
Vol.:(0123456789)1 3

International Journal of Environmental Science and Technology (2023) 20:3191–3204 
https://doi.org/10.1007/s13762-022-04203-x

ORIGINAL PAPER

Effect of powdered activated carbon addition on membrane 
performance and fouling in anaerobic membrane bioreactor

G. Balcıoğlu1 · I. Vergili1 · Z. B. Gönder1 · G. Yilmaz1 · A. M. Bacaksiz1 · Y. Kaya1 

Received: 6 December 2021 / Revised: 11 April 2022 / Accepted: 12 April 2022 / Published online: 26 April 2022 
© The Author(s) under exclusive licence to Iranian Society of Environmentalists (IRSEN) and Science and Research Branch, Islamic Azad University 2022

Abstract
This study focused on determining the effect of powdered activated carbon on treatment performance and membrane foul-
ing for pharmaceutical wastewater treatment by using an anaerobic membrane bioreactor system. The anaerobic membrane 
bioreactor system was operated without powdered activated carbon addition for 131 days and with powdered activated 
carbon addition for 169 days. The anaerobic membrane bioreactor performance was evaluated considering the chemical 
oxygen demand concentration, flux value, biomass concentration, extracellular polymeric substances and soluble microbial 
product concentrations. In the period operated without the powdered activated carbon addition, the chemical oxygen demand 
removal efficiencies were in the range of 67–70%, whereas the removal efficiency of chemical oxygen demand increased 
up to 96% after the powdered activated carbon addition. At the beginning, the system was operated with the flux of 3.2 L/
m2 h and the flux decreased to 0.4 L/m2 h on the 131st day. Although the chemical oxygen demand removal performance 
increased, the addition of powdered activated carbon was not effective in improving the flux. In the study, scanning electron 
microscope, energy-dispersive X-ray spectroscopy, confocal laser scanning microscopy, optical profilometer measurements 
and fouling modeling studies were conducted to identify the mechanism of fouling on the membrane. According to these 
analyzed results, the predominant fouling mechanism was cake layer formation for the fouled membrane used in the period of 
operation without the powdered activated carbon addition. It was observed that the thickness of the cake layer accumulated 
on the membrane surface slightly decreased and the cake layer became smoother with powdered activated carbon addition. 
When the membrane fouling model was evaluated, it was clearly revealed that the cake layer adsorption was dominant before 
the powdered activated carbon addition. Although the dominant fouling mechanism shifted to the intermediate adsorption 
with the powdered activated carbon addition, the cake filtration and intermediate adsorption mechanisms were predominant 
simultaneously.

Keywords Anaerobic membrane bioreactor · Pharmaceutical wastewater · Powdered activated carbon · Autopsy analyses

Introduction

Anaerobic membrane bioreactor (AnMBR) systems are a 
combination of anaerobic treatment and membrane process 
that contributes high organic matter removal (Chen et al. 
2020). The AnMBR system has many advantages such as 
long solid retention time (SRT), low sludge production and 

low energy requirement which are beneficial in wastewater 
treatment with high efficiency and ease of operation (Lin 
et al. 2013; Sohn et al. 2021a). This process has also the 
advantage of producing energy with the end product of 
methane and hydrogen due to having the anaerobic degrada-
tion process including hydrolysis, acidogenesis, acetogenesis 
and methanogenesis (Khan et al. 2016; Sohn et al. 2021a). 
After the digestion of pollutants, the sludge and treated 
wastewater are separated by the membrane (Ji et al. 2020). 
AnMBR technology has been applied successfully in the 
treatment of various wastewater such as slaughterhouse 
(Saddoud and Sayadi 2007; Jensen et al. 2015), municipal 
(Martinez-Sosa et al 2011; Dong et al. 2016; Chen et al. 
2017a, 2017b), landfill leachate (Xie et al. 2014), domestic 
(Yue et al. 2015; Jeong et al. 2017; Ji et al. 2020), liquid 
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dairy manure (Wallace and Safferman 2014), food industry 
such as coffee grounds (Qiao et al. 2013), sugarcane vinasse 
(Mota et al. 2013), snacks (Ramos et al. 2014) and confec-
tionery (Balcıoğlu et al. 2021). Also, the numerous pilot and 
full-scale AnMBR studies have been carried out for treating 
of field crop processing, dairy processing and the beverage 
industry (Song et al. 2020). In addition, AnMBR has been 
used commonly for the treatment of pharmaceutical waste-
water (Dutta et al. 2014; Xiao et al. 2017; Huang et al. 2018; 
Mai et al. 2018; Kaya et al. 2019; Chen et al. 2020; Cheng 
et al. 2021).

