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Abstract

The aim of this study was to treat dairy wastewater by using an anaerobic dynamic membrane bioreactor equipped with a
20-um polyester mesh filter and at organic loading rate of 8.1 + 1.5 kg COD/(m? day). The dynamic membrane was formed
in 42 d, and the operation was continued for additional 50 days. In order to prevent membrane fouling and to ensure efficient
cake layer formation, a wide range of cross flow velocity ranging from 5 m/h to 54 m/h was applied until a stable cake layer
was formed. The chemical oxygen demand removal efficiency was 85 +9% in the dynamic membrane formation period
(Day 0-42). In the stable operational period, the chemical oxygen demand removal improved by more than 10% owing
to the well-developed Dynamic Membrane. Carbon, calcium, phosphorus, oxygen, and sulfur elements were detected in
selected points of the dynamic membrane layer. Proteins and polysaccharides were detected in the dynamic membrane layer
as organic compounds. The inorganic compounds in dynamic membrane layer were detected and found as 1.16% sodium,
1.50% magnesium, 0.76% potassium, 3.34% calcium, and 0.41% iron in mass concentration. The analysis results showed

that organic and inorganic materials led to the formation of a strict/dense cake layer.
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Introduction

Huge number of dairy products are consumed around the
world (Karadag et al. 2015a). A large amount of water is
consumed by dairy industries in order to manufacture dairy
products. The wastewater, originating from dairy processing
industry, includes high concentrations of chemical oxygen
demand (COD), suspended solids (SS), carbon hydrates,
proteins, lipids, and varying pH values (Britz et al. 2006;
Joshiba et al. 2019). High organic content, a wide pH range
and increased temperate are the factors that distinguish dairy
wastewater because of requirement of special treatment to
decrease or eliminate its negative impact on the environ-
ment (Slavov 2017). The dairy industry wastewater with
high organic load cannot be removed easily (Joshiba et al.
2019). Activated sludge processes and anaerobic treatment
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are commonly applied for dairy wastewater treatment. High-
energy requirements are one of the drawbacks of aerobic
treatment processes (Bangsbo-Hansen 1985). Due to its high
organic content and warm temperature, dairy wastewater is
very suitable for anaerobic treatment (Elangovan and Sekar
2012).

Up-flow Anaerobic Sludge Blanket (UASB) is one of
the applied reactors for this wastewater treatment under
anaerobic conditions. Although UASB provides good
removal performances, some difficulties are encountered
during operation (Daud et al. 2018). Dairy wastewater
includes a significant amount of lipids. The accumula-
tion of these lipids causes undesired sludge floatation
problems that result escape of biomass in UASB system
(Karadag et al. 2015b; Karthiyen and Kandasamy 2009).
The integration of a membrane into bioreactor, a mem-
brane coupled reactor, can decrease solid losses from the
reactor. Anaerobic Membrane Bioreactor (AnMBR) can
obtain very high solid-liquid separation efficiency and
allows independent control of the sludge retention time
(SRT) and hydraulic retention time (HRT). In addition,
with the help of a membrane placed on the effluent line,
the particulate organic substrate stays longer in the reactor
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and can be hydrolyzed eventually and be degraded at long
SRTs. On the other hand, there have been still obstacles
in AnMBR applications, such as high cost of membrane
modules, rapid membrane fouling during operation (Ersa-
hin et al. 2012).

Membrane fouling presents an important disadvantage
for conventional membrane filtration, whereas in the prom-
ising approach of Dynamic Membrane (DM) filtration, it is
purposefully utilized for creating a low-cost, self-forming,
reformed filtration surface (Ersahin et al. 2014; Alibardi
et al. 2014; Zhang et al. 2014). DM layer consists of an
underlying gel layer and cake layer. The gel layer forms
through the attachment and deposition of the solutes and
colloids on the support layer (e.g., nylon/dacron mesh) and
strikes tightly to filter surface. Thus, allowing the use of
cheap support material instead of conventional membranes
enables an important cost reduction in the system. The large
particles, which have attached loosely over gel layer, mostly
constitute the cake layer. The cake layer can be removed
physical cleaning methods, whereas the gel layer can hardly
be scoured physically (Ersahin et al. 2012).

Both gel and cake layer are part of the DM layer. The
important disadvantage of DM is membrane fouling, con-
sisting of excessive cake layer. This makes reactor operation
unstable and time-consuming owing to higher transmem-
brane pressure (TMP) and decrease in permeate flux (Mahat
et al. 2018). DM layer should be controlled to prevent very
thick layer that causes significant decrease in membrane per-
meability and increase in the TMP. There are studies about
application of DM cleaning strategies (e.g., biogas sparging,
cross flow velocity, physical cleaning) for effective DM layer
control, complete DM layer detachment and reformation of
DM to obtain longer and sustainable operation (Hu et al.
2018a).

UASB reactors are operated with ex situ DM modules,
or in situ DM placed at the settling zone of UASB reactor to
treat low strength wastewater (Siddiqui et al. 2021). There
have been studies that the cake layer in submerged module
was controlled by cross flow velocity (CFV) in DM-coupled
UASB systems (Yang et al. 2020; Pacal et al. 2019). By
applying CFV, the cake layer thickness (DM layer) can be
controlled and high TMP and need for frequent membrane
cleaning are eliminated (Alibardi et al. 2014). CFV simply
creates a shear force that causes detachment of the loosely
accumulated solids from the support material and slows
down the cake layer formation. On the other hand, shear
force is ineffective for smaller colloids that result blocking
inside the pores of the filter (Wang et al. 2020). Besides,
CFYV also breaks up the sludge particles generating fine col-
loids and microbial cells that then form a denser cake layer
on the membrane (Chang et al. 2002). Because higher CFV
removes large particles, it enables the cake layer include
small particles. These small particles lead to high cake
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compactness inside the cake layer (Ersahin et al. 2014) and
induce higher TMP (Du et al. 2020).

