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ABSTRACT15

16

Aims: The present paper aims to study the effect of aromatic structure on the inhibition of
biogas production and more specifically the effect of para substituted anilines functional
groups (chemical structure) on methane biosynthesis by the digested pig manure
methanogens. The objective of this study was also to examine the structure-toxicity
relationships of aromatic compounds to acetoclastic methanogens.
Study design: Anaerobic digestion of pig manure, anaerobic toxicity essay, The effects of
functional group nature on inhibition of methane production by acetoclastic methanogens.
Correlation of the methanogenic toxicity (IC50) with aromatic compounds hydrophobicity
(logPoct).
Place and Duration of Study: Department of Chemistry, University of Kinshasa (DR
Congo), between August 2011 and May 2012.
Methodology: The toxicity to acetoclastic methanogenic bacteria was performed with the
standard method of serum bottles, digested pig manure was utilized as inoculums, acetate
as substrate and the methane gas volume produced was measured by serum bottles liquid
displacement systems (Mariotte flask system).
Results:
The obtained results indicate that relationships exist between para substituted anilines
functional groups nature (chemical structure) and their inhibitory effects on methanogens.
The toxicity of para bisubstituted anilines increases in the following order:

SO3 < OH < H < CH3 < Cl < NO2
From this sequence of increasing toxicity, it can be seen that the methanogenic toxicity
varies with the functional group nature which is in the para position of the main function.
Indeed, p-Nitroaniline and benzene with 45.76 and 208.78 mg/l as IC50 values respectively
were the most toxic compounds, while p-Aminophenol and p-Aminosulfonic acid (Sulfanilic
acid) with 1800.39 and 2777.82 mg/l IC50 values were the less toxic.
A very significant negative linear correlation between the toxicity of para substituted anilines
compounds and their hydrophobicity was found.
Conclusion: The results of this study indicate that relationships exist between para

substituted anilines functional groups nature and their inhibitory effects in methane
biosynthesis by the methanogens.
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1. INTRODUCTION.22
23

Nitro-, azo- and amino-substituted aromatics play an important role in the production of24
explosives, dyes, pesticides, polymers, pharmaceuticals etc. and consequently, appear in25
the wastes generated by the corresponding industries. They are very dangerous for the26
environment owing to their mutagenic and carcinogenic influence on all the living organisms27
and some of them are quite persistent to aerobic biodegradation. Many N-Substituted28
aromatics have also been shown to be toxic or mutagenic to microorganisms. The presence29
of these aromatic xenobiotic in the environment may create public health and environmental30
problems [1, 2, 5].31

32
Aromatic compounds are inhibitors of methane biosynthesis in anaerobic treatment of solid33
wastes and industrial effluents. Anaerobic treatment of solid wastes and industrial effluents34
may be limited by the methanogenic bacteria inhibition exerted by these types of35
compounds, the production of biogas is not possible and the organic matter contained in the36
effluent is not reduced. These effluents poured in the nature can be the basis of the pollution37
[3, 5, 6].38
At our knowledge, few works are published on the methanogenic inhibition of aromatic39
compounds. Most of these works were performed with the granular sludge as inoculums40
from an industrial anaerobic reactor called "Upflow Anaerobic Sludge Bed" (UASB reactor).41
Generally, the digesters are heated to about 30° C and more, but in this work digested pig42
manure from a laboratory scale digester was used as inoculum and the experiment was43
conducted at room temperature of an African tropical country (27±1°C). Unlike granular44
sludge, digested pig manure is a natural inoculum and has never been in contact with45
aromatic compounds and thus, not acclimated to them.46

47
Indeed, although the anaerobic biodegradability of aromatic compounds has been48
extensively studied, less attention has been given to the correlation of aromatic compounds49
structure and their toxic effects on the community of anaerobic bacteria. The knowledge of50
the effect of aromatic structure on the inhibition of biogas biosynthesis is essential in51
predicting the impact of these xenobiotics on anaerobic waste and wastewater treatments,52
thereby preventing potentially costly upsets of treatment plant operations. A better53
understanding of the structure-toxicity relationships will make feasible the application of54
anaerobic technologies to waste and wastewater containing aromatic compounds [5,16].55