Although successful results have been obtained for waste-
water treatment in AnMBR systems, membrane fouling has 
been still one of the biggest obstacles for this process (Chen 
et al. 2020). One of the most important reasons for the mem-
brane fouling is the production of extracellular polymeric 
substances (EPS) and soluble microbial products (SMP) by 
microorganisms that accumulate on the membrane surface 
and hinder the wastewater filtration (Kaya et al. 2019). Vari-
ous approaches have been tried to reduce the membrane foul-
ing in the literature. The main approach is the optimization 
of key parameters such as operating conditions, membrane 
type and biomass characteristics (Maaz et al. 2019). Besides, 
there are novel methods such as application of biogas spar-
ging (Vyrides et al. 2009), addition of powdered activated 
carbon (PAC) (Gao et al. 2016), addition of granular acti-
vated carbon (GAC) (Hu and Stuckey 2007) and glass beads 
(Düppenbecker et al. 2017) to mitigate membrane fouling. 
In addition, some enhancers such as biochar, zeolite, polya-
luminum chloride and iron have been added into the reactor 
to mitigate the membrane fouling (Sohn et al. 2021a).

The addition of PAC into the reactor provides many ben-
efits in reducing membrane fouling and increasing removal 
efficiencies of pollutants. PAC could adsorb the pollutants, 
increase the biodegradability of pollutants and scour the pol-
lutants from the membrane surface (Lei et al. 2019). The 
dosages of PAC in the AnMBR studies have been applied in 
the range of 1–4.5 g/L treating synthetic wastewater, such 
as sucrose-meat extract, saline, textile, pharmaceutical and 
domestic (Hu and Stuckey 2007; Akram and Stuckey 2008; 
Vyrides et al. 2009; Baêta et al. 2012; Xiao et al. 2017; Lei 
et al. 2019; Yang et al. 2019). There are limited studies on 
the AnMBR operation with PAC addition for treating phar-
maceutical wastewater. In these studies, AnMBR systems 
were operated with the addition of 1 g/L PAC dosage (Xiao 
et al. 2017; Mai et al. 2018). In these studies, decrease in 
cake resistance, increase in flux and decrease in transmem-
brane pressure (TMP) were obtained with the PAC addition. 
The fouling mechanism has been evaluated with the analy-
ses such as scanning electron microscopy-energy dispersive 
X-ray analysis (SEM–EDX), molecular weight distribution 
and membrane resistance (Lei et al. 2019), particle size dis-
tribution, TMP and flux (Hu and Stuckey 2007; Akram and 

Stuckey 2008). To the best of our knowledge, the membrane 
fouling mechanisms have not been investigated in detail 
using both membrane autopsy analyses and fouling models 
in the AnMBR treatment of real pharmaceutical wastewater 
with the PAC addition.

In the present study, the effect of PAC addition was inves-
tigated to enhance the treatment performance and mitigate 
the membrane fouling of the AnMBR system treating phar-
maceutical wastewater. The performance of the AnMBR 
system was assessed in terms of chemical oxygen demand 
(COD) removal efficiency, concentration change of total 
suspended solid (TSS), volatile suspended solid (TVSS), 
EPS and SMP and the flux change. To understand the foul-
ing mechanism of membrane, the membrane autopsy stud-
ies were carried out by using zeta potential, SEM–EDX, 
optic profilometer and confocal laser scanning microscopy 
(CLSM) analyses. Furthermore, the flux decline was mod-
eled to determine the membrane fouling mechanism with the 
combined adsorption fouling models. This work was car-
ried out at the Department of Environmental Engineering, 
Istanbul University-Cerrahpaşa, Istanbul, Turkey, during 
2017–2019.

Materials and methods   

Wastewater characteristics

The pharmaceutical wastewater used in the study was 
obtained from the production tank of a penicillin derivative 
antibiotic containing two pharmaceutical active compounds 
(PhACs), namely ampicillin and sultamicillin tosylate, in 
a pharmaceutical factory located in Istanbul. The pharma-
ceutical wastewater was stored at +4 °C during the study. 
The wastewater contains COD of 5600 mg/L,  UV254 of 
0.053   cm–1,  NH4

+-N of 14 mg/L,  SO4
2− of 1310 mg/L, 

 SO3
2− of 110 mg/L,  Cl− of 900 mg/L and TSS of 4800 mg/L. 

Ampicillin and sultamicillin concentrations of wastewater 
were determined using direct injection HPLC–MS/MS 
method a laboratory (Food GmbH Jena Analytic and Con-
sulting, Germany) as < 1 μg/L and < 5 μg/L, respectively.