Back-transport forces (Brownian diffusion, inertial lift
and shear induced diffusion) occur depending on particle
size in CFV system. These forces tend to raise with CFV and
particle size, except Brownian diffusion. There is an inverse
relationship between Brownian diffusion force and particle
size (Wang et al. 2020). In most of the anaerobic dynamic
membrane bioreactor (AnDMBR) studies, submerged/side-
stream DM modules were integrated to continuous stirred-
tank reactors (CSTRs) and DM formation was controlled
with use of CFV. On the other hand, as mentioned before,
application of CFV for the control of cake development on
submerged DM modules in UASB reactors was tested in
limited number of studies.

There are numbers of studies about dairy treatment by
conventional membrane systems in literature (Dereli et al.
2019; Tan et al. 2021). Up to the present, the application
of the anaerobic dynamic membrane bioreactor (DMBR)
process for dairy wastewater treatment is limited to the pre-
vious study (Pacal et al. 2019). In the previous study, the
average particle size distribution was 35 um pore size in
reactor. In addition, a cake layer, which formed on a nylon
mesh with a pore size of 10 pm, exhibited a better treatment
performance than that with a pore size of 70 pm. Consider-
ing results in the previous study, a support material having
20 um pore size, which was close to 10 um pore size, was
selected for DM formation and filtration. In the previous
study, the applied CFV was low and almost constant during
synthetic wastewater treatment. In order to prolong filtra-
tion time under anaerobic condition, an alternative method
(increase followed by decrease of CFV) in CFV application
was used in this study.

Till this time, constant CFV has been mostly applied in
DM-coupled UASB studies (Siddiqui et al. 2022; Pacal et al.
2019; Zhang et al. 2011) and the effect of CFV on DM for-
mation has not been discussed conspicuously. On contrary
to reported DM-coupled UASB studies, DM layer formation
was controlled by way producing of the alternating CFV
with internal recirculation (increase followed by decrease in
CFV) in this study. The alternating CFV control procedure
was applied for two aims. The first aim was to remove large
particles causing sudden membrane fouling on support layer.
The second aim was to enable the deposition of small par-
ticles on support layer in order to form a fertile DM layer,
providing effective organic matter removal. The CFV was
altered depending on change in flux and TMP as a result of
solid accumulation.

The objective of this study was to assess the effectiveness
of CFV in controlling the DM formation with an extended
operation time on a submerged, tubular membrane module
placed vertically in a UASB reactor and connected to the
internal recirculation line. Thus, the anaerobic condition
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could be prolonged without renewal of DM by operating sys-
tem continuously with CFV. A detailed characterization of
DM layer formed on the support layer, including inorganic
and organic components, and morphology was determined
and discussed in order to evaluate well-developed DM layer,
enabling good treatment of dairy wastewater. The system
was operated in Istanbul, Turkey for 92 days between 13
February and 15 May in 2019.

Materials and methods
Experimental setup

The experimental setup used in this study is presented in
Fig. 1. AnDMBR system consisted of an UASB reactor that
has a working volume of 3.8 L and a submerged tubular
membrane module. The membrane module, which was made
of polyester mesh (pore size =20 pm, 13% of open area),
was mounted in the cylindrical zone. The effective filtra-
tion area for the module was 0.012 m%. A peristaltic pump
(Watson Marlow 323) (pump 1) was used to feed substrate
into the anaerobic reactor and to collect membrane-filtered
effluent from the reactor. Another peristaltic pump (pump 2)
was used both to recycle retentate from the membrane com-
partment to the reactor (internal recirculation) and to create
CFV on the membrane surface. Pressure was measured by
0~—1 bar Mini Dial Vacuum Pressure Gauge Manometer
(Aterna, Turkey) placed in the effluent line. The TMP was
calculated as reported by Le Clech et al. (2003). The influent
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Fig. 1 Schematic view of the reactor system used in the study

and effluent pHs were measured by probe daily (Hach, pH/
ISE meter, United States).

Experimental procedure

A single laboratory-scale continuously fed UASB reactor
was started-up with the gradual increase of COD loading rate
using dairy wastewater before AnDMBR put into operation.
AnDMBR operation lasted for 92 days. The influent charac-
teristics of feed wastewater were given in Table 1. Organic
loading rate (OLR) was kept at 8.1+ 1.5 kg COD m*/day.
During the operation, the retentate flow was recycled into
system by help of pump 2 (Port 3). During periods of
increased TMP, the flow that cannot be drawn through the
membrane was discharged through an overflow pipe (Port 2)
located at the top of working volume of the reactor (Fig. 1).
By this way, the water level in the reactor remained constant.
Thus, a constant HRT of 27 +4 h was provided throughout
the experimental period. Hence, retention time and mem-
brane flux became independent from each other (Quek et al.
2017). The biogas was collected by biogas balloon. The gas
escape from the effluent pipe was rarely seen.

As the permeability on membrane surface decreased,
the membrane flux declined. The membrane flux changed
between 12.1 and 1.1 L/m? h in DM formation phase.
Through the end of the operation, flux decreased to 0.43 L/
m? h. AnDMBR was operated at a constant temperature of
37 °C with the help of a heat jacket. The average pH val-
ues were 8.08 +0.52 in the effluent. Turbidity in the mem-
brane effluent and the TMP were measured daily to monitor
DM development. The CFV and backwashing were used
to control the dynamic cake layer thickness on the surface
of the polyester mesh. Backwash was done once in a day
by reversing the direction of the effluent flow. It lasted for
15 min with a flowrate of 24.65 L/m* h. As seen in Fig. I,
CFV was created by taking retentate from the bottom of the
cylindrical tube and returning it to the bottom of the reac-
tor (internal recirculation) by using another peristaltic pump
(Pump 2). The application method of CFV was to work with

Table 1 The characteristics of dairy wastewater

COD, mg/L 10,139+ 766
Turbidity, NTU 10,125+1792
SS, mg/L 4344 + 660
pH 6.75
NH,*-N, mg/L 68

PO,~P, mg/L 7.012

Ca*?, mg/L 131

Protein, mg/L 3159

FOG, mg/L 1570
Carbohydrate, mg/L 5144
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high CFV in order to reduce sudden increase in TMP caused
by membrane fouling. Such that absolute membrane foul-
ing can cause both important decline in flux, which hinder
the system operation, and result sharp increase in TMP. If
no significant change observed in decrease in flux, which
resulted in a sharp increase in TMP, then the CFV was
decreased to low values to stimulate the cake layer forma-
tion and eliminate unnecessary energy consumption. The
CFV was selected according to reported studies (Hu et al.
2018a). The applied CFV was in a wide range of 5 m/h and
54.1 m/h. At the beginning of operation, CFV was 26.4 m/h.
The CFV was raised up to 54.1 m/h to prevent membrane
fouling and reduced to 5 m/h to avoid disrupting the cake
layer during DM formation period. Depending on the flux,
CFV was changed and kept at a constant value of 13 m/h
from day 40 (toward the end of DM formation period) till
the end of the whole operation.

