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Abstract

The quality of the secondary treatment effluent from a Municipal Wastewater Treatment
Plant is not good enough for some applications such as agriculture. Membrane ultrafiltration
has been proven to be a reliable tertiary treatment to achieve the needed water quality. The
productivity of the ultrafiltration processes depends on the membrane fouling. The aim of this
work is to prepare a model wastewater that could mimic the fouling trend of a secondary
treatment effluent wastewater from a Municipal Wastewater Treatment Plant. Several model
wastewaters consisting of different proteins and carbohydrates were used in the ultrafiltration
experiments. Ultrafiltration was also performed with a secondary treatment effluent. The
membrane used in the ultrafiltration tests was a UFCM5 from Norit X-flow® hydrophilic
polyethersulfone/polyvinylpyrrolidone blend hollow fiber ultrafiltration membrane of 200 KDa
molecular weight cut-off with a fiber diameter of 1.5 mm. Membrane configuration was inside-
out. Ultrafiltration tests with model wastewater and secondary treatment effluent wastewater
were compared. The results showed that the best model wastewater which represents the
fouling trend of secondary treatment effluent wastewater is the model wastewater whose
composition is 15 mg/| of bovine serum albumin and 5.5 mg/I of dextran.
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1. Introduction

The conventional treatment of municipal wastewater consists of a pretreatment, followed
by a primary treatment (physico-chemical), a secondary treatment (activated sludge is the
most used process) and, depending on each case, a tertiary treatment.

The need for a tertiary treatment is due to the fact that the water quality resulting from a
secondary treatment could not be good enough for some applications, for example in
agriculture where disinfection (pathogens removal) is very important.

A commonly used tertiary treatment is ultrafiltration (UF). UF can be applied to the
reclamation of municipal wastewater [1]. In fact, UF can meet high quality standards [2] and
can achieve disinfection (pathogens removal) [3,4,5,6]. Compared to conventional treatments,
UF has some advantages: high permeate quality, no by-product generation, high efficiency,
easy to operate, economically feasible, reduced membrane costs and energy consumption, low
pressure, small footprint ...[3,7,8,9,10].

Currently, studies show that the best UF membranes for secondary treatment effluent
(STE) from a Municipal Wastewater Treatment Plant (MWWTP) are hollow-fiber membranes
[2, 11]. Hollow fiber membranes are widely used for large-scale water treatment due to the
relatively large packing density [12]. In spite of this configuration, the major problem of
membrane filtration is still fouling [13]. Fouling is responsible for permeate flux decline [14]
(this causes productivity loss), higher operating costs [15] (due to higher energy cost [15] and
the need of frequent membrane cleaning), and higher maintenance costs [16] (due to lower
membrane lifetime [13] and frequent membrane replacement needs). In addition, fouling is
responsible for lower plant availability due to membrane replacement and cleaning operations
[16].

Minimizing flux decline is important so that the process could be economically feasible
[17]. Membrane fouling has been studied extensively by the scientific community and it is still
been studied [18, 19] because fouling mechanisms are not completely understood.

Due to the fact that the characteristics of a STE from a MWTP are very variable, modelling
the ultrafiltration process may help to select the best operational conditions to minimize
fouling, avoiding time consuming experiments.

The use of a simplified model wastewater consisting of only few compounds may help to
understand the fouling mechanisms during UF. This is an important and necessary step in
order to model the fouling process.

Proteins and carbohydrates are commonly used in model wastewaters to simulate STE
since these are the main components of the extracellular polymeric substances (EPS), which
are known to be the primarily responsible for membrane fouling in biological effluents
[8,18,19]. Thus, other authors have studied them as model foulants previously obtaining good
results. For example, xanthan was used by Nataraj et al. [20], dextran and Bovine Serum
Albumin (BSA) were studied by Zator et al. [21] and Xiaou et al. [22] and Whey Protein
Concentrate (WPC) was used by Nigam [23], Mourouzidis [24] and Caric et al. [25].



The aim of this research was to obtain a synthetic model wastewater composition that
could mimic the fouling trend of the hollow-fiber membrane used in the ultrafiltration of a
secondary clarifier effluent from a MWTP. In order to achieve that aim, different combinations
of model proteins and carbohydrates at different concentrations were prepared and their UF
performance was compared with real wastewater UF performance.

