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a b s t r a c t

Ceramic-supported graphene oxide membrane bioreactors have already shown their
potential for the anaerobic decolorization of wastewater containing azo dyes. The
primary goal of this investigation was to develop a mathematical model that would be
able to describe the steady-state behavior of this biodegradation process. The developed
model was calibrated and validated using independent experimental data sets with
various dye structure, feed concentration, hydraulic retention time (HRT), and support
materials on which the biofilm was grown. The calibrated and validated model was
used to analyze the intrinsic mechanism of the process and the main finding was that
hydrolysis is the rate limiting step. Hydrolysis rate constant is decreased with increasing
the complexity of the dye structure. Support materials with high electron transfer
capacity increased the biofilm activity, therefore, increased the hydrolysis rate constant.
Acetate concentration, used as an external carbon source, improved the dye removal
efficiency. However, acetate to dye ratio did not have a direct relation to dye removal
efficiency. Higher hydraulic retention time (HRT) increased the contact time between
dye molecules and biofilm and enhanced the dye removal efficiency, too. However, it is
essential to impose the right balance between HRT and external carbon sources to make
the process feasible.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The textile and garment sector still play a significant role in the growth of the global economy. In the rapid expansion
f these industries, several issues have arisen related to huge water pollution. The main cause of this pollution is the
xtensive use and discharge of dyestuff, especially azo dyes, which represent 70% of the organic colorant chemicals
Berradi et al., 2019). A recent research found that about 744 tons of wastewater are generated while manufacturing one
on of dye (Li et al., 2015). Another statistics reported that nearly 200000 tons of dyes are lost annually in the effluent
treams during the dyeing and printing process, which are discharged into the aquatic systems (Yilmaz Ozmen et al.,
007). This enormous amount of dye-containing waste released into the environment consistently pollutes the lakes,
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Abbreviations

bh Decay rate constant of anaerobic bacteria, h−1

DNH Ammonium diffusion coefficient in water, cm2 h−1

DO2 Oxygen diffusion coefficient in water, cm2 h−1

DS SA, SF , SS diffusion coefficient in water, cm2 h−1

DH SH diffusion coefficient in water, cm2 h−1

DSO2 SO2 diffusion coefficient in water, cm2 h−1

f I Fraction of inert COD generated by biomass lysis
iNXB Nitrogen content in bacteria, mgN/mgCOD
iNXI Nitrogen content in inert particulate, mgN/mgCOD
kh Hydrolysis rate constant
Kfe Saturation coefficient for fermentation of SF , mgCOD/mL
KH

A Saturation coefficient for anaerobic digestion of SA, mgCOD/mL
KH

NH Saturation coefficient for ammonium–nitrogen on anaerobic digestion, mgO2/mL
n Power index for hydrolysis
qfe Maximum rate for fermentation, h−1

SA Fermented product concentration, mgCOD/mL
SF Hydrolyzed organic substrate concentration, mgCOD/mL
SH Digested product concentration, mgCOD/mL
SS Dye concentration, mgCOD/mL
SNH Ammonium concentration, mgCOD/mL
SSO2 Sulfur concentration, mgCOD/mL
VNH Fraction of nitrogen in dye
VS Fraction of sulfur in dye
XI Inert particulate concentration, mgCOD/mL
XH Anaerobic bacteria concentration, mgCOD/mL
YH Anaerobic Yield coefficient
µAD

max Maximum specific growth rate of anaerobic bacteria, h−1

rivers, and other water reservoirs (Benkhaya et al., 2020; Jankowska et al., 2021). Therefore, it is essential to treat these
textile effluents before discharge to save and maintain healthy aquatic life.