56
Literature on anaerobic digestion shows considerable variation in the inhibition/toxicity levels57
reported for most substances. The major reason for these variations is the complexity of58
anaerobic digestion process where mechanism such as nature of inoculum and substrate,59
antagonism, synergism, acclimation and complexing could significantly affect the inhibition60
phenomenon [3, 6].61

The present paper aims to study the effect of aromatic structure on the inhibition of biogas62
biosynthesis and more specifically the effect of para substituted anilines functional groups63
nature on methane biosynthesis by the digested pig manure methanogens. The influence of64
the nature, the number and the position of substituents has to be investigated.  The objective65
of this study is also to examine the structure-toxicity relationships of aromatic compounds to66
acetoclastic methanogens.67
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.68
2. MATERIAL AND METHODS69

70
2.1. Biomass71

72
Pig manure from DAIPN farm of Nsele /KINSHASA (DR CONGO) was digested in laboratory73
scale digester during about six months. The digested pig manure (sludge) was utilized as74
inoculums in our anaerobic toxicity tests. The digested pig manure was not previously75
acclimated to any aromatic compounds.76
Characteristic of inoculums: total suspended solids (TSS) concentration 91.10 g/l, volatile77
suspended (VSS) concentration 56.59 g/l, specific acetoclastic methanogenic activity 0.163 -78
0.211 g COD-CH4/g VSS .d. (27±1 °C).79

80
2.2. Stock solutions81

82
2.2.1. Stock substrate solution: The stock solution of the substrate is a volatile fatty acid83
solution (VFA) composed of acetic acid neutralized to pH = 7 with NaOH solution. It is at the84
concentration of 100 g COD-CH3COOH /l (chemical oxygen demand per liter);85

2.2.2. Stock solution 1: macro-nutrients: NH4Cl (170g/l); KH2PO4 (37 g/l); CaCl2. .2H2O (1086

g/l); MgSO4.4H2O (37 g/l);87

2.2.3.Stock solution 2: trace elements : FeCl3.4H2O (2000mg/l); CoCl2.6H2O (2000 mg/l);88

MnCl2.4H2O (500 mg/l); CuCl2 (50 mg/l); H3BO3 (50 mg/l); (NH4)6Mo7O2.4H2O (90 mg/l);89

Na2SeO3. 5 H2O (100 mg/l) ; NiCl2. 6 H2O (50 mg/l mg/l) ; EDTA (1000 mg/l) ; HCl 36% (190

mg/l) ; yeast extract(200 mg/l) resazurin (500 mg/l);91

2.2.4.Stock solution 3: Sulfide Na2S (100 g/l) [6,9;15].92

2.3. Aromatic compounds93
94

The used of para substituted anilines included: p-Nitroaniline, p-Chloroaniline, p-Toluidine, p-95
Aminosulfonic acid (Sulfanilic acid), p-aminophenol and Aniline. Otherwise benzene was96
utilized as reference aromatic compounds. All aromatic compounds were of high purity97
available, pure for analysis supplied by MERCK. The chemical structures of these aromatic98
compounds are given in the figure 1.99

100
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Fig 1: The structures of para substituted anilines and reference aromatic compounds.105
106

2.4. Anaerobic toxicity assay107
108

Specific acetoclastic methanogenic activity measurements were performed with 1l glass109
serum bottles sealed with butyl rubber septa. Add to each serum bottle from the scale110
laboratory digester 1.5 g VSS of digested pig manure and add to this:111
 Two ml stock solution 1;112
 1 ml stock solution 2;113
 2 drops stock solution 3 ;114
 40 ml stock substrate solution.115

Fill the serum bottle to about 1000 ml with oxygen free tap water which is flushed with116
nitrogen gas for at least 15 minutes [12-14]. The flask were sealed with rubber septum cap117
and placed in a reciprocating shaker at 27±1 °C (room temperature).118

