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Inhibition of methanogenesis by chlorophenols: a kinetic approach.
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Abstract

Chlorophenols exert a critical effect on the methanogenesis, considerably reducing both maximum
methane potential and methanogenic rates. However, there is not enough information about the
kinetic mechanism of chlorophenols toxicity on the methanogenesis, which is a key aspect for the
control of the anaerobic digesters because of the sensitivity and the potential for energy recovery
derived from methanogenesis. The International Water Association Anaerobic Digestion Model 1
(IWA-ADM1) can be adapted to a wide range of situations by updating or changing the equations in
the model. The present study proposes a general kinetic model for methanogenesis. This model has
been applied to predict the inhibition of methanogenesis by chlorophenols, and it can be applied for
updating the IWA-ADM1 when treating inhibitory compounds. The model was calibrated and
validated using a wide broad of experimental sets of data of methane production by granular sludge
in the presence of 2,4-dichlorophenol (24DCP), 2,4,6-trichlorophenol (246TCP) and

pentachlorophenol (PCP) in batch assays. A lag phase of the effect of chlorophenols on the
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methanogenesis by non-adapted sludge was detected and modeled by the kinetic model proposed. In
addition, the inhibitory effect of PCP was more pronounced on the acetoclastic methanogenesis than
on the hydrogenotrophic one. Non-competitive and uncompetitive inhibition types were detected
using 24DCP and 246 TCP, whereas a suicide or irreversible inhibition type was observed in the
case of PCP. Values of inhibition constants considerably varied depending on the chlorophenol
used, between 45 mg 24DCP L', 41-51 mg 246TCP L' and 0.9-7.8 mg PCP L"!. The higher
toxicity of PCP is related with its hydrophobicity, which was determined by adsorption tests and
using partition coefficients n-octanol/water. Modeling was accompanied by high statistical support

in all cases, which confirmed the validation of the model proposed.

Key words: Chlorophenols, methanogenesis, kinetics, inhibition.

Introduction

Chlorophenols are toxic compounds to anaerobic microorganisms. Their high hydrophobicity eases
the adhesion of these compounds onto the bacterial membranes [1]. This disrupts the gradient of
protons along the membranes and interferes with cellular energy transduction, decreasing the cell

growth due to uncoupling of catabolic and anabolic cycles [2].

Methanogenesis is the last stage of the complex food chain that occurs in anaerobic environments
and is the only stage that performs the elimination of organic matter from water by transforming it
into methane gas in the absence of large amounts of nitrate and sulfate. Methanogens are the most
sensitive microorganisms involved in the anaerobic digestion process because they can be inhibited
by a wide range of chemicals. In addition, methanogenesis can lead to production of valuable

energy from the methane release [5]. Thus, the optimization of methanogenesis is a key aspect for
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the proper control and design of anaerobic digesters. The International Water Association (IWA)
has developed a simulation model applied mainly to anaerobic digesters of waste (anaerobic
digestion model no 1, ADMI1 [6]). In this model, all stages of anaerobic digestion are governed by
differential-algebraic equations that present dynamic state variables, which favor the adaptation of
the model to a wide broad of processes by adding inhibitory or limiting terms to the kinetic
equations, as well as adding equations describing abiotic reactions. Methanogenesis has been
modeled using Monod [7-12], Haldane [13, 14] or Stover-Kincannon [15] models, which can often
be simplified to first order equations [16, 17]. Inhibition of methanogenesis is commonly explained
by adding inhibitory factors in the kinetic equations, as in the case of inhibition by pH [8, 12] or
ammonium [9]. Inhibition of methanogenesis has been recently explained by modifying kinetic
equations using exponential terms [ 18]. Methane production from acetoclastic and
hydrogenotrophic pathways has been studied and the growth of the microorganisms responsible of
each stage (Methanosaeta spp. and Methanosarcina spp. for acetoclastic methanogenesis, and
Methanosarcina spp. and others hydrogenotrophs for hydrogenotrophic methanogenesis) has been
modeled independently [7].

The effect of chlorophenols on methanogenesis has been widely studied (Table 1). However, there
is not consensual for the specific mechanisms of toxicity. The half maximal effective concentration
(ECso0) values strongly differ in a wide variety of studies. Thus, ECso values are in the range
between 26-410, 80-300, 41-117 and 6.8-76 for monochlorophenols, 24DCP, 246TCP and PCP,
respectively. It seems to be clear that PCP is the most toxic chlorophenol [3, 19], and there are
evidences indicating that the chlorophenols toxicity is related with the hydrophobicity through a
linear relationship between the logarithm of the partition coefficient n-octanol/water (logP) and the
ECso values [19]. In addition, acetoclastic methanogenesis has been reported to be more sensitive to
246TCP toxicity than the hydrogenotrophic one [20]. Also, there are some studies reporting kinetic

effects of chlorophenols on methanogenesis, which are commonly described by non-competitive
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toxicity mechanisms [4, 21, 22]. In spite of these works, there is a lack of generalization for

determining the effect of chlorophenols on kinetics of methanogenesis.