Numerous approaches, including physical, chemical, physicochemical, and biological processes, have been examined
ndependently or combined to treat the dye-containing wastewater. In contrast to biological process, physical and chem-
cal processes are more expensive, resulted in the production of more sludge, and required further treatment (Iqbal et al.,
022). Advanced oxidation processes, including Photo-Fenton and photocatalytic degradation, are established technologies
or treating dye-containing wastewater (Hammad et al., 2021; Han et al., 2018; Uddin et al., 2012). Nonetheless, it is
till incompatible with industrial use due to a large-scale operation’s reasonable expense and incompetence. As a result,
iotreatment of azo dye wastewater is still a viable option because of its low costs and minimal environmental impact
Takkar et al., 2022). Biodecolorization of dyestuff molecules can be accomplished using anaerobic or aerobic bacteria
mixed or pure), activated sludge, and membrane bioreactor (Bibi et al., 2020; Nguyen et al., 2020; Vu et al., 2020).
owever, considering the efficiency, generation of secondary sludge and toxic byproduct, installation, and operating cost;
he integration of membrane filtration and anaerobic biodegradation of textile dyes has proven to be very attractive (Amin
t al., 2021, 2022a,b). Recently, we demonstrated that the Ceramic-supported Carbonized Membrane (CSCM), which was
ynthesized by the carbonization of Matrimid 5218 polyimide solution, had the ability to complete the decolorization
f azo dyes (Amin et al., 2021). During the anaerobic biodegradation of azo dye, the nanosized CSCM helps to generate
n active biofilm by retaining the microorganism on its surface. In addition, this layer enhanced the electron transfer
echanism between the azo bond and microorganisms to increase the biodegradation rate (Mezohegyi et al., 2007).
ike other Besides, this membrane improves the treatment performance through the retention of the dye molecules and
iodegradable products. Amin et al. (2022a) also investigated the influence of the conductive Ceramic-supported Graphene
xide Membrane (CSGOM) derived from the exfoliated graphene oxide (GO) solution on biodecolorization performance,
nd the results showed that compared to CSCM, CSGOM is even more effective for the anaerobic color removal of
zo dye under identical operating conditions. The color removal efficiency was directly influenced by several factors
uch as selective activity of microbial entities in the aqueous medium, supplementary carbon sources, dye structure,
oncentration, and retention time. The mixed microbial consortia involved in anaerobic decolorization of dye molecules
2
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convert the soluble substrate into volatile acids or alcohols that serve as a competitive substrate for methanogenic, sulfate-
reducing, and acetogenic bacteria (Georgiou et al., 2004; Yoo et al., 2001). The experimental evaluation of these parameters
within a compact membrane bioreactor is very difficult and time-consuming.

Thus, mathematical modeling is essential for addressing issues associated with this novel process. The computer-aided
odel facilitates the precise understanding or description of the biodegradation of azo dyes and boosts the decolorization
fficiency. Moreover, the complex biological process simulation predicts the influencing parameters and kinetics that lead
o the process limiting steps and recommends relevant experiments. It is generally agreed that the Activated Sludge Model
ASM) represents the current state of the art for the biological wastewater treatment processes. The removal of organic
arbon and nitrogen, in addition to biological phosphorus, has resulted in the development of a number of variations
f the ASM model (Petersen et al., 2002) but there were no evaluation on the effect of supporting materials to the
icrobial activities. However, the unmodified ASM models described by Henze et al. (2000) has been applied successfully
ver membrane bioreactors (Fenu et al., 2010). The ASM approach for treating municipal and industrial wastewater has
een studied extensively afterward, both with and without modifications (Orhon et al., 2021a,b; Petersen et al., 2002). In
ase of anaerobic biodegradation of dyes, very few mathematical models have been constructed, mainly focused on the
ptimization of process variables using response surface methodology (Sonwani et al., 2020). However, to the best of our
nowledge, no model is available to analyze the interaction between biofilm and support materials, which is also act as
membrane.
With the aforesaid limitations in dye biodegradation research, this work attempts to understand the mechanism of

iodecolorization of azo dye under an integrated anaerobic membrane bioreactor scheme. Therefore, the present study
as modified the Activated Sludge Model-2 (ASM2) model to be applied for a membrane supported biofilm process. The
odified model was first calibrated and validated with independent experimental datasets and then used it scenario
nalysis. Thus, this model was applied to assess all the operating and process variables parameters, such as dye structures,
nitial dye concentration, permeate flux, and hydraulic retention time (HRT), that need to be controlled in real cases.
ydrolysis behavior of complex dye molecules and effect of support materials for biofilm aiming to biodegradation of dyes
ere assessed. To the best of our knowledge, the interaction among the HRT, external carbon source and dye concentration

n a CSGOM support biofilm reactor for dye removal has been assessed for the first time. The steady-state model behavior
as considered in all cases to evaluate the overall process performance.

. Materials and methods

.1. Preparation of bioreactors

The biofilm in a single bioreactor using either ceramic-supported carbon membrane (CSCM) or ceramic-supported
raphene oxide membrane (CSGOM) support materials were developed for the bio-digestion of dyes. In order to build
he CSCM, a membrane precursor containing 10% wt. Matrimid solution was carbonized over the ceramic support. On
he other hand, CSGOM was created using a standard technique outlined elsewhere (Giménez-Pérez et al., 2016). In this
ase, 1 mg/mL graphene oxide solution was used to make the CSGOM support material. The biofilm was produced seeding
econdary anaerobic sludge collected from a municipal WWTP (Reus, Spain), which was placed over the CSCM and CSGOM
upport materials and left to grow.