Analytical methods

COD, SS, ammonium nitrogen (NH4+—N), orthophos-
phate as phosphorus (PO,—P), fat, oil and grease (FOG)
and volatile fatty acid (VFA) were analyzed according
to APHA Standard Methods (APHA 2005). The aver-
age values of protein, carbon hydrate and calcium cation
(Ca™?) were calculated depending on nutritive value listed
in semi-skimmed cow milk (Pinar, Turkey). The samples
were taken from the membrane effluent and inside of the
reactor (settling zone) with the help of port 2 to evalu-
ate the effect of DM on treatment performance in terms
of COD and SS removal. VFAs were analyzed using a
gas chromatograph (Shimadzu GC-2014, Japan) equipped
with a flame ionization detector (FID). The amount and
the composition of biogas were measured daily by the
water displacement method and gas chromatography (Shi-
madzu GC-2014ATF) equipped with a thermal conductiv-
ity detector (TCD), respectively. Turbidity measurements
were carried out with Hach 2100 N turbidimeter. At the
end of the operation, the entire cake layer deposited over
the filter surface was removed prior to gel layer sampling.
The cake layer was carefully scraped off by a plastic sheet
and put into the cylindrical plastic tube. The sample was
dried in 100 °C oven for analysis. The cake layer could be
easily removed physically, but the gel layer was adhered
to the support layer tightly and it was difficult to remove it
physically. Thus, after cake layer on support material was
taken, the support material, consisting of gel layer, was cut
into small pieces for scanning electron microscopy (SEM)
analysis. The virgin layer of support material, gel layer
and cake layer were observed using the SEM. The samples
were coated with aurum-platinum alloy for SEM analysis
(Quorum, SC7620). The energy-dispersive X-ray (EDX)
system (Zeiss, Evo Ma 10) was applied to determine the
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major elements of the DM layer. Particle size distribution
(PSD) of SS both in the reactor and in the cake layer was
measured by a Mastersizer 2000 (Malvern Instruments,
Hydro 2000 MU), an instrument that uses a laser diffrac-
tion technique to measure the sizes of particles with a
detection range of 0.1-2000 um. ICP-MS was conducted
with an Apilent 7700 to analyze inorganic elements on
DM. An FTIR spectrometer (Jasco FT/IR-4700, Japon)
was employed to characterize the major functional groups
of DMs. The spectrum was calculated over the wave num-
ber ranging from 4000 to 400 cm™".

Seed sludge and raw wastewater characteristics

The reactor was inoculated with anaerobic granular sludge
produced under mesophilic conditions from an expanded
granular sludge bed (EGSB) reactor at the cartoon industrial
wastewater treatment plant, Istanbul, Turkey. The initial con-
centration of the granular sludge was 50 g/L. Diluted milk,
which had almost the same content as the dairy industry
wastewater, was used as wastewater. Thus, dairy wastewater
was prepared daily by dissolving 10 g of semi-skimmed cow
milk (Pinar, Turkey) in 1 L of tap water. The characteristics
of dairy wastewater are presented in Table 1.

HRT, the flux and permeation resistance
measurement

The HRT was calculated by dividing the reactor volume
by influent flow rate (Qiyquend) (Eq- (1)

HRT = 14

. ey
influent
The membrane flux J (L/m*h) was determined by weight
of treated water and calculated according to Eq. (2).
AXt &
L denotes the volume of permeate liquid per unit mem-
brane area (A), and t refers to filtration time. Total filtra-
tion resistance is a function of TMP, the flux, and viscos-
ity of the water. The filtration resistance at each step was
calculated using Eq. (3):

_ TMP
uxJ

R 3
where R is the permeation resistance, TMP is the transmem-
brane pressure drop (mbar), i is the viscosity of the filtrate
(0.697 x 10 Ns/m? at 37 °C), and J is the membrane flux
of the AnDMBR module.
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Results and discussion

Effect of CFV on DM formation

The CFV was changed three times to keep the cake layer
in a certain thickness during the formation period by the
combination of increasing and decreasing of its value
within a wide range. The initial flux was approximately
11 L/(m?h) (Fig. 2a). As soon as the AnDMBR was taken
into operation, particles retained on the support layer
which was observed through a sharp decrease in flux on
day 2. The permeation drag force that is induced by the
membrane flux uses this force on the particle by way of
the water permeating through the membrane (Ramon and
Hoek 2012), thereby resulting in both adsorption and
deposition of solids on the surface of support layer. In
addition to this, the initial TMP was 28 mbar and on day 2,
TMP increased by 2.42 times (68 mbar) of its initial value

