frac-
tions, and the bioavailability of heavy metals. This was tested ina 70:30
(on wet basis) mixture of ADSS and wood chips with an initial C/N ratio
of 304, during its aerobic batch composting at 30 °C of external
temperature in an open type lab-scale reactor without lixiviation.

2. Materials and methods
2.1. Composting

The raw material used in the composting process was a mixture
of sewage sludge and wood chips as bulking agent, in the ratio
70:30 (on a wet basis). Sewage sludge was an anaerobically
digested dewatered cake of sludge (FACSA Sewage Treatment Plant
in Castellén, Spain). The characteristics of the raw sludge were
94.3% moisture content, pH8.51, EC 1.51 dS m~'; 42.2% TOC; 6.37%
total N; C/N 6.62; and total Zn, Pb, Cu, Ni, and Cd contents of 1660,
310, 256, 16.0, and 1.95 mg kg ~!, respectively (all results expressed
in dry basis). The C/N ratio of the wood chips was 64.5, its moisture
content was 8.5%, and its total N content was 0.83% (Gallardo et al.,
2007). Normally, bulking agents have high C/N ratios, which can
compensate for the low values of the sewage sludge because of the
dilution effect (Banegas et al., 2007; Neves et al., 2009).

The pilot-scale composting experiments were carried out in five
65 L capacity open type lab-scale reactor without drainage of
lixiviates. Aeration was controlled daily, moisture every five days,
and mixture turned every 15 days. Composting was monitored for
140 days, when oxygen consumption finished (Garcia et al., 1992).
According to temperature measurements (Gallardo et al., 2007)
composting developed in a first very active phase with high oxygen
consumption until day 20; a second phase in which the activity
dropped to a medium level until day 90; and a third phase with low
activity, which lasted until day 140.

2.2. Physico-chemical analysis

To obtain representative samples for the physico-chemical
analysis of the sludge based compost during the time of

composting, good homogenization was ensured, and five aliquots
of about 80 g (on dry basis) were taken and mixed at every
sampling date. Three replicates of each composite sample were
analysed at 0, 14, 84, and 140 days of composting. The time
intervals were determined according to the changes of com-
posting temperature and oxygen consumption (Gallardo et al.,
2007). To determine their main physico-chemical properties we
followed standard methods (MAFF, 1996): organic carbon by
partial oxidation with potassium dichromate, total nitrogen by
the Kjeldahl method, and pH and electrical conductivity (EC),
respectively, in a 1/2.5 and a 1/5 sample/water ratios. The total
concentrations of metals were determined through inductively
coupled plasma-ICP (EPA, 1990) using a Perkin Elmer ICP/-5500
after the microwave digestion of the samples with HNO3:HClO4
(Polkowska-Motrenko et al., 2000).

Compost samples were extracted with 0.1 M NaP,O7 (pH 9.8) at
room temperature using a sample/extractant ratio of 1/10. Each
extraction was repeated 3 times. For each extraction step, the
mixture was shaken for 3 h, centrifuged at 15,000 g for 15 min and
the supernatant was filtered through a Whatman 31 filter paper. The
combined alkaline extracts (soluble humic substances) were then
acidified with concentrated H,SO4 to pH 1, left standing for 24 h in
a refrigerator to allow the complete precipitation of HAs, and then
centrifuged at 15,000 g for 30 min to separate the supernatant FAs
fraction. Since the alkali-insoluble humin fraction may contain
humic-like substances (i.e. proteinaceous compounds linked to
decomposed ligno-cellulosic materials), we determined the hydro-
lyzed humin (Zaccheo et al., 2002).The hydrolyzed humin was
obtained after acidification of the sample retained in the filter paper
with concentrated 6 N HCl for 10 h, filtration and washing with
deionized water. This fraction was considered as forming part of the
humus in the compost. The total alkali extractable (soluble humic
substances), the FAs, and the hydrolyzed humin were analyzed for C.
The C in HAs was obtained by the difference between C in the total
alkali extractable and C in FAs (MAFF, 1996). Cpymus Was obtained as
the sum of C contents in FAs, HAs and hydrolysable humin.

Heavy metal fractionation for Zn, Cu, Pb, Ni, and Cd was deter-
mined according to Sposito’s procedure (Amir et al., 2005). In each
of the three replicates taken from the composite samples, a series of
reagents were sequentially applied with a compost/extractant ratio
of about 1/4. The sequence of reagents application to collect the
medium -bioavailable fraction MB (mobile and mobilisable) was:
H,0 (shaking during 2 h at 20 °C, three times); KNO3 0.5 M (shaking
during 16 h at 20 °C); NaOH 0.5 M (shaking during 16 h at 20 °C),
and EDTA 0.05 M (shaking during 16 h at 20 °C). Finally, to collect
the low-bioavailable fraction LB (bound to sulphides; hardly
mobilisable) the samples were treated with HNO3 4 M (shaking
during 16 h at 80 °C). Metal concentration was measured after each
step treatment, and referred to dry weight. All filtered supernatants
were analyzed by ICP (EPA, 1990).

The levels of bioavailability considered in this work are:

1) Medium, MB (mobile and mobilisable fractions):

MB = X—-H;0 + X—KNO3 + X—NaOH + X - EDTA
2) Low, LB (Sulphides. Hardly mobilisable fraction):

LB = (X—HNOs3)

2.3. Statistical analysis

Statistical analyses were performed with the SPSS v.17.0 statis-
tical software. A one-way ANOVA was used to detect the significant
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effect of time of composting on different compost parameters. The
Tukey’s t-test was used for mean comparison and significant
differences at 95% level on data obtained at the different com-
posting times. To describe more clearly the metal and humus
fraction variations through time, also linear and curvilinear
adjustments were performed. In order to ascertain the best-fit
model between variations in the metal fractions during compost-
ing and changes in the organic fractions, stepwise linear regres-
sions and quadratic curve estimations were performed on the MB
and LB fractions of each metal as dependent variables. The inde-
pendent organic variables were Cga, Cuya, CHumin, and Cga/Cua, Cua/
Chumin, and Chymus/TOC ratios.

3. Results and discussion
3.1. Compost properties

The main physico-chemical properties of the composted sludge
at different times of the process, the ANOVA and the Tukey’s t-test
results are presented in Table 1.

Because of the high moisture content of the raw sludge, the ratio
of sewage sludge and wood chips on a dry weight basis was 15:85.
As shown by Pasda et al. (2005) this product is not easy to
decompose because its high lignin/tannins ratio. This fact likely
provoked that temperature in the reactors during the composting
process was always below 35 °C. No significant changes were
detected for pH, EC and total N. The high value of pH in the raw
sewage sludge may compensate for the decrease of this parameter
during composting (Amir et al., 2005; Liu et al.,, 2007). The pH
during composting was in the optimal range for the development of
bacteria and fungi (Zorpas et al., 2003).

Total organic C content (TOC) decreased significantly during
composting (Table 1), which is consistent with the decomposition
of the organic matter through microbe respiration in the form of
CO; and even through mineralization. The overall decomposition
observed in this work (37%) contrasts with the 60% observed by
Jouraiphy et al. (2005) during 135 days of composting of a mixture
of sewage sludge and green plant waste, and the 19.6% of Amir et al.
(2005) during 180 days with straw as bulking agent. At difference
with other authors (Soumaré et al., 2002), the organic matter
decomposition during composting did not cause an increase in total
N during the process. Although N variations were not significant,
the trend was to decrease. In agreement with the results by Garcia
etal. (1995), it is interpreted because heavy metal concentration of
the sewage sludge may have affected to certain extent the miner-
alization rate of N in our sewage sludge based compost.

The C/N ratio significantly decreased from 30.4 in the initial
mixture to 21.6 at 140 days. This relatively high C/N ratio at the end
of composting indicates that organic matter has not achieved an
adequate stabilization (De Bertoldi et al., 1996), likely due to the
quality of the bulking agent (Pasda et al., 2005).

Since metal loss by leaching did not occur in our experiment, we
observed a continuous increase of total heavy metal concentration
in the compost due to the weight loss during composting, the
release of carbon dioxide and water, and the mineralization process
as shown by Lazzari et al. (2000). Although the trend was to
increase, no significant differences with time were detected for
total Zn. The increase of the total metal concentration during
composting was significant for other metals which had high
concentration in the sludge (Pb and Cu), but also for metals with
low concentrations (Ni, Cd). The total heavy metal concentrations
in the obtained compost were below the maximum permitted in
Spain for application of sewage sludge in soils (Royal Decree, 1990).

3.2. Heavy metals bioavailability

The sum of the amounts extracted by sequential extraction (MB
and LB fractions, Table 2) for the most abundant metals (Zn, Pb, Cu,
Ni), and also for Cd, was, respectively, almost four or two times
lower than the total amount of metal. This result indicates that
most metals are mainly bound to residual forms. Our results agree
with those by Amir et al. (2005), who found recoveries of 20—30%
using this sequential extraction procedure. The fact that the
residual fraction is so abundant indicates that an important
proportion of metal is probably occluded in minerals present in the
sludge as has been referred by Wong et al. (2001) for some metals
such as Pb.

For all metals except Pb, the concentration of the MB forms is
higher than that in the LB forms (Table 2). This suggests that
composting enhances the availability of most of metals. The MB and
LB fractions of Zn vary in a quadratic function with time. The
amount of Znyg increases to a maximum at day 84 and decreases
thereafter to concentrations that are similar to those at day 14. Zn; g
follows the reverse trend (Table 2). It decreases to a minimum at
day 84, and increases at day 140 to concentrations that are similar
to those at the beginning of composting. This result suggests that
important changes in the Zn speciation occur in the final period.