.2. Process configuration

A controllable vacuum filtration unit (TAMI Industries, Nyons, France), in which CSCM and CSGOM were installed
s filters and support for biofilm growth, was used. Three different types of dyes, monoazo AO7 (ACROS Organics, ref.
16561000), diazo RB5 (Sigma Aldrich, ref. 306452), and triazo DB71 (Sigma Aldrich, ref. 212407), were selected to
enerate the artificial wastewater that was mixed with sodium acetate (Sigma Aldrich, ref. 110191) maintaining the
bsolute concentration (in mg/mL) ratio 1:3. The dye and sodium acetate (SAc) mixture was then mixed with 1 mL of each
asal medium (BM) to make the feed solution. There were six basal mixtures; the elements contained, and composition
re listed in Table 1.
All the chemicals (Sigma Aldrich, Spain) used in this study were analytical grade, and the solutions were made with

illi-Q water (Millipore Milli-Q system, Molsheim, France). The feed solution was kept at 1 ◦C to prevent microbial growth
n the feed solution tank. Nitrogen gas (>99.99%, Linde) was sparged through the feed tank to maintain it under anaerobic
onditions (negative redox potential) and, also, for controlling the permeate flux by setting the needed pumping pressure.
he compact bioreactor was run under dead-end filtration mode at a temperature of 37 ± 1 ◦C. Samples were collected
t regular intervals, and then the dye concentration, acetate concentration, ammonium concentration, and COD were
mmediately analyzed.

.3. Analytical procedure

The decolorization was measured in a visible/UV spectrophotometer (DINKO Instruments, Barcelona, Spain), whereas
he maximum absorption wavelength was set at 484 nm for AO7, 597 nm for RB5, and 585 nm for DB71. Acetate
3
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Table 1
Composition and concentration of the different basal media.
Basal medium (BM) Minerals Concentration (mg/L)

BM 1

MnSO4·H2O 0.15
CuSO4·5H2O 0.28
ZnSO4·7H2O 0.46
CoCl2·6H2O 0.26
(NH4)6Mo7O24 0.28

BM 2
K2HPO4 21.75
Na2HPO4·2H2O 33.40
KH2PO4 8.50

BM 3 FeCl3·6H2O 29.06
BM 4 CaCl2 13.48
BM 5 MgSO4·7H2O 15.20
BM 6 NH4Cl 190.90

Table 2
Stoichiometric matrix Aij. .

Aij i component
→

SS
[mgCOD/mL]

SF
[mgCOD/mL]

SA
[mgCOD/mL]

SH
[mgCOD/mL]

SNH
[mgN/mL]

SSO2
[mgS/mL]

XH
[mgCOD/mL]

XI
[mgCOD/mL]

j process ↓

1. Anaerobic hydrolysis −1 1- (VNH+V S ) VNH VS
2. Anaerobic fermentation −1 1
3. Anaerobic digestion −1/YH (1- YH )/YH -iNXB 1
4. Decay of XH 1-fI iNXB - fI iNXI −1 fI

Table 3
Kinetic rate expressions.
j process Kinetic rate expression Equation

1. Anaerobic hydrolysis ρH = kh · S−n
S(in)SS · XH (1)

2. Anaerobic fermentation ρF = qfa ·
SF

Kfe + SF
· XH (2)

3. Anaerobic digestion ρAD = µAD
max ·

SA
KH
A + SA

·
SNH

KH
NH + SNH

· XH (3)

4. Decay of XH ρD = bH · XH (4)

concentration in both feed and permeate solution was determined by high-performance liquid chromatography (HPLC) on
a C18 Hypersil ODS column applying a gradient of methanol–water mobile phase with a flow rate of 1 mL/min (García-
Martínez et al., 2015). Portable chemical oxygen demand (COD) test kit (Lovibond Vario 2 420721 and 2420722) was
used to measure the COD influent dye containing wastewater and permeate. The ammonium-N was determined by the
salicylate method (Lovibond method 66) using the Lovibond testing kit (Vario 535650).

2.4. Model development

The anaerobic digestion model was developed based on Activated Sludge Model-2 (ASM2) to examine the anaerobic
io-digestion of dye using a single bed biofilm reactor. An empirical hydrolysis rate equation was developed from the
xperimental datasets.
The model for anaerobic dye decomposition takes into account four main processes: (1) anaerobic hydrolysis of dye

SS); (2) fermentation of fermentable materials (SF ); (3) anaerobic digestion of fermented product (SA), and (4) biomass
ecay. The model stoichiometry and kinetics are listed in Tables 2 and 3, respectively. The stoichiometric and kinetic
arameter values are listed in Table 4.
It is assumed that all dyes undergo hydrolysis first and then anaerobic fermentation and subsequent digestion. The

irst process, hydrolysis of dye (SS), followed simple reaction kinetics, proportional to dye concentration and presence
f microorganisms. As a result, the fermentable materials (SF ) were produced through the hydrolysis of complex dye
olecules. Fermentable materials are then converted to fermented products (SA) by following anaerobic fermentation or
rganic decomposition (second process) that followed Monod kinetics as described in ASM2 (Henze et al., 2000).
It must be noted that, in this study, acetate was considered as the fermented product (SA). The SA was then transformed

hrough anaerobic digestion (third process) and converted to carbon dioxide and methane (SH ). Anaerobic digestion
epends on the SA and ammonium concentration. The growth of microorganisms resulted from the anaerobic digestion,
here ammonium nitrogen played a significant role. According to ASM2, it was also considered that hydrolysis and

ermentation did not take part in microbial growth. The microorganisms (X ) produced by the digestion process took
H