(Fig. 2a). Although internal recirculation was in opera-
tion from the beginning of the operation, the CFV was not
enough to sweep away this accumulated particle on sup-
port layer. The CFV was almost same between days 1 and
3. Due to the fast increase in TMP on day 3 (311 mbar),
the CFV was increased gradually and set to 54 m/h on
day 5. As a result, higher shear forces created by CFV
caused back-transport of loosely accumulated solids on
the support material and slowed the membrane fouling that
TMP decreased to 77 mbar on day 5. The particles could
not accumulate effectively on support material (day 1-4)
that the membrane flux restored on day 5 with high CFV.
In addition, more particles flowed into cylindrical tube by
help of higher CFV (day 2-5), created by higher internal
recirculation. These particles were exposed to higher CFV
such that this could cause forming of smaller particles as a
result of breaking of larger particles by high CFV (Wang
et al. 2020; Chang et al. 2002).
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Fig.2 Flux and CFV (a) and TMP and CFV (b) determined during the AnDMBR operation
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As the permeability was restored on day 5 (Fig. 2a), the
CFV lowered gradually in the following days to form cake
layer and cause less energy consumption during operation.
The CFV decreased gradually to 5 m/h (day 11) from 54 m/h
(day 5) and remained at 5 m/h for 2 days. As seen in Fig. 2a,
the decrease in CFV resulted increase in particle deposition
on support layer in the following days. Between day 5 and
day 18, the membrane flux gradually declined, which cor-
responded to a flux reduction of 8%/d. The second decline
in flux was slower than the first. The first reason of this was
that higher CFV prevented deposition of larger particles on
support layer. The second reason was the increase in CFV
(day2-5) could result in formation of particles, which was
smaller than pore size of nylon mesh, and this could slow
down deposition of particles on support layer.

The decline trend (between day 5 and day 18) in flux
was close to Sun et al. (2018) who reported sharp decrease
in flux as a result of initial sludge deposition on support
layer during DM formation. In this study, the deposition of
particles was controlled by shear force to prevent sudden
membrane fouling, including excessive cake layer formation.

Both the increase and decrease (from day 5 to day 13) in
CFV prolonged deposition of particles on support layer and
provided effective cake layer formation on support layer such
that sharp decline in flux happened (day 18), and turbidity
decreased to (46 NTU) 4.6% of its initial value. In addition
to these, a rapid rise in TMP was observed after day 5 and it
reached 775 mbar on day 13.

In order to control this increase in TMP, the CFV
increased gradually from 5 m/h (day 13) to 39 m/h (day 17)
and was kept at a high level for more 3 days. The reason for
the increase of less CFV (39 m/h) than the first (54 m/h) was
not to disrupt the layer formed on the support material. After
day 18, an increase in flux and turbidity began. A gradual
recovery of flux in the following days (from 1.71 L/m*h on
day 18 to 5.10 L/m?h on day 23) was observed because of
this increase in CFV in previous days. In addition to this, the
TMP was sharply decreased from 800 mbar (on day 22) to
615 mbar (day 23). The TMP remained at this value for one
more day. The periods of increased CFV resulted in turbidity
spikes in the effluent after day 18 (Fig. 3), owing to broken
of solid depositions formed on the support layer. Thus, in
order not to disturb DM layer, the CFV was decreased after
day 20, and the reactor continued to operate at a lower CFV
of 5 m/h for 5 days.

The third decline in membrane flux began after day
23. The TMP increased sharply to 875 mbar on day 25.
In order to control this increase, the CFV was gradually
increased (from 5 m/h on day 25 to 39 m/h on day 29). The
CFV was maintained at 39 m/h for 9 day. However, the
flux decreased from day 23 to day 31 gradually, and TMP
reached 938 mbar. After day 31, no considerable increase
in flux was observed. A gradual decline was observed in

]
* @ Springer

1000

900
800 DM Formation
Period

Stable Operation Period

700
600
500
400
300
200
100

Turbidity, NTU

0 10 20 30 40 50 60 70 80 90 100

Time, Days

Fig.3 Turbidity during the AnDMBR operation

flux (from day 23 to day 31), which took a longer time than
the previous decline (from day 5 to day 18). This could be
explained by working in lower CFV, which was in the range
of 5 m/h and 39 m/h (from day 23 to day 31) (Fig. 2a). After
day 31, the membrane flux continued to decrease slowly,
and no considerable change in effluent turbidity and TMP
occurred, as well. This showed that the CFV lost its effect
on membrane permeability. As mentioned by Alibardi et al.
(2014), the consolidated cake layer decreases effectiveness
of the CFV. The CFV was decreased from 39 m/h (day 37) to
13 m/h (day 39). The CFV was maintained at this value until
the end of operational period. The membrane flux continued
to decrease at a very slow rate. From day 31 to day 42, it
could be inferred that transport of particles to membrane by
flux decreased slowly until it was almost balanced with back-
diffusion of particles (from DM to feed solution) at steady
state (Forero et al. 2013). The membrane flux declined to
1 L/(m? h) on day 42 and continued to decrease very slowly.
Moreover, a slight increase in TMP to 925 mbar occurred on
day 42 (Fig. 2b). The applied CFV procedure prolonged DM
formation and operation under anaerobic condition. Thus,
filtration time lasted longer than the previous study without
any need for physical cleaning.

In the DM application, cake layer formation is a sig-
nificant factor that determines the flux. Thus, other factors
such as biological operational conditions, temperature, and
substrate type have less of an effect on the flux (Ersahin
et al. 2012; Jeison and Van Lier 2007). It is very important
to control the cake layer thickness to obtain efficient solid
retention and stable filtration with DM technology. This is
because cake layer formation offers solid retention inside
the bioreactor but also induces an increase in the filtration
pressure (Ersahin et al. 2012). Hu et al. (2018b) studied with
two UASB reactors to compare the effect of sludge recycle
on DM formation. They found that sludge recycle, inducing
higher CFV, was unnecessary for DM (75 pm) formation.
However, in this study, CFV was applied in wide range by
using internal recirculation and this was found to be benefi-
cial for cake layer formation.
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Moreover, the applied CFV was less than 1.8 m/h in
reported UASB integrated submerged DM studies with a
pore size of 65 um (Zhang et al. 2011) and 75 pm (Yang
et al. 2020). One of the reasons of this lower CFV applica-
tion could be due to reactor characteristics. Such that the
membrane was integrated into top of UASB reactor in these
studies, whereas the membrane was in narrow membrane
compartment in this study. The narrow cross section of the
membrane compartment caused high CFV in this study
(Fig. 2).