The present study proposed a general kinetic model for methanogenesis. This model has been
applied on data from batch assays to predict inhibition of methanogenesis by chlorophenols in a
wide range of experimental conditions, and it could be applied for updating the methanogenesis

equations of the ADM1 model when treating inhibitory compounds.

Materials and methods

The experiments were performed in batch. Since the main objective of this study is trying to
generalize the inhibition effects of chlorophenols on methanogenesis through the application of a
general kinetic model, the experiments have no relationship each other. Instead of that, the
experimental conditions were somehow as broad as possible.

A set of 6 different experiments were performed. The only experimental conditions shared were the
temperature (30 + 1°C, a commonly used temperature in mesophilic conditions), the initial pH (7)
and the type of sludge (granular). The rest of experimental conditions and a briefing description of
each set of experiments are presented in Table 2.

Methane was measured volumetrically by the displacement method for the 250 mL flask serum
bottles [27], or using a wet gas-meter for the 2 L anaerobic batch digesters (Schlumberger, Paris,
France). Methane production was expressed as g CH4-COD (that is so, g of CH4 expressed as COD)
L', considering 1 g COD = 404 mL CHa. Batch assays were performed by duplicate and were
accompanied by blanks, in which no toxic was added. Adsorption tests were realized using sterile

anaerobic granular sludge in the same conditions described above.
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Chlorophenols concentration was quantified by HPLC-UV. Details of the method are described

elsewhere [23]. Other analyses were performed according to Standard Methods [28].

The ECso values were obtained quantitatively from the analysis of the average rates of

methanogenesis, according to a previous work [23].

Modeling

The data collected from the batch kinetic tests described above are used to model the methane
production and thereby determine the kinetic and inhibition parameters. Blanks experiments were
used for determining general kinetic parameters in those experiments which was necessary. In order
to encompass all the inhibitory effects observed in the experimental results, the following kinetic

model explaining the methanogenesis is proposed (Eq. [1]):

1
» +k1 ” _Ml +(17kl)(Mlnax‘7M] = P +k, 0 7Mz +(lsz)([\/[maxﬂ71‘42)[ ]
7 e &) =] |
I+ — I+ — I+ — I+ —
K K,
— U v
—~ —~
Acetoclastic Hydrogenotrophic

where M, M; and M represent the total, acetoclastic and hydrogenotrophic quantity of methane
produced, respectively (g COD-CHas L), whereas k7 and k2 are the proportion factors for methane
produced affected by the inhibitor (dimensionless). Thus, (1-k7) and (1-k2) are empirical factors
which represent the methane produced before the toxic entering in contact with microorganisms.
This approximation simplifies the model by avoiding the use of new timely variables, which would

require working with finite difference equations. Vimaxs and Vimax2 are the maximum methanogenic
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rate (g COD-CH4 L' d!), K,; and K2 are the Monod constants (g COD-CHs L), Minaxs and Minax2
are the maximum quantity of methane produced (g COD-CH4 L), 7 is the inhibitor concentration,
Knir and Kyi2 are the non-competitive inhibition constants, K¢i; and Kci2 are the competitive
inhibition constants, Ksi; and Ksi2 are the suicide or irreversible inhibition constants (mg inhibitor L
Y and mi, m2, n1, n2, p1, and p: are the inhibition factors for each type of inhibition (dimensionless),
for acetoclastic (1) and hydrogenotrophic (2) methanogenesis, respectively. The use of exponential
inhibition factors has been previously described for explaining non-linear inhibition type
phenomena [ 18], and opens considerably possibilities for predicting accurately methane production
in toxic environments. A brief description of the model and its derivation are included in Appendix
1. This complex model can be properly simplified for the most of the situations. Thus, this model
has been simplified, generating simpler models, and applied to predict inhibitory processes on
methanogenesis caused by 24DCP, 246TCP and PCP.

Simplifications for the model have been carried out according to the following assumptions:

(a) Biomass growth is negligible with respect to methane production, so the biomass concentration
can be considered constant.

(b) Biological methane production is the limiting step of the methanogenesis, thus external and
internal diffusion processes can be neglected in the kinetic models.

(c) There is no competence between microorganisms for methanogenic substrates, so inhibition
processes can be exclusively attributed to the concentration of the inhibitor.

The general model proposed takes into account the biphasic production of methane, and all the
possible inhibition types: competitive, non-competitive, uncompetitive and irreversible. A brief
description of kinetics and inhibition types can be found in [29-32]. In addition, the model can
predict the amount of methane produced during the /ag phase of chlorophenols toxic action,

working in non-steady state.

Kinetic fittings were carried out by means of two different techniques:
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1) Initial rates method. The initial rates of methanogenesis were calculated by linear regression, and
their values were fitted to the proposed models as a function of each selected concentration. The
fitting was realized by non-linear regression using the Levemberg-Marquardt method. The goodness
of fitting was determined by the R’ parameter. The software Microcal© Origin 8.0 (Microcal,
Northampton, MA, USA) was used for this method.