For Cu, Ni and Cd, the concentrations of the MB fraction follow
a linear significant increase with time of composting. Cuig also
linearly decreases with time although with the b parameter
(absolute value) lower than the corresponding parameter of the
Cupp model. This result indicates that the increase in the MB
fraction of Cu occurs at expenses of both the LB fraction and the
residual fraction. The changes in the LB fractions of Ni and Cd
during composting follow a curvilinear trend, reaching a maximum
at day 84 and decreasing thereafter, especially Ni. The decrease of
the Nijg in the last period of composting suggests that some
moieties of the Nijg become more available and increase the Niyg
fraction, whereas some other could join the residual fraction. For
Cd, the decrease in the LB fraction is lower than the corresponding
increase of the MB fraction, and suggests that some Cdyg forms also
at expenses of residual Cd. The MB fraction of Pb remains constant

Table 1

Physico-chemical properties (n = 3) of the sludge based compost at different days of composting. All results expressed in dry basis.
Time? Moisture (%) pH EC (dSm-1) TOC (%) Total N (%) C/N Total Zn Total Pb Total Cu Total Ni Total Cd

mg kg !

0 718 a 7.07 a 1.06 a 50.0 a 1.64a 304 a 259.8 a 453 a 377 a 224 a 0.29 a
14 71.0a 7.03 a 1.14 a 452 b 1.54 a 29.3 ab 262.1 a 49.5 ab 413 a 238a 033 ab
84 69.0 b 7.01a 1.16 a 374c¢ 1.51a 24.8 ab 267.1 a 53.7 ab 43.1 ab 2.69 b 0.40 ab
140 68.8 b 7.01a 112 a 313d 145a 216b 2782 a 574D 49.5b 2.76 b 045 b
ANOVA
F 15.942 1.848 0.243 1960.23 1.896 14.340 2.924 14.141 12.446 19.310 12.365
p 0.001 0.217 0.864 0.000 0.209 0.001 0.100 0.001 0.002 0.001 0.002

2 Days of composting. Mean value followed by different letters is statistically different (Tukey’s t-test, p < 0.05).
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Table 2

Evolution of heavy metals in medium bioavailable forms (MB) and in low bioavailable forms (LB), and evolution of humic (FA, HA), humic-like substances (hydrolysable humin),
and their ratios during composting. All metal concentrations are expressed in mg kg™! dry matter (n = 3).

Dependent Variable Means and Tukey's t-test Time of composting

ANOVA curvefit Best-fit Model parameters

(days) 3 3 a b c R?

0 14 84 140
Zias 394a 262D 536 ¢ 461D 80,533 <0.001 2041 0347 ~0.002 0.947
Zns 256a 194 b 132 ¢ 234a 94.132 <0.001 2477 —0343 0.002 0954
Cums 509 a 6.15b 7.00 ¢ 892d 153.23 <0.001 5349 0.024 0939
Cup 434a 418a 3.78b 345¢ 160.85 <0.001 4300 —0.006 0.941
Pbuis 527a 542a 543a 525a 07540
Pbis 6.06 a 6.96 b 7.99 ¢ 8.49d 87.080 <0.001 6263 0.031 ~0.0001 0951
Nins 027a 024 ab 029 ab 0.46 b 34852 <0.001 0234 0.001 0.777
N 031a 036 ab 038 ab 0.14 b 16.597 0.0010 0309 0.001 —0.00004 0.787
Cdus 0.06 a 0.07 b 0.09 ¢ 0.13d 222.03 <0.001 0.065 0.0004 0957
Cdig 0.08a 0.09 b 011 ¢ 0.10d 882.99 <0.001 0.081 0.0001 —0.000004 0.995
Cea 580a 6.72b 8.80 ¢ 9.07 ¢ 64.860 <0.001 6217 0.023 ~0.0002 0.866
Cun 211a 2242 482b 587 ¢ 354.86 <0.001 2.057 0.029 0973
Chumin 730 a 834a 114b 130¢ 10051 <0.001 7616 0.040 0.941
CealChn 275a 3.02a 182b 1.54 ¢ 84.349 <0.001 2.904 ~0.010 0.894
Cria/Chumin 029a 027 a 042 b 045 ¢ 104.43 <0.001 0277 0.001 0913
Chumus/TOC 030a 038 b 0.67 ¢ 0.89 d 13835 <0.001 0315 0.004 0.993

Metal fraction (mg kg™ dry basis): MB = Mobile + Mobilisable (Bioavailable), LB = low bioavailability. FA = % C Fulvic acids; HA = % C Humic acids; TOC = % Total organic
carbon. Means in a row followed by the same letter are not significantly different at « = 0.05 according to the Tukey’s t-test. P= P values of the F test in ANOVA curvefit for
linear and quadratic models. Model parameters: a = constant; b = coefficient of x in linear and quadratic models; ¢ = coefficient of x? in the quadratic model. Independent

variable = Time of composting (days).

during composting, but the curvilinear trend of increase observed
for Pbyg indicates that this form likely increases at expenses of the
residual forms during composting and reaches a maximum at the
end of the process. Although the quadratic fit may indicate a further
decrease, this cannot be tested because of the lack of data beyond
140 days. Overall, the results for Pb indicate that this metal accu-
mulates in the very stable organic fractions and unavailable mineral
forms.

Increased availability for Zn and Cu through composting is in
agreement with results obtained by several authors (Wong et al.,
2001; Amir et al., 2005). The observed increase of Cd availability
is in agreement with results by McGrath and Cegarra (1992), who
found high extractable Cd levels in sludge-amended soils. For
composted sludges Walter et al. (2006) found increased mobility
for Zn, Cu and Cd during composting. Richards et al. (1997) found
reductions in Pb mobility and an increase in Cd and Cu mobility
because of the composting process.

3.3. Humic substances

The changes in C in humic (FAs, HAs) and humic-like substances
(hydrolyzed humin) and their ratios during composting are shown
at the bottom of Table 2. All of them changed significantly with time
of composting indicating that transformations of the organic matter
and humification have occurred. C in FAs increased mainly during
the initial phases of composting. The best model describing the FAs
changes is quadratic and reflects that stop increase beyond day 84 of
composting. Cin FAs was higher than thatin HAs thus indicating that
among the soluble humic substances the most abundant are those of
low molecular weight. Some of them may have polymerized in the
last phases of composting likely forming more condensed structures
such as HAs thus explaining some of the increase of Cin HAs and also
the linear decrease of the Cga/Cya ratio (Table 2).

Cin HAs increased linearly during composting. Its rate of increase
was similar or even higher than that of C in FAs, as deduced from the
b parameters of models. The linear rate of increase observed for Cin
hydrolyzed humin is higher than that of C in HAs as deduced by
comparison of the corresponding b parameters. This suggests that
both FAs and HAs of the sludge may polymerize in the form of humin.
The abundance of aliphatic compounds in sewage sludges may have

a negative effect on the formation of the condensed structures
typical of the true HAs (Garcia et al., 1989). Likely, the dilution of the
sludge with the bulking agent in our compost has lowered this
negative effect and even facilitated HAs and likely humin formation
through polymerization of FAs with some ligno-cellulosic derivates
coming from the partial degradation of the wood chips. The slope of
the linear model describing the changes of the HA/Humin ratio
(Table 2) is an order magnitude lower (absolute value) than that of
FA/HA ratio. This result may indicate that the transformation of FAs
into HAs is higher than that of HAs into humin, but also that some
compounds in humin may transform into HAs.

Finally, the progressive increase of the Chymus/TOC ratio indicates
that the proportion of humified organic matter (sum of FAs, HAs, and
hydrolyzed humin) increases linearly through composting.

3.4. Metal fraction-humic substances relationships

Table 3 summarizes the best-fit models (highest R?) containing
the humus fractions in the compost that are most related to the

Table 3
Best-fit models for major metal fractions varying in the sewage sludge compost and
C in humus fractions during composting.

Dependent variable  Model Best-fit Model parameters
Coefficient  SE p-value R?
Znyp Constant 8.271 2.897 0.019 0.975
Cra 14919 1412 <0.001
Chumin -7.515 0.848 <0.001
Cump Constant 3.538 0304 <0.001 0.965
Chumus/TOC 5.785 0499  <0.001
Pbig Constant 3.578 0.533 <0.001 0.982
Chumus/TOC 10.330 2.051 0.011
(Chumus/TOC)?  —5.418 1.710  <0.001
Nivp Constant 0.588 0.031 <0.001 0.990
Chumus/TOC 0.908 0.041 <0.001
Cra —1.030 0.007 <0.001
Cdwmp Constant 0.033 0.004 <0.001 0.951
Chumus/TOC 0.101 0.007 <0.001
Chumus/TOC Constant —-0.084 0.104 0.440 0.990
Chumin 0.090 0.030 0018
Cua 0.073 0.029 0.036
Cra —0.069 0.032 0.065
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changes in the main metal forms during composting. FAs and humin
explained the Znyp fraction. The stepwise regression procedure
selected Chymus/TOC ratio as the independent variable predicting
metal fractions of the rest of metals. The Chymus/TOC ratio was also
dependent on the three humus fractions considered in this work.
The best model explaining the variations of the Cpymus/TOC is shown
at the bottom of the table. Chymus/TOC ratio increases when C in
hydrolyzed humin and HAs increase, and when C in FAs decreases.