4
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Table 4
Stoichiometric and kinetics parameters.
Parameter Value Units Reference

YH 0.06 mgCOD/mgCOD Sun et al. (2016)

µAD
max 20.0325 h−1 Estimated

kh Biofilm on CSGOM:
AO7: 41.51 ± 2.56
RB5: 4.87 ± 0.31
DB71: 6.46 ± 0.57
Biofilm on CSCM:
DB71: 0.841 ± 0.053

(mgCOD)n−1/
(Ln−1 .h)

Estimated

n 1.715 ± 0.108 Estimated

KH
A 0.0760 mgCOD/mL Sun et al. (2016)

KH
NH 0.0300 mgN/mL Sun et al. (2016)

bH 0.00083 h−1 Sun et al. (2016)

qfe 20.033 h−1 Assumed same as µAD
max

Kfe 0.0040 mgCOD/mL Henze et al. (2000)

iNXB 0.0700 mgN/mgCOD Henze et al. (2000)

iNXI 0.0700 mgN/mgCOD Assumed same as iNXB
fI 0.0800 mgCOD/mgCOD Henze et al. (2000)

VNH AO7: 0.0422
RB5: 0.062
DB71: 0.0570

mgN/mgCOD From stoichiometric calculation

VS AO7: 0.0481
RB5: 0.1700
DB71: 0.074

mgS/mgCOD From stoichiometric calculation

DNH 0.0625 cm2 h−1 Williamson and McCarty (1976)
DO2 0.0917 cm2 h−1 Picioreanu et al. (1997)
DS 0.0417 cm2 h−1 Hao and van Loosdrecht (2004)
DH 0.0538 cm2 h−1 Stewart Philip (2003)
DSO2 0.0917 cm2 h−1

≈ DO2 (Assumed)

(1) After unit conversion, using a typical biomass composition of CH1.8O0.5N0.2 , corresponding with 1.3659 mgCOD/mg (Volcke et al., 2010)
2) ThOD (mgCOD/mg): SA = 0.78, AO7 = 1.987, RB5 = 1.331, DB71 = 1.790
3) Conversion of ASM2 and ASM2d-values given by Henze et al. (2000) at 10 ◦C and 20 ◦C to 37 ◦C using temperature relationship proposed by
hese authors (in ASM3):

T =
ln(k(T1)/k(T2))

T1 − T2
.

art in all biological activities. The amine group and sulfur present in dye molecules were converted to ammonium and
ydrogen sulfite through anaerobic hydrolysis.
Therefore, the process was stated as completely anaerobic, so oxygen was not considered as an operating variable

n this study. Carbon dioxide and methane produced during digestion did not affect the process and hence were not
ccounted in the global kinetics.
The biomass decay followed the death-regeneration concept in which the living cells were directly converted to the

oluble organic substrate and a fraction of inert materials (Van Loosdrecht and Henze, 1999). Decay was first-order
inetics, and its rate-limited steps over the hydrolysis of decay product. Therefore, hydrolysis merged with the decay,
nd fermentable materials were directly produced from the decay of biomass (Mozumder et al., 2014).

.5. Configuration, simulation parameters and initial conditions

An one-dimensional biofilm model, only considering gradients through biofilm depth was set up to describe the
rocess. The model was implemented in the Aquasim software (Reichert, 1994). The reactor had a fixed volume of 5 mL;
ame as that experimentally used. A layer of biomass was assumed to grow on the support materials (CSCM or CSGOM)
ith a surface area of 13.1 cm2 for a predefined biofilm thickness of 2 µm. The biofilm was generally dense and rigid, and
iofilm porosity was assumed to be constant (25%). The density of the biomass and inert materials were considered as
0 mg VSS/mL (van Benthum et al., 1995) and, according to Henze et al. (2000), it corresponds to 80 mg COD/mL (Henze
t al., 2000).
The process was evaluated in both experimental and model simulation for an influent feed solution containing dye and

cetate, maintaining the dye concentration three times less than acetate (1:3 molar ratio), even when dye flow rate varied
rom 0.066 to 0.131 mL/h. The dye concentration ranged from 0.05 mg/mL to 0.10 mg/mL. It was assumed that there was
5
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Table 5
Experimental removal of AO7 by CSGOM-biofilm reactor at various hydraulic retention
times and dye feed concentration.
HRT (h) AO7 concentration in feed (SS(in)) (mgCOD/mL) % Dye removal

0.040
0.099 98.3
0.149 97.8
0.198 97.4

0.027
0.099 97.5
0.149 96.8
0.198 95.9

0.020
0.099 96.8
0.149 95.9
0.198 94.8

initially no other fermentable organic matter (SF ) in the inflow. The initial concentrations of dye and substrate in the bulk
liquid were assumed equal to influent concentrations. The processes were operated at 37 ◦C. Steady-state simulations were
erformed to evaluate the process. The interactive effect of dye concentration, HRT, and influent fermented product (SA)
ere investigated by following COD through steady-state calculations for different combinations of their concentrations
nd variation of feed flow rate.