2) Integral method. Integration of differential equations was accomplished by using the Episode
numerical method for Stiff systems. Initial conditions were # = 0; M = 0. Data from the time
evolution of methane produced was fitted to the proposed models by means of a non-linear least
squares minimization of the error using a simplex algorithm followed by a Powell minimization
algorithm. The goodness of fitting was quantified by the coefficient of correlation. The software

Micromath© Scientist 3.0 (Miromath,Saint Louis, MO, USA) was used for this purpose.

Results and discussion

Batch experiments were conducted in order to study the effect of 24DCP and 246TCP on the
kinetics of methanogenesis of a non-adapted granular sludge, whose main results are depicted in
Fig. 1. Raw data were used for calculating the time evolution of methanogenic rate for the 24DCP
(Fig. 1a) and 246TCP (Fig. 1b) experiments. Also, from the adsorption experiments, a maximum
biosorption capacity of the granular sludge was determined as 6.7 and 5.3 mg 24DCP and 246TCP
g'! VSS, respectively. Final pH in the biotic experiments was around 7.8 in both cases, indicating
that the most important form of both chlorophenols is the ionized (chlorophenolates). So,
chlorophenols biosorbed onto biomass (predominantly unionized form) can be considered as
negligible with respect to effective concentration in liquid phase. As can be seen, in both cases the
methane production rate patterns were severely modified by the action of chlorophenols. The
maximum methane production rate was diminished severely and displaced timely with increasing

initial chlorophenols concentration, suggesting the occurrence of uncompetitive inhibition
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phenomena. The initial methane production rates were calculated from these data with an aim
towards studying in depth the inhibition phenomena caused by 24DCP (Fig. 2a) and 246TCP (Fig.
2b). In both cases, values diminished in a non-linear way with increasing chlorophenols
concentration, which can be explained by exponential-type inhibition phenomena. ECso

concentrations were estimated around to 55 and 50 mg L™ for 24DCP and 246 TCP, respectively.

The time evolution of methane production using adapted granular sludge in contact with 246 TCP is
presented in Fig. 2. Maximum values of 246 TCP biosorbed onto biomass were calculated from
adsorption tests, and they were around 1.7 mg 246TCP g! VSS. This low value is caused by the
origin of the sludge. The adapted sludge was retrieved from an EGSB reactor treating 246TCP [26].
In spite of this sludge was washed with mineral medium, the most of the chemisorption holes were
saturated, so the adsorption capacity of the sludge was diminished. Then, adsorption processes can
be considered as negligible. The methane production was severely affected by 246 TCP despite the
pre-adaptation of the sludge, but the methane production was different from the non-adapted sludge
data. While 246 TCP affected all the methane production from the beginning of the contact between
the non-adapted sludge and the toxic, in this case the methane production was biphasic. A molar
mass balance of organic acids was performed and concluded that during the first hours of the
process the acetate accumulation did not explain the methane produced, so methanogenesis in these
hours can be attributed mainly to hydrogenotrophic methanogenesis, as has been previously
described in detail [24]. Then, both acetoclastic and hydrogenotrophic methanogenesis occurred
simultaneously at different rates. Since the most affected part of the methanogenesis succeeded late,
acetoclastic methanogenesis seemed to be strongly inhibited by 246 TCP, being the
hydrogenotrophic one hardly affected. In addition, no lag-phases for the inhibitory action of

246 TCP were detected, since the sludge was previously in contact with the chemical. The pre-
adaptation of the sludge substantially modified the ECso of methanogenesis, which varied from

around 50 (non-adapted sludge) to 75 mg 246TCP L™! (adapted sludge). However, since the biomass
8
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concentration was different in both experiments, the adaptation of the sludge cannot be considered

as the only cause for the divergence in the ECso values.

Finally, the effect of PCP on the methanogenesis kinetics was studied using non-adapted granular
sludge. Adsorption tests showed that the maximum adsorption capacity of the granular sludge
strongly depends on the PCP concentration. At the higher concentration tested (50 mg PCP L), the
adsorption capacity was around 37 mg PCP g! VSS. This implies that PCP has a strong capacity of
adhesion onto the bacterial surface. Acetoclastic and hydrogenotrophic methanogenesis were
studied independently (Fig. 3) and jointly (Fig. 4). The ECso calculated for acetoclastic
methanogenesis resulted much smaller than that for the hydrogenotrophic one (3 versus 20 mg PCP
L), which means that PCP exerts an effect more severe on the first one. In addition, the PCP effect
was noted after a lag-phase, typical in non-steady state when non-adapted sludge is used. Fig. 4
shows the time evolution of methane production in the global methanogenesis study, using a
complex medium. As can be seen, PCP exerted a critical effect on methanogenesis, presumably due
to the strong effect over acetoclastic methanogens. In this case, the ECso for global methanogenesis
was estimated to around 5 mg PCP L. In all the experiments, the maximum quantity of methane
produced strongly depends on PCP initial concentration, suggesting that PCP acted as an
irreversible or suicide inhibitor for any type of methanogenesis, decreasing substantially the

methanogenic potential.