Overall, results in Table 3 suggest that the bioavailability of
metals clearly depend on the organic compounds present and
formed during composting, which may increase or restrict it.

Regressions indicate that Zn availability is positively associated
with the FA fraction and negatively with humin. This result agrees
with those by Moreno et al. (1996) who questioned the capability of
Zn to form complexes with organic compounds. Alloway and
Jackson (1991) found Zn associated to organic matter of low
molecular weight. The negative dependence with humin may be
indicating a decrease in Zn bioavailability at the end of the com-
posting process due to a relative decrease of FAs amount in much
more stable forms such as humin.

The Chumus/TOC ratio explains both Cuyp and Cdyg fractions.
Cupp increases at expenses of the LB fraction (Table 2), and this
increase is explained by the increase of C in humin and HAs at
expenses of transformations of the sulphide forms. It follows that
more than a half of Cupg must be attached to alkali-insoluble EDTA
extractable organic forms such as humin, and the rest bound to
alkali soluble HAs. This explanation also follows for Cd, although, as
deduced from data (Table 2), Cdyp increases at expenses of the
residual form of this metal.

Niyp increases when Chymus/TOC ratio increases and C in FAs
decreases because some FAs polymerize into HAs and humin. These
results suggest that Niyp follows the same trend as Cu and Cd, and
the reverse trend as Znyg.

As indicated in Table 1, the order of abundance of Cu, Ni, and Cd
in the sludge is Cu > Ni > Cd. However, comparing the amount of
metal in the MB fraction at the beginning and at the end of com-
posting, their relative availability increase in the order
Cdyp > Nipmp = Cups. This suggests that the main factor explaining
their bioavailability during composting was not the initial metal
concentration but the stability of complexes with humic-like
substances and HAs, which likely increase in the order
Cu > Ni > Cd. Other authors (Canet et al., 1997) have also attested to
the high stability of Cu-organic matter complexes. Soler Rovira et al.
(2010) found that the complexing capacity of Cu (II) increased as
the humification degree increased. Our results suggest that it may
occur also for Ni and Cd.

Finally, the model for Pb differs from the rest of metals. Since the
MB fraction did not change through composting (Table 2), the
increase of the Pbyg fraction in a quadratic model with the Chymus/
TOC ratio may indicate the amount of residual Pb changing to LB
forms. The quadratic fit would open the question to a further
decrease of Pb;g forms (decreasing branch of the curve) depending
on the compost maturation.

4. Conclusions

The 140 days composting process of a mixture of sewage sludge
and wood chips (C/N ratio of 30.4), resulted in a product with
arelatively high C/N ratio of 21.6, a relatively low stabilization of the
organic matter if considered the dominance of FAs over HAs, and
total heavy metal concentrations below the maximum permitted
for land application. With exception of Pb, the relative bioavail-
ability of metals increased with composting. Zn bioavailability was
mainly associated to percentage C in FAs. Bioavailability of Cu, Ni
and Cd during composting was associated to percentage C in humin

and HAs. Pb concentration increased in unavailable forms, and
followed a quadratic function of the Cpymyus/TOC ratio.

Our results suggest that the composting process renders the
metal in more available forms. The main forms of metal binding in
the sludge and their availability in the final compost may be better
described when metal fractionation obtained in sequential
extraction and humus fractionation during composting are
considered together.
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ABSTRACT

Fly ashes from Municipal Solid Waste (MSW), straw (ST) and co-combustion of wood (CW) are here
analyzed with the intent of reusing them. Two techniques are assessed, a remediation technique and
a solidification/stabilization one. The removal of heavy metals from fly ashes through the electrodialytic
process (EDR) has been tried out before. The goal of removing heavy metals has always been the reuse of
fly ash, for instance in agricultural fields (BEK). The best removal rates are here summarized and some
new results have been added. MSW fly ashes are still too hazardous after treatment to even consider
application to the soil. ST ash is the only residue that gets concentrations low enough to be reused, but its
fertilizing value might be questioned. An alternative reuse for the three ashes is here preliminary tested,
the combination of fly ash with mortar. Fly ashes have been substituted by cement fraction or aggregate
fraction. Surprisingly, better compressive strengths were obtained by replacing the aggregate fraction.
CW ashes presented promising results for the substitution of aggregate in mortar and possibly in

concrete.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fly ash is a fine grained waste/material, with high specific
surface area (e.g. Yang and Yang, 1998; Ferreira et al., 2003) — 2 to
6 m? g~! — where the attributed hazardousness may be directly
dependent on the fuel that is combusted (Lima et al., 2008a). Heavy
metals are the most recurrent contaminants preventing fly ash
reuse and may be found in problematic concentrations, depending
on the type of fly ash. For instance, MSW fly ash is considered
hazardous (172/2007/EC; 2000/532/EC). As for fly ash resulting
from the combustion of biomass (e.g. wood and straw), regulations
have been made for its reuse in agricultural fields, e.g. Denmark
(BEK39, 2002). But frequently this type of fly ash is very prone to
leach metals and chlorides, mainly due to its content in soluble salts
and particles high specific surface area (Pedersen, 2002; Lima et al.,
2008b).

In the evaluation of fly ashes, it is relevant to distinguish the
source, i.e. the combusted waste. MSW fly ash management nor-
mally includes stabilization prior to direct disposal in landfill
(Tchobanoglous et al., 1993; Levy and Cabecas, 2006). Stabilization
and remediation techniques have been widely studied for reusing

* Corresponding author.
E-mail address: lima.at@gmail.com (A.T. Lima).

0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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purposes, since fly ashes possess valuable characteristics for further
applications (Ferreira et al., 2003).

The electrodialytic process (EDR) is a remediation technique
used for the removal of heavy metals and chlorides from fly ashes
(Pedersen et al., 2005; Ottosen et al.,, 2006; Lima et al., 2009).
Authors have been circulating their achievements in all ranges of
ashes, since MSW (Pedersen et al., 2003, 2005) to bioashes (Lima
et al., 2009), namely straw ashes (Hansen et al., 2004; Lima et al.,
2009). Together with heavy metals, alkalis are also removed,
which may decrease the fertilizing value of the remaining solid
residue for agricultural applications (Lima et al., 2008b).

A possibility for fly ash management could then be a solidifica-
tion/stabilization (S/S) technique, e.g. concrete. Since concrete
production is one of the top ten material categories with the
highest environmental impacts (European Environment Agency,
2007), there is a growing need to minimize its environmental
costs. Green or mixed concrete with different wastes has been the
subject of several studies (Bishop et al., 1992; Cenni et al., 2001;
Shih et al., 2005), including MSW fly ash (Rémond et al., 2002).
Fly ashes from biomass combustion may also have potential to be
reused in concrete. Ganesan et al. (2007) have already studied
straw ashes in concrete. But regarding the introduction of waste
materials in concrete, leachability of heavy metals should be
addressed prior to its use in civil constructions. Usually leachability
studies are connected to landfill disposal and only some literature is
found regarding heavy metal leachability (Schmid et al., 2000). This
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work is an attempt to alert the need of leachability tests when
applying waste materials to mortars and concrete.

2. Material and methods
2.1. Fly ashes
The following fly ashes were used in this study:

PT. Portuguese MSW Incinerator, ValorSul

ST. Danish bioash from straw combustion, Avedgre Unit 2

CW. Danish ash from co-combustion of wood, fuel oil and
natural gas (in the proportion of 11/1.5/4), Avedgre Unit 2

The studied fly ashes were chemically analyzed. Total concen-
tration of Cd, Cr, Cu, Ni and Pb in the fly ash was microwave assisted
in a pressurised digestion with concentrated HNOs. This scheme
was used according to the modified Danish standard DS 259
(BEK39, 2002). The liquid-to-solid (L/S) ratio used in the digestion
was 20 and after digestion the samples were vacuum filtered
through 0.45 pm filter. Series of three replicates were carried out
and metals concentration analyzed in Atomic Absorption Spec-
trophometer (AAS).

Ash dissolution, the mass of solid that is dissolved, was per-
formed using distilled water in an L/S of 4 (100 g of fly ash in 400 ml
of distilled water). The samples were filtered after 24 h of contact in
0.45 um filter and weighted. pHyzo was measured in an L/S of 5
using a combined Radiometer pH electrode (after 1 h of contact).
Carbonate content was determined by a Scheibler apparatus, where
a standard curve was first performed using different CaCOs3
contents combined with HCIL. The fly ashes were mixed with HCl
and CaCO3 was determined. Chloride content was measured in H,O
extractions (L/S ratio of 2.5) by a Dionex ion chromatograph DX120.
X-ray diffraction (XRD) analysis were performed by a Philips PW
1050/25 (vertical Goniometre) with automatic divergence slit, 0.2°
receiving slit and 1.0° scatter slit at a spectrum of 26 from 5 to 65°.
All methods have been previously described and used by e.g.
Pedersen (2002).

2.2. Electrodialytic experiments

For the remediation of CW fly ashes, an electrodialytic cell was
used (see e.g. Lima et al., 2009). Two experiments were carried out
for 10 and 14 days. The design and characteristics of this cell can be
found elsewhere (e.g. Lima et al., 2009). Before the EDR period
started, washing of the ash was carried out. The procedure was
similar to ash dissolution, but instead of filtering the suspension,

a decantation was used to grossly separate the solid from the liquid.
The remaining suspension was filled up to L/S of 4 using distilled
water.