Protein and carbohydrates concentration and also chemical oxygen demand (COD) were
determined for real and model wastewaters to select the most appropriate model wastewater.

The model proteins used were WPC 45% and BSA and the carbohydrates used were
dextran (250 kDa of molecular weight (MW)) and xanthan.

2. Materials and Methods

2.1. STE and model wastewater characterization

STE from a MWWTP and model wastewater were characterized measuring the following
parameters at laboratory: proteins and carbohydrates concentration and chemical oxygen
demand (COD).

The COD was measured using the kits and a thermoreactor model “TR300” both from
Merck. The proteins concentration was determined by a MicroBCA assay (Bicinchoninic acid
protein assay micro) from Applichem. Carbohydrates concentration was determined by the
anthrone (9, 10 dihydro-9-ketoanthracene) method (reagent from Panreac).

2.2. Model wastewater/preparation

Model solutions were prepared using tap water. The proteins used were: BSA from Sigma-
Aldrich, and WPC (45% w/w). The carbohydrates used were dextran 250000 Da from VWR
International Ltd and xanthan gum (from xanthomonas campestris, Sigma-Aldrich).

Different combinations and concentrations of the aforementioned proteins and
carbohydrates were tested to select a model wastewater that could mimic the STE.

2.3. Particle size distribution (PSD)

In order to determine the particle size distribution a Zetasizer nano-ZS 90 from Malvern
was used. This equipment measures the particle size by laser diffraction. Results have been
expressed in intensity (the magnitude measured by the apparatus).



2.4. Pilot plant

A Norit X-flow T/RX-300 commercial pilot plant was used for the tests (Figure 1). This plant
allows the transmembrane pressure (TMP) and crossflow velocity (CFV) to be fixed
independently. A temperature regulator kept the temperature constant during the
experiments. Data were logged in a programmable logic controller (PLC). The feed tank was
stirred during the test.
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Figure 1. UF Pilot plant scheme.

2.5. UF Membrane

A hollow-fiber membrane was used for ultrafiltration tests. The membrane used was a
UFCMS5 from Norit X-flow with a fiber diameter of 1.5mm, a molecular weight cut-off (MWCO)
of 200kDa and the active area was 0.04 m” The membrane material was
polyethersulfone/polyvinylpyrrolidone (PES/PVP). The membrane had hydrophilic properties
and its configuration was inside-out.

2.6. Fouling UF tests

During the UF tests, the retentate and the permeate were both returned to the feed tank
and permeate flux was monitored. The tests performed with simulated wastewater and STE
were carried out at the same TMP, CFV and temperature (TMP=70 KPa, CFV=1m/s, T=21°C).
These experimental conditions were selected on the basis of previous studies [2, 27] that
showed that the best performance of these membranes is achieved at low pressure due to



reduced membrane fouling. For example Hao et al. [26] used a feed solution of humic acid and
ethylenediaminetetraacetic acid (EDTA) at 0.5 bar. Tasselli et.al. [27] worked at a cross flow
velocity in the range of 0.59-2.96 m/s and with a feed solution of kiwifruit juice. Tasselli found
that the optimal velocity value was in that range. In addition, other authors as Marcos et al.
[28] and Chung et al. [29], worked at a CFV of 1 m/s with soy proteins and dextrans,
respectively.

2.7. Membrane cleaning

After the UF fouling experiments, membrane cleaning was performed to restore initial
membrane permeability. The cleaning protocol was performed at the lowest TMP and highest
CFV so that the pilot plant could achieved.

The cleaning protocol was:
1. First rinsing: 30 minutes at 252C with deionized water.

2. Chemical cleaning: the cleaning solution consisted of 154 ppm of NaClO and 0.5
mol/l of NaOH (Panreac, Spain) in deionized water. The chemical cleaning was
performed at 402C of temperature.