The first approximation to the Eq. [1] is the 24DCP experiment using non-adapted granular sludge.
The data to fit are represented by initial rates of methane production. Taking into account that, (a) at
t = 0, the methane produced is 0, and (b) K5 can be considered as negligible with respect to Mumax,

the model is simplified to zero order. Then, only the inhibition factor affecting Vmax (non-
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competitive) is modifying the values of initial methanogenic rates in function of 24DCP
concentration. Thus, the Eq. [1] can be simplified to Eq. [2] (Table 3). The values of the parameters

are included in Table 3, whereas the kinetic fitting is represented in Fig. 1b.

The kinetic study of the effect of 246 TCP using non-adapted sludge was performed using the initial
rates of methanogenesis, so the previous argumentation for the 24DCP experiment is useful here
too. The experimental data was fitted to Eq. [2], being the resulted parameters collected in Table 3,
and the fitting located at Fig. 1d. The kinetic study using adapted granular sludge was accomplished
with the original data from methane production in function of time. Since zero order is not possible
here, the model cannot be simplified in the same way. However, as the sludge is adapted to
246TCP, lag-phases of the toxic action of 246TCP on methanogenesis can be neglected, so k; and
k2 are close to 1. In addition, as previously pointed, hydrogenotrophic methanogenesis seems to be
unaffected by the 246TCP concentration, so inhibition only modified the acetoclastic production of
methane. As the relation substrate to biomass is relatively low (around 1:2.5 g COD g! VSS),
saturation constants are much higher than methane production, so the model can be simplified to
first order. Then, Vmax and Ky can be lumping to ku (d'). Working with the experimental data, the
best fit was found when non-competitive inhibition factors were taken into account. Then, the Eq.
[1] can be simplified to Eq. [3] (Table 3). The experimental data was fitted to this equation. The

values of the fitting parameters are collected in Table 3, and the experimental fitting, in Fig. 2.

Studying the effect of PCP on methanogenesis using non-adapted granular sludge, lag-phases for
the toxic effect should be taken into account in the kinetic models, and & and &2 could be different
from 1. Data to fit were the methane production in function of time, so zero order simplification is
not possible here. As the relation substrate to biomass is considerable (around 3:1 g COD g! VSS),
saturation constants could be comparable to methane production, so the model cannot be simplified

to first order. In the case of acetoclastic methanogenesis, the /ag-phase was detected, implying that
10
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k2 1s not closed to 1 (Fig. 3a). The best fit of the data was found considering only PCP as an
irreversible inhibitor, affecting only the Mumax. So, the Eq. [1] can be simplified to Eq. [4] (Table 3).
In contrast, in the case of hydrogenotrophic methanogenesis (Fig. 3b) no lag-phase for the toxic
action of PCP was detected. Then, ; is closed to 1. Again, the fitting study resulted that PCP acted
as an irreversible inhibitor. Then, the Eq. [1] can be simplified to Eq. [5] (Table 3). The values of

the parameters of both studies are collected in Table 3, and the fittings, in Fig. 3.

The kinetic analysis about the PCP effect on methanogenesis using adapted sludge was performed
for data from Fig. 4. As in the case of the non-adapted granular sludge study, zero order
simplification is not suitable here. A divergence in the parameters estimation avoided to use a
Monod model, so in this case a first order simplification had to be used in order to a correct
estimation of the inhibitory parameters. A lag-phase was detected in this case, so £ is different from
1. As can be seen in Fig. 4, the PCP considerable reduces the maximum quantity of methane
produced (irreversible inhibition). Fitting data separately, it has been found that the basal
production of methane during the /ag-phase is much slower than the rest of the methanogenesis. For
this reason, the first order constant varies, and the model should be separated into two terms,
explaining independently the basal and the rest of the methane produced. In this way, Eq. [1] is
simplified to Eq. [6] (Table 3), where ks represents the first order constant for the basal methane
production (d). The parameter values are resumed in Table 3, and the resulting fitting is depicted

in Fig. 6.

The parameter values are comparable with those reported in the literature [7, 13, 16], which
provides a clear physical sense to the fittings. In addition, the high correlation obtained between
experimental and predicted data and the low standard errors calculated for the parameters values
gives the data a strong statistical support. According to the parameters values, it seems that there are

no strong difference between the toxicity of 24DCP and 246TCP, since values of ECso and
11
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inhibition constants are quite similar. However, PCP is presented as the most toxic chlorophenol,
not only because of the different values of its model parameters, but also because this compound
exerts an irreversible inhibitory effect not detected for less-chlorinated chlorophenols. Intending to
explain the values of the inhibition parameters obtained based on the hydrophobicity of
chlorophenols, values of inhibition constants (K;) for each chlorophenol were compared with the
logP. The higher hydrophobicity of PCP (logP=5.01, [19]) can explain the higher toxicity of PCP
with respect to 24DCP and 246TCP. However, 246 TCP has a higher hydrophobicity than 24DCP
(logP=3.38 versus 3.15 for 246TCP and 24DCP, respectively, [19]) and, as has been demonstrated
in this work, the inhibitory effect is of both chlorophenols is quite similar or even slightly higher for
24DCP. Other authors have obtained the same results about 24DCP and 246TCP [19]. A more in

depth study is needed to elucidate this usual divergence.