.6. Model calibration and validation

The model calibration was conducted to determine model parameters represented by constant variables from available
ata. The parameters were estimated using AQUASIM by minimizing the sum of the squares of the weighted deviations
etween measurements and simulation outcomes following Eq. (5).

χ2(P) =

m∑
i=1

(
yexp,i − yi(P)

σexp,i
× 100

)2

(5)

where, yexp,i is the experimental value, σexp,i is its standard deviation, yi(p) is the estimation of the corresponding model
parameter P, and m is the number of data points.

The model validation was conducted through the visual comparison of experimental values and steady-state simulation
outcomes. Moreover, the validation was confirmed by calculation of deviation (%) defined by Eq. (6). Less than 10%
deviation was considered as an acceptable value.

% deviation =

(
yexp,i − yi(P)

yexp,i
× 100

)
(6)

3. Results and discussion

The model behavior was evaluated for three different dyes; monoazo AO7, diazo RB5 and triazo DB71. Model calibration
and validation were performed based on independent experimental data sets. The model calibration was based on
biodegradation of monoazo AO7 with three different concentration and three different HRT, while biodegradation of diazo
RB5 and triazo DB71 with three different concentration and HRT were accounted for during validation. Different scenarios
were analyzed to find out the optimal balance between external organic carbon and HRT in view of maximal dye removal.

3.1. Model calibration

To describe the anaerobic biodegradation of dye, the developed model was calibrated on independent experimental
datasets. For the model calibration, continuous mode biodegradation was selected using monoazo AO7 dye with different
feed concentrations and flow rates. In this case, the biofilm was developed on ceramic-supported graphene oxide
membrane (CSGOM). In all the cases, acetate was set three times higher than dye concentration (in mg/mL), although
it was fully consumed through the biodegradation process. The results showed that steady-state AO7 concentration in
permeate was higher with increasing feed concentration and decreasing HRT. It must be noted that this HRT, as defined,
differs from those usually applied in conventional computation. Instead of using the total volume of the bioreactors (5
mL), only the estimated biofilm volume (0.00262 mL) was considered for subsequent calculation, as the biodegradation of
azo dyes is assumed to happen essentially in the biofilm, while it is neglected in the rest of reactor volume. Therefore, this
biofilm volume was used to calculate the estimated actual hydraulic retention time for this anaerobic biodecolorization
process. Maintaining 0.04 h of HRT, the permeate AO7 concentration was increased from 0.00166 ± 0.00052 mgCOD/mL
to 0.00520 ± 0.00096 mgCOD/mL with increasing feed concentration from 0.099 mgCOD/mL (0.05 mg/mL) to 0.198
mgCOD/mL (0.10 mg/mL). Accordingly, the removal decreased from 98.3% to 97.4% (Table 5).
6
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Fig. 1. Comparison between experimental and predicted outcomes of AO7 removal at steady-state using a CSGOM-biofilm reactor (points are the
xperimental values and lines are predictions from the model).

A higher feed flow rate reduces the HRT, which adversely affects the dye removal efficiency. Thus, the HRT decrease,
rom 0.04 h to 0.02 h, dropped the dye removal efficiency from 97.4% to 94.8% (Table 5). The hydrolysis rate constant
kh) for AO7 biodegradation, the power index of inflow dye concentration in feeding solution (n) and maximum specific
rowth rate of the anaerobic organism (µAD

max) were determined from the model calibration. The experimental datasets
ith fixed HRT, 0.04 h, at various inflow dye concentrations, from 0.099 mgCOD/mL to 0.198 mgCOD/mL, were used for
he calibration. The estimated value of the hydrolysis constant, kh, was found to be 41.5 ± 2.6 (mgCOD)n−1/(Ln−1.h), while
was 1.71 ± 0.11, and µAD

max was 20.0 h−1 for all the feed concentrations.