Anion-exchange membrane 204 SZRA B02249C and cation-
exchange membrane CR67HUYN12116B from lonics were used.
Platinum coated electrodes from Permascand were used as working
electrodes and a power supply (Hewlett Packard E3612A) main-
tained a constant current of 40 mA, corresponding to a current
density of about 0.8 mA cm 2. As anolyte and catholyte 500 ml of
0.01 M NaNOj3 was used, with pH adjusted to 2 with HNOs. Both
anolyte and catholyte pH was daily adjusted to 2 with HNO3 during
the experiments.

At the end of the experiments the suspension in the central
compartment was filtered at normal pressure. Ash digestion with
acid was preceded, according to the described in Section 2.1.
Concentrations of Cd, Cr, Cu, Ni and Pb were determined by AAS.

2.3. Mortar bars

Each fly ash was blended with cement, water and standard
quartz sand in different proportions and in substitution of the two
solid fractions: cement and aggregate. The substitution percentage
was based on dry weight. ST was used in 5%, 12.5% and 25% as
substitute of cement and aggregate; CW ash in 5%, 12.5% and 25% in
substitution of cement and in 5%, 10%, 12.5%, 15% and 25% in
substitution of aggregate; and finally MSW ash was used in 5% and
10% of the aggregate fraction. The type of cement used was alkali
cement from Merter. Fine sand was used as aggregate, with
diameter (¢) size inferior to 2 mm. Water to cement (W/C) ratio was
kept constant at 0.5 in all experiments. Mortar bars cylinders were
then prepared with dimensions 6 cm ¢ by 12 cm high. After a curing
period of 28 days, the compressive strength was tested in a Werk
Niirnberg device. Three replicates were carried out. Mortar bars
were then crushed and tested for heavy metals leachability. The test
was performed according to NEN 7371:2004 and Ni, Pb, Cr, Cu and
Cd were determined through AAS quantifications.

3. Results and discussion
3.1. Fly ash characterization and electrodialytic remediation

Table 1 summarizes the main characteristics of MSW, ST and CW
fly ashes. The EDR has previously been tested in MSW and ST ashes,
and a resume of the best-achieved removal rates is presented in
Table 2. In addition, two new experiments were carried out with
CW ashes and results are also presented in Table 2.

Table 1

Characteristics of the analyzed fly ashes (adapted from Lima et al., 2008a).
Parameter MSW ST cw
Fuel MSW Straw Wood and oil
Flue gas Temperature (°C) 420 580 580
pH 119 + 0.0 59+ 0.0 120+ 0.2
Ash Dissolution (%)? 23.22 60.96 12.69
Total Ca Content (%) 22.2 0.76—0.86* 8.7
Cl Content (%)* 9.81 21.14 0.34
Carbonate Content (%) 8.49 + 0.7 11.85 £ 0.0 13.21 £ 0.0
Mineral Species found in fly ash Al,03, CaS0Qy4, CaCO3, Fe,03, KCl, NaCl, SiO, Fe,03, KCl, K;S04, MgCO3 CaS0y, Fe;03, MgCO3, Mg,Si04, SiO,
Cd (mg kg™ 1) 834+ 0.8 113+ 0.0 224 +0.0
Cr (mg kg™ 1) 185 + 6.0 135+ 04 185.0 + 0.0
Cu (mg kg™ 1) 586 + 8 80.5 + 1.1 232.9 £ 0.0
Ni (mg kg™") 61+1 nd. 621 + 0.0
Pb (mg kg 1) 2462 + 71 173 £ 09 1224 + 0.0

a

ash dissolved after 24 h contact with water in a proportion of 1—4 solid to liquid.
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Table 2
Maximum electrodialytic removal rates from ST, MSW ashes. New results are pre-
sented CW fly ashes electrodialytic treatment.

Removal Rate MSW ST cw
cd (%) 70° 40%; 97° 18
Cr (%) 40f 138 nr.d.
Pb (%) 414 66¢ 19
Ni (%) - 78° 17
Cu (%) 90 298 nr.d.
Cl (%) 98¢ - -

2 Lima et al., 2008b — Large scale experiment.
Hansen et al., 2004.

Ottosen et al., 2007.

Ottosen et al., 2006.

¢ Pedersen et al., 2005.

f Pedersen et al., 2003.

¢ Lima et al., 2009 n.r.d. — no removal detected.

a n o

ST ash exhibits high solubility due to its KCl and K;SO4 content,
where pH is neutral (Hansen et al., 2001; Lima et al., 2008a). The
electrodialytic removal of heavy metals, namely Cd, from straw
ashes has been quite successful — see Table 2 (Hansen et al., 2004;
Ottosen et al., 2007, 2006; Pedersen et al., 2003). Inclusively, the
scale-up of the process has been tried out for the remediation of
straw ash, and achieved a 40% removal of Cd (Lima et al., 2008b). In
this study, the final concentration of Cd in ST ashes was 6.8 mg Cd/
kg, very close to the target of 5 mg Cd/kg established by Danish
regulations (BEK39, 2002). This result was quite promising for the
scale-up of EDR, with further technical adjustments, and (re)
application of ST ashes in agricultural soils.

CW ash is a low chloride content (0.34%) material with a high pH
(12) and low ash dissolution when in contact with water (12.69%)
(Table 1). Among bioashes, CW ashes presented high heavy metal
content. The electrodialytic treatment of such ashes proceeded in
a very simple manner, in an acidic environment, with no assisting
agent (Lima et al., 2009). Some new results are presented here and
it ranged no observed removal of heavy metals to a figure of 18%
(Table 2). Initial washing of fly ashes presented no detectable heavy
metals release.

MSW is the most hazardous of all studied fly ashes. The elec-
trodialytic treatment of MSW fly ashes has been tried by several
authors, as seen in Table 2. The literature is considerable regarding
the EDR treatment of MSW ashes. The removal rate of 30% of Pb was
the best result achieved by Ferreira et al. (2005). Pedersen et al.
(2005) have achieved 86% Cd, 20% Pb, 62% Zn, 81% Cu and 44% Cr
removal of such metals. In all these studies, assisting agents were
used such as a solution of Na-gluconate and ammonium citrate and
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ammonia, respectively. Further on, Ottosen et al. (2006) have
removed 90% of Cu and 41% of Pb without assisting agent, but the
dissolution of the ash was very high. Hence, either the potential
value of the ashes is decreased by the addition of assisting agent, or
the solid fraction is dissolved.

Summing up:

i. The idea of assisting agent addition is very positive since it
enhances removal rates and decreases remediation times,
depending on the used agent. However, the fly ashes get
impregnated with agents and might prevent its further val-
orisation, e.g. ammonium citrate is hazardous for concrete;

ii. EDR favours fly ash pH decrease and dissolution. The natural
pH of the fly ashes is rather high (around 12) and an EDR
remediation imposes acidity to the system, which is mainly
the driving force for metals mobility. With fly ashes dissolu-
tion, some characteristics are lost such as the high pH, or the
depletion of Ca and OH;

iii. EDRremoval rates are based on the total concentration of the
metals in the fly ash. Some of the heavy metals may be found
in the least soluble fraction of the ashes, and therefore
immobilized. Removal efficiencies should better translate
heavy metals leachability rather than its total content.

In addition to EDR difficulties, standardization of fly ashes has
been pointed out as an obstacle for its reuse. In fact, it may be
unfeasible since characteristics of MSW ash float deeply according
to the combusted debris (Wiles, 1996; Ferreira et al., 2005; Lima
et al., 2008a). However, MSW ash regularly presents a high pH
(Wiles, 1996) and the presence of minerals such as Al;03, CaSOq,
CaCO0s, Fe03, and SiO, are good indications for possible reuse, if
a remediation technique does not remove such minerals. With this
in mind, raw application of MSW fly ash has been tried out in
mortar for leachability of metals, since there are studies presenting
a good ground for it (Rémond et al., 2002).

3.2. S/S technique

MSW, ST and CW ashes are here added to mortar and tested for
resulting compressive strength and Ni, Pb, Cr, Cu and Cd leach-
ability according to NEN 7371:2004. The fly ashes had no pre-
treatment.

The reference mortar presented an average compressive
strength of 40 MPa (Figs. 1-3). This is in range of mortar and
cement pastes compressive strength, 35 MPa for a W/C ratio of 0.5

50

40

30

-

*

Compressive strength (MPa)

10

Reference 596MSW Agg

5%CW Agg 59ST Agg

Fig. 1. Resulting compressive strength of samples with 5% fly ash (ST, MSW and CW) substitution by the aggregate fraction.
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Fig. 2. Resulting compressive strength on a reference mortar and samples with substitution of either aggregate or cement by ST ash.

(Neville, 1995). All the mixed mortar presented strengths inferior to
the reference sample (Figs. 1-3). The least consistent results were
from both ST and MSW ashes. A high standard deviation at low
substitution percentages was observed for both, and a consistent
decrease of strength was observed with increasing substitution
percentage (Fig. 1).

Since ST ash presents high alkali/chloride and low SiO, content
(Lima et al., 2008a), some problems may have occurred in the
development of mortar strength. For instance, the excess of alkali in
concrete enhances cracking incidence (Taylor, 1990) and the
incorporation of soluble Cl may provoke steel corrosion (Chen and
Liew, 2003). According to Cenni et al. (2001) high Cl content
accelerates hardening at the same time that free Cl in induces steel
corrosion. Since the main mineral found in ST ash was the highly
soluble KCI (Lima et al., 2008a), it is likely that it would become
threshold CI™ in concrete systems.