As a recommendation, it could be useful if the model described by Eq. [1] is not directly used at
first. Previous simplifications to the model (similar to Egs. [2]-[6]) could be applied with an aim
towards improving the initial estimation of the parameter values for limiting the time required by

the mathematical software to converge.

Conclusions

Chlorophenols exert a deep impact on kinetics of methanogenesis, reducing the maximum
methanogenic rate (in the case of 24DCP and 246TCP) or even the methanogenic potential of an
anaerobic sludge (using PCP). The inhibition effects of 24DCP and 246TCP are non-competitive
and uncompetitive, whereas PCP exerts an irreversible or suicide inhibition effect on
methanogenesis. PCP seems to be the most toxic chlorophenol studied, and this toxicity is directly

related with its high hydrophobicity, which strongly affects its adsorption capacity.

12
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A general kinetic model is proposed to predict the inhibition of the methanogenesis caused by
chlorophenols. The model accurately predicts any inhibition type caused by chlorophenols in a wide
broad of different experimental conditions and it even lets to simulate the lag-phase of the
inhibitory effect of chlorophenols observed using non-adapted sludge. This complex model can be
simplified in the most of the situations for the correct estimation of the kinetic parameters, and it
can be considered as a useful tool to improve methanogenesis modeling by the IWA-ADM1 when

treating inhibitory and/or toxic compounds with anaerobic technologies.
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Nomenclature and notation table (for reviewers only, or at your convenience).

Instant methanogenic rate: calculated by the slope of three consecutive points of cumulative

methane production.

Initial methanogenic rate: calculated as the slope of the first 5 points of cumulative methane

production.

Maximum methanogenic rate: calculated as the maximum of the instant methanogenic rates.

246TCP  2,4,6-trichlorophenol
24DCP 2,4-dichlorophenol

2CP 2-chlorophenol
3CP 3-chlorophenol
4CpP 4-cholophenol

CoD Chemical Oxygen Demand (g L?)

dM/dt  Methane production rate (g CHs-COD L d?)

dM;/dt  Acetoclastic methane production rate (g CH4-COD L d?)
dM,/dt  Hydrogenotrophic methane production rate (g CHs-COD L d?)
dM,/dt, Initial methane production rate (g CHs-COD L L't d})

ECso Half maximal effective concentration

ECsoa EC50 for acetoclastic methanogenesis

ECsoh EC50 for hydrogenotrophic methanogenesis

ECsom EC50 for global methanogenesis

EGSB Expanded granular sludge bed

FBBR Fluidized bed biofilm reactor

FFR Fixed-film reactor

GB Granular biomass

15



/ Inhibitor concentration (mg L?)

IWA-

ADM1 International Water Association Anaerobic Digestion Model no. 1

k Empirical factor for methane production affected by inhibitors

k1 k for acetoclastic methanogenesis

k2 k for hydrogenotrophic methanogenesis

ks First order constant for basal methane production (d?)

Ki Competitive inhibition constant (mg L)

Keiz Competitive inhibition constant for acetoclastic methanogenesis (mg L?)

Keiz Competitive inhibition constant for hydrogenotrophic methanogenesis (mg L?)

K Inhibition constant (mg L?)

kmz First order constant for acetoclastic methanogenesis (d)

Kz First order constant for hydrogenotrophic methanogenesis (d?)

Kni Non-competitive inhibition constant (mg L?)

Khni1 Non-competitive inhibition constant for acetoclastic methanogenesis (mg L?)

Kniz Non-competitive inhibition constant for hydrogenotrophic methanogenesis (mg L?)

Ks Half-saturation constant (g CHs-COD L?)

Ks1 Half-saturation constant for acetoclastic methanogenesis (g CH4-COD L?)

Ks2 Half-saturation constant for hydrogenotrophic methanogenesis (g CH4-COD L?)

Ksi Irreversible inhibition constant (mg L?)

Ksi Irreversible inhibition constant for acetoclastic methanogenesis (mg L)

Ksiz Irreversible inhibition constant for hydrogenotrophic methanogenesis (mg L?)

logP logarithm of the partition coefficient n-octanol/water

M Cumulative methane production (g CHs-COD L?)

m Non-competitive inhibition order (dimensionless)

M; Cumulative acetoclastic methane production (g CHs-COD L?)

my Non-competitive inhibition order for acetoclastic methanogenesis (dimensionless)

M, Cumulative hydrogenotrophic methane production (g CH4-COD L?)
Non-competitive inhibition order for hydrogenotrophic methanogenesis

m; (dimensionless)

Cumulative maximum methane production for an infinite time of digestion (g CH4-COD
M max Ltd?)