AnMBR setup and operation conditions

In the present study, an AnMBR reactor with an active vol-
ume of 4 L was used (Fig. 1). The AnMBR reactor consists 
of fermenter control unit, three internal peristaltic pumps 
(feeding, acid–base dosing and foam), mechanical mixer, pH 
probe, temperature and level sensor and heating jacket. Also, 
external peristaltic pump was used to vacuum the permeate. 
Polyether sulfone (PES) membrane (nominal pore size of 
0.005 µm) with an effective area of 66  cm2 was used in the 
experiments. The AnMBR system was operated under the 
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constant pressure (200 mbar), and a balance that connected 
to the computer recorded the flux instantaneously.

The permeate flux was calculated the equation given else-
where (Kaya et al. 2016) using Darcy’s law. The AnMBR 
system was inoculated with the seed sludge obtained from a 
full-scale anaerobic treatment plant treating brewery indus-
try wastewater located in Istanbul. Characterization of the 
seed sludge is given in Table S1.

The AnMBR was fed with the pharmaceutical wastewater 
with the initial COD concentration of 2500 mg/L during 
the acclimation period (Stage I). Then, the AnMBR was 
fed with the wastewater with the initial COD concentration 
of 5600 mg/L (Stage II). After the 131th day of operation, 
the membrane was removed and replaced with new mem-
brane. The AnMBR system was operated with the addition 
of PAC for 169 days with the initial COD concentration of 
5600 mg/L (Stage III).

Adsorption studies

In the adsorption studies, a wood-based PAC (WAC I600 
M200: particle size of 0.075 mm, bulk density of 550 kg/
m3) was used (Eurocarb, UK). Before the experiments, PAC 
was washed with distilled water and then boiled for 3 h. Sub-
sequently, it was dried at 120 °C and stored in a desiccator 
before the experiments. The adsorption experiments were 
carried out with wastewater at 35 °C, pH 7 and 200 rpm 

using orbital shaker (ZHWY − 211B, Zhicheng, P.R.C.). The 
adsorption studies were performed under both abiotic and 
biotic conditions. The total volume was 100 mL of waste-
water in the abiotic adsorption studies, and 25 mL of seed 
sludge and 75 mL of wastewater in the biotic adsorption 
studies. Samples were filtered (0.45 µm) in the adsorption 
studies, and COD and  UV254 analyses were performed in 
order to determine the removal efficiencies.

Analytical methods

The physicochemical parameters such as COD,  NH4
+-N, 

 SO4
2−,  SO3

2−,  Cl−,  UV254, TSS and TVSS analyses were 
conducted according to the Standard Methods (APHA/
AWWA/WEF 2005a). UV absorption at 254 nm is used for 
the characterization of water/wastewater and evaluation of 
the effectiveness of various treatment processes including 
advanced treatment methods using PAC that remove organic 
pollutants (APHA/AWWA/WEF 2005b; Altmann et  al. 
2016; Vergili and Gencdal 2017). In contrast to other organic 
analysis parameters (e.g., COD, TOC),  UV254 represents 
only aromatic organic compounds which has double-bonded 
ring structures (APHA/AWWA/WEF 2005b). T60 UV–Vis 
spectrophotometer (PG Instruments (Lutterworth, UK)) was 
used for spectrophotometric measurements including  UV254. 
EPS was extracted by using the method proposed by Frølund 
et al. (1996). The bound EPS was extracted using cation 

Fig. 1  Schematic diagram of the AnMBR system
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exchange resin (DOWEX, Marathon-C, Sigma-Aldrich). The 
extracted samples were kept at +4 °C to analyze for protein 
and polysaccharide fractions of EPS. Protein and carbohy-
drate concentrations of SMP and EPS were determined using 
the methods developed by Lowry et al. (1951) and Dubois 
et al. (1956), respectively. EPS and SMP on the cake layer 
were conducted using the method given by Imer-Koseoglu 
et al. (2011).

Membrane fouling characterization

SEM–EDX analyses of the clean and fouled membranes 
were conducted to evaluate the morphology of the cake layer 
and to investigate the elements accumulated in the cake layer 
of the membrane. To evaluate the biofilm layer and deter-
mine the biofilm layer thickness, CLSM analyses (Nikon C2, 
Japan) were conducted for fouled membranes using Live/
Dead Baclight™ method. Membrane surface roughness of 
the fouled and clean membranes was determined by optical 
profilometer (Zygo Brand, USA). The roughness of mean 
square  (Rrms) was determined as µm for optical profilometer 
measurements.

Modeling

Flux modeling, Hermia fouling model and combined adsorp-
tion fouling models were used according to Turano et al. 
(2002); Jafarzadeh and Yegani (2015); Bolton et al. (2006), 
respectively, and also detailed in supporting information 
(Tables S2 and S3).