.2. Model validation

The calibrated model was validated for several HRT in the CSGOM-biofilm reactor and the different AO7 dye feed
oncentrations. Using the estimated hydrolysis rate constant, the power index (n), and maximum specific growth rate of
he anaerobic organism (µAD

max ), the model could describe the steady-state behavior of the biodegradation of AO7 very
ell with deviations below 10% (Fig. 1 and Table A.1).
The high hydrolysis constant in this study was due to the reduced detachment of biofilm with the support material

O and high electron transfer rate (Amin et al., 2022a) that improve the effective microbial activities (García-Martínez
t al., 2015) as well as ensure biodegradation of dye with a high efficiency. Additionally, the high adaptability of the
pecific dye-consuming bacteria presents in the anaerobic biofilm enhanced the decolorization of azo dyes, thus giving
igh hydrolysis constant. Comparison between the experimental and model output is summarized in Table A.1.

.2.1. Model evaluation with various types of dye
Anaerobic biodegradation in a CSGOM-biofilm reactor was also evaluated for three different types of dye; monoazo

O7, diazo RB5 and triazo DB71. In both cases, the dye concentration was changed from 0.05 mg/mL (≈0.066 mgCOD/mL
B5 and 0.089 mgCOD/mL DB71) to 0.10 mg/mL (≈0.133 mgCOD/mL RB5 and 0.179 mgCOD/mL DB71) whilst feed flow
ate was varied from 0.066 mL/h to 0.131 mL/h to set the hydraulic retention time from 0.040 h to 0.020 h.

Hydraulic retention time (HRT), which must be understood as contact time, has a critical relation with color removal
ate. Due to the extended HRT, the system may efficiently treat dye-containing wastewater, even at a higher initial feed
oncentration (da Silva et al., 2012; Oh et al., 2004). In this CSGOM bioreactor, we also observed a similar pattern,
herein increasing hydraulic retention time improved the dye removal efficiency and, consequently, decreased the
ye concentration in permeate (Table 6). Moreover, initial dye concentration and dye structure significantly affect
he anaerobic decolorization kinetics. Dyestuff with a simple structure and low molecular weight showed a higher
iodegradation rate than complex and high molecular weight dyes (da Silva et al., 2012; Solís et al., 2012). As comparing
he three types of dyes; AO7 showed better removal efficiency, and DB71 showed the lowest (Tables 5 and 6), following
he number of azo bonds in the respective molecule. It is noted that, under the same operating conditions, the COD of
he effluents in the anaerobic bioreactor was tracked regularly and ensure that all dyes and their intermediate products
ere effectively removed.
However, it is not possible to apply the estimated hydrolysis constant (kh), power index of inflow feed concentration (n),

nd maximum specific growth rate of the anaerobic organism (µAD ) obtained from the biodegradation of AO7; because
max

7



M.S.A. Amin, M.S.I. Mozumder, F. Stüber et al. Environmental Technology & Innovation 29 (2023) 102962
Fig. 2. Model validation for (A) RB5 and (B) DB71 removal in a CSGOM-biofilm reactor (points are the experimental values, and lines are simulation
outcome).

it is not able to describe the steady-state behavior of RB5 and DB71 (data was not shown). As the dye structures and
functionalities are not similar to each other; the hydrolysis rate constant can hardly be expected to be the same and
needs to be re-estimate for these dyes. The estimated hydrolysis constants (kh) were thus 4.87 ± 0.31 (mgCOD)n−1/(Ln−1.h)
(χ2

= 0.00009) for RB5 and 6.64 ± 0.57 (mgCOD)n−1/(Ln−1.h) (χ2
= 0.00007) for DB71. Using these re-estimated kh, the

model predictions agreed well with the experimental values of dye concentration in permeate at steady-state (Fig. 2). The
percentage deviation associated with HRT, dye feed concentration and dye types were below 10%, which demonstrates
the goodness of the model fit (as seen in Tables A.2–A.3).

The hydrolysis rate constant was indeed quite different for each type of dye. Increasing molecular weight as well
as complexity of dye structure lowers the hydrolysis capacity of the microorganisms, which results in lower hydrolysis
constant (Table 7). Tombari et al. (2007) found that the change of configurational and vibrational partition functions has
a significant effect on hydrolysis. Kura (1987) analyzed the hydrolysis for different membered inorganic cyclophosphates
and found that the lowest membered cyclotriphosphate showed the most rapid hydrolysis (Kura, 1987). In addition, there
was a wide variation of hydrolysis due to structural variation (Culbertson, 1951). Similarly, in this study, it has been found
8



M.S.A. Amin, M.S.I. Mozumder, F. Stüber et al. Environmental Technology & Innovation 29 (2023) 102962

a
B
0
c
c

Table 6
RB5 and DB71 removal in a CSGOM-biofilm reactor for several hydraulic retention times and dye concentrations.
HRT (h) Reactive Black 5 Direct Blue 71

Feed concentration
(SS(in)) (mgCOD/mL)

% Dye removal Feed concentration
(SS(in)) (mgCOD/mL)