Cumulative maximum acetoclastic methane production for an infinite time of digestion
Mmax1 (g CH4-COD L d_l)

Cumulative maximum hydrogenotrophic methane production for an infinite time of
Mmaxz digestion (g CH4-COD L't d})

n Irreversible inhibition order (dimensionless)

n; Irreversible inhibition order for acetoclastic methanogenesis (dimensionless)

n; Irreversible inhibition order for hydrogenotrophic methanogenesis (dimensionless)
ni Inhibition order (dimensionless)

p Competitive inhibition order (dimensionless)

p1 Competitive inhibition order for acetoclastic methanogenesis (dimensionless)

p2 Competitive inhibition order for hydrogenotrophic methanogenesis (dimensionless)
PCP Pentachlorophenol

RTBR Rotating tube biofilm reactor

SB Suspended biomass

UASB Upflow anaerobic sludge blanket
Vmax Maximum methane production (g CH4-COD Lt d?})



Vimax1 Maximum acetoclastic methane production (g CHs-COD Lt d?)
Vinaxz Maximum hydrogenotrophic methane production (g CHs-COD L d?)

VSS Biomass expressed as volatile suspended solids (mg L?)
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Figure 1: Time patterns of methane production rate using different initial concentrations of 24DCP

(a) and 246TCP (b), and effect of 24DCP (c¢) and 246 TCP (d) concentration on initial methanogenic

rates (squares) using non-adapted sludge. Dash-dot lines are model fittings to Eq. [2].
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Figure 2: Time evolution of methane produced at initial concentrations of 246 TCP of 50 (squares),

75 (circles), 100 (up triangles) and 150 (down triangles) mg L' using adapted sludge. Dash-dot

lines are model fittings to Eq. [3].
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Figure 3: Time evolution of methane produced in acetoclastic (a) and hydrogenotrophic (b)

experiments using non-adapted granular sludge at initial PCP concentrations of 0 (squares), 1

(circles), 5 (up triangles), 10 (down triangles), 25 (diamonds) and 50 (left triangles) mg PCP L.

Dash-dot lines are model fittings to Egs. [5] (a) and [4] (b).
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Figure 4: Time evolution of methane production using adapted granular sludge at initial PCP
concentrations of 0 (squares), 1 (circles), 5 (up triangles), 10 (down triangles), 25 (stars) and 50 (left

triangles) mg L!. Dash-dot lines are model fittings to Eq. [6].
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Table 1: Review of effects of chlorophenols on methanogenesis.

Compound Operation Chlorophenol Effect on Effects on kinetics  Ref.
type* concentration methanogenesis**
2CP FBBR 51-193 Reduction of 46.7% Monod with 2CP as  [33]
SMA the sole substrate.
©)
4CP UASB 40 Reduction of 16.6% N/A [34]
SMA.
2CP Batch, FB  50-1200 ECs0a=150 Non-competitive [4]
3CP ECs0a=250 inhibition. K=86
4CP ECs0a=550 (2CP), 97 (3CP) and
419 (4CP). ni=1 in
all cases.
2CP Batch, 64-643 ECsom = 77 N/A [35]
3CP GB. 64-383 ECsom = 26 N/A
4CP ECsom = 26 N/A
4CP FFR 10-200 Desestabilization of N/A [36]
biomass at
concentrations above
100.
24DCP Batch, GB  25-400 ECsom = 300 Linear inhibition of  [37]
SMA.
2CP Batch, SB 300, 600 Inhibition of acetoclastic =~ Non competitive [21]
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3CP methanogenesis. inhibition. K; = 157
4CP 50-300 (2CP), 240 (3CP)
and 104 (4CP)
24DCP RTBR 50-400 ECsom=250 Non-competitive [22]
inhibition. K; = 26;
ni=1.
246TCP Batch, GB  1-100 ECs0a=41-79 (15 °C), N/A [20]
52-90 (37 °C).
ECs0h=52-91 (15 °C),
66-103 (37 °C).
246TCP Batch, GB  10-165 ECsoa=113 Inhibition of [23]
methanogenesis by
246TCP is
accumulative
PCP Batch, SB 1-100 ECsom=6.8-76 N/A [3]
2CP Batch, GB  10-1000 ECsoa=410 N/A [19]
24DCP 10-1000 ECs0a=80
246TCP 10-1000 ECsoa=117
PCP 1-100 ECsoa =8

* UASB: Upflow anaerobic sludge blanket; FBBR: Fluidized bed biofilm reactor; FFR: Fixed-film reactor; RTBR: Rotating tube biofilm reactor; GB:

granular biomass; SB: suspended biomass;

** If nothing is mentioned, effects correspond only to the maximum concentration of chlorophenol applied. ECsom: ECs, for global methanogenesis.

