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Overview of the application of anaerobic treatment to 
chemical and petrochemical wastewaters 

cherche pour le Développement (IRD-France, ex-ORSTOM), CicerÓn 609, Col. Los Morales, 
1 1530 México D. F., Mexico (E-mail: herve-macarie@yahoo.com) 

Abstract During the last 20 years, as a result of its low cost, anaerobic digestion has turned into a popular 
wastewater treatment technology. Today, with at least 1330 reactors constructed in the world, it is 
considered to have reached technological maturity. Until recently however, it was used quite exclusively for 
the treatment of food industry effluents. It is only during the last 10 years that anaerobic digestion has started 
to be applied massively to the treatment of sewage and effluents from other industrial activities. During the 
1970s and 198Os, the chemical and petrochemical industries were almost refractory to the introduction of 
anaerobic digestion. The situation has reversed since 1990 and at least 80 full-scale anaerobic plants are 
nowadays treating this type of waste. Nevertheless, a great amount of promotion is still required before 
anaerobic digestion can be considered as an accepted technology by this industry. The paper presents the 
actual situation of anaerobic treatment at full-scale in this industrial sector as well as recent developments at 
lab-scale and discusses some important concepts to consider before the implementation of an anaerobic 
treatment. In particular a table is presented with the main characteristics of 65 of the 80 full-scale plants 
identified to date. The probable reasons for the slow initial development of anaerobic treatment are also 
discussed and it is shown that anaerobic digestion has been the solution to treatment problems for which 
aerobic systems were inefficient. 
Keywords Anaerobic treatment; chemical; petrochemical; wastewater 
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Introduction 
During the last 20 years, anaerobic digestion (AD), a biological process in which organic 
matter is converted to CH, and CO,, has grown more and more into an attractive technolo- 
gy for wastewater treatment owing to its low cost compared with other technologies avail- 
able: physicochemical and aerobic biological treatments. Its apparent initial drawbacks 
(very slow growth rate of the biomass, susceptibility to toxiccompounds etc.), which trans- 
lated into huge reactor volumes and operation upsets, were overcome by the development 
of a new generation of reactors. In these reactors, the problem of slow growth rate was over- 
come by capturing the biomass in the form of biofilms on static (Upflow Anaerobic Filters: 
UAF, Downflow Stationary Fixed Film reactors: DSFF) or moving (Fluidised Bed reac- 
tors: FB) supports but also by selecting well settling flocculating biomass (Anaerobic 
Contact: AC, Upflow Anaerobic Sludge Blanket reactors: UASB, Expanded Granular 
Sludge Bed reactors: EGSB, Internal Circulation reactors: IC). With such modifications, 
the sludge retention time in these reactors became independent of the hydraulic retention 
time (HRT), allowing the application of short HRTs (6 h,to 1 week) and correspondingly 
the application of high organic loading rates (4 to 40 kg COD/m3re,,,,r Iday). This resulted 
in much smaller reactors but also in a much more stable operation than before. 

Nowadays, with at least 1330 low- and high-rate reactors constructed in the world 
(Table 1) anaerobic digestion is considered to have reached technological maturity. 
Another inventory even indicates a number of anaerobic plants in excess of 2000 (Totzke, 
1999). Until today, however, anaerobic treatment has been applied quite exclusively (76% 
of ail thereactors in operation) to the treatment of wastewaters from the food and related 
industries (bakery, brewery, cannery, dairy, distillery, fish and potatoes processing, 
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Type of wastewater 

, .  

7 .  
~ y p e  of reactor (-7 

Low rate Total 
&cSTR AC UAF DSFF Hybrid UASE EGSB I C  FE number " 

- Food and related industries 

T Brewery and malt 3 Distillery and ethanol 

2 Food and fruit processing 
Sugar production 
Soft drinks and tea beverage 
Potato processing 
Starch production 
Dairy and cheese 
Yeast production 
Candykonfectionerylchewing 

2 - 5 1 - 169 15 33 4 229 ' 

25 24 8 24 6 72 1 3 - 163 
5 7 1 0  - 1 64 6 4 1 98 
- 4 3 1 2 3  31 2 - 1 83 
- - 3 - 7  58 1 1 2 72 

44 2 4 - 6 7  , 11 3 3 - -  
7 7 1 -  36 4 1 2 6 0  i 

42 1 2 
12 6 3 2 1  22 - 4 1 51 

24 6 - -  4 3 2 - 3  
2 - 1 1 1  14 1 1 - 21 

l6 i 
- l6 i 

Slaughterhouse and meat rendering 2 4 4 1 -  5 - - -  
Fruit juice 3 - - -  12 1 - -  

Citric acid production 2 2 1 - -  3 1  2 1 1 2  

- 
Cannery 1 2 1 1  8 - 1 - 1 4  

Wine processing 
Coffee processing 
Vegetable processing 

7 
- 7 

4 - - -  2 - - -  Fish and seafood processing 1 

Ice cream production 3 3 - -  1 - - -  
Jam production - - 1 3 -  1 - - 1  6 

- 5 Bakery 1 - - 1  3 - - -  
4 Pectin production 4 - - -  . - - -  

Fermentation - - -  1 1 1  - -  3 

Tobacco manufacture - - - -  3 - - -  3 

- 
- 
- 

Chocolate processing 
Store garbage 
Guar gum manufacture 
Cooking oil production - - - - -  1 - - -  1 