CW ash is a fine and heavy ash, with high pH, high OH™ and low
Cl~ content (Table 1), resembling the appearance of clayey soil.
Combined with CaSQ4, Fe;03, MgCO3, MgSi04, SiO; as constitu-
ents’ minerals and total calcium content of 8.7% Ca (Table 1), CW
ash presents promising basis for mortar incorporation. Fig. 3 shows
promising compressive strength results, where fly ash substitution
of the aggregate fraction shows higher values. In particular, 12.5%
and 15% CW ash in substitution of aggregate (Fig. 3).

Ln
(=4

MSW ash is a high pH material with moderate ash dissolution
(20%), low Cl content (<10%) and high OH™, which makes this waste
a possible pozzolanic material for concrete production (Table 1).
Extensive literature can be found on the application of MSW ashes
into concrete production (e.g. Bishop et al., 1992; Cenni et al., 2001;
Rémond et al., 2002; Juric et al., 2006). In this study, the presented
results serve only as a basis of comparison. The handling of such
a hazardous material should always be addressed regarding the
precautionary principle (European Commission, 2000; Tukker,
2002). No precise conclusion might be drawn from the present
compressive strength test (Fig. 2), however Rémond et al. (2002)
obtained much higher strengths, around the order of the 60 MPa.
This poor result substantiates the high heterogeneity of MSW ashes.

Overall, the mortars with the aggregate fraction substituted by
fly ashes presented higher compressive strengths.

3.2.1. Leachability tests

Heavy metals are considered foreign cations in a cement bed-
matrix and are found in considerable concentrations on ash materials
(Table 1). But when higher than 0.1%, heavy metals seem to inhibit
the setting of the cement, probably due to the formation of protective
layers in the cement grains (Taylor, 1990). Whereas no consistency
is found on heavy metal effect in concrete, there is certainly an
environmental issue regarding their leachability/availability.
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Fig. 3. Resulting compressive strength on mortar samples with CW fly ash as a substitute of aggregate and cement fraction.
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Table 3

EEA landfill criteria for metals leachability; Experimental data obtained by NEN 7371:2004 on mortars with aggregate substitution.

EEA landfill criteria (mg 1)

Experimental Data — NEN 7371:2004 (mg 1-')

Class I Ref. 5% MSW Agg 5% ST Agg 5% CW Agg 12.5% CW Agg 25% CW Agg
Cd <0.1 0.04 0.07 0.04 0.09 0.13 0.07
Cr <0.5 0.07 0.10 0.06 0.10 0.09 0.08
Pb <0.5 0.03 0.02 0.02 0.03 0.03 0.03
Ni <0.5 0.02 0.04 0.03 0.05 0.05 0.02
Cu <2 0.015 0.020 0.016 0.019 0.022 0.016
pH 5.5-12 12.57 12.60 12.57 12.61 12.60 12.60

Concrete’s high pH is believed to immobilize heavy metals. But
due to fly ash high specific surface, some of the heavy metals are
placed there and prone to leach (Pedersen, 2002). Heavy metals
such as Ni, Pb, Cu and Cd are susceptible of leaching from MSW fly
ashes (Wiles, 1996) and there is no legal regulation limiting the
leachability of heavy metals from regular concrete. Table 3 presents
the European Environment Agency (EEA) criteria for landfill
deposition of waste and leachability values of the mortars after
NEN 7371:2004. This gives an overview of the increase on metal
leachability from the blended mortar.

The reference mortar presented the lowest leachability of all the
studied heavy metals, with exception of Cr. Observing Table 3 for
the 5% substitution of aggregate with all ST, CW and MSW ashes, no
conclusion could truly be drawn about their hazardousness. 5% ST
Agg sample presented the lowest leachability of the three; 5% MSW
ash was leaching the most of Cr and Cu; and 5% CW of Ni and Cd.
According to Shih et al. (2005) Ni, Cr and Cu are almost totally
trapped/incorporated into clinker, not presenting a threat to leach.
But heavy metals speciation may play an important role on their
leachability. Ni, Pb and Cu seem to leach more easily from CW and
MSW blended mortar, meaning that extra caution should be given
to these metals in future research. Only a small percentage of MSW
ash was included in the mortars and consequently low concentra-
tions of heavy metals were observed in the leachates. However, Gao
et al. (2008) found out that by including complexing agents to the
concrete mixture, MSW fly ash leachability is highly reduced.

Regarding CW ash, its initial total content of Ni was 10 times
higher than the one in MSW ash (Table 1), but the leachability did
not present the same relation. Indeed, Yu et al. (2005) concluded
that metals’ leachability depends on the kind of solidified fly ashes
but not on their initial heavy metal content. In addition, Cr and the
more concerning Cr (VI) did not increase leachability due to fly ash
input. It is actually supposed that Cr (VI) soluble species are effec-
tively immobilized by the cement base material and can be found
adsorbed or precipitated with silicates or calcium compounds, as
CaCrOs5-3H,0 or in C—S—H gel, where SiO4~ is substituted by
CrO%~ (Omotoso et al., 1998; Yu et al., 2005). Furthermore, dissolved
Cr and Cr (VI) is not a constituent of concern with respect to surface
pavement materials alone (Kayhanian et al., 2009).

CW ash was further investigated since the results from the
compressive strength test were quite promising (Fig. 3) and Table 3
shows the leachability results. The sample with 12.5% CW Agg, with
the most promising compressive strength (Fig. 3), was the one
leaching the most, especially Ni. Compressive strength and leach-
ability of metals may be somehow interconnected. It may be that
the less heavy metal is absorbed into the matrix, the more strength
the mortar develops. Hypothetically, a reduced sorption of foreign
cations by the silicate matrix may enhance strength and induce
leachability of the respective cation (e.g. Ni). This is certainly
a mechanism that deserves some further research for better
understanding of heavy metal sorption in a mortar matrix and its
environmental implications.

4. Conclusions

Summarizing, three fly ashes were here compared regarding
efficiency for EDR remediation and mortar application. While ST
ashes proved to be quite successful removal of metal during EDR
and potential to be reused in agricultural land, but CW ash did not.
MSW fly ash has been deeply investigated and high removal rates
obtained. However, the resulting final product may have reduced
reuse value.

A solidification/stabilization technique was then applied where
untreated fly ashes were directly applied to mortar. Overall, the
mortars with the aggregate fraction substituted by fly ashes pre-
sented higher compressive strengths. We show here that addition
of only 5% fly ash affects the leaching of heavy metals from mortar.
The leachability values are orders of magnitude lower than the EEA
landfill criteria for the deposition of waste. MSW ashes deserve
further investigation, since only a small substitution percentage
was studied. ST ashes poor results might be explained by their high
salt content. CW ash presented consistent compressive strength
results, but the high Ni content should be addressed.

Overall, the integration of waste in the synthesis of new “green”
materials should always consider the precautionary principle,
where environmental and health related tests should consistently
be carried out.
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ABSTRACT

The biological degradation of phenol and 4-chlorophenol (4-CP) by Comamonas testosteroni CECT 326T
has been studied. Phenol and 4-CP were treated alone as a sole carbon and energy source, but only
phenol was completely degraded by C. testosteroni. Since the presence of cosubstrates can enhance the
toxic compounds removal by pure cultures, phenol and glucose were added as growth substrates for
cometabolic transformation of 4-CP. High efficiencies were obtained in all the experiments carried out in
presence of both cosubstrates. In spite of the fact that the addition of glucose reduced the lag phase of
4-CP removal, lower phenol concentrations were required to obtain the same degradation efficiencies.
The cometabolic transformation of 4-CP was closely related with the extent of phenol removal. The
values of the 4-CP/biomass concentration ratio (S/X) obtained for discriminating between complete
(S/X < 0.11) and partial 4-CP (S/X > 0.31) transformation showed a narrower range than that reported in
the literature. The extent of the cometabolic 4-CP transformation in the presence of phenol could be
further enhanced by using glucose as an additional carbon and energy source. However, no significant
influence of glucose concentration on 4-CP removal was observed over the concentration range studied.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays environmental contamination by toxic xenobiotic
compounds is a serious worldwide problem. Among these toxic
pollutants, phenol and chlorophenols have gained relevance due to
their presence in the environment and biota because of the wide-
spread use in many industrial processes such as the production of
resins, nylon, plastics, antioxidants, lubricant additives, wood
protectors, bleached pulp, pesticides, textile, dyes, explosives,
disinfectants or biocides. The yearly industrial production of
chlorophenols was estimated at 200,000 tons in 1989 (WHO, 1989;
Field and Sierra-Alvarez, 2007). In 1999, 56,000 tons of waste
phenol and 1900 tons of waste chlorophenols were generated by
industries in the United States (Tarighian et al., 2003). Wastewaters
from the industrial activities are characterized by variable
concentrations of phenolic compounds (500—4000 mg/L) (Dojlido
and Best, 1993; Park and Keane, 2003). Concentrations of mono-
chlorophenols have been reported to range from non-detectable to
20 mg/L (WHO 1989). Some of the characteristics of chlorophenols
are their acute toxicity and poor biodegradability (Armenante et al.,
1999). Therefore, the treatment of the wastewaters, containing

* Corresponding author. Tel.: +34 91 497 76 06; fax: +34 91 497 35 16.
E-mail address: montserrat.tobajas@uam.es (M. Tobajas).