3. Second rinsing: the same conditions as the first rinsing.

3. Results and discussion

The STE wastewater was characterized in terms of proteins, carbohydrates and COD. The
results are shown in Table 1 as well as the standard deviation of these parameters. The
standard deviation was calculated from several samples. The values of the concentration of
proteins, carbohydrates and COD were used to prepare the model wastewater.

Table 1. STE composition.

Parameter STE Standard deviation
Proteins (mgBSA/I) 16.48 4.28
Carbohydrates (mg glucose/l) 7.32 1.41
COD (mg/l 38.9 4.84

As it can be observed, COD values are rather low. This is explained by the excellent
performance of the activated sludge process in the MWWTP where the samples were taken.

The model wastewater composition (Table 2) was selected so that the measured
concentration of proteins and carbohydrates was similar to the STE.



Table 2. Model wastewater composition.

Model . Proteins Carbohydrates CcOD
wastewater Composition (mg BSA/L)  (mgglucose/L)  (mg/L)
No.

1 10 mg/L WPC 45% 7.0 4.1 8

2 13 mg/L WPC 45% 115 6.0 9

3 17.71 mg/L WPC 45% 18.8 5.9 19

4 15.75 mg/L WPC 45% + 5.5 mg/L dextran 13.0 14.2 28

5 15.75 mg/l WPC 45% + 7.315 mg/l dextran 10.8 15.7 21

6 15.75 mg/L WPC 45% + 8.57 mg/L xanthan 15.3 8.5 38

7 15 mg/l BSA + 5.5 mg/l dextran 250.000 17.3 7.6 27

It can be observed that the values of the “proteins” and “carbohydrates” columns
correspond with measured data, meanwhile the column “composition” corresponds with the
weight measurement carried out to prepare the model solutions.

Katsoufidou et al. [8] performed fouling tests using alginate as model foulant. However,
their results showed that alginate was not a good model foulant due to the formation of a
hydrogel layer. Thus, alginate was not considered in this study.

The mixture BSA/dextran had already been investigated by Zator et al. [21] and Xiao et al.
[22]. WPC was also studied by Nigam [23], Mourouzidis [24] and Caric et al. [25]. Xanthan was
studied by Nataraj et al. [20]. Zator et al. [21] found that particle size has an important role in
membrane fouling and that smaller particles produced less fouling (more permeate flux) than
the bigger particles. They also concluded that the fouling mechanisms of smaller particles were
internal and external pore blocking. As well, they considered the internal fouling as the
predominant mechanism. In addition, their results showed that the adsorption of proteins
caused a progressive pore diameter reduction. Nguyen et al. [30] worked with BSA and WPC.
They proposed a model for proteins in which pore blockage and compressive cake mechanisms
occurred simultaneously. Regarding to the fouling mechanisms of xanthan, Nataraj et al. [20]
concluded that the predominant mechanism depends on the concentration. For low
concentrations (< 20 mg/l), the predominant fouling mechanism is cake formation and for high
concentrations (> 20 mg/l) the predominant fouling mechanism is a combination of cake
formation and pore constriction.

It must be noted that the measured protein and carbohydrate concentrations for the model
wastewater 7 (Table 2) were more similar to the measured values for the STE (Table 1) than in
the case of the rest of the model wastewaters prepared. As far as COD is concerned, the
solution that better approximates to the STE is the model wastewater 6. In addition, it can be
seen that the model wastewaters whose composition consists of only WPC 45% contain both
protein and carbohydrates in a concentration similar to the STE.

The fact that the model composition could be the most similar to the STE does not imply
coincidence in the fouling trend. Because of this, UF tests were performed to compare the
fouling trends of model wastewater and the STE. The use of proteins and carbohydrates of



different MW to prepare the model wastewater is explained by the wide range of the MW of
the soluble microbial products found in the literature [31].

Figure 2 shows the results of these UF tests. The permeate flux represented in Figure 2
corresponds to the normalized permeate flux (Jy) according to Eg.1. Normalization was
performed due to the fact that the initial membrane permeability was not exactly the same for
all UF tests as the cleaning efficiency was not always exactly 100%.

Iv=1 R,. Eq.1.