I--- Non food industries 
Pulp and paper 1 1 4 4 - 2  75 - 7 3 106 

Petrochemical and chemical 3 4 17 12 11 23 9 - 1 80 

Leachates - - 1 1 1  17 - - -  20 
Pharmacy 4 2 2 1 -  5 3 - -  17 

14 Pig. cow manure and poultry 5 3 3 2 -  1 - - -  
Natural rubber - - 3 - -  3 - - -  6 

Sludge liquor - - 1 - 1  2 - - 1  5 

- _ _ - -  3 - - -  3 Textile 
- 2 - - -  2 Tannery - - - -  

Flue gas desulfurization - - - - -  - 1 - -  1 
Electronic components manufacture - _ _ _ -  1 - - -  

Sewaae - - 2 - 1  50 - - -  61 
1 

Number of reactors per type 83 138 91 54 51 772 54 61 19 1330 

(*) The data of this table have been compiled from the 1999 reference lists of ADI, Applied Technologies, 
Biotecs. Biothane Biotim. Degremont, Enviroasia. Paques and Proserpol, 1998 of Grontmil, 1994 of Badger 
and Purac as well as inlormation on reactors built by local companies in Brazil (Hirata, 1994), Germany (Seyfried 
and Austermann-Haun, 1997) and Mexico (Monroy et a l  I 2000) (") CSTR Continuous Stirred Tank Reactor. 
AC Anaerobic Contact UAF Upflow Anaerobic Filter, DSFF Downflow Stationary Fixed Film reactor, UASB 
Upflow Anaerobic Sludge Blanket reactor, EGSB Expanded Granular Sludge Bed reactor, IC Internal 
Circulation reactor. FB Fluidised Bed reactor 
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malting, candy, citric acid, coffee, cheese, chocolate, enzyme, fruit juice, jam, soft drink, 
starch, sugar, wine and yeast productions) and it is only recently (over the last IO years) that 
it started to be applied massively to sewage (4.6% of all the digesters in operation) as well 
as other industrial sectors such as the pulp and paper (8% of the operating digesters). 

What happened during this time in the chemical and petrochemical industries? 

Development of AD among (petro)chemical industr ies  
The first studies on the anaerobic treatment of this type of wastewater started at the begin- 
ning of the 1970s. In 1973, for instance, Hovious et al. demonstrated at pilot scale the possi- 
bility to use an anaerobic lagoon as an efficient pre-treatment for petrochemical effluents. 
A few years later, Chou et al. (1978) published a list of 41 organic compounds potentially 
present in petrochemical and chemical industry effluents that they found to be biodegrad- 
able by methanogenic fermentation. Despite these early works, it was only in  1981 that the 
two first high rate'digesters treating chemical waste were built by the Celanese company in 
USA (Table 2). Three more years passed before a third reactor was built and by 1989, as so 
far investigated, only 19 full-scale reactors were in operation on that type of waste in the 
world (Table 2). From 1990 to date, the rate of construction of digesters for that industrial 
sector increased from 2. I reactodyear for the past decade to 4.6 and presently, at least 80 
digesters'(6% of all the digesters) are treating chemical waste in  the world (Table 1). 
Detailed information is given about 65 of them in Table 2. No data were available for the 
others (7 huilt by Biothane, 5 by Amoco Co., I by Biotim and I by Enviroasia). 

The initial slow development of anaerobic digestion in that sector was probably the 
result of an "a priori" (both from the companies dedicated to the design of anaerobic sys- 
tems and from the chemical and petrochemical industries), postulating that 'anaerobes, par- 
ticularly methanogens, contrary to aerobes, were too sensitive to deal with these type of 
wastewaters (supposedly highly toxic). In  fact, a comparative study of tolerance to toxicity 
between aerobes and anaerobes has shown that such an assumption is not justified (Blum 
and Speece, 1991). In  some cases, anaerobic digestion has even appeared to be the key to 
thc success of the degradation of some molecules. In 1981, for instance, the activated 
sludge treatment system of the Celanese cdmpany at Bishop. Texas, U.SA, was not able to 
treat two particular effluents. One of them, although composed of readily biodegradable 
molecules, had a concentration of heavy mevals (5-500 mg/L) toxic for the aerobic bac- 
teria; while the second contained polyols (pentaerythritol, trimethylolpropane) refractory 
to aerobic degradation. The implementation of an anaerobic reactor previous to the aerobic 
plant, by precipitating the heavy metals in the form of non-toxic metallic sulfides, allowed 
the first effluent to degrade directly within the anaerobic stage and by modifying the chem- 
ical structure of the polyols, transformed them into compounds biodegradable in the 
aerobic post-treatment unit (Harvey and Rubiano, 1983). 