Results and discussion

In this study, the PAC addition to the AnMBR system was 
applied in order to assess the effect of PAC addition on the 
membrane fouling and treatment performance. Abiotic and 
biotic adsorption studies were performed to determine the 
optimum PAC dosage to be added into the AnMBR system 
and also to understand the adsorption mechanism.

Abiotic adsorption results

Abiotic adsorption experiments were carried out to deter-
mine the equilibrium time for 15 min–144 h with a dosage 
of 2 g/L PAC. Most of the adsorption took place in the first 
15 min, and it took 48 h to reach the equilibrium. Removal 
efficiencies of COD and  UV254 were determined as 64 and 
53%, respectively, for equilibrium time of 48 h (Fig. S1a). 
The COD removal sharply increased to 44% in 15 min and 
then gradually increased to 64% in 48 h. Although the equi-
librium was reached at the same time, lower  UV254 removal 
(53%) was obtained (Fig. S1a). This could be due to the 

non-aromatic organic compounds that could not be deter-
mined with  UV254 (APHA/AWWA/WEF 2005b). To deter-
mine the optimum PAC dosage, the adsorption experiments 
were performed at the equilibrium time (48 h) with vary-
ing PAC dosages (0.5–16 g/L). As shown in Fig. S1a, the 
removal efficiencies increased with increasing PAC dosage. 
The optimum PAC dosage and the adsorption capacity of 
PAC were found to be 8 g/L and 666 mg/g for COD at the 
equilibrium, respectively. As a result, high removal efficien-
cies were obtained for COD and  UV254 (95% and 90%) with 
the optimum PAC dosage of 8 g/L (Fig. S1b).

Adsorption mechanism was determined using Freun-
dlich and Langmuir isotherms. The equations for both iso-
therms were given elsewhere (Vergili and Gencdal 2017). 
The Freundlich model fit the experimental data better than 
the Langmuir model with higher regression coefficient 
(R2) (0.9832 > 0.8866) for the adsorption of organic mat-
ter in terms of COD (Fig. S2). The fit of Freundlich model 
indicates the heterogeneity of PAC surface with multilayer 
adsorption. The calculated Freundlich model constant, n, 
was found to be lower than 1 (n = 0.6648), indicating irre-
versible adsorption process. This result is in consistence 
with the studies of Amosa et al. (2015) and Çeçen and 
Aktaş (2011). Irreversible adsorption could be due to spe-
cific functional groups on the active sites of the PAC surface 
that results in their high-energy covalent bonding with the 
adsorbates, likewise the oxidative polymerization of organ-
ics onto PAC (Çeçen and Aktaş (2011).

Biotic adsorption results

As in this study, it has been reported in the literature that 
activated carbon adsorption is an effective technology in 
the removal of organic compounds from wastewater with 
removal efficiencies exceeding 50% (Real et  al. 2017). 
The addition of activated carbon to bioreactors prevents 
the membrane fouling as well as increases the removal of 
organic compounds. In these systems, integrated adsorption 
(onto PAC and sludge) and biological removal take place 
together (Çeçen and Aktaş 2011; Kaya et al. 2016). Biotic 
adsorption studies were carried out in order to determine 
the removal of organic matter (COD) in the integrated sys-
tem. The experiment was carried out with a total volume of 
100 mL (25 mL activated sludge +75 mL wastewater) using 
2, 6, 8 and 10 g/L of PAC dosages for 48 h. As seen in Fig. 
S3, the removal of organic matter in the biotic adsorption 
increased by 15% (from 61 to 76%) with the PAC dosage 
of 2 g/L compared to the abiotic adsorption. The removal 
efficiency difference between the abiotic and biotic adsorp-
tion decreased to 6% (from 95 to 89%) with the PAC dosage 
of 6 g/L. The presence of seed sludge in the system did 
not cause a significant change (1%) with 8 g/L of PAC dos-
age. As further increase in the PAC addition did not cause 
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a change in the removal efficiency, 8 g/L of PAC dosage 
was determined as the optimum that was similar to abiotic 
adsorption study. In the study of Cimbritz et al. (2019) 
adsorption onto PAC was not inhibited by the presence of 
biomass. They reported similar removal profiles with and 
without sludge with increasing PAC dosage (5–30 mg/L). 
Streicher et al. (2016) reported also slightly lower removal 
rates with low PAC dosages of 20–100 mg/L in the pres-
ence of sludge. However, Aghili et  al. (2016) reported 
higher removal rates for PAC+ sludge system likewise our 
study. They reported an approximately 12% increase in 
PAC+ sludge system with a higher PAC dosage of 4 g/L. As 
a result, it is thought that increase in the removal efficiency 
in the biotic system is due to the high PAC dosage. The rea-
son for no further increase in the removal efficiency after a 
certain dosage (8 g/L) was the equilibrium conditions.