However, Alibardi et al. (2014) performed a low CFV of
1 m/h for initial cake layer formation and then higher CFV
(5-360 m/h) to control cake layer thickness and membrane
permeability in CSTR integrated DM study with a large
pore size of 200 um. Moreover, there have reported CSTR
integrated DM studies where constant CFV was applied
(10 m/h-35 m/h) (Siddiqui et al. 2021). In this study, the
CFV was operated within a wide range (up to 54 m/h) during
DM formation stage and then the operation was continued
with constant CFV (13 m/h).

The CFV applied in this study was consistent with most
AnDMBR studies (Siddiqui et al. 2022, 2021). However, in
contrast to DM-coupled UASB studies, the CFV was applied
in a wide range during the DM formation stage to control
both cake layer thickness and membrane permeability. As
mentioned by Chang et al. (2002), the increase in CFV
caused the formation of small particles which resulted in
a denser cake layer formation. The decrease in CFV ena-
bled effective accumulation of solids over a support layer,
resulting distinctively decrease in turbidity in the membrane
effluent. In addition to this, the recycle, which induced CFV,
provided more sludge in suspended in the reactor. Thus, as
recycle was increased, more particles overflowed into mem-
brane compartment (Fig. 1). This improved solid contact
with membrane surface in this study.

Moreover, DM forms faster on smaller pore size sup-
port material and thus a high pollutant removal can be
obtained by a small pore size (Li et al. 2017). In contrast
to the reported study by Hu et al. (2018b), by studying with
wide range CFV, a well-developed DM was obtained with
a smaller pore size that resulted in high pollutant removal
in this study. All these results showed that operation mode
(such as pore size of support layer) seemed to be important
factor for CFV application procedure.

DM formation and the stable operation phase

As the cake layer was formed on the support layer, the fil-
trated water become cleaner. The turbidity decreased to
31 NTU on day 42 (Fig. 3). This was called the DM for-
mation period. The permeate flux decreased from 12.1 L/
(m”h) to 1.1 L/(m? h) at the end of this period. In the follow-
ing days, the turbidity became almost stable (25+ 6 NTU),

which indicated that the DM formed (Li et al. 2017). This
value is consistent with Ersahin et al. (2017), who reported
stable turbidity with a value of 30+2 NTU in effluent.
After DM formation (day 42), the membrane flux contin-
ued to decrease more slowly than in the previous period.
The membrane flux decreased to 0.5 L/(m? h) on operation
day 62. The membrane flux continued at this average value
[0.50 +0.08 L/(m”h)] from that day (day 62) until the end
of the operational period. This period was concluded after
50 d and ended with a membrane flux of 0.43 L/(m? h). This
period was called the stable operational period (Fig. 2a).

In DM application, cake layer permeability is the most
significant factor that manages the flux.

The change in flux during the study confirmed the obser-
vations reported by Tang et al. (2017) and Sun et al. (2018).
Satyawali and Balakrishnan (2008) obtained stable fluxes
between 0.8 L/m? h and 0.9 L/m? h operating a DMBR
equipped with a submerged membrane module character-
ized by a nominal pore size (30 um). A low flux of 0.1 L/
m? h was reported by Kooijman et al. (2017) during the
operation of a laboratory-scale AnDMBR treating waste
activated sludge. Li et al. (2017) reported that DMs formed
on a larger pore size mesh usually possessed a somewhat
greater flux, and the selected pore size influenced the filtra-
tion flux. The pore size in this study was parallel with these
reported pore sizes.

Membrane resistance

As mentioned in effect of CFV on DM Formation sec-
tion, the TMP reached 925 mbar on day 42 owing to the
decrease in membrane permeability and was approximately
964 + 23 mbar in the stable operational period (Fig. 2b).
The TMP progress in this study validates the TMP profile
reported by Ersahin et al. (2017). However, the TMP values
in this study were higher than the values reported in some
previous studies, which were in the range of 4.9 mbar to
800 mbar. (Hu et al. 2018a). This result can be explained by
operation modes. The mesh with smaller pore sizes retains
more solids that this decreases membrane permeability. The
mesh with small pore size causes high TMP in many cases
(Siddiqui et al. 2021). In addition to this, Yang et al. (2020)
reported that decrease in HRT resulted increase in TMP. In
this study, the pore size and applied HRT was lower than
some DM studies (Hu et al. 2018a). It should be added that
there was reported anaerobic DMBR study, in which TMP
value was 2000 mbar (Ersahin et al. 2012). Moreover, TMP
value in this study was higher than the previous study. As
mentioned by Ersahin et al. (2017), high TMP was likely
caused by thick DM layer. Hu et al. 2018b reported that TMP
increased with the increase in OLR because of accumulation
of more fine particles and colloids on support layer. Thus,
in addition to the reasons mentioned above, the applied
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higher loading rate in this study could result in high TMP
by accumulation of more solids on support layer. The typical
operating pressure was reported to be 1000—4000 mbar for
MEF and 2000-7000 mbar for UF. The studied DM pressure
was lower than those reported for conventional membranes.
This showed the advantage of DM operation owing to its
low energy cost.