Nature of wastewaters presently treated at full scale orwhich could be treated 

As indicated in Table 2, the spectrum of wastewaters already treated at full scale results 
from a large number of Very different industrial activities. Nevertheless, on the whole, the 
first anaerobic digestion installations were set up on relatively simple wastewaters, com- 
posed mostly of volatile fatty acids (reactors 2 ,4 ,5 ,6 ,7 ,  10, 13), methanol (4, I O )  and gly- 
cols (1 I )  also found in more classical effluents for AD. If we except the case of Shell in 
1986 with a high concentration of benzoic acid (reactor 8) and that of Celanese in 1981 
(reactor I ), it  is only in 1989, with the installation by Amoco of a digester on PTA (Purified 
Terephthalic Acid) wastewater, that a really unusual effluent containing aromatic com- 
pounds from the benzene series was treated (reactor 17). Moreover, it should be noted that 
it is one of the few effluents that has given rise to the construction of a series of anaerobic 
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plants, 14 until now. I n  fact. in  its case. anaerobic digestion seems, even, to be on the way to 
become the conventional forni of treatment. The other activities which resulted in the con- 
struction of niore rhan one reactor are the production of DMT (dimethylterephthalate. 4 
plants). PET (polyethylene terephthalate. 6 plants) and aspartame (2 plants). All the other 
reiictors correspond. however. to single experiences. I t  is evident fhat the chemical and 
petrochemical effluents trearablc hy anaerobic digestion are not limited to those presented 
i n  l'able 2. Already, several other5 have been successfully treated anaerobically at pilot or  
lab scale (Table 3). A great nuniher of molecules susceptible to be produced by this type of 
industrial activity and then to be present in the wastewaters are also known to be 

Table 2 Full-scale anaerobic digesters treating chemical and petrochemical wastewaters (*) 

InduSIrial Organlc Conslfuclot 

Yeat Company Piodmtlon Type Rcactor Walm load COD I 

Reacloi o1 and generaltog lhe o1 volume COD kgCODl  removal references 

number c o n s t r ~ ~ l l o n  localion Waslewale, reactor m1 g0, lL ma.d *la (") 

1 1981 

2 1981 

3 1984 

4 1985 

5 1986 

6 1986 

I 1987 

8 1987 

9 1987 

10 1988 

11 1988 

12 1988 

13 1988 

14 1988 

15 1988 

16 1988 

17 1989 

18 1989 

19 1989 

20 1990 

Celanese Acelicacid.lormaldehyde, UAF 5682 7 12 3.6 81 Badger 
Bishop. TX.  USA methanol. Ijolyols 

polyeslers 

Cr:l;mcsc AC~IIC. piol,ionic,bulyric UAF 5220 13 3 10.4 80 Badyer' 
Pampa. TX 
USA Kelones. elhylacelale. 

and anhydride acelic acids 

Acrylic eslers 

Hercules. Aliiay Carhoxymelhylcellulose - 3000 - 1.7 87 Bio. 
France mechanics3 

Monsanlo Corp Csp;"l.lnE UAF 2 x  1900 12 3-4 90-95 -24 

A u ~ I I s ~ ~ .  GA, i!% in srries 6-8 85-90 

DSM Cl~emical:; t't,r!"<,t UASB 1280 30 5 9-.12 95 Biulh;tnc" 
Rol1cirJ;im. l ~ ~ l h ~ ~ ~ l w r l ~ ,  

Hoec.hst Aci:t:ilrl<*hyda AC 3000 43 5.5 98 Dcgrhrd '  
Ldlrhonrw, k r i r i c e ,  GIyc.~yh; i tcd 

HocchSI Glyr,rylic acid arid ylyorane DSFF 2150 45-50 7.4 90 Proser id ' 
Cuise.l.atnulli? P;,!:iicrilol,ulyll,enrolc acid 
France Tienylncelic acid. hydanloine 

Shell Chemie Melhylslyrene and UASB 1430 20.45 IO. 20 80.95 Biolhane" 
Moerdilk. Netherlands prupent? oxidcs 

Toban Dyeing. Dyeing waslewaler UAF ' - - -  - Badger 
Hyogo. Japan 

Kanagswa. Japan Synthele resin UAF 260 10.5 8 75 Shinko 
Panlec 

Osaka, Japan Dyes UAF 320 7 7 80 Shinko 
Panlec 

Orienl Chemical Chemical ink processing UAF - - -  - Badger 
Osaka. Japan 

Nigala. Japan Synlhelic cellulose UAF 2350 12.6 8 65 Shinko 
Panlec 

JGC. Kanayawa. Japan Pelrochemtcal UAF - - -  - Badger 

Slim Elsu chemical Chemical processing UAF - - -  - Badger 
Nigafa. Japan 

GLI corp. Aitilicial sweelener BVF 26500 8.3 0.83 75 AD1 
Newport. TN. USA nausralose) 

Capco Co. Purilied lerephthalicacid OSFF 2 x 5000 10 3. 4 85 Amocou 

Taiwan (TOC) 

Cheil Synthetic !ertiles Polyester resins UAF - - -  - Badger 
Gum!. Korea 

Shell Oil Co.. Cliemical processing UAF - - -  - Badger 
Deer Park. TX. USA 

China Purilced lerephihalc acnd Hybrid 4 x 3000 9 6.3 BO -'O 
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Industrial Organic Conslruclor 
Year Company production Type Reactor Waler load COD I 

Rcaclor of and generallng the of volume COD ka CODI removal references 
number construction locatlon wastewater reactor m’ g 0 , I L  ml.d Y. (‘3 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

40 

1990 

1991 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1992 

1993 

1993 

1993 

1993 

1994 

1994 

Sam Nam, Korea 
[+extension 1994) 

Tuntex, Taiwan. 