Where J is the permeate flux obtained during the test, Jy is the normalized permeate flux, Ry is
the resistance of the membrane before its first use and R, is the membrane resistance before
each test.
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Figure 2. Flux decline vs time for STE and model wastewater for a transmembrane pressure of 0.7 bar and a
crossflow velocity of 1 m/s.

Although model solutions (1, 2, 3) consisting only of WPC contained both proteins and
carbohydrates, Figure 2 showed that an increase of WPC concentration mainly had an effect
on initial permeate flux decline. However, steady-state permeate flux remained almost
constant when increasing WPC concentration. This fact is justified due to the foulant molecular
weight. The WPC molecular weight (25000 Da) is lower than the MWCO of the membrane
(200000 Da) so that WPC permeates through the membrane and it contributes mainly to pore
blocking fouling mechanisms. These mechanisms are known to occur during the very early
stages of UF. Therefore, the use of WPC alone and not in combination with dextran did not



reproduce the fouling trend of the STE. The steady-state permeate flux for the solutions tested
consisting of WPC 45% is higher than the permeate flux of the STE.

WPC in combination with dextran and xanthan was also tested. The results showed that the
use of xanthan is not appropriate since steady state permeate flux remains practically equal to
that obtained with WPC alone. However, the combination of dextran and WPC approximately
achieves to represent the STE fouling trend.

Xantham gum is a microbial polysachharide. According to the literature, its MW is around
3-10° Da [32]. If tests 5 and 6 are compared, it can be concluded that the effect of dextran
(MW 250000 Da) on the loss of membrane permeate flux productivity is considerably higher
than the effect of xanthan. However, the initial flux decline is very similar in both tests, what
can be surprising if the difference of molecular weight of both compounds is considered. Then,
PSD of a xantham solution was determined (Figure 3). Besides the peak at 110 nm, which
indicates that most of the particles have a considerable higher size than the membrane pores
(21 nm), there are two additional peaks at 3 and 11 nm, approximately. This can be due to
partial cleavage of the polymer molecules. This fact can explain the additional flux loss at the
initial part of the test in comparison with the tests performed only with WPC.
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Figure 3. Particle size distribution of the Xanthan solution.

The best results were obtained for the combination of BSA and dextran. Although BSA MW
(66430 Da) was lower than the membrane cut-off (200 kDa), BSA contributes to the decrease
of the steady state flux (Figure 2). This indicates that BSA is deposited on the membrane
surface what is corroborated by the high rejection measured (76 %). This is explained by the
fouling mechanism. Kelly and Zydney [33] reported that fouling mechanisms were two:
convection deposition of BSA aggregates and chemical attachment to the previously deposited
proteins. However, modeling BSA fouling is complex since BSA molecules form aggregates [34],
what lead to high UF membrane retention.



Dextran addition has an effect on both initial permeate flux decline and steady state
permeate flux. This can be observed in the two tests performed with the same WPC
concentration and different dextran concentrations. Its MW is very similar to the membrane
cut-off and the calculated retention from the carbohydrates measurements in feed and
permeate streams was around 50%. This confirms its eventual contribution both to pore
blocking and to long term fouling.

4. Conclusions

In this work different model wastewaters were prepared in order to obtain a model
wastewater to simulate the STE from a MWWTP. Simulation of STE is of great importance for
studying the fouling mechanisms in UF membranes applied to wastewater reclamation.

When the concentration of proteins and carbohydrates of the model wastewater increases,
the fouling produced is higher. Two effects were observed depending depending on the
foulants used: a rapid initial permeate flux decline or a steady state with a lower permeate
flux. For the foulants tested, proteins exerted more influence on initial flux decline whereas
carbohydrates did on the steady-state flux.

The best model wastewater had a composition of 15 mg/| of BSA and 5.5 mg/| of dextran.
This solution best mimics the initial flux decline and the difference between its steady state
flux and the steady state flux of STE was negligible. On the other hand, the composition of
proteins and carbohydrates of this model wastewater was very similar to the composition of
the STE.

As explained before, fouling depends on the size of the particle in relation to the membrane
pore size. However, changes in foulants size have to be taken into account. Thus, BSA forms
aggregates and it is adsorbed on the membrane surface and xanthan solutions presented
molecules shorter than the original polymer that caused pore blocking.
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