0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2010.09.030

variable concentrations of those pollutants, has generated a great
interest in the last years.

Traditionally, those effluents have been treated by physical or
chemical methods. Activated carbon adsorption or air stripping
simply transfer the chlorinated organics from water into another
medium (Priibe et al., 2008). Oxidation processes such as wet air
oxidation, Fenton, or photochemical processes show several
drawbacks like relatively high temperatures and/or pressures, large
amounts of reagents and complex equipment, respectively (Santos
et al., 2002; Pera-Titus et al., 2004). Catalytic hydrodechlorination
shows a high efficiency for the removal of chlorophenols but so far
it is still in an early stage (Diaz et al., 2008). Generally, chemical
processes are much more energy-intensive than biological treat-
ments due to severe reaction conditions, more expensive for higher
contaminants loadings and might yield byproducts with similar or
even higher toxicity than those of the starting pollutants (Priibe
et al,, 2008). In some cases these processes can be coupled to
a biological treatment once the toxicity of the wastewater has been
reduced by some previous treatment (Felis et al., 1999).

Novel biological processes based on aerobic, anaerobic and
combined anaerobic—aerobic schemes have been postulated as
emerging technologies for the degradation of halogenated organic
compounds since they have the potential of mineralizing toxic
compounds at relatively low cost. Several studies are available on
the biological treatment of chlorinated phenols in aqueous effluents.
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Despite their recalcitrant nature, different microorganisms such as
yeast (Hofrichter et al., 1994; Polnisch et al., 1992), bacteria, fungi
and algae (Field and Sierra-Alvarez, 2007; Kim et al., 2002; Wu et al.,
2004) have been used for biological degradation of phenolic and
chlorophenolic compounds. In the present study, a pure culture of
Comamonas testosteroni has been tested for the biological degrada-
tion of 4-chlorophenol (4-CP), which was selected as target toxic
pollutant. C. testosteroni can be isolated from soil and wastewater by
using phenolic and chlorophenolic compounds as a sole carbon and
energy source (Chen et al., 2003; Hollender et al., 1994).

It is known that biodegradation of industrial wastewaters can
be improved by using microorganisms previously adapted to the
specific toxic compounds (Gonzlez et al., 2001). Cometabolic
removal of toxicants is also a well-established method to enhance
their biodegradation (Sahinkaya and Dilek, 2006). Phenol has been
claimed as a good growth substrate in the biodegradation of
chlorophenolic compounds because of its similar chemical struc-
ture and lower toxicity. Although glucose has been a widely used
conventional carbon source in biotransformation studies, it has
never been used in the cometabolic transformation of 4-CP by
C. testosteroni.

Previous works have studied the removal of phenolic and
chlorophenolic compounds by C. testosteroni at temperatures
between 25 and 32 °C (Hollender et al., 1994, 1997; Kim et al., 2002;
Yap et al., 1999). However, lower temperatures can be commonly
found in wastewater treatment plants. Therefore, the study of the
influence of temperature on the degradation of phenolic com-
pounds by C. testosteroni could elucidate if this species could be
considered as a promising specialist degrader bacteria for the bio-
augmantation of activated sludge systems.

A major part of the research on diauxic phenomena is concerned
with cell growth on binary mixtures with sugars. Diauxic growth
implies the inhibition of the consumption of one growth substrate by
the presence of another, which requires a larger acclimation period
for the utilization of the second substrate. In contrast to diauxic
growth patterns, concurrent utilization of multiple substrates in
natural ecosystems and in wastewater treatment systems is
commonly observed. In general, the use of mixed substrates is
desirable because of the enhancement of the removal rates and
degradation efficiencies. In addition, the complete or partial
biodegradation of 4-CP in presence of cosubstrates would depend on
the 4-CP/biomass (S/X) concentration ratio. That dependence has
been studied in the literature for Pseudomonas putida (Saez and
Rittmann, 1993) but there is a lack of information in that respect
relative to C. testosteroni. Although an enhancement of both the rate
and extent of cometabolic 4-CP transformation by other microor-
ganisms has been reported, the 4-CP removal by C. testosteroni in
ternary systems has not been previously studied. The presence of
a conventional carbon source mitigated the toxic effects of 4-CP
while phenol induced the production of the enzymes needed for its
cometabolic transformation by P. putida (Wang and Loh, 2000).

The aim of this work is to study the enhancement of 4-CP
biodegradability by C. testosteroni in presence of cosubstrates. In
the present work glucose has been used as a conventional carbon
source, either as a sole growth substrate or in combination with
phenol for the 4-CP degradation by C. testosteroni. Total Organic
Carbon (TOC) removal efficiencies obtained by using both phenol
and glucose in the transformation of 4-CP are compared.

2. Materials and methods
2.1. Microorganism and growth conditions

C. testosteroni strain CECT 326T used in this study was obtained
from the Spanish Type Culture Collection (Coleccion Espafiola de
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Fig. 1. Time-evolution of phenol concentration at 15 (open symbol) and 30 °C (filled
symbol). Initial phenol concentration: (M, (1) 80 mg/L, (@, O) 150 mg/L and (», <)
240 mg/L.

Cultivos Tipo CECT, Valencia). The microorganism was maintained
in frozen stock in microtubes at —40 °C in a nutrient medium with
15% (v/v) of glycerol. C. testosteroni was transferred to a nutrient
medium containing 1 g beef extract, 2 g yeast extract, 5 g peptone
and 5 g NaCl per liter of deionised water. The cell suspension
resulting from the late exponential growth phase was subcultured
in a mineral salts medium (Farrell and Quilty, 1999) with phenol
(25 mg/L) as a sole carbon source and grown at 30 °C for 10—12 hin
a thermostated orbital shaker (SW2L, Julabo). Agitation was
maintained at an equivalent of 120 rpm. The resulting culture was
inoculated at 2% (v/v) into conical flasks with a working volume of
150 ml containing mineral salts medium with either phenol or 4-CP
as sole carbon sources or 4-CP/phenol, 4-CP/glucose and ternary
mixtures. The aerobic batch cultures of C. testosteroni were carried
out at 30 °C, 120 rpm and pH 7.2. Different concentrations of phenol
(80—240 mg/L) and 4-CP (15 and 30 mg/L) were tested when they
were treated alone. Studies of cometabolism were carried out at
two 4-CP concentrations (20 and 40 mg/L) over a wide range of
phenol (40—180 mg/L) and glucose (10—250 mg/L) concentrations.
The results reported were the average values from duplicate runs.
In all the cases, the standard errors were lower than 10%.
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Fig. 2. Time-evolution of 4-CP (filled symbol) and biomass (open symbol) during the
growth of C. testosteroni with 4-CP as a sole carbon source. Initial 4-CP concentration:
(M, O) 15 mg/L and (@, O) 30 mg/L.
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Fig. 3. Time-evolution of phenol (M), 4-CP (@) and biomass ( A ) concentration working with mixtures of 4-CP (20 mg/L) and phenol: (a) 40 mg/L and (b) 200 mg/L. Abiotic blank

experiments: phenol ((1) and 4-CP (O).

Samples were periodically taken for biomass and substrate
concentration measurements. Samples were centrifuged (Orto
Alresa, mod. Digicen, Madrid, Spain) at 4300xg for 10 min at room
temperature. The supernatant fraction was then filtered (pore size
0.22 um; Whatman) and stored at —40 °C for subsequent analyses.

2.2. Analytical methods

Biomass concentration was determined by optical density
measurements (Cary 50 conc, Varian) at 600 nm which were con-
verted to cell dry weight using a previously obtained calibration
curve. Aromatic compounds were analysed by HPLC/UV (Prostar,
Varian) using a Cig column as stationary phase (Microsorb
MW-100-5) and a mixture of acetonitrile and H,0 (40:60, vol.) as
mobile phase. The flow rate was maintained at 1.0 ml/min and
a wavelength of 280 nm was used. TOC was measured by an OI
Analytical Model 1010 TOC apparatus.

Contribution of abiotic processes such as adsorption, volatili-
sation and photodegradation was measured. The adsorption assays
were carried out at biomass concentrations and operating condi-
tions comparable to those occurring during the biodegradation
runs. Adsorption experiments were performed by using bacteria
grown in different media (phenol, glucose and mixtures of 4-CP and
both cosubstrates). Adsorption of phenol and 4-CP was determined
on biomass samples after extraction with Soxhelt following the
US-EPA method 8041. Volatilisation and photodegradation tests
were performed under identical operating conditions to those
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employed in the biodegradation experiments but in the absence of
biomass. In order to avoid photodegradation and photosynthesis
the flasks were protected from light.

3. Results and discussion
3.1. Phenol degradation

The time-evolution of phenol concentration at 15 and 30 °C and
different starting concentrations (80, 150 and 240 mg/L) when
phenol was used alone is shown in Fig. 1. Although phenol
exhaustion was achieved at both temperatures, a great influence of
temperature on phenol removal rate can be observed. Thus, the
values for degradation rates of phenol at 30 °C (20—36 mg/L h) are
nearly ten times of those obtained at 15 °C (2—3.3 mg/L h) over the
range of initial phenol concentrations studied. An increase of the
temperature leads to a dramatic reduction of the lag time and to
a much sharper decay of phenol. Therefore, in the following all the
assays were carried out at 30 °C.