Nigata, Japan 

Purified terephthalic acid AC 2000 12.6 4.35 
Hybrid 2x 1100 12.4 9 

In series 

Purifiedierephthalic acid UASE 7000 6-13 10 

Carboxymethylcellulose UAF 1210 7.8 7 

Okayama, Japan 

(ext. 1997) 

1994 

1994 

Amoco Co 
Joliet, IL, USA 

Mossref. Mosse1 Bay 
South Africa 

Unichema. Taiwan 

Samyang Co 
Seoul. Korea 

Bombay Dyeing 
Palalganga. India 

Dae Han 
Ulsan. Korea 

Tonen Chemical 
Kawasaki, Japan 

NuIrasweet Co. 
Univ. Park, IL, USA 

Caldic Europoort 
Netherlands 

Northwest Pipeline Co 
Opal, Wyoming. USA 

Amoco Co. 
Geel, Belgium 

Exxon Co. Santa 
Barbara. Ca, USA 

Pelrocel. Mexico 

Hoechst Celanese 
Calisbury. NC, USA 

Robertet 
Grasse, France 

Reliance Industries 

1994 

1994 

1995 

1995 

1995 

1995 

Hazira. India 

Akso.Nobel 
Emmen, Netherlands 

ATV pefrochemicals 
Mathura. India 

Aussapol. Italy 

Tuntex. Thailand 

Tae Kwang 
Korea 

TNT Thailand 

Castagna Unilevel 
Italy 

DuPonl de Nemours 

Light oil fromasphalt UAF 1025 8 6 

Purified terephthalic DSFF 8200 - 3.5 
and isophthalic acids 

Synthetic fuels DSFF 3x5000 14.2 8.5 

Oleochemicals (glycerine) DSFF 400 4.4 4.8 

Plastics UASE 840 15 9.9 

DMT UASB 1500 20 8 

Diethylene glycol UASE 2x82 3.6 7 5  

Maleic acid UASB 100 13.6 17.8 

Aspartame UASE 2x600 22 7.8 

Formaldehyde EGSB 275 40 17 

Natural Gas processing UAF 2 x 108 13.4 8 
In series 

Purified lerephthalicnnd DSFF 15200 16.7 3.7 
lsophthalic acids 

Oil well produced waier UAF - - -  

DMT UASB 2x2400 18.5 7.5 

Polyester resin UAF - - -  

Perfumes FE 92 8.4 27.7 

Purified terephlhalicacid Hybrid 2x3076 8.3 4.8 
2x4190 628 5.3 

Aramid fibers UASE 1400 0.65 3.8 

? 

75 Shinko e -. 
55 Grontmij’3 $ 

ln Pantec 

55 Shinko 
Pantec 

85 Amoco 

(TOC) 

93 ProserpoP 

70 Proserpol 

Biothane 

70 Paques 

- Eiothane 

90 

- 

98 

90 -95 

80 

(TOC) 

95 

- 
94 

66 
70 

60 

Purifiedlerephthalicacld c)ASE 1330 12 10-12 > 60 
+UAF (UASE) 
in series 

PET Hybrid 750 12 1.6 77.5 

Purified terephlhalicacid UASE 3x3000 10 6 - 
Polyeslers Hybrid 500 20 10 80 

NylonandPETfibers BVF 2700 9 1 80 

Elhyl acetate recovery from UASE 16 5 4.7 98 
rotagravure printing 

Thermoplastics EGSE 550 7.5 10 90 
Dordrecht, Netherlands 

1996 SEI - Sanofi Perfumes AC 900 - 4.4 90 
Grasse, France 

1996 EKC . Purilied terephthalic acid AC 4000 6-13 1.7-2.3 > 80 
Indonesia 

Paques 

Eiothane 

Biolhanei5 

Enviro 
Systems hci6 

Amocoi7 

Badger 

Eiothane 

Badger 

Degremonl 

ADI” 

Paques 

Paques 

Biotim 

Hepele 

AD1 

AD1 

Eiothane 

EiothaneiQ 

OTVKruge+ 
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Table 2 Continued 