% Dye removal

0.040
0.066 95.9 0.089 92.2
0.099 94.5 0.134 91.4
0.133 93.0 0.179 89.9

0.027
0.066 93.4 0.089 89.8
0.099 90.6 0.134 86.0
0.133 88.6 0.179 82.2

0.020
0.066 90.6 0.089 86.7
0.099 88.1 0.134 81.5
0.133 86.3 0.179 76.0

Table 7
Relation between the dye properties (Amin et al., 2021) and estimated hydrolysis constants for CSGOM-biofilm.
Dye information Dye structure Estimated hydrolysis

constant, kh
(mgCOD)n−1/ (Ln−1 .h)

Acid Orange 7: C16H11N2NaO4S, MW = 350.32 g/moL 1.43 ± 0.06

Reactive Black: 5 C26H21N5Na4O19S6 , MW = 991.8
g/moL

0.29 ± 0.01

Direct Blue 71: C40H23N7Na4O13S4 , MW = 1029.9
g/moL

0.26 ± 0.02

that the hydrolysis rate constant decreased with a growing molecular weight that also correlates here with the higher
number of azo bonds in the dye molecules (Table 7).

3.2.2. Model evaluation with different supports
DB71 removal data were employed to find out the effect of support material for the biofilm formation, i.e., CSCM

nd CSGOM. The removal efficiency was quite higher for the biofilm growing on CSGOM compared to CSCM (Fig. 3).
iofilm over CSGOM gives, at steady-state, a dye removal of 92.2% for 0.089 mgCOD/mL DB71 feed concentration and
.040 h of HRT, but 22% less removal was shown for CSCM support. The removal efficiency was also lowered as dye
oncentration increases and HRT decreases. For 0.020 h HRT, 50% less removal was encountered for CSCM-biofilm
ompared to CSGOM-biofilm.
The developed model was calibrated against data shown in Fig. 3 and the estimated hydrolysis constant (kh) for CSCM

was calculated to be 0.84 ± 0.05 (mgCOD)n−1/(Ln−1.h) (χ2
= 0.000098), while it was much higher for CSGOM (kh = 6.46

± 0.57 (mgCOD)n−1/(Ln−1.h)). The low hydrolysis constant for CSCM supporting biofilm is attributed to the lower electron
transfer capacity compared to CSGOM. It indicated that the support material with high electron transfer ability enhances
the hydrolysis, which eventually increases the dye removal efficiency.

Anyway, the calibrated model was able to reproduce very well the DB71 removal using CSCM based biofilm reactor
with a deviation below 10% (Fig. 4 and Table A.4).

3.3. Scenario analysis

The anaerobic bio-digestion of the azo dye was investigated using scenario analysis to identify the probable best
circumstances or conditions for process optimization. The following sections detail the optimum conditions for the
maximum biodecolorization by adjusting the external carbon source (acetate), acetate to dye ratio, and the HRT.

3.3.1. Effect of external carbon source on anaerobic bio-digestion of dyes
The simulation was conducted with various acetate to dye ratios by changing their concentrations in the feed solution.

The flow rate as well as HRT was kept constant at 0.027 h. The effect of acetate concentration on dye removal was
evaluated based on steady-state dye concentration in permeate that was translated as percentage removal as a function
of acetate to dye ratio and shown in Fig. 5.
9
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Fig. 3. Comparison of DB71 removal efficiency of CSGOM-biofilm and CSCM-biofilm.

Fig. 4. Comparison between experimental and predicted behavior at steady-state for DB71 removal using biofilm on CSCM (points are the
xperimental values and lines are simulation outcome).

The results showed that the dye removal efficiency was increased as acetate (act as electron-donors) concentration
ncreases in line with findings from other studies (Cui et al., 2016b; Pandey et al., 2007; Thung et al., 2017). At the same
cetate to dye ratio, the removal efficiency was higher for low dye concentration. The dye removal efficiency was also
ecreased with the increasing molecular weight and complexity of dye. In absence of any external organic substrate
acetate), over 85% AO7 removal was still observed for 0.40 mgCOD/mL dye concentration (Fig. 5A) but for RB5 it was
ust 24% (Fig. 5B) while for DB71 it was 26% (Fig. 5C). Oppositely, more than 90% dye removal was found for both RB5
nd DB71 by applying an acetate to dye ratio of 5. Easily fermentable organic materials like acetate give advantages to
he microorganisms to grow and stimulate the hydrolysis process, thus the removal efficiency. The presence of acetate
acilitated the easy transferability of electrons that promoted a faster degradation of azo dye, which suggests that a denser
urrent of electrons helps the reductive break of the azo bond (Cui et al., 2016a). The increase of external carbon sources
lso promotes an easier development of biofilm and biomass formation and allows reaching a higher dye removal rate.
10
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Fig. 5. Effect of acetate to dye ratio on (A) AO7, (B) RB5, and (C) DB71 removal.