No significant influence of initial phenol concentration on the
length of the lag phase was observed. However, phenol concen-
trations higher than those shown in Fig. 1 led to an increase of
the length of this phase (data not shown). This phenomenon is
related with the toxic action of phenol which affects the integrity
of the cytoplasmic membrane (Keweloh et al., 1990; Heipieper
et al.,, 1991).

b s
45
*
40 4 / \
35 -
— glucose (mg/L) x —
S 304 —®=—10 T R
> %
£ —o— 25
2 27 —v-80
g 20 {4 —%—250 / v
v Vv
S 5 V4 G
@ /* v ~V-Yvvy. Vg¥
10 {0\.
o g
T T T T T
0 5 10 30 40 50
Time (h)

Fig. 4. Time-evolution of 4-CP (a) and biomass (b) concentration during the cometabolic removal of 4-CP (20 mg/L) with glucose as cosubstrate. Abiotic blank experiments (O).
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3.2. 4-CP degradation

The degradation of 4-CP alone was studied at two different
initial concentrations (15 and 30 mg/L). The time-evolution of 4-CP
and biomass concentrations are shown in Fig. 2. As can be seen, low
4-CP transformation rates and conversions were achieved (36.9 and
15.3% for 15 and 30 mg 4-CP/L, respectively). This incomplete
transformation was due to the toxicity of 4-CP on cell growth and
consequently degradation ability. Similar results were found by Loh
and Wang (1998). As the total amount of 4-CP removed is similar at
both concentrations, the maximum biomass concentration reached
was nearly the same. However, the higher toxic effect at 30 mg/L
led to higher biomass decay during the final stage when the 4-CP
concentration is stabilised.

3.3. Effect of phenol on 4-CP degradation

Fig. 3 shows the evolution of phenol, 4-CP and biomass
concentrations along the degradation process. The results from the
abiotic tests showed negligible effects of either stripping or
adsorption, so any decrease of the target compounds concentration
can be attributed exclusively to biological degradation. In all the
experiments, shorter lag times in comparison with those observed
when using phenol or 4-CP alone were found. Phenol, which was
used as growth substrate, was transformed more rapidly than 4-CP
over all the range of phenol concentrations tested. It was found that
4-CP was transformed rapidly only after phenol was almost fully
depleted. Similar observations have been reported by Loh and Wang
(1998) for phenol and 4-CP transformation by P. putida. Once phenol
was exhausted, biomass started decaying. These results indicate that
4-CP cannot support cell growth, even in the presence of phenol.

In the cometabolic transformation of 4-CP, phenol is an excellent
primary substrate since it not only easily induces the mono-
oxygenase required for 4-CP transformation, but the phenol oxida-
tion can also efficiently regenerates the consumed NADH (Bali and
Sengiil, 2002). Moreover, the addition of phenol greatly acceler-
ated the degradation of 4-CP due to the increase of biomass
production as reported by Bae et al. (1997).

The complete or partial biodegradation of 4-CP can be deter-
mined from the 4-CP/biomass (S/X) concentration ratio at the point
where no further phenol removal is observed. In this work it was
established that partial-removal was found for S/X > 0.31 (Fig. 3a),
while complete 4-CP removal was achieved at S/X < 0.11 (Fig. 3b).
Saez and Rittmann (1993) discriminated between complete
(S/X < 0.21) and partial 4-CP (S/X > 0.38) removal by P. putida.

3.4. Effect of glucose on 4-CP degradation

In order to study the feasibility of using glucose as a growth
substrate for 4-CP cometabolization, runs at two different 4-CP
concentrations (20 and 40 mg/L) were carried out with glucose as
the only added growth substrate over a wide range of initial
concentrations (10—250 mg/L). Negligible adsorption of 4-CP onto
biomass was found as can be seen in Fig. 4a. No lag phase in 4-CP
biodegradation took place in any case, whereas complete removal of
4-CP was only achieved at the highest concentration of glucose
tested. Although 4-CP retards the cell growth, its toxicity can be
greatly attenuated by adding a primary substrate (Wang and Loh,
1999). Although the steep branch of the 4-CP decay curves is time-
coincident with the growing region of the biomass curves (Fig. 4b),
the biomass growth must be attributed to glucose consumption
since C. testosteroni growth on 4-CP is limited as shown previously.

Fig. 5 compares both substrates, phenol and glucose, when used
as the sole primary carbon and energy sources in the cometabolism
of 4-CP. As can be seen, although the lag period of 4-CP removal
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Fig. 5. Evolution of 4-CP and biomass concentration upon cometabolism of 4-CP
(40 mg/L) with primary substrate (200 mg/L): phenol (filled symbol), glucose (open
symbol).

disappears when using glucose (Tarighian et al., 2003) the presence
of phenol leads to a higher removal rate once biodegradation starts.
Complete 4-CP transformation was obtained using 200 mg/L of
phenol, whereas only 58.4% was removed by adding the same
glucose concentration.

Similarly, TOC removal efficiencies obtained with phenol as
growth substrate were higher than those with glucose (Fig. 6). A
comparison of the TOC removal efficiencies during 4-CP comet-
abolism showed no effect of the cosubstrate concentration on the
final TOC values for concentrations higher than 80 and 250 mg/L of
phenol and glucose, respectively. When phenol was added at
concentrations higher than 80 mg/L, a residual TOC fraction of 20%
was detected after the complete phenol depletion in all the
experiments, regardless of the initial phenol concentration. This
fact indicates the presence of unidentified refractory species
derived from 4-CP biodegradation. Studies about the accumulation
of chemical oxygen demand (COD) during phenol/4-CP degradation
by Acinetobacter species have also indicated the presence of
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Fig. 6. TOC removal in cometabolism of 4-CP (20 mg/L) using glucose (M) and phenol
(@) as the carbon substrates.
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Fig. 7. Time-evolution of phenol (a) and 4-CP (b) treating mixtures of 4-CP (40 mg/L) and phenol (150 mg/L) and glucose (150 and 300 mg/L).

excreted products resulted from 4-CP transformation (Kim and
Hao, 1999).

3.5. Effect of phenol and glucose on 4-CP degradation

Fig. 7 shows the degradation of phenol and 4-CP by C. testos-
teroni when glucose was added. As can be seen, the cometabolic
transformation of 4-CP in the presence of phenol can be enhanced
by adding a conventional carbon source like glucose. Although the
use of sugars as a primary substrate does not require oxygenases for
metabolism, it can support cometabolism of 4-CP through the
generation of NADH (Wang and Loh, 1999). The addition of glucose
reduced significantly the lag time observed for both phenol and
4-CP removal when phenol was used as a sole primary substrate. In
these conditions the toxicity and inhibition of 4-CP can be atten-
uated and both cell growth and degradation rates can be signifi-
cantly enhanced (Loh and Wang, 1998). No inhibition of
degradation of either phenol or 4-CP by the presence of glucose was
found. Increasing the glucose concentration from 150 to 300 mg/L
did not reduce significantly the time required for complete removal
of phenol and 4-CP.

4. Conclusions

C. testosteroni is capable of degrading phenol as a sole carbon
and energy source within the range of concentrations tested
(80—240 mg/L). However, results showed that the 4-CP trans-
formation capacity was clearly deficient. Phenol and glucose acting
as a primary growth substrate enhance 4-CP biodegradation.
Nevertheless, higher 4-CP removal efficiencies can be obtained in
presence of phenol than with glucose at the same initial concen-
trations. Whilst partial-removal was found for S/X > 0.31, complete
4-CP transformation was achieved at S/X < 0.11 when using phenol
as cosubstrate. The simultaneous addition of phenol and glucose
greatly reduces the minimum time required for complete 4-CP
biodegradation. The complete removal of 4-CP and phenol is
important for bioremediation purposes since both compounds are
frequently found together in hazardous wastes.
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ABSTRACT

Biogas quality, the presence of some trace components (siloxanes, sulfur compounds, volatile organic
compounds, VOCs) in biogas, is in a decisive role when determining the biogas utilization and the
purification requirements and equipments. In the present work, the effects of process changes related to
reactor loading variations on the concentrations of selected trace compounds in biogas were studied.
Source separated biowaste and sewage sludge were co-digested in a mesophilic pilot reactor (200 L) for
four months during which the organic load was stepwise increased. The results showed that the process
worked steadily up to the load of 8 kgVS m3d . Also the community composition of methanogenic
archae stayed largely unaffected by the load increase, and was at all stages typical for a mesophilic
biogasification process. Gaseous concentrations of siloxanes, hydrogen sulfide and most VOCs remained
at a constant low level, showing no sensitivity to variations in the load and related process changes.
However, the total siloxane concentration in the biogas was dependent on feed quality, and the detected
concentrations require removal prior to use in turbines or fuel cells. Otherwise, after the removal of
siloxanes, the biogas studied in this work is well applicable in various electricity production options, like
in gas engines, turbines, microturbines and fuel cells.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Biogasification, i.e. anaerobic digestion, is a well known sustain-
able option for the management of organic solid wastes and sludges.
The produced biogas is a valuable biofuel for the replacement of fossil
fuels in various technical applications (e.g. heating, electricity,
transport fuel), which in turn determine its quality requirements.
Elevated concentrations of certain trace components, such as sulfur
compounds (sulfides, disulphides, thiols), siloxanes (organic silicon
compounds), halogenated compounds and ammonia, can be harmful
in many biogas utilization applications (Persson et al., 2006; Arnold,
2009; Trogisch et al., 2005). Data have been reported providing
information about the presence and concentration levels of the trace
compounds in biogas in landfills or biogasification plants (e.g.
Persson et al., 2006; Rasi et al., 2006; Urban et al., 2008; Arnold and
Kajolinna, 2008). In the earlier studies, large variation in the trace gas
concentrations has been detected and the composition of waste/feed
has been found to be in a decisive role but also the process conditions
may have an effect on the concentrations.