Industrial Organlc Constructor 

Year Company producIlon Type Reactor Water load COO I 

of volume COD kg COD1 removal relerences 

reactor mr g O l l L  m'.d :i I7 
Rcactor of and nenerathg lhe 

number conslrucllon location wastewatei 

51 

52 

53 

54 

. 55 

56 

57 

58 

59 

60 

61 

62 

63 

61 

65 

1996 

1996 

i996 

1996 

1996 

1996 

1997 

i997 

i998 

1998 

1998 

1998 

1998 

I998 

i999 

Easlman Chemical 
Argenlina 

Volos PET Indusiry 
S .A .  Greece 

Technopar co 
Valbasenlo. Italy 

SK Chemicals 
Korea 

Garware Chemicals 
Aurangabad. India 

RhBne Poulenc 
Chalampe. France 

Reliance Indusiries 
Palalganga. India 

Catalana de polmeis 
BarLeIoni,. SfJ;lm 

Duliont Far Eastern 
Pelrwh Lld. Taiwan 

Eastman Chemical 
Malaysia 

Kosa. Vlssingeii 
Netherlands 

Sasa. Turkey 

lors? PlilSIICI* E l l t l y x  

Frar,ce 

1 (!I11C)i 

MeXK:<, 

Riitiipas 

PET UASB  144 12 12 

PET EGSB 250 25 i 8  

Epichlorohydrin UAF 110 14-16 8 

Polyeslers and hybrid EO0 i56 9 
puriIlPd Ierephlhalic acid 

DMT and ldms UASB  1088 - 7 

Nylon UASB 990 16 8 

Purilied IerPphthalicacid hybrid 800 E 5 4 

PET UASB  635 30 I O  

Puiilied lero~~lilhnlc .i< id hybrid i I: 5000 6 5 5 6 

Ethylene glycol hybrid 2 x33 6 45 2 6 

DMT EGSB 550 338 i 3 2  

DM7 m d  PET EGSB 2x1000 6 5  13 

PE I DSFF 400 5 5 

Purilied t í ~ r t ~ p l ~ l h d l i r  .irid Upflow 20000 b-12 2-3 

ancl PC1 pond 

Solveril\ reir~cry liom a UASB 50 E 8 

90-95 Biolhane 

90 Biolhane 

83 Entricerche20 

80 AD1 

- Paques 

80 Paques2' 

52 A D P  

90 Arema13 

65 AO1 

87 AD1 

- Biolhane 

Bmolhane 

70 -80 Prosai pol 

60-70 1Blech"' 

Blolhant, 

('I The nbbrevialions are lhe siime as in Table 1. BVF =Bulk Volume Fermenter. TOC i Total Organic Carbon, DMT L. Dimelhylterephthalate 

PET = Polyelhylene lereplithalaie ("I The inlo:maiion comes lrom lhe same source as in Table i and lrom the following articles: 

Harveyand Rubinno (1983)'. Young (19911'. F~uillelle 11996)3, Yeuiiyand Young (1991)'. BorghansandvanDriel 1t988)5. Royand 

Durand (1994Iti.HenryandVaraldo Ii9E81'. Franktn eral (i994bI8. Shelley (i991)9. Macarie dal .  (1992)10.Pageera/ (i9981". 

Youngefaf. (2000)". Perebuom el al. (1994)". Marx 11994)i4.Zoutbergandde Been (1997)i5. FerrelandYoung(i993)t6. 

Vandulfel 119931". Kleerebezem (1999Ii8. Constable and Kras (1998)'y, Anon. (1996lZ0. Boulenger et al. (2000)7'. Page et al. (i999I2'. 

Fdr-Polanco cf al. (i999)'3. Noyola el a l  (2000)'' ('"1 Relurbtshed from an exlsltng anaerobic FE reaclor designedby 

Dorr-Oliver. 

biodegradable by methanogenic fermentation (Table 4). Consequently we may expect t o  
sec the application ofanaerohic dipcstion to a growing number of chemical wastewaters. 

Necessity of pre-treatments 

Even il' several chemic;il aiid petrocheinical effluents cannot be methanised directly. 
becausc they contain orgiinic compounds difficult lo treat anaerobically. toxic substances 
or an iniidequatc envil-omncnt (i.e. high salinity), several pre-treatment systems are i n  fact 
available 1 0  solve these prohle!ns. The techniqucs of electrochemical (Pulgarin PI u¡., 
IC)c)f), chcmical (Koyama C I  d.. 1993) aiid photochemical ( Y i  L'I d., 1994) oxidation or 
else ozonaiion (Wang. 1090). by thcir ability to modify the structure of the molecules 
(cleavage of the ¿iroinatic nucleus ;ind polymeric linear chains. introduction of oxygen 
withiii thc structure) nllow for inst;ince to increase the biodegrndability and decrease the 
toxicity of the effluents. I-ligli s:ilinity can be eiilninated by a selective filtration through 
inemhranes permeable IO o r g n i c  substances hut not  minefiil salts (Brookes and 
1.ivingston. 1994). 
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Table 3 Laboratory studies showing the possibility to apply anaerobic digestion to chemical effluents untreated 
by this way at full scale until now 

Type of Reactor Wastewater Organicloading COD 
reactor volume COD rate removal 

Type of wastewater C) (") L g0JL k g D C 0 l d . d  Y. 

- Production of acrylic acid and related esters' UAF 5 19 2.6 97 
3.2-60 47-100 ? Synthetic wastewater containing hydroquinone2 UAF 0.5 1-4 

Refinery sour water stripper bottoms3 FBwithGAC - 1.5 2-1 1 63-9 1 $ 
Furfural production4 UAF 9.5 10-16 23 92 ?. 
Production of phenolic resins and 

phenol molding compounds5 FBwithGAC 30 39 5.6 98 

Plasticizer production and effluent from a 

Synthetic effluent containing benzaldehyde 

resin distillation column6 Hybrid 1 17 12 58 

and saccharose7 UASB 2 - 4.8 84 

polymeric resins8 UASB 6 6-10 4.5 78 

Styrene polymer synthesis plant lo UASB 4 2.2 4.3 > 75 

Production of styrene-divinylbenzene 

2.4-dichlorophenoxyacetic acid productiong FB with GAC 710 2.5-6.3 14-38 85-90 

r) Dohányos elal. (1988)'. Szewzyk andSchink (1989)*, Gardner el al. (1988)3, Wirtzand Dague (1993)4, 
Goedertz e l  a/. ( 1990)5, Nemer el  a/. (1 994)6. Todini and Hulshoff Pol (1 992)7, Dangcong el a/. (1 994)*, Wilson 
et a/. (1 997)9, Araya el  a/. (1999)'O. (") GAC: Granular Activated Carbon 

Without going to such sophisticated systems, which are moreover mostly still at the experi- 
mental stage, a simple adjustment of pH may be the solution to toxicity problems. In this 
way, formaldehyde, which is strongly toxic to microorganisms because of its capacity to 
react with proteins and denature them, transforms spon[aneottsiy at high pH ( I  1-1 2) and 
temperature (100°C) in a mixture of sugars, methanol and formic acid. This technique has 
been applied successfully at pilot scale (UASB reactor ol' 6 ni') to detoxify the effluents 
from the production of DMT (formaldehyde concentration or 2-3 glL) otherwise 
impossible to treat anaerobically unless applying a very high dilution (Bekker et d., 1983). 

