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Abstract

Membrane fouling is considered to be the most serious drawback in wastewater treatment, when
using Membrane Bioreactors (MBRs), leading to membrane permeability decrease and efficiency
deterioration. This work aims to develop an integrated methodology for membrane fouling control,
using powdered activated carbon (PAC), which will enhance the adsorption of soluble microbial
products (SMP) and improve membrane filterability, by altering the mixed liquor’s characteristics.
Reversible fouling was assessed in terms of sludge filterability measurements, according to the
standard Time-to-Filter (TTF) method, while irreversible fouling was assessed in terms of SMP
removal. Results showed that the addition of PAC at the concentration of 3 g/L in the mixed liquor
reduced SMP concentration and enhanced substantially the sludge filterability. Furthermore, the
TTFpac/TTF,, pac ratios were lower, than the corresponding SMPpac/SMP, pac  ratios,
indicating that the batch-mode, short-term addition of PAC promotes the reversible, rather than the
irreversible fouling mitigation.
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INTRODUCTION

Membrane bioreactors (MBRs) have been widely used during the past few years for municipal or
industrial wastewater treatment (Van Dijk and Roncken, 1997), as well as for water reclamation
(Cicek et al., 1998). However, membrane fouling leads to permeate flux decline, which in turn
decreases the time intervals for membrane cleaning and replacement and hence, results in higher
operating costs. Therefore, most current MBR studies aim to identify, investigate, control and
model the membrane fouling (Akamatsu et al., 2010; Gkotsis et al., 2014). Recent developments in
fouling prevention and control strategies include specific membrane surface modifications (Maruf
et al., 2014), or the application of ultrasound, electric field, ozone etc. (Wu et al., 2010). A widely
used method for fouling control in MBRs involves the use of appropriate additives, such as
inorganic or organic coagulants (Yu et al., 2015; Gkotsis et al., 2016), or powdered activated carbon
(PAC) (Ng et al., 2013; Remy et al., 2009; Le-Clech et al., 2006).

The simultaneous adsorption and biodegradation, rather than a single biological process, reflect the
major advantage of a PAC-MBR system (Hu et al., 2014). In particular, PAC addition increases the
removal of low molecular weight organics by adsorption; it also acts as a supporting medium for
attached bacterial growth, influences the bacterial population and affects the concentrations of EPS
(Extracellular Polymeric Substances) or SMP (Soluble Microbial Products) which are considered to
be primarily responsible for membrane fouling (Malamis and Andreadakis, 2009; Cho et al., 2005).
Since PAC decreases the compressibility of sludge flocs and increases the porosity of cake layer,
membrane flux is also enhanced. Other benefits of PAC addition include the decrease of sludge
production and the increase in the resistance to toxic substances (Satyawali and Balakrishnan,
2009). The addition of PAC in the activated sludge can transform the PAC into “biologically
activated carbon” (BAC) sludge. The bioactivity of BAC can also improve the removal of



pollutants. The reported uses of BAC in wastewater treatment include the removal of (i) inhibitory
materials; (ii) colour from wastewater; (iii) micropollutants; (iv) trace organics, as well as the
treatment of (i) landfill leachate; (ii) high salinity oil-field brine; (iii) industrial wastewater in
general. The enhanced performance of BAC may be due to its similarity with a natural ecosystem
equipped with simultaneous processes of adsorption and biodegradation, rather than a single
biological process. The simultaneous functional processes may enable microorganisms in the
biofilm of BAC to biodegrade the pollutants previously absorbed by the PAC. PAC can act as a
support medium and encourage the formation of a biofilm ecosystem, which consists of
immobilized, properly acclimatized bacteria. Thus, the formation of a biofilm on the PAC is
expected to enhance the partial bio-regeneration of saturated BAC (Ng et al., 2013).

In the relevant literature typical PAC dosages, which have been employed for the mitigation of
membrane fouling and the removal of foulants, range between 0.5 g/L (Remy et al., 2009) and up to
5 g/L (Satyawali and Balakrishnan, 2009; Ng et al., 2006), although higher dosages have been
tested as well (Whang et al., 2004; Ma et al., 2012). This study is part of a research project, which
aims to the development of a systematic and integrated methodology for the fouling mitigation and
control, using PAC (for comparison reasons, among other control techniques) as an additive in a
pilot-scale membrane bioreactor. To the author’s best knowledge, a relationship (expressed in terms
of fouling indices) between the short- and the long-term effect of PAC on membrane fouling in
MBRs is yet to be determined. In addition, most research studies indicatively employ two or three
different PAC concentrations. In our study, the application of PAC for membrane fouling mitigation
took place both in batch-mode and in continuous-flow series of experiments, aiming to investigate
and compare the short- and long-term effect respectively, of a wide range of PAC concentrations
(0.5-5.0 g/L) on sludge filterability and SMP concentration. In this paper, the results of the short-
term experiments are particularly presented and discussed.