The DM formation time in this study was higher than in
some previous studies (Ersahin et al. 2014; Alibardi et al.
2016). This could have been due to the low contact of solids
with the support material. As mentioned by Ersahin et al.
(2014), the time required to form an effective DM layer
could be related to the morphology and concentration of the
sludge, characteristics of the support material, feed type, and
operational conditions. Moreover, membrane resistance is
an important indicator for effective cake layer formation. As
particles were adsorbed and deposited on the support layer,
membrane resistance began to increase in the DM formation
period and continued to increase in the stable operational
period. The membrane resistance reached 4.71 x 10'® m~!
and 1.16x 10" m~" in the DM formation and stable opera-
tional periods, respectively (Fig. 4). The change in CFV
caused fluctuations in the TMP and flux until it lost its effi-
ciency in DM operation. After the DM formed, the mem-
brane resistance improved with a very slow decrease in flux
and increase in TMP as a result of the solids accumulation
on the DM layer. As mentioned by Sun et al. (2018), the
DM filtration resistance was affected by the deposited solid
mass. Thus, the slight increase trend in the stable stage was
explained by continuity of accumulation of solids on DM.
Membrane resistance is governed by the membrane pore size
and membrane surface porosity (Judd 2006). As the pore
size increases, the membrane resistance decreases. Moreo-
ver, biomass characteristics (PSD) and operational condi-
tions (HRT) are other important factors for cake resistance
(Lin et al. 2013). These factors are inversely proportional to
cake resistance. Sun et al. (2018) calculated the membrane
resistance as 1.73x 10! m~! and 6.68 x 10'° m~" at the end
of DM formation and the end of sustainable flux (30 um)
coupled with CSTR, respectively. The membrane resistance
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8
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Fig.4 Membrane resistance during the AnDMBR operation
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in this study was slightly higher than the values that found
by those researchers. This could be due to the pore size
of the studied support material. In addition, in this study,
the membrane resistance in the end of the stable operating
period was consistent with Tang et al. (2017), who reported
DM resistance as 1.3x 10! m~!. The reported Microfiltra-
tion/Ultrafiltration (MF/UF) membrane resistance was in the
range of 10! 1_10" m™" (Lin et al. 2009). Thus, as mentioned
by Sun et al. (2018), this lower membrane resistance in the
DM shows superiority over other conventional filtration
units in terms of the high-energy savings and filterability
of the AnDMBR. As a result, it is possible to achieve high
efficiency of the DM in wastewater treatment applications,
which provides both high organic matter removal and low
operating costs.

System treatment performance

The COD concentration in both the reactor (settling part of
the reactor) and membrane effluent during the operational
period are presented in Fig. 5a and Fig. 5b, respectively.
In the DM formation period, the COD concentration was
approximately 818 mg/L in the membrane effluent and
the COD removal efficiency was 85+ 9%. From opera-
tion days 42 to 92, the COD removal was 99.0 +0.6%
(Fig. 5b). The average COD concentration in the reactor
was 1467 +350 mg/L (Fig. 5a), whereas the average COD
concentration in the membrane effluent was 127 +£31 mg/L
during the stable operation phase (Fig. 5b). This showed
that the membrane module improved COD removal in the
effluent. The cake layer formed on the support layer caused
both biodegradation in the DM layer and solid retention. An
effective combination of solid retention and biomass activity
in the DM layer was responsible for the higher COD removal
in this system. Organic matter, such as polysaccharides, pro-
teins, and microorganisms (colloidal matter), accumulated
on the support layer, and a biofilm formed. The biofilm
provided both solid-liquid separation and organic matter
removal; thus, it improved the COD removal efficiency. A
greater amount of organic matter was removed with a COD
loading rate of 8.1+ 1.5 kg/(m> day) in this study. Elango-
van and Sekar (2012) reported that a UASB reactor could
achieve 70-90% COD removal with 2—15 kg COD/(m’ day)
and an HRT of 8-50 h during dairy effluent treatment. Thus,
in this study, COD reduction of dairy processing wastewater
was improved by the help of an inexpensive DM module.
The obtained COD removal efficiency in this study was
higher than this reported in UASB study.

Couras et al. (2015) obtained 81 + 5% and 85+ 6% COD
removal with COD loading rates of 3 kg COD/m> and
10 kg COD/m?, respectively, with two UASB reactors treat-
ing diluted semi-skimmed milk. However, this study showed
that a higher COD removal could be obtained by integrating
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Fig.5 COD in the settling zone 2750

of the reactor (a) and COD in 2500
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a simple nylon mesh into a UASB instead of working with
more reactors.

In a study, synthetic dairy wastewater was treated with a
COD removal rate of 92 +3% with OLRs of 1 kg COD/m*
(HRT: 72 h) and a COD removal rate of 91 +2% with OLRs
of 2.96 kg COD/m? (HRT: 24 h), respectively, by a Hybrid
Anaerobic Baffled Reactor (AnBR) with total volume of
25 L, including five compartments (Giordani et al. 2021).
In comparison with the treatment performance of reported
dairy wastewater study, high-strength wastewater (dairy
wastewater) could be treated by only a reactor equipped
with a low-cost membrane. This showed the superiority of
AnDMBRs over other reactors in terms of their high treat-
ment performance and low operational cost.

In this study, COD removal efficiency was higher than the
reported values for wastewater treatment by DM-coupled
UASB systems. Quek et al. (2017) obtained COD removal
efficiencies of 71% (HRT: 6 h) and 64% (HRT: 3 h) with
OLRs of 1.5 kg COD/(m? day) and 3.0 kg COD/(m? day)
during AnDMBR operation, respectively. Hu et al.(2018b)
reported a COD removal efficiency in the range of 72% and
92% (HRT:8 h) during municipal wastewater treatment

30 40 50 60 70 80 90 100

Time, Days

with COD loading rates of 0.88, 1.55, and 3.01 kg COD/
(m? day). A COD removal rate of 74.4% (HRT: 8 h), 77.3%
(HRT: 4 h), 70.6% (HRT: 2 h) and < 60.4% (HRT:1 h) were
obtained by Yang et al. (2020) during domestic wastewater
treatment with a COD loading rate of 0.82-6.80 kg COD/
(m3 day).

Studies have found that DM-coupled CSTR systems
obtain COD removal efficiencies mostly higher than 89%
(Siddiqui et al. 2021). Until now, COD removal efficiency
has exhibited limited performance in DM-coupled UASB
systems. In this study, high COD removal exceeding 99%
was obtained by a DM-coupled UASB system. This was
because internal recycling provided SS and increased con-
tact between the solids and support material. This caused
efficient cake layer formation. A well-developed DM caused
high organic matter removal in the DM-coupled UASB
system. Moreover, COD in the membrane effluent met
the industrial wastewater effluent discharge regulations in
Turkey.