Another example of a simple solution is that selected for the effluents of PTA produc- 
tion. This type of wastewater, characterised by a pH of 4.5'and a temperature of 56"C, con- 
tains a high concentration ( 1-4 glL) of terephthalic acid (1,4-benzenedicarboxylic acid, 
TA), which is poorly soluble in water (19 mg/L at 25"C, 400 mglL at I OOOC) and has a high 
density (1.5 g/mLat25"C) (Macarie eral., 1992; Fajardo et ul., 1997). These characteristics 
indicate that because of its particulate form, TA cannot be degraded significantly in high- 
rate digesters operated with short hydraulic retention times. Its deposition in tanks and lines 
would also generate serious plugging problems of the reactor feeding tubes as well as dis- 
placement of the active biomass. Two solutions based on its physical properties are 
presently used at full scale. The first consists of withdrawing it from the wastewater by pri- 
mary settling without treating it in the anaerobic unit (reactor 20 in Table 2), and the second 
of transforming i t  by a simple neutralisation (a minimum pH of 5.5 is necessary to avoid 
precipitation; Kleerebezem, 1999) into its much more soluble sodium salt (140 glL at 25°C 
Merck 1999/2000 catalogue of chemical products) and to treat it in the biological phase 
(reactors, 17,25 and 35 in Table 2). A complete neutralisation with external alkaline com- 
pounds is however not necessary since the alkalinity produced within the anaerobic system 
can be valorised through effluent recirculation. The alkaline power of the recycled effluent 
may even be increased by stripping of its CO, content (Ferguson et U¿.,  1984). Such a 
process, which reduces substantially the cost of neutralisation, has lead to the register of a 
patent (Ely and Olsen, 1989). 207 
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Two last examples of simple pretreatments correspond to those applied at full scale in 
the case of nylon wastewaters (Table 2. reactor 56) and effluents containing epichlorohy- 
drin ( 1 -chloro-2,3-epoxypropane), a solvent used in the manufacture of natural and syn- 
thetic resins. gums, cellulose esters and ethers as well as several other products (Table 2, 
reactor 53). Nylon wastewaters contain peroxides, which like oxygen are harmful to anaer- 
obic bacteria. They can be easily eliminated by a combination of heat and catalytic treat- 

, 
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ment (Boulenger EI  al.. 2000). Epichlorohydrin which is also toxic may be removed, i n  
turn, through hot alkaline hydrolysis. The resulting effluent unfortunately contains an 
increased concentration of NaCl due to chloride liberation during the hydrolysis and must 
be further desalted with i.e. classical evaporation and crystallisation processes (Anon., 
1996). 

The previous comments show that anaerohic digestion should not be eliminated straight 
away at the first problem and that the possibility t o  apply i t  to a chemical or petrochemical 
wastewater must be the result o f a  detailed evaluation. 

Type of reactors applied for the treatment of chemical and petrochemical effluents 

Despite the precursory work ol' I-lovious C I  cil. ( 1973). the technology of low-rate reactors. 
such as anaerobic lagoons. seems to Ii;ive l 'wnd little echo i n  the (petro)chemical industry 
since only three reactors nfthis type have heen constructed so ParJTable 2. reactor 16,46, 
64). The situation is similar for the anaerobic contact digesters (Table 2, reactors 6. 21,49. 
50). This may be duc to the fact that chemical industries are familiar of "high tech" tech- 
nologies, which tneans that thcy arc probably mure attracted by high-rate processes. In this 
last category. all types of digesters have heen applied. The first realisations were hased. 
however, on the techtiplogy o f  the upllow anacrohic filter und un t i l  1989. they represented 
the tna.jority (63%). 12 on 19) ofthc installcd rcactwi. 

Ditring thc saine period. only  I W O  llASl3 reactors ( INS% o f  the reactors) were built 
whcn this system W;IS aiready the Icatliiip ;inaerobic technology i n  other industrial sectors. 
During the following years, UASR systems progressed (34.8% of  the reactors). but global: 
ly  reactors with static packing (UAF, DSFF, hybrid) remained the " j r i t y  (43.5% of the 
reactors). This situation does not appear to be related to sludge granulation difficulties. 
During the last eight years, one fluidised bed and f ive  EGSB reactors'have also been 
applied. Their small number is probably due io the fact that these technologies have reached 
cominercialisation only recently. 