AnMBR performance results

In this study, the AnMBR system was operated for 131 days 
without the PAC addition and for 169 days with the PAC 
addition. The optimum PAC dosage determined by the 
abiotic/biotic adsorption studies was used as 8 g/L in the 
AnMBR system. The performance of AnMBR system was 
evaluated according to COD effluent concentration and 
TSS concentration change during the 300 days of operation 

at three stages. COD concentrations of effluent and COD 
removal efficiencies are given in Fig. 2.

The AnMBR system was fed with initial COD concen-
tration of 2500 mg/L for acclimation until 32nd day (Stage 
I). During this period, the effluent COD concentration 
decreased up to 650 mg/L and COD removal efficiencies 
were in the range of 40–68%. At Stage II, the AnMBR sys-
tem was fed with initial COD concentration of 5600 mg/L 
and the effluent COD concentration gradually increased 
(from 700 to 1900  mg/L) until Day  81 due to feeding 
with higher initial COD concentration of the wastewater 
(5600 mg/L of COD). Then, the effluent COD concentra-
tions stayed stable in the range of 1700–1850 mg/L. Between 
82nd and 131st days, the COD removal efficiencies were in 
the range of 67–70%. In the study conducted by Huang et al. 
(2018) pharmaceutical wastewater treatment with an initial 
COD concentration of 2700–6000 mg/L using an AnMBR 
system was investigated and removal efficiencies of 94.0% 
to 87.1% were obtained. For influent COD values of 2500 
and 5000 mg/L, similar removal efficiencies (85–90%) were 
obtained in the study of Kaya et al. (2017) investigating 
removal of chemical synthesis wastewater of a pharmaceu-
tical industry using AnMBR. The low efficiency of COD 
removal may be due to the presence of penicillin beta-lactam 
antibiotics (ampicillin-sultamicillin) in the wastewater which 
might inhibit biological activity in the AnMBR (Cheng et al. 
2018).

Fig. 2  COD concentration of the effluent and COD removal efficiency
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PAC was gradually added to the AnMBR system. At the 
start of Stage III (132nd day) a new membrane was installed 
in the AnMBR system and 8 g PAC (2 g/L) was added. The 
PAC addition into the system was repeated at the 173rd, 
215th and 250th days as 8 g. With the first 8 g PAC addi-
tion (2 g/L), the effluent COD concentration decreased to 
1200 mg/L from 1750 mg/L, and in this period, the COD 
removal efficiency of up to 79% was obtained. The subse-
quent PAC addition at the 173rd, 215th (total dosage of 
6 g/L) and 250th days (total dosage of 8 g/L) was applied. 
The effluent COD concentrations were in the range of 
480–600 mg/L, 390–500 mg/L and 290–450 mg/L during 
these periods, and the COD removal efficiencies were up to 
91, 93% and 96%, respectively. As more PAC was added, 
higher removal efficiencies achieved because of the increase 
in the PAC surface area with increasing PAC dosage. Hu and 
Stuckey (2007) reported that PAC addition could improve 
the COD removal efficiency by over 23%. Mai et al. (2018) 
obtained the removal efficiencies of 22–82% with a PAC 
dosage of 1 g/L in their study which was used AnMBR 
treating pharmaceutical wastewater (initial COD concen-
tration of 485–512 mg/L). Lei et al. (2019) obtained up to 
97% COD removal efficiency with PAC (dosage of 4.5 g/L) 
treating synthetic pharmaceutical wastewater (initial COD 
of 500 mg/L). In these studies, the COD removal efficiencies 
in the range of 20–98.7% were obtained. In our study, up to 
96% removal efficiency was achieved with the PAC addition 
which was similar given in the literature. Compared to the 

COD removal efficiency in the AnMBR system operated 
without the addition of PAC, it is clear that PAC addition 
improved the COD removal performance. Xiao et al. (2017) 
and Lim et al. (2020) pointed out that addition of PAC can 
improve the removal of PhACs due to the adsorption of 
these micropollutants to the PAC, as increasing the substrate 
concentration at the adsorption sites enables their biodeg-
radation. It could be said that the COD removal efficiency 
increased due to both the adsorption of organic pollutants 
in wastewater onto PAC and the gradual biodegradation of 
PhACs causing inhibition as a result of concentration gradi-
ent between adsorbed PhACs onto PAC+ sludge and bulk 
liquid.

The AnMBR system was run with initial TSS concentra-
tion of 13.3 g/L and initial TVSS concentration of 2.5 g/L. 
TSS and TVSS variations of mixed liquor are given in Fig. 3.