119
The required quantity of inhibitory compound was added to each flask to provide the toxic120
concentration to be investigated. No toxicant was added to the controls. The toxicant121
concentrations had chosen as to cause an inhibition of the acetoclastic methanogenic122
activity ranging from 0-100 % [6, 10,18].123

124
The specific methanogenic activity was calculated from the slope of the cumulative methane125
production versus time curve and the quantity of VSS. The compound concentration that126
caused 50% inhibition of the methanogenic activity had referred to as “50% IC”. All specific127
methanogenic activity measurements were conducted in duplicate. To determine the degree128
of inhibition, the specific methanogenic activities of the control and samples containing129
inhibitory compounds were determined [6,8,14].130

131
132
133
134
135
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2.5. Methane gas measurement136
137

The methane gas volume produced was measured by serum bottle liquid displacement138
systems (Mariotte flask system) as previously described [6,14,15].139
The liquid in the displacement serum bottle should contain a concentrated solution of NaOH140
or KOH in order to rapidly convert CO2 gas to carbonate and dissolve it into the NaOH141
solution [6].142

143
3. RESULTS AND DISCUSSION144

145
3.1. Inhibition of specific methanogenic activity.146

All concentrations of aromatic compounds examined exerted an inhibitory effect on the147
specific acetoclastic methanogenic activity. This implies that these aromatic compounds are148
inhibitory to methane biosynthesis and some of them are toxics even in very small quantity.149
Figure 2 shows the decrease in specific methanogenic activity with the increasing of the150
concentration of Aniline. The IC50 is calculated as the concentration of Aniline corresponding151
to 50% of inhibition.152

153
154
155
156

157
Fig 2: Methanogenic activity of digested pig manure exposed to Aniline versus Aniline158
concentration.159

160
3.2. Toxicity of para substituted anilines in anaerobic digestion process161

The inhibitory effect of para substituted anilines compounds: p-Nitroaniline, p-Chloroaniline,162
p-Toluidine, p-Aminosulfonic acid (Sulfanilic acid), Aniline, p-Aminophenol and reference163
compound (benzene) on the activity of acetoclastic methanogenic bacteria was studied at164
various levels, from concentrations that were nontoxic to those that were completely165
inhibitory concentration to acetoclastic methanogenic activity, as typified by the experiment166
with Aniline in Figure 1.The table 1 summarizes the 50% inhibiting concentrations (IC50) of167
para substituted anilines compounds evaluated in this study, ranked in decreasing order of168
toxicity.169
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Table 1: The IC50 values observed in the study for the para substituted anilines171
compounds and reference aromatic.172

173
N° Compound IC50 (mg/l) logPoct

1 p-Nitroaniline 45.76±2.82 1.39
2 Benzene 208.78±6.32 2.13
3 p-Chloroaniline 787.47±20.43 1.87
4 p-Toluidine 1260.47±38.80 1.39
5 Aniline 1407.39±22.90 0.90
6 p-aminophenol 1800.39±3.39 0.40
7 Sulfanilic acid 2777.82±71.33 -0.512

174
The methanogenic toxicity exhibited by the para substituted anilines compounds is illustrated175
in Figure 3.176
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Fig. 3: The methanogenic toxicity as exhibited by para substituted anilines178
compounds.179

180
The obtained results indicate that relationships exist between the nature of para substituted181
anilines compounds and their inhibitory effects on methanogenic bacteria. According to the182
figure 2, the toxicity of para substituted anilines compounds increase in the following order:183

184
p-Aminosulfonic < p-Aminophenol < Aniline < p-Toluidine < p-Chloroaniline < benzene <p-185