* Corresponding author. Tel.: +358 3 646 2355; fax: +358 3 646 2237.
E-mail address: maritta.kymalainen@hamk.fi (M. Kymadldinen).

0301-4797/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2011.01.003

The measurement of trace compounds in biogas has typically
been done by gas sampling and subsequent analysis in a laboratory.
The method is laborious and time-consuming. In this work, on-line
measurements were conducted to continuously follow up the
concentrations of the main biogas trace compounds formed during
co-digestion of municipal biowaste and sewage sludge. The aim of
the study was to identify and quantify the major biogas trace
compounds and to study the effects of variations in organic loading
and related process changes on their concentrations. A sudden and
significant increase in organic loading of a biogas reactor is a risk for
process disturbances. Therefore, the load-increasing points of the
process were chosen as main focus of the conducted analyses of the
physical, chemical and microbiological process parameters.

2. Materials and methods
2.1. Anaerobic reactor and test period

An anaerobic reactor (200 L; operating volume of 150 L) was
operated semi-continuously (fed once per day) for four and half
months with a mixture of biowaste and sewage sludge (30 and 70% of
total wet weight, respectively). The reactor was mixed (ca. 160 rpm)
for 30 min after every 2 h. The reactor temperature was in a meso-
philic range, 35—37 °C. The organic loading rate (OLR) was increased
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Table 1

Loading data of the pilot reactor during the test period of 9.10.2007—20.2.2008.
Date Organic load TS content of Retention

kgVS m—3d~! feed mixture % time days

9.10—12.10.2007 1 7.5 58
15.10—-4.11.2007 1.5 6.2-8.0 30-44
5.11-13.11.2007 2 7.8—8.0 29-32
14.11.07-9.1.2008 3 74-8.4 18-24
10.1-27.1.2008 5 10.0-13.1 15-17
28.1-12.2.2008 8 9.1-13.0 9-10
13.2—20.2.2008 10 9 8

stepwise from 1 to 10 kgVS m—>d ! (kg volatile solids per m> reactor
volume and day). At the same time, HRT (hydraulic retention time)
was decreased stepwise from 58 days to 8 days (Table 1).

The physico-chemical state of the process (pH, T, alkalinity,
volatile fatty acids, ammonia, biogas production and its CH4-content)
was monitored throughout the test period, whereas the detailed
composition of the biogas, as well as community structure of
methanogenic archaea, were analyzed in transient reactor condi-
tions, i.e. at the load-increasing points: from 2 to 3 kegVs m—3d~1;
from 3 to 5 kgVS m—>d~!; from 5 to 8 kgVS m—>d ! and at the end of
the test period at the load of 10 kgVS m—3d~1.

2.2. Feed mixture

The source separated biowaste was used as a feed at a full-scale
biogasification plant where it was finely minced, homogenized and
hygienized (70 °C) before mixing with other wastes and feeding to
a reactor. Five different batches (deliveries) of that biowaste were
used during the test period. The biowaste, divided into doses, was
stored frozen. TS (total solids) and VS (volatile solids) content of
biowaste varied between 22.1—-32.2% and 19.2—26.2%, respectively.
Total nitrogen and carbon contents were around 2.6—3.2% and
41-49% of dry solids, respectively.

The sewage sludge originated from a local municipal biological-
chemical wastewater treatment plant. Eight different batches
(deliveries) of that sludge were used during the test period. The
sludge was stored in a cold room (4 °C). TS and VS content of sludge
varied between 3.4—5.9 and 2.2—3.6%, respectively. Total nitrogen
and carbon contents were around 3.3—4.1% and 32% of dry solids,
respectively.

The feed mixture was made by diluting biowaste and sludge
with water to a selected TS content of the mixture: at first the TS
content was ca. 8%; at the load of 5 kgVS m—3d ! it was increased to
10% and finally it was ca. 13% (i.e. no dilution with water). The TS
content was increased in order to keep the HRT long enough. On the
other hand, the feeding pump limited the highest value of TS to
around 13%. In the feed mixture, the ratio of biowaste and sludge
based on wet weight was kept constant: 30% biowaste and 70%
sludge. As there was variation in their TS and VS contents, the ratio
based on TS or VS in the feed mixture varied slightly, but around
70—80% of the total VS amount of the mixture originated from the
biowaste.

2.3. Gas analyses

The total biogas volume (KIMMON SK35 gas meter) and its
CHg-content (Simrad GD10 IR gas detector) were followed up on-line
throughout the test period. The gas meter was read once a day and
CH4-data were recorded automatically every 15 min. Furthermore,
the main biogas trace compounds, such as siloxanes, sulfur
compounds (H,S, DMS, MeSH, ethylthiol), volatile organic com-
pounds (VOCs), ammonia and nitrous oxide (N,0) were determined
during selected transient biogasification reactor conditions, i.e. at the

load-increasing points: from 2 to 3 kgVS m—>d~!; from 3 to
5 kgVS m—3d~!; from 5 to 8 kgVS m—3d~! and at the end of the test
period at the OLR of 10 kgVS m3d~! (Fig. 1A). Siloxanes, sulfur
compounds and VOCs were measured on-line with gas chromatog-
raphy (Voyager Perkin Elmer). The main gas components, CH4 and
CO,, as well asammonia and nitrous oxide were determined by FT-IR-
analysis (Gasmet, Temet Instruments) (Arnold and Kajolinna, 2008).
These on-line measuring periods lasted from 3 to 14 days, starting at
least a day before the load-increasing step.

2.4. Molecular microbiological analyses

Total DNA was extracted from 0.25 ml of the reactor’s digested
sludge at the load-increasing steps from 2 to 8 kgVS m—3d~! using
a FastDNA SPIN kit for soil (Bio 101, Inc., La Jolla, CA, USA) according
to the manufacturer’s instructions. PCR-primer set of mcrA-F and
mcrA-R by Luton et al. (2002) was used for methanogen-specific
amplification. Methyl coenzyme M reductase is a key enzyme for the
terminal step in methanogenesis, and the mcrA gene is present in all
methanogens, which makes it a unique molecular marker for
methanogenic Archaea (Friedrich, 2005). Denaturing gradient gel
electrophoresis (DGGE) and direct clone library analyses of the
methanogens in the sludge were performed on the PCR-products
obtained with mcrA-primers. The PCR-DGGE products (with GC-
clamp) were separated by a denaturing gradient from 40 to 60%
(100% denaturant contains 7 M urea and 40% formamide) in poly-
acrylamide gels containing 6% (w/v) acrylamide-bisacrylamide. The
gels were run at 250 V for 6 h at 60 °C in the DcodeTM system
universal mutation detection system (Bio Rad, Hercules, USA). After
electrophoresis, single bands from the gels were cut out, and
reamplified with mcrA-primers (without GC-clamp). The mcrA
clones and the PCR-products from the DGGE bands were subjected
to sequencing using Big Dye terminators with API genetic analyzer
373 (Applied Biosystems, USA). Phylogenetic analysis of the recov-
ered mcrA sequences were done as described by Kurola et al. (2005).

3. Results and discussion
3.1. Physical, chemical and microbiological process behavior

The biogasification process responded to loading increases very
steadily up to the load of 8 kgVS m—>d L. The biogas production
followed closely the increase in loading and, correspondingly, the
biogas production rate increased linearly with increasing VS load
until 8 kgVS m—3d ! was reached (Fig. 1). In steady state conditions,
the biogas production was around 680—700 L kg~ 'VS~! and CHy-
content 62—65%. TS and VS reductions were 61—64% and 72—75%,
respectively. The biogas yield was high, around 90—-95% of the
maximum biogas potential, which had been determined by sepa-
rate lab-scale batch tests for each feed fraction (data not shown).
This indicates that the process operated very effectively up to
exceptional high loads of over 5 kgVS m~3d~. The stability of the
process up to the load of 8 kgVS m~3d~! was also shown by other
process parameters: pH was between 7.3 and 7.6; alkalinity
between 6000 and 6700 mg CaCO; L~!; CODs, between 1 and
7 g L~1 and ammonia nitrogen around 1.3 g L. At load-increasing
points (3 — 5kgvVSm—>3d~'and 5 — 8 kgVS m—3d 1) a three to five
fold increase in the concentrations of individual volatile fatty acids
(VFAs, acetate, propionate) was noticed. The concentrations
normalized in one or two days. Thus, according to all above
mentioned traditional physico-chemical analyses of the process,
individual VFAs showed the only clear indication of a typical short-
time process disturbance due to a sudden increase in organic load.

The community composition of methanogenic archaea was
analyzed at load-increasing steps from 2 to 8 kgVS m~3d~! with
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PCR-DGGE, and the methanogens in the process were identified
with direct cloning and sequencing, or sequencing the individual
DGGE bands. The phylogenetic analyses of retrieved methanogenic
mcrA gene sequences (Fig. 2) showed that the major methanogenic
population in this digestion process consisted of Methanosarcina
sp. and other members of Methanosarcinales. Two clones of
Methanomicrob