In contrast to what happens in the other industrial sectors, for chemistry and petrochem- 
istry, the types of high rate reactors are not all interchangeable. Again. a precise example 
corresponds to the case of the effluents generated during the production of terephthalic 
acid. Whereas full-scale DSFF and hybrid reactors are usually able to remove TA efficient- 
ly. besides benzoic acid and acetic acid (the two other main organic pollutants present in 
this type of wastewater). single-stage anaerobic contact and UASB reactors are often 
unable to achievc it, or at least much less efficiently and after a long lag phase (Vanduffel, 
1993: Pcreboom ri al., 1994: Young C I  d.. 2000). With TA representing 7 to 50% of this 
wastewater COD. the performances of this Iw class of  reactors may be limited to 50-60% 
COD renioval (.Table 2, reactors 22.42) compared to a minimum of75-80% for the others 
(i.e. reactors I7,20,2 I ,  25,35 in Table 2). Such difference in behaviour is probably related 
to an improved retention of biomass. Actually. T A  primary degraders are characterised by 
an extremely I O W  growth me, which indicates that they should be retained more easily in 
reactors with some kind of packing as wiis observed by Kleerebezem er a/. (1999b) in a 
study with UASB and hybrid reactors led with TA ;IS sole carbon and energy source. This 
explanation. however, is insufficient owing 10 the fact that acetic and benzoic ilcids have 
been shown To inhibit the mcthanisatior1 o f  TA (I-a,j;irdo 1'1 (I/.. 1997; Kleerebezem ('I (I/,, 



Table 4 Non-exhaustive list of organic compounds biodegradable by methanogenic fermentation and 
susceptible to be present in the effluents of chemical and petrochemical industries (after Macarie, 1992) 

Homocyclic aromatic compounds Homocyclic aromat!c compounds Aliphatic compounds 

1.4-dihydroxy (hydroquinone) caproic 

1,3,54rihydroxy (phloroglucinol) crotonic 

3.hydroxy methyl. (m-cresol) lormic 

4.hydrox.y methyl- (p.cresol) lumaric 

glutaric 

Benzene 
1.2.3-trihydroxy (pyrogallol) citric 

methylbenzene (toluene) 

Benzoate 

2.hydroxybenzoate (salicylate) 
3.hydroxy 2.chlorophenol 
4-hydroxy 3-chloro glyoxalic 

2.4.dihydroxy (b-resorcylate) 
2.5-dihydroxy (genlisate) 2.4-dichloro 

2,6-dihydroxy (g.resorcylale) 
3.4-dihydroxy (protocatechuate) 3.5-dichloro propionic 

3,5,dihydroxy (a.resorcylale) 

2.3.4.trihydroxy 
2.4,6-lrihydroxy Zmethoxy 
3,4,5-trihydroxy (gallale) 3-methoxy succinic 

3.chloro 4methoxy 

4-chloro 2,6-dimethoxy 
3.chloro.4.hydroxy P-nilro Aldehydes 

4.chloro lactic 

3.4.dichloro palmitic (sodium salt) 

pentachloro- 3-hydroxypropanoic 

2-amino sorbic 

slearic (sodium salt) 

nand i-valeric 

maleic 

3.5-dichloro 

2.bromo 

3-bromo 

4-bromo 

2.1odo 

3-iOdO 

4.lOdO 

2 . m "  (anthranilate) 

3.amino 

4.amino 

2.methyl (o-toluale) 

3.methyl (m4oluale) 

4.rnelhyl (p.toluale) 

2methoxy 

3-methoxy 

4-methoxy (p-anisate) 

3.4.5-trimethoxy 

4-hydroxy-3- methoxy (vanillale) 

4-hydroxy-3.5-dimethoxy (syringate) 

2-nitro 

2-acetyl (acetylsalicylate) 

Benzaldehyde 

4-hydroxy-3,5-dimelhoxy (syringaldehyde) 

4.hydroxy.3-melhoxy (vanilline) 

3-nilro 

4mtro 

phenylacetale 

phcnylpropenoate (Ginnamate) 

phenylpropionate (hydrocinnamate) 

3.nrethoxy.4.hydroxy cinnamate (lerulate) 

4 .hydroxy phenylalanine (tyrosine) 

Benzyl alcohol 

4.hydroxy benzyl alcohol 

Heterocyclk aromatic compounds 

pyridine 
3.pyridine carboxylate (nicotinate) 

2,6.pyridinedicarboxylale (dipicolinale) 

purine 

adenine 

xanthine 

indole 

tryptophane 

uracil 

quinoline 

2-furaldehyde (IUrfuraI) 

o. m. p.dicarboxybenzene (o. m. p-phthalate) 

dimethyl ophlhalate and pphthalate 

diethyl o.phthalale 
di.n.butyl o-phthalate Hydrogen cyanide 

Butylbenzyl o-phthalate 

Aliphatic compounds 

Acids 

acelic 

3-nitrobenzene sulfonate acrylic 

adipic 

Hydroxybenzene (phenol) 4.aminoadipic 

Nitrobenzene 

1 ,2-dihydroxybenzene (catechol) n. and i-butyric 

acetaldehyde 

butyraldehyde 

crotonaldehyde 

formaldehyde 

propionaldehyde 

Alcohols 

n andi-butanol 

1.2 and 2.3-bulanediol 

3.methylbulanol 

ethylene glycol 

dl. tri  and polyethylene glycol 

ethanol and 2methoxyelhanol 

glycerol 

methanol 

octano1 

Pentanol 

propanol and 1 -amino-Z.propanol 

t.2-propanedlol 

Amines 

butylamine 

triqelhylamine 

triethanolamine 

Ketones 

acetone 

methyl ethyl ketone 

Esters 

ethyl. methyl and vinyl acetate 

bulyl. ethyl and methyl acrylate 

methyl butyrate 

methyl propionate 

Ethers 

ethylene glycol monoethyl ether 

methyl butyl ether 3-hydroxybutyric 1 .I-dihydroxy (resorctnol) 
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~vrra). I ne aegraaation ot all the organic compounds in only one reactor thus requires the 
separation in space of two distinct bacterial populations. The first population has to elimi- 
nate the benzbic and acetic acids and thus to detoxify the medium for a secund population , 