The optimal dose of acetate (external carbon source) for maximum dye removal are not the unique variable that needs
o be controlled for an efficient process. Another strategy called ratio control; keeping the carbon:dye (Acetate/dye) ratio
t a certain level by dosing external carbon for the efficient removal of pollutants. From Fig. 5, it was found that ratio
lone did not have a straightforward relation to removal achieved, i.e., same ratio did not show the same dye removal
fficiency. Dye concentration in feed solution also has a significant role. However, this study only was focused to determine
he setpoint for minimum external carbon source to meet the effluent standard.

.3.2. Interaction between HRT and acetate to dye ratio on anaerobic bio-digestion of dyes
To evaluate the HRT impact on anaerobic bio-digestion of dyes and find out the interaction between the HRT and

cetate to dye ratio on the dye removal process, simulations were conducted at various acetate to dye ratio and HRT.
he variation of acetate to dye ratio was done by changing acetate concentration 0–1.2 mgCOD/mL over a fixed 0.40
gCOD/mL DB71 solution. The HRT was set by changing the feed flow rate from 0.03 mL/h to 1.5 mL/h in the bioreactor
ctive biofilm (0.00262 mL). The steady-state removal reached for each combination is depicted in Fig. 6. As expected,
RT influenced the DB71 removal efficiency. Without adding any acetate in the feed solution (acetate to BD71 ratio 0) the
B71 removal was increased from 6.8% to 74.3% as HRT increases from 0.020 to 0.088 h. Increasing HRT provides more
ime to the microorganisms to digest dye and other intermediate products, thus enhancing the dye removal.

As suspected, both HRT and acetate to dye ratio altered the dye removal efficiency. However, a small amount of external
arbon source (acetate) is desired since it makes the process more economical, also in terms of lower sludge production.
he optimization addressed here is to interactive performance between HRT and external carbon source to dye ratio. The
tudy enables the reduction of the use of external carbon sources by increasing HRT without hampering the effluent water
uality; however, it should be well balanced with HRT to reduce the investment cost.
11
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Fig. 6. Effect of HRT and acetate to DB71 ratio on DB71 removal.

4. Conclusions

A mathematical model for anaerobic biodegradation of dyes using biofilm reactors coupled with membrane filtration
was developed, calibrated and validated with different types of dye, various feed concentrations and several hydraulic
retention times.

Hydrolysis played a major role on the anaerobic biodegradation of dyes becoming the limiting step. The hydrolysis
rate constant was dependent on dye molecule structure and biofilm support materials. Increasing molecular weight, as
well as the complexity of dye structure, decreased the hydrolysis capacity of dye. Simple dye possesses higher hydrolysis
constant compared to more complex (higher molecular weight) dyes.

The support materials, on which the biofilm was formed, have a significant effect on dye removal efficiency. Materials
with high electron transfer capacity increases the biofilm activities and hydrolysis as well as enhance the removal
efficiency.

External carbon source is also important for efficient dye removal through anaerobic digestion. Increase of the carbon
source dose enhances the dye removal efficiency. The required external carbon source for efficient dye removal also
depends on the type of dyes; simple dye needs a low external carbon dose compared to more complex dyes. Acetate to
dye ratio did not have a straightforward relation to dye removal efficiency since dye feed concentration also needs to be
taken into account.

Hydraulic retention time (HRT) enhances the dye removal efficiency. It is possible to compensate lower external carbon
source doses with higher HRT to achieve a targeted level of dye removal.
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Table A.1
Experimental and predicted outcomes of AO7 removal of CSGOM bioreactor.
HRT (h) SS(in) (mgCOD/mL) % Deviation

0.040
0.099 7.1
0.149 8.8
0.198 8.7

0.027
0.099 8.5
0.149 6.1
0.198 7.1

0.020
0.099 9.2
0.149 6.8
0.198 8.0

Table A.2
Experimental and predicted outcomes of RB5 removal of CSGOM bioreactor.
HRT (h) SS(in) (mgCOD/mL) % Deviation

0.040
0.066 9.0
0.099 8.2
0.133 2.8

0.027
0.066 4.8
0.099 2.7
0.133 3.0

0.020
0.066 6.5
0.099 6.8
0.133 2.1

Table A.3
Experimental and predicted outcomes of DB71 removal of CSGOM bioreactor.
HRT (h) SS(in) (mgCOD/mL) % Deviation

0.040
0.089 5.3
0.134 5.0
0.179 9.5

0.027
0.089 1.4
0.134 8.8
0.179 8.2

0.020
0.089 7.2
0.134 8.1
0.179 2.8
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Data will be made available on request.
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Table A.4
Experimental and predicted outcomes of DB71 removal of CSCM bioreactor.
HRT (h) SS(in) (mgCOD/mL) % Deviation

0.040
0.089 9.0
0.134 6.9
0.179 4.1

0.027
0.089 0.02
0.134 1.6
0.179 9.6

0.020
0.089 4.3
0.134 8.9
0.179 1.8
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