During the acclimation period (Stage I) the TSS concen-
tration decreased to 8.3 g/L and TVSS concentrations varied 
in the range of 2.1–2.4 g/L. In the Stage II, the concentra-
tion of TSS and TVSS increased to 8.6 and 3.1 g/L, respec-
tively. In addition, TVSS/TSS ratio increased to 36% from 
26%. The TSS and TVSS concentrations steadily increased, 
and the concentrations of TSS and TVSS were obtained up 
to 18.05 and 11.08 g/L, respectively, at the end of Stage 
III. The rate of increase in the TVSS/TSS ratio has also 
increased and reached to 62% from 36% with the addition 
of PAC. It was thought that increase in the TSS and TVSS 
concentrations and the TVSS/TSS ratio was caused not only 

Fig. 3  Variation of TSS, VSS concentration and TSS/VSS ratio in the mixed liquor
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by the addition of PAC, but also by increase in the biomass 
concentration. Ng et al. (2010) stated that PAC probably 
encourages faster growth of microorganisms by causing an 
attachment surface for the substrate. In addition, Sohn et al. 
(2021b) reported an increase in the biomass concentration 
with PAC addition to AnMBR by improvement of biomass 
settling using PAC since it provides sufficient space for 
attachment of microorganism. Also, the PAC addition prob-
ably reduced the inhibitory effect of penicillin beta-lactam 
antibiotics in the wastewater on the biomass. Therefore, PAC 
encouraged the increase in the TVSS/TSS ratio. In the litera-
ture, the similar results were found that PAC could lead to 
increase in biomass concentration (Yang et al. 2019).

The AnMBR system was operated at constant pressure. 
The flux variation of AnMBR is given in Fig. 4.

At the beginning of the operation, the AnMBR system 
was operated with 3.2 L/m2·h flux, while the flux decreased 
sharply in the following days. The flux decreased to 0.47 L/
m2·h on Day 131. A new membrane was installed in the 
AnMBR system, and the system was started to operate with 
the PAC addition of 8 g (2 g/L) on Day 132. The AnMBR 
system reached to flux value of 3.3 L/m2·h. However, the flux 
decreased gradually to 0.46 L/m2·h on Day 243. Gas scour-
ing was applied to the membrane in order to recover the flux, 
and the flux value reached again to 3.3 L/m2·h which was 
the same with the beginning of the operation. Until the end 
of the operation, the flux value remained stable at 0.66 L/
m2·h with the PAC addition. In a study conducted by Baêta 

et al. (2012), it was found that higher flux was obtained by 
PAC due to adsorption of proteins and colloidal substances 
in the reactor. In addition, Park et al. (1999) stated that the 
PAC addition up to dosage of 5 g/L reduced the membrane 
fouling and cake layer; hence, the flux was improved. In this 
study, although the addition of PAC did not have a signifi-
cant effect on improving the flux, it could be said that it was 
effective in stabilizing the flux.

EPS and SMP concentrations were evaluated in terms 
of protein and carbohydrate. The results during the whole 
operation are given in Fig. S4.

During the 300-day operation, the concentrations of 
 EPSc,  EPSp,  SMPc and  SMPp, were measured in the range 
of 16.9–54.4, 0.1–0.3 mg/gVSS, 28.6–62.6 and 0.1–1 mg/L, 
respectively. The concentrations of carbohydrate fraction 
varied during the operation, whereas there were no sig-
nificant variations in the concentrations of protein fraction. 
 EPSc and  SMPc were dominant parameters in the mixed liq-
uor during the whole operation due to wastewater charac-
terization. Banti et al. (2018) stated that the carbohydrates 
in  SMPc have a more tendency to retain by membrane com-
pared to  SMPp. Therefore, it was thought that the concentra-
tion of  SMPc was higher compared to  SMPp due to the more 
tendency of carbohydrate to be retained by the membrane. 
Due to this tendency of carbohydrate, it was thought that 
 EPSc remained in higher concentration compared to  EPSp.

There was no significant change in concentration  EPSp 
and  SMPp concentration during the whole process. The 

Fig. 4  Flux variation of AnMBR
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Fig. 5  Membrane autopsy results, a SEM images, b EDX results, c optic profilometer results, d confocal microscopy results
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concentration of  SMPc and  EPSc decreased after the first 
PAC addition from 40.4 to 30 mg/L and from 31.5 to 24 mg/
gVSS, respectively. The addition of PAC that has a high 
surface area could decrease initially the concentration of 
 SMPc due to the efficient adsorption (Sohn et al. 2021b). The 
concentrations of  EPSc and  SMPc increased steadily until 
230th day and reached to 54.9 mg/g VSS and 62.6 mg/L, 
respectively. This could be ascribed that PAC became satu-
rated with organic contamination and more release of EPS 
and SMP as a microbial product with excessive growth of 
biomass (Sohn et al. 2021b). In general, increase in the bio-
mass concentration in the reactor contributed to the increase 
in the  EPSc and  SMPc concentration. It is stated that there 
is a positive correlation between the biomass concentration 
and the EPS and SMP concentration (Ng et al. 2013). In 
addition, the adsorbents such as PAC in MBR systems could 
accelerate the increase in biomass because PAC can could 
create areas which protect microorganisms against environ-
mental conditions and biofilm growth on PAC (Wang et al. 
2016; Aslam et al. 2017). So, the production and accumula-
tion of EPS and SMP at Stage III could be attributed to the 
PAC addition.