specialised i n  the degradation of terephthalic acid. Such a physical separation is possible 
only when the biomass is distributed on all the height of the digesters and these are operated 
i n  a plug flow mode which allows the formation of concentration gradients. This niay be the 
case for DSFF reactors owing 10 the dispositibn of the packing available for biomass fixa- 
tion but also to hybrid reactors for which the biomass is physically separated between a 
sludge bed at the hotrom and a bacterial filin on support at the top. This advantage does not 
exist. however. i n  conventional single-stage perfectly mixed anaerobic contact and UASB 
reactors. 

Another cxaniplc 01' the importance of' the type of reactor corresponds to the efrlu- 
c n I s con t ;i i n i II g lo ri n ii I d e h y de. As i II d i c :ired previ ou s I y ,  this I ah I coin pound is strongly 
toxic: i r  is. h o x ~ v r r .  biodegradable below :I certain concentration for which an equilib- 
rium bctween hitil11:iss growth and decay rates can be reached (Gonzalez-Gil e/ ci/., 

1099). A simple dilurion of the wastewater can thus make i t  possible to eliminate toxic- 
i ty  ;ind i n  tlic s;inic way i o  avoid an expensive chemical pre-treatment such ;IS the one 
dcscribcd a b y .  I ) i l u l ion  with rivcr wkircr being prohibited, ii dilurion iii closecl loop 
with the water conling o u t  ol'the digester is poshible. The level o f  dilution neccssury I I O  
to 30 to reach less than 0.5 g formaldehydc/L) requires. however,'a very hiph rate of' 
rccirculation involving high water upf'low velocities that o n l y  f'luidised bed and  EGSB 
reactors arc iihlc i c i  rolcrarc. This schcnic corresponds Lo rhc solution chosen I'or the 
cri'iuents tile c o l l l l ~ ~ ~ l l i ~ ~  caiciic i i ~ ~ ~ ~ ) l ~ o O ~ t  ;111d pupont .  botil -rile ~c t i lc r iL~l lc i s .  
which nlanul'~lct~ll~c rc\pcctivcly I'orm;lltlchytlc ;Ind thcrn1oplastics (-1';lhlc 7. rcactr1rs 33 
~ I l ld  48). Sucl1 Ilcsiyn 11:h hccn s110wn ;11Ml ; I t  IAh 5cale as il good option l'or rhc Ireatmcnl 
of' high l ' ~ ) r ~ ~ I i ~ I d ~ l 1 ) ~ d ~  binding IIMT N ; ~ l ~ i c w ~ \ t c r ~  (FrLIIlkiii C /  (I/.. 1993~1). t ' n d  hLlS beeil 
recently implcmcn~ccl ;II lull scalc in The Ncrhcrlmds and T u r k e y  (Table 2, reactors 6 I 
and 62). 

Owing to the adsorptive properties ol' aclivatcd carbon, several lab-sc;ilc cxperiiiients 
(Table 3)  have shown also tha i  fluidised hed reactors packed with this type of carricr 

,could deal with w;istcwatcrs (i.e. rcfincry stripper bottoms, phenolic resins. 2.4-D pro- 
duction) conraining high concentrations of' various toxicants otherwise difficult to treat 
with more classical unaerobic biological niciins (Gardner EI (I/.. 1988: Gocclertz e/ C I L ,  
1990; Wilson c/  (I/., 1997). To date. however. these systems seein not to have reach prac- 
t ica I app I i c ill i o Il. 

Conclusions 
Although anaerobic digestion is already applied in at least 80 chemical and petrochemical 
companics. its development in this industrial sector has reniained limited unt i l  now. The 
capacity ol'growth is. howcver, very high and there has been more interest i n  its application 
in  these lasr lour years. An expansion similar to ihat met for tcrephthalic acid is indeed pos- 
sible for all the i.l'f'liicnts already treated this way on an industrial scale (Tahlc 2 )  and further 
lor all the elllticnts which contuin the molecules mentioned i n  Table 4. 'The still low growth 
rate of  anaerobic digcsrion in [his industry sccnis t o  be related to a lack of adequate promo- 
tion. I t  is surprising l o r  instance. that while ;I UASB reactor has been i n  operation since 
I986 t o  treat tlie w;istew;iters o f  phenol production. no other reactor has been built to treat 
the sanie type ofclf'liicnt since this date. I t  nius[ be emphasised that tlie success of  a project 
in this sector will he the result only of a study undcriaken with rigour. I n  particular, the 
operation ci f '  ;I pilot-scale u n i t  on the inchsrri:ti site is strongly rccotntncnded before the 
i mplclllcn [;I1 ion of' ;I lu I I -scale u n  i r .  
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