ECsoa: ECs for acetoclastic methanogenesis. ECsoh: ECs for hydrogenotrophic methanogenesis.

(C): Not explained in the reference, own calculation from the original data.

N/A: Not applicable or not enough data.

All concentrations are in mg L™,
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Table 2: Experimental conditions of the anaerobic batch experiments.

Compound Concentration Volume Source of biomass Biomass Biomass Main substrate and Methanogenesis  Main aim
range (mg L) (L) concentration type concentration (g COD target
(g VSSLY LY
24DCP 10-250 0.25 Lab-scale EGSB [25] 1.5 Non-adapted Glucose (4) Global Determining type and extent of
24DCP and 246TCP inhibition
246TCP 10-200 0.25 Lab scale EGSB [25] 1.5 Non-adapted  Sucrose (2), ethanol Global
(1.3) and yeast extract
(0.7).
246TCP 50-150 2 Lab-scale EGSB [26] 10 Adapted Sucrose (2), ethanol Global Modeling methanogenesis at
(1.3) and yeast extract similar conditions than
(0.7). continuous reactors
PCP 1-50 0.25 Lab-scale EGSB [26] 1.5 Non-adapted Formiate (2) Hydrogenotrophic =~ Comparing methanogenesis
inhibition by PCP in function
PCP 1-50 0.25 Lab-scale EGSB [26] 1.5 Non-adapted Acetate (4) Acetoclastic
of electron donor
PCP 1-50 0.25 Lab-scale EGSB 1.5 Non-adapted  Sucrose (2), ethanol Global Study PCP effect on kinetics of

(1.3) and yeast extract

(0.7).

global methanogenesis
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Table 3: Fitting equations simplified from Eq. [1] used in the kinetic study and values of the

parameters estimated.

Compound Sludge type Equation

[
Parameter values

24DCP  Non-adapted

Non-adapted

2]

Kni=45.1+ 63, Vinax =
0.286 +0.146; m =1.33

+0.17; R’ = 0.986.

Kni=50.9 + 35, Vinax =
0.073 £0.001; m = 1.81

+0.15; R? = 0.994.

246TCP

aMm ky, (M, —
Adapted

M,)

O
1+[1j
Km'

+hy (M, —M,)

[3]

kmi = 6.86 +4.32; kmz =
4.08 + 1.2; Mmax1 = 3.85
+ 1.20; Mmax2 =3.65 +
0.02; Knir =41.4 £ 12.5;
mi=7.1+0.76; R* =

0.994.

Non-adapted — M,
1+ [

(hydrogenotr dgf[‘ =Viax,”
ophic)

PCP

[4]

Vmax1 = 0.251 £ 0.014;
Ks1=0.334+£0.18;
Mmax1 =2.004 £ 0.042;
K;ii=0.942+ 0.326; n; =

0.17 £ 0.01; R’= 0.996.

M,
fey ——m A |+ (- ke, W
Non-adapted I, [ 1 J SR
.
s Ve B
(acetoclastic) ¥ '
M

Vinax2=1.115 £ 0.034;
Ks>=0.469 + 0.206;
Mmax2 =13901 +

0.0761; Ksiz =7.3 £
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0.08; n2 =3.1+0.1; k2
=0.905 £ 0.005; R°=

0.999.

kM.k. Mmax M Mmax = 3.669 + 0.048;

dﬂ:kb'(l—k)- M,

K
1+[—)
M|+ I/ Kii=6.495+0.427; n =
dat 1+[fj 1+[f)
! ! 0.970 = 0.071; ku =
0.478 + 0.022; Kni =
Non-adapted [6]
7.827 +0.560; m =
5.055 + 1.065; kp =
0.282 + 0.024; k = 0.944

+0.009; R? = 0.990.

* Units are in the text.
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APPENDIX 1

Derivation of the model.

Methanogenesis can be described by a pseudo-Monod model as follows:

aMm 1 Mmax—M
— = Hmax " X- ) _
dt Yx/s Ks+tMmax—M

[A]

Where M and Mnax are the methane produced and the maximum methane produced for an infinite
time of digestion (g CH4-COD L!), zzmax are the maximum specific growing rate (d™!), Yxs is the
biomass yield factor (g biomass expressed as VSS g! CH4-COD), X is the biomass concentration (g
VSS L) and K is the half-saturation constant (g CH4-COD L'). However, in some cases the
methanogenic biomass growth can be considered as negligible with respect to methane production.
Thus, the Eq. [A1] can be reduced as follows:

M _ Mmax—M

= Vg - —max™ [A2]

dt max  ge+Mpmax—M

where Vi is a constant describing the maximum methanogenic rate (g CHs-COD L' d!) of an
anaerobic sludge, and it encompasses the parameters gmax, X and Yxs.