After AnMBR operation without/with the PAC addition, 
the EPS and SMP concentrations on the membrane cake 
layer were determined. According to the EPS and SMP anal-
yses for cake layer without PAC, the concentrations of 62.8, 
1.2, 1.0 and 2.8 mg/g VSS were found for  EPSc,  EPSp,  SMPc 
and  SMPp, respectively. In addition, the concentrations of 
56.4, 1.0, 1.5 and 1.8 mg/g VSS were found for  EPSc,  EPSp, 
 SMPc and  SMPp, respectively, on the cake layer with the 
PAC addition. In some studies, it was reported that EPS and 
SMP are one of the main membrane foulants for membrane 
bioreactors (Ng et al. 2013; Kaya et al. 2019; Yang et al. 
2019; Yurtsever et al. 2020) and the addition of PAC could 
decrease EPS/SMP concentration by adsorption and scour-
ing (Lei et al. 2019; Yang et al. 2019). In this study, the 

addition of PAC was effective slightly in reducing the  EPSc 
and  EPSp concentrations.

Membrane fouling analyses results

Membrane autopsy analyses including SEM–EDX, optic 
profilometer and confocal microscopy were conducted to 
evaluate the fouling mechanism of membrane. SEM–EDX, 
optic profilometer and confocal microscopy analyses were 
conducted on stripped membranes which were operated 
without/with the PAC addition (Fig. 5a–d, respectively).

As can be seen in the SEM images (1000X) of stripped 
membrane surfaces (Fig. 5a), the cake layers attached to the 
membrane surface and could not be removed completely 
from the membrane surfaces for both membranes. How-
ever, when the two stripped membranes were compared, 
the surface of the stripped membrane with the PAC addi-
tion was smoother. The surface of stripped membrane with-
out the PAC addition had a more heterogeneous surface, 
and the greater foulants were on the surface compared to 
the stripped membrane with the PAC addition. Zhang et al. 
(2017) reported that PAC addition resulted in an external 
fouling layer. It was thought that the external layer could 
be stripped more effectively with PAC addition leading a 
smoother membrane surface in this study.

N and O peaks on the membrane surfaces with the PAC 
addition showed that the membrane surfaces were covered 
with the foulant which was mainly caused by microbial prod-
uct (Yurtsever et al. 2017). Inorganic compounds such as Ca, 
Fe, Mg which can contribute the gel/or cake layer formation 
(Pendashteh et al. 2011; Yurtsever et al. 2017) were detected 
on both membranes. Another notable changes in the EDX 
analysis were the increase in the weight percentage of C 
on the membrane surface with the PAC addition. This is 
thought to be caused by the adhesion of PAC onto the mem-
brane surface. In the optic profilometer analysis (Fig. 5c), 
 Rrms values of 0.369, 1.579 and 2.239 µm were determined 
for the clean, and the stripped membranes with/without 
the PAC addition, respectively. As can be seen in Fig. 5c, 
the surface of stripped membrane with the PAC addition 
was smoother than that of stripped membrane without the 
PAC addition. In addition, comparing the biofilm thickness 
determined by confocal microscopy (Fig. 5d), the biofilm 
layer thicknesses of the stripped membrane with/without the 
PAC addition were 220 µm and 547 µm, respectively. It was 

Table 1  Flux modeling results

Flux modeling

Time (d) a  (s2/m2) b (s/m2) R2 MFI

1‒131 42,119.16 1206.85 0.95380 301.71
132‒242 − 5,797,457.49 1854.01 0.97910 463.50
243‒300 − 18,242,978.83 3141.96 0.94460 431.21

Table 2  Obtained k and 
correlation coefficient  R2 values 
for Hermia fouling models