In addition to what is mentioned above, it should be
emphasized that longer HRTs result in higher COD removal
rates (Pacal et al. 2019). Moreover, disadvantage of studying
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with high OLR is accumulation of VFA. Such that short
HRT may lead to VFA accumulation (Maaz et al. 2019).
Thus, in this study, we found convenient to study with higher
HRT than those reported DM-coupled UASB systems,
which were mentioned above.

SS concentrations measured in the settling zone of the
reactor and membrane effluent are presented in Fig. 6. At
the beginning of the operational period, the initial SS con-
centration in the membrane effluent was 510 mg/L (Fig. 6b).
The effluent solid concentration began to decrease owing to
solid-liquid rejection on the support material. The effluent
SS concentration then increased on day 31 with an increase
in CFV and decreased to below 50 mg/L with the formation
of an effective DM layer in the following days (Fig. 6b).
The effluent SS concentration was maintained at a low level
(48 + 13 mg/L) throughout the stable operation phase. The
operation ended with a SS concentration in the membrane
effluent of 27 mg/L in this study. Alibardi et al. (2016)
reported an effluent SS concentration of lower than 40 mg/L
with a well-formed DM layer at the end of the operational
period. Moreover, the effluent SS concentrations were com-
parable with those of other AnDMBR studies (Zhang et al.
2011; Yurtsever et al. 2021; Jiao et al. 2022). However, as
mentioned by Alibardi et al. (2014), absolute SS removal
could not be obtained by the AnDMBR in comparison with
conventional membrane systems.

2250
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Fig.6 SS in the settling zone of the reactor (a) and SS in the mem-
brane effluent (b) during the AnDMBR operation
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SS concentration in the settling of reactor was measured
(1264 +289 mg/L) to detect the solid retainment by support
material during the operational period (Fig. 6a). After DM
formation, the DM-coupled UASB removed nearly 99% of
SS. In addition, 96% of SS in the reactor was retained by well-
formed DM. This showed that the DM could attain efficient
solid rejections during high-strength wastewater treatment.
Moreover, the attached SS over membrane was 213 g per sup-
port layer area. That was higher than Hu et al. (2018b). As
mentioned before, increase in OLR can result more solid accu-
mulation on support layer. It should be noted that the operation
was done at a higher loading rate in this study compared to
that reported study.

Studies have reported dairy wastewater treatment by con-
ventional anaerobic processes. Sivakumar and Sekaran (2015)
achieved 86% SS removal with an HRT of 5.21 d with a UASB
reactor treating synthetic milk wastewater. The SRT and HRT
in AnDMBRs become completely independent (Hu et al.
2018a). Therefore, a high sludge concentration can be obtained
even with a short HRT (Liu et al. 2005). In this study, higher
SS removal was obtained than those reported UASB studies.

The biogas production was 9.00+2.90 L/d, and methane
(CH,) production was 5.03 +1.75 L/d with a CH, content of
57% (Fig. 7a). These values were higher than some reported
studies. (Alibardi et al. 2016; Ersahin et al. 2017) owing to
operation with a higher COD loading rate. The CH, yield in
this study was in the range of 0.10-0.28 L CH,/g COD,,oved
(Fig. 7b). This was lower than the theoretical value. As
mentioned by Ersahin et al. (2014), the actual amount of
degraded COD converted to CH, was lower than the amount
of COD removed. They indicated that up to 40-50% of the
CH, could be solubilized in the membrane effluent. They
also stated that there were some reported AnMBR studies
that methane yield was in the range of 0.124-0.27 LCH,/
gCOD, . oveq- The result of this study was consistent with
this range. Moreover, the result in this study was higher than
Yang et al. (2020), who reported a CH, yield in the range of
0.08 L-0.12 L CH,/g COD,,veq during DM-coupled UASB
reactor treatment. The VFA effluent concentration was approx-
imately 500 mg/L, and acetic acid was the dominant acid in
the beginning of the operational period (first 7 d of operation).
The VFA concentration was mostly under detectable limits
(<10 mg/L), and isobutyric acid was detected in the remaining
operational period. Owing to the retention of methanogenic
microorganisms in the membrane system, VFA was mostly
converted into CH,,.
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Fig.7 Biogas and methane con- 25.0
centration (a) and methane yield
(b) in the AnDMBR effluent

—0—Biogas  —@—Methane (a)

o
(98]
S

T T T T T T T

30 40 50 60 70 80 90 100
Time, Days

e
[
oy

e
to
S

o
=
o

Methane yield, LCH,/gCOD.,;,,oved
= =
o —_—
(93] W

5
<=3
S

Morphological and chemical characteristics
of the DM layer

PSD

The average particle sizes by volume were approximately
120 pm in the settling zone (Fig. 8a). These results showed
that the sludge particles that had a size larger than the 20 pm
pore size support material could easily accumulate on the
DM layer and significantly decrease permeability of mem-
brane. The support material of 20 um pore size could result
in rapid membrane fouling if the CFV and backwash were
not applied. This showed the importance of cake layer con-
trol in long-term DM operation.

Moreover, the medium particle size of DM by volume
was 700 pm pore size (Fig. 8b). As mentioned above, the
average particle sizes by volume were 120 um in the set-
tling zone of the reactor; thus, particle size on the DM layer
was higher than on settling zone. This result was consistent
with Ersahin et al. (2016). This is because small particles
could stick to each other since metal ions may act as a bridge
between biopolymers, microbial cells, and they formed
strict cake layer. As mentioned by Ersahin et al. (2016), the

(b)

30 40 50 60 70 80 90 100
Time, Days

particle size may increase on support layer owing to this
tight adherence.

SEM-EDX

Figure 9 presents the SEM micrograph of the virgin layer,
gel layer, and DM. The surface of the virgin polyester nylon
mesh, presented in Fig. 9a, demonstrates the smooth struc-
ture and porosity of the regularly oriented nylon mesh fibers.
After the cake layer removed physically, it was observed that
the residuals, which forming gel layer, adhered tightly to the
support layer surface, such that C, Ca, P, and O deposited
over the support material (Fig. 9b).

EDX analysis detected C, Ca, P, O, S elements in selected
points of the DM layer (Fig. 9¢). The inorganic elements
were originated from the feed wastewater owing to acting
as a source of trace elements for healthy growth of bacteria
cells.