Nitroaniline186
187

In this sequence of toxicity, p-Nitroaniline and benzene with 45.76 and 208.78 mg/l as IC50188
values respectively are the most toxic compounds, while p-Aminophenol and p-189
Aminosulfonic acid (Sulfanilic acid) with 1800.39 and 2777.82 mg/l IC50 values are the less190
toxic. In addition, it can be seen in this sequence of toxicity as p-nitroaniline is the only191
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aniline derivative which is more toxic than benzene. This can be explained by the fact that192
the nitro group is a powerful electron-withdrawing therefore very hydrophilic and nitroaniline193
have the highest dipole moment of the tested compounds, making him the most chemically194
reactive compound. Indeed, the nitroaromatics have been reported to be reactive toxicants195
and when present at similar concentration in the bacterial membrane exert a much higher196
toxic effect than that which can be accounted for by membrane toxicity alone. The reactivity197
with microbial subcellular components realize the p-nitroaniline highly toxic [3,4,5] Thus, the198
substitution of a nitro group (-NO2) on the Aniline giving the p-Nitroaniline, has the effect of199
increasing the toxicity of the aromatic ring.200

201
The substitution of hydrophilic substituent, as NH2, OH, SO3, on the benzene ring, make the202
obtained compound less toxic. In addition, this decrease in toxicity is also a function of the203
number of hydrophilic groups on aromatic ring [5, 7].204

205
However, this behavior is valid only when the two substituents have no electronic and steric206
interactions and when there is not the formation of intramolecular hydrogen bonds. This is207
possible, when the two substituents are in the para position relative to each other. Indeed,208
when the substituents are in ortho or meta position, interactions change the order of toxicity209
in one direction or another. In this case, resorcinol (meta isomer) is more toxic than210
hydroquinone (para isomer). This phenomenon can be interpreted by the fact that the toxicity211
of isomers varies with the position of functional groups that result in steric and electronic212
interactions, and also with the formation of intramolecular hydrogen bonds [5,7,12].213
3.3. Effect of the para substituted Anilines functional groups on the214

methanogenic toxicity215

The influence of the functional groups nature on the methanogenic toxicity exhibited by the216
para substituted anilines compounds is illustrated in Figure 4.217

218

.219
220
221

Fig. 4: Variation of the methanogenic toxicity as a function of the para-222

substituted Anilines functional groups nature.223
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224
The results obtained indicate that relationships exist between para substituted anilines225
compounds functional groups (chemical structure) and their inhibitory effects on226
methanogenic bacteria. According to the figure 4, the toxicity of para bisubstituted anilines227
increases in the following order:228

SO3 < OH < H < CH3 <Cl < NO2229
230

The nature of aromatic functional groups is observed to have a profound effect on the231
toxicity of the para bisubstituted anilines. From this sequence of increasing toxicity, it can be232
seen that the methanogenic toxicity varies with the substituents nature which is in the para233
position of the main function (NH2). With some exceptions, the obtained results are234
comparable to those reported in our previous works [9, 10, 19,20]; by Donlon et al, 1995 [5]235
and by Sierra and Lettinga, 1989 [18] for monosubstituted aromatic compounds as far as236
acetate was used in the bioassay. The addition of a functional group containing an oxygen or237
sulfur heteroatom to aniline, our reference compound, decreased the para substituted238
aromatic compound toxicity as in the case of OH and SO3 substitution. However, the239
addition of CH3, Cl and NO2 to aniline was associated with an increase in a compound240
toxicity. Indeed, the results obtained with digested pig manure are in complete agreement241
with the above theory, which is not the case of the granular sludge.242

243
244

This implies that the substitution of hydrophobic or hydrophilic substituent on the benzene or245
monofunctional aromatic compound, make the obtained compound more or less toxic. In246
fact, it is known that a substitution on the aromatic ring that enhances the hydrophobicity247
render the molecule more toxic and that enhances the hydrophobicity of aromatic ring248
causes the molecule to be less toxic. According to Hansch and Leo works [4]:249

 hydrocarbon or halogenated substituents on the benzene ring are lipophilic250
in the case of CH3, F, Cl, Br, I .251

 The substituents containing electronegative atoms such as O and N are252
generally hydrophilic (OH, SO3, SH, NH2, CHO, COOH, CONH2, OCOCH3).253