In an anaerobic reactor, methanogenesis can be mainly produced from acetate (acetoclastic
methanogenesis) or from hydrogen and hydrogenocarbonate (hydrogenotrophic methanogenesis).
These two processes occurred simultaneously during the digestion of the organic matter in an
anaerobic environment. In an anaerobic reactor, acetoclastic methanogenesis is often predominant,
producing around 70% of the total methane production. So, methane production can be separated in
two terms by differentiating the acetoclastic and hydrogenotrophic contributions to methanogenesis,

leading to:

at ~ dt dt
Where M and M: are the methane production derived from acetoclastic and hydrogenotrophic

processes, respectively (g CHs-COD L). Combining Eqgs. [A2] and [A3] leads to:
26



am =V . Mmax,—M1 +V . Mmax,—M; [A4]
maxy K31+Mmax1_M1 maxz KSZ+Mmax2_M2

Inhibition processes are commonly divided into 3 main types: competitive, non-competitive and
uncompetitive. Competitive inhibitors affect the half-saturation constant, whereas non-competitive
ones modify the maximum rate. Uncompetitive inhibition processes occur when both parameters
are affected by the presence of the inhibitor. It can be reflected in the following equations, which

are modifications from the Eq. [A2]:

—=V e [AS]
at max f ptMmax—M
1+(K_Ci)
d_M — Vmax Mmax M [A6]
dt 1+< I ) Ks+Mmax—M
Kﬂ.l
am Vinax Mmax—M
o Rs [A7]

Where K.i and Ky are the competitive and non-competitive inhibition constants (mg inhibitor L),
and p and m are the competitive and non-competitive inhibition factors (dimensionless). Eq. [A7]
represents the uncompetitive inhibition type. In some cases, the inhibition constants and factors for
this kind of inhibition are considered to have the same values, thus Eq. [A7] can be resumed as

follows:

am Mpax—M

dac \"
KS"'(Mmax_M)‘l'(Mmax_M)'(K—i)

[A8]

, which represents, indeed, the Andrews model.
Inhibitors can affect not only the methanogenesis kinetic parameters, but also the methanogenic
potential. This could be due to deactivation of part of the methanogenic biomass, or can be

attributed to some inhibition processes affecting previous steps in the anaerobic digestion. In both
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cases, this leads to a reduction of the maximum methane production. This type of inhibition has
been named as irreversible or suicide inhibition and it could conduce to destabilization of the
anaerobic sludge by the accumulation of some organic acids, as propionic, lactic or butyric, and can
finally end in process failure. Using the IWA ADM-1 can serve to detect this type of inhibition,
which would be reflected in the variation of the Monod parameters of the early anaerobic stages.
However, this lengthy modeling approach can be simplified by just modifying the methanogenesis

equation [A2] as follows:

Mmaxn_
1
am 1+<K_Si)
dt  'max KS+%—M [A9]
1+(K_si>

Where 7 and K: are the inhibitor concentration and the “suicide” inhibition constant, respectively
(mg inhibitor L), and 7 is the inhibition factor (dimensionless).

Also, it is well-known that the inhibitors take a time to affect every biochemical reaction working at
non-steady state. This time is often referred as “lag-phase”. Several attempts have been made for
trying to modeling this lag-phase, almost all of them based on including a new timely independent
variable which represents the time the toxic takes to make the inhibitory effect. However, this
approach considerably complicates the modeling, and we think that it is not handy. Instead of this
approach, we propose the separation of the methane production in two terms, one of them affected
by the inhibitory effect and the other representing the methane production before the inhibitor enters

in contact with the biomass. Then, Eq. [A2] can be modifying following this suggestion in this way:

a _ ok (Mmax M)+ (1K) (Mmax—M) [A10]

dt Max gs+k-(Mmax—M)+(1—k)-(Mmax—M)

Where £ is an empirical factor ranging between 0 and 1, and it represents the methane production
affected by the toxic effect of the inhibitor. So, (1-k) represents, indeed, the methane production

before the toxic enters in contact with microorganisms. This approach avoids the use of a new
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independent variable in modeling. Anyway, it is only useful when working at non-steady state using
biomass not previously exposed to the toxicant. Once the toxicant has exerted its inhibitory effect,
this modification could be rejected.

With an aim towards encompassing all of the inhibitory and non-steady state effects previously
mentioned, a general model is proposed by combining the Egs. [A4], [A5], [A6], [A7], [A9] and

[A10], resulting in:

M
kl ' %_ M1 + (1 - kl) : (Mmax1 - Ml)
1+ ()
d_M _ Vmax1 . Ksil
dt [ \™
1+ (Knil) K51 Mmax1
ﬁ*’kl' ﬁ_Ml +(1_k1)'(Mmax1_M1)
1+ (7) 1+ ()
Kci1 Ksil
M
kz ' %_ MZ + (1 - kz) : (Mmaxz - MZ)
1+ (2)
Vmaxz KSlZ

[ u
+I€2.\¢_M2 +(1—k2)'(MmaxZ — My)

[Al1]
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