Cake filtration Intermediate block-
ing

Standard blocking Complete blocking

Time (d) R2 k R2 k R2 k R2 k

1‒131 0.97150 1499.60750 0.95900 0.56280 0.93130 0.00810 0.89000 0.00050
132‒242 0.97840 1736.80290 0.93930 0.61790 0.93790 0.00860 0.88580 0.00050
243‒300 0.96620 1480.19250 0.91440 0.56240 0.94430 0.00810 0.91420 0.00050
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stated that the scouring effect of PAC (Lei et al. 2019) was 
effective in the reduction of biomass/cake layer thickness on 
the membrane. Therefore, the cake layer on the membrane 
surface with the PAC addition was thinner and smoother. In 
the present study, it was observed that the cake layer forma-
tion was observed in both membranes, but the cake layer on 
the membrane surface with the addition of PAC was thinner. 
The addition of PAC reduced the cake layer thickness and 
contributed to a smoother cake surface. This indicates PAC 
was effective on the adsorbing pollutants such as colloids 
and dissolved organics causing cake layer formation (Akram 
and Stuckey 2008).

Fouling modeling

In order to determine the formation of membrane foul-
ing mechanisms in more detail, the fouling modeling was 
applied using the flux values obtained during the whole oper-
ation. The membrane fouling mechanism was evaluated in 
three stages (1–131 days, 132–242 days and 243–300 days). 
1–131 days include the period until the addition of PAC; 
132–242 days include the period between the new membrane 
and the gas scouring application; 243–300 days include the 
period from gas stripping to the end of the operating period. 
The flux, Hermia and combined adsorption fouling model 
results for membranes (with/without the PAC addition) are 
given in Tables 1, 2 and 3, respectively.

The k values obtained with Hermia model (1982) 
were used to describe the best fouling model for the 
membranes. In addition, MFI values obtained from 
flux modeling (Table 1) were used to support the mem-
brane fouling mechanism results calculated by Hermia 
(Table 2) and adsorption fouling model (Table 3). As 
can be seen in Table 1, the MFI value was determined 
as 301.71 between the 1st and 131st days. MFI values 
increased from 301.71 to 463.50 in the operation with 
PAC addition. This result indicated that the foulants 
accumulated on the membrane surface. Lin et al. (2013) 
stated that the accumulation of pollutants in the reactor 
increases in infinite sludge retention time. It was thought 
that the infinite sludge retention time led to increase 
the accumulation of pollutants in the reactor. Thus, it 
caused to increase in MFI values. In addition, it was 
thought that the addition of PAC may also contribute to 
the increase of the MFI value with the foulants. On the 
contrary, the MFI value decreased to 431.21 from 463.50 
between 243rd and 300th days. Considering autopsy 
analyses and the MFI value (431.21), the PAC addition 
was effective on the mitigation of the cake layer thick-
ness during this period. According to k values obtained 
from Hermia models (Table 2) and the normalized mass 
transfer coefficients (Table  3), predominant fouling 
mechanism was cake adsorption for between 1 and 131st Ta
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days. Based on the normalized mass transfer coefficients 
(Table 3), the predominant fouling mechanism started 
to shift to the intermediate adsorption occurred membrane 
pores from the cake adsorption with the PAC addition. But, 
cake adsorption still remained predominant mechanism 
compared with intermediate adsorption mechanism at the 
stages with PAC addition. Huang et al. (2021) pointed out 
that PAC addition was effective on the reducing irrevers-
ible fouling. As stated in Sect. 3.3, the addition of PAC did 
not have considerable effect on the flux improvement and 
the flux remained stable with PAC addition. Although cake 
adsorption with the addition of PAC shifted to intermediate 
adsorption, which is known as irreversible fouling, it can 
be concluded intermediate adsorption was not significantly 
occurred because addition of PAC was effective on adsorb-
ing of pollutants.

Conclusion

In this study, the effect of PAC addition on the treat-
ment performance and membrane fouling of AnMBR 
system was evaluated using removal efficiency, mem-
brane autopsy and fouling model results. The optimum 
PAC dosage and also adsorption mechanism onto PAC 
were also determined. The optimum PAC dosage into the 
AnMBR system was defined as 8 g (2 g/L) irreversible 
adsorption mechanism was observed with the selected 
PAC and real pharmaceutical wastewater containing 
PhACs, namely ampicillin and sultamicillin tosylate. 
The PAC addition into the AnMBR system increased the 
COD removal efficiency up to 29% and the TVSS/TSS 
ratio up to 26% due to probably reducing the inhibitory 
effect of penicillin beta-lactam antibiotics in the waste-
water. In addition to the improvement in the treatment 
performance, the PAC addition into the system contrib-
uted to the reduction of the cake layer on the membrane 
surface that was also supported by the autopsy results. 
Dominant fouling mechanism was the cake filtration 
without the PAC addition, whereas gradually shifted to 
the intermediate adsorption with the PAC addition. As 
a result, this study proved that the operation of AnMBR 
system with the addition of PAC presented successful 
results in the treatment of pharmaceutical wastewater.
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