254
However, this behavior is only valid when the two substituents have no electronic and steric255
interactions and no intramolecular hydrogen bonds formation. This is possible, when the two256
substituents are in the para position relative to each other. Indeed, when the substituents are257
ortho or meta, steric and electronic interactions change the order of toxicity in one direction258
or an another.259
In our previous work [10] the general relationships between the aromatic functional groups260
nature and their inhibitory effects on methanogenic bacteria for the para-tolyles and para-261
bisubstituted (thio) phenols increases, respectively, in the following order:262

263
NH2 < OH<CHO < H    and       OH < NH2 < H < CH3O< CH3<Cl*<CH3* < NO2264

The star (*) indicates the thiophenols functional groups.265
266

3.4. Correlation of the methanogenic toxicity with aromatic compounds267
hydrophobicity268

Correlations between toxicity and partition coefficient within series of organic contaminants269
structurally related have been reported by a number of research groups using fish, ciliate or270
microorganisms as tests organisms. Therefore, when comparing compounds that possess271
different types of substitutions, a perfect correlation with logPoct of the compound cannot be272
expected. A higher correlation could potentially be obtained by comparing compounds in273
homologues series [5, 18].274
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To determine if the lipophilic character of para substituted anilines compounds and275
reference aromatic compounds (benzene) tested could be correlated with their276
methanogenic toxicity, the logarithm of the IC50 values of these aromatics were plotted277
against the logarithm of the octanol-water partition coefficient (logPoct) of the aromatic278
compounds. The p –Nitroaniline was not included in logPoct correlation because the nitro-279
aromatics when present at similar concentration in the bacterial membrane exert a much280
higher toxic effect than that which can be accounted for by membrane toxicity alone.[3,5]281
Figure 5 shows the correlation line between the methanogenic toxicity and partition282

coefficient logPoct for para substituted anilines compounds.283
It can be noticed that there is a significant correlation between the toxicity of these aromatic284
compounds and their hydrophobicity (R2 = 0.9676). This causes that the more hydrophobic285
molecule is, the more readily it crosses the cell membrane and becomes highly toxic and286
inversely [ 4,17].287
Hydrophobicity of a compound as indicated by logPoct has directly related to the partition of a288
compound into bacterial membrane. Compounds of great hydrophobicity are expected to289
accumulate more efficiently in membranes, causing a greater disturbance to the membrane290
structure and consequently, they would be responsible of high toxicity [5,17].291

292
293

294
295
296

Fig. 5: Effect of hydrophobicity on methanogenic toxicity:  methanogenic toxicity297
(IC50) and partition coefficient (logPoct) correlation (R2 = 0.9676).298

299
The diffusion of a molecule across a membrane depends on the permeability of the300
membrane. However, the membrane permeability is a function of the partition coefficient301
logPoct. So the more hydrophobic a molecule is, the higher is its membrane permeability and302
the greater is its toxicity [11, 17].303

Indeed, a substitution on the aromatic ring which tends to make the molecule lipophilic304
(hydrophobic) increases the affinity for membrane phase therefore the permeability of the305
membrane to this compound. The massive compound diffusion in methanogenic bacteria306
thus increases the toxicity for these microorganisms causing damage to subcellular307
components. This contributes to the decrease in methanogenic activity [5, 11, 17].308
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309

310
4. CONCLUSION311

312
The results obtained indicate that relationships exist between the para substituted anilines313

compounds functional groups (chemical structure) and their inhibitory effects on314
methanogenic bacteria. According to the figure 4, the toxicity of para bisubstituted anilines315
increases in the following order:316

SO3 < OH < H < CH3 <Cl < NO2317
318

The addition of a functional group containing an oxygen or sulfur heteroatom to aniline, our319
reference compound, decreased the para substituted aromatic compound toxicity as in the320
case of OH and SO3 substitution. However, the addition of CH3, Cl and NO2 to aniline was321
associated with an increase in a compound toxicity.322

323
A very significant negative linear correlation between the toxicity of para substituted anilines324
compounds with the reference aromatic compound (benzene) and their hydrophobicity was325
found.326
This causes that the more hydrophobic molecule is, the more readily it crosses the cell327
membrane and becomes highly toxic and inversely.328
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