The cake layer is formed by interactions of divalent and
trivalent cations (such as Ca*™2, Mg*?, Fe*?) with biopoly-
mers. The organic foulants can catch metal ions via charge
neutralization, and this enhances the formation of the cake
layer (Meng et al. 2009). Organic substances and inorganic
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elements were responsible for strict cake layer formation in
this study. It should be noted that these other divalent and
trivalent cations were detected by ICP-MS. The ionizable
groups in cake layer such as carbonate ion (CO;™2), phos-
phate ion (PO,~?) and hydroxyl ion ("OH) were detected by
the FTIR analysis in this study. Meng et.al. (2009) reported
that metal ions easily are taken possession by these negative
ions, and this results in inorganic fouling. They added that
because metal ions can also build bridge with biopolymers
(e.g., carbohydrates, proteins), including ionizable groups
(sulfate ion “SO,™>”, PO,, carboxyl group “COO~”,
CO3_2, OH") and the deposited cells, possessing negative
charge under normal physiological conditions (Hulshoff
et al. 2004). Thus, metal ions have an important role in the
formation of fouling layers that results in formation of dense
cake layer (Meng et al. 2009).

As mentioned above, these determined elements were
mainly originated from the feed, so the type of substrate
was significant for inorganic matter accumulation in the DM.
As mentioned by Ersahin et al. (2016), the concentration of
inorganic compounds in feed should be considered to handle
DM control during the operation because these elements
cause inorganic matter accumulation and improve cake layer
formation.
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Particle Size (um)

FTIR

The peak at 3272.6 cm™' demonstrated—OH stretching of
polysaccharides (Fig. 10). The peak at 2920 cm™' showed
aliphatic C—H stretching (Smidt and Meissl 2007). The peak
at 1629.5 cm™! was in the region of 1700-1600 cm™~! in the
spectrum, which is unique to the protein secondary structure
of amides I (Alvarez et al. 2008). In addition, N-H wagging
vibration at 711.6 cm™' showed a secondary amide group
(Smidt and Meissl 2007). The peak at 1415.5 cm™! and
the band in the range of 1200-1320 cm™ represented the
presence of amides III (C-N stretching and N-H bending).
The broad peak at 1024 cm™' and the band in the range of
1180-1260 cm™! indicated that the C—O bonds were associ-
ated with polysaccharide or polysaccharide-like substances.
The results of the FTIR spectrum showed the presence of
polysaccharide-like substances and proteins in the cake layer
(Ersahin et al. 2016). Extracellular polymeric substances
(EPS) are biopolymers produced by deposited cells in a
membrane (Meng et al. 2017) that consist mainly of polysac-
charides, proteins, and deoxyribonucleic acid (DNA) (Costa
et al. 2018). Considering all this information, as mentioned
by Ersahin et al. (2016), the FTIR spectroscopy and SEM
results demonstrated the presence of EPS.
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Fig.9 SEM images: virgin support material (a), gel layer on support material (b) DM layer at the end of operation period (c, d, e, f)

Polysaccharides have properties such as large-size and
gelation behavior. The gelling properties of polysaccha-
rides strongly lead to their fouling tendency. The cross-
linked chain in the polysaccharides creates the structure.
Such that the gelling properties are commonly led by this
structure. This gelation can be improved largely in the
presence of divalent or multivalent cations due to the fact
that these cations can play role as bridges for the carboxyl
groups in polysaccharides. The presence of these cations
can contribute to the formation of impermeable gels on
membranes (Meng et al. 2017). In addition to this, the
interactions between proteins and polysaccharides have
high membrane fouling potential (Meng et al. 2017). Thus,
this is one of reasons for the formation of dense cake layer

in this study (Fig. 9c—f). The peak at 873.6 cm™! repre-
sented the carbonate ion. This inferred that the degradation
of feed into end-products (biogas) under anaerobic condi-
tion led to the release of inorganic ions such as Ca into
solution and Ca reacted with carbonate ions and precipi-
tated out (Marcato et al. 2008). Moreover, the sharp peak
at 561.8 cm™! was attributed to PO,*~ groups (Mehdikhani
and Borhani 2014). Ca’* and PO,*~ originated from milk.
It could be inferred that the substrate type had a significant
effect on the cake layer components. The peaks at 599.8,
491.8, 472.5, 459.0, and 451.3 cm™! showed S-S stretch-
ing, originating from feed wastewater (Coates 2000). It can
be inferred that the substrate type affected importantly the
contents of cake layer.
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Fig. 10 FTIR spectrum of DM layer

ICP-MS

Metal ions play a very important role in dense cake layer
formation because they make a connection between depos-
ited cells and biopolymers (Meng et al. 2017). Thus, the
heavy metal ions were investigated in the DM. ICP-MS
detected 1.16 +£0.08% Na, 1.50+0.09% Mg, 0.76 +0.03% K,
3.344+0.11% Ca, and 0.40+0.01% Fe in mass concentration.
Ersahin et al. (2016) detected similar elements in DM layer.
As mentioned above, metal ions in the DM were responsible
for the dense cake layer formation.

Conclusion

The AnDMBR increased organic matter removal by up to
99% with a COD loading rate of 8.1+ 1.5 kg/(m? day). High
COD removal was obtained by using a cheap nylon mesh in
contrast to conventional membranes. This study showed that
the application of CFV was a key factor in AnDMBR opera-
tion. The CFV and TMP applied in this study were lower
than those of conventional membranes. This contributed to
the low cost of the operation.

In addition, the DM application under anaerobic condi-
tions not only obtained a high treatment efficiency, but also
produced biogas, which makes it an attractive solution for
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both the treatment of high-strength wastewater and energy
recovery. The analysis results showed that wastewater type
had an important effect on well-formed cake layer. The metal
ions, found in dairy wastewater, was one of important factor
that responsible for dense cake layer. This study illustrated
that a stable DM, which formed as a result of polysaccha-
rides, and proteins, significantly improved organic matter
removal.
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