Even though it is considered to be an expensive solution (Malamis et al., 2013), the MBR
technology can also provide decentralized small-scale wastewater treatment for remote or isolated
communities, campsites, tourist hotels or industries, which are not connected to municipal treatment
plants. In small communities, houses are spread out, the population density is low and hence, the
use of an on-site system even for an individual home, or for a small cluster of homes could be a
cost-effective option. MBR technology could provide a decentralized, robust and cost-effective
treatment for achieving high-quality effluent in such instances. In addition, it can also offer
excellent retrofit capability for expanding, or upgrading of existing conventional wastewater
treatment plants (Hai and Yamamoto, 2011).

MATERIALS AND METHODS

The experimental pilot-scale set-up consists of three sub-units: (a) wastewater feed unit, (b)
(submerged membrane) bioreactor, and (c) permeate collection unit (Fig. 1a). Firstly, the bioreactor
(Fig. 1b) was inoculated with activated sludge, which was received from the municipal wastewater
treatment plant of Thessaloniki (located in the area of Sindos, near Gallikos river), and then, the
system was operated continuously in order to achieve steady-state condition in the bioreactor. In the
second stage, powdered activated carbon (PAC) was added in a series of batch experiments. During
these experiments, the PAC was added as single drop mode in mixed liquor samples, which were
received from the aeration tank of pilot plant on a daily basis.

The synthetic wastewater (Table 1), which was fed as the substrate for the activated sludge, was led
by a peristaltic pump to the aeration tank (bioreactor), where the concentration of the dissolved
oxygen (DO) was monitored by a DO-meter in the range of 2-3 mg/L. The synthetic wastewater
composition is the “standard” one proposed by OECD for performing relevant biological



wastewater treatment laboratory experiments. However, the concentrations of the synthetic
wastewater components (peptone water, meat extract etc.) were selected to be much higher (x10) in
this case, than those proposed by the OECD guidelines (OECD 2010), in order to obtain a
satisfactory F/M ratio (approximately 0.2).

The air needed for the biomass and for the cleaning of applied membrane was supplied by an air
compressor, the pressure of which was appropriately reduced to the desired value by means of an
air pressure reducer. Gas and liquid flow rates were measured by gas and liquid flow meters, while
level sensors were used in order to control the liquid level in the membrane tank. The permeate was
withdrawn from the upper end of the membrane by another peristaltic pump, while a high-
resolution pressure transmitter was placed in the outlet of the membrane in order to record the
Trans-Membrane Pressure (TMP). The permeate collection unit was the final recipient of the
produced permeate, a part of which was used for backwashing the membrane filtration unit by
another peristaltic pump. Membrane backwashing steps of 1 min were regularly performed every 10
min of filtration operation.

A flat sheet membrane was operated at a flux of 17 LMH, while one-minute relaxation steps were
performed every ten minutes. It is noteworthy to highlight the automated operation of the pilot-scale
MBR system: the operation of all peristaltic pumps, the DO-meter, the level sensors and the
pressure transmitter were controlled by appropriate Programmable Logic Controllers (PLC). The
programming allowed also the automatic backwashing of the membrane through pneumatic electro-
valves. Reversible fouling was assessed in terms of sludge filterability tests, according to the
standard TTF method, while irreversible fouling was assessed in terms of SMP removal.

Figure 1. (a) Pilot-scale MBR system, (b) aeration tank (bioreactor).



Table 1. Composition of synthetic municipal wastewater.

Synthetic Synthetic wastewater Physical/chemical
wastewater used in the experiments parameters of the
according to (respective quantities, synthetic wastewater,

OECD x10) which was used in the
guidelines experiments
Substance Concentration, mg/L
Peptone 160 1600 BOD 1036 £ 58 mg/L
Meat extract 110 1100 COD 1987 = 73 mg/L
K2HPO, 28 280 NH;*-N 197 + 18 mg/L
NaCl 7 70 PO,*-P=67+7.8
mg/L
CaCl,-2H,0 4 40 TOC 735 mg/L
MgSO4-7H,0 2 20 Turbidity 14.6 NTU

Filterability Tests with the TTF Method (Time-To-Filter Method)

The addition of PAC in order to improve the filtration characteristics of mixed liquor is among the
techniques that have been widely used in order to control the membrane fouling mitigation (Khan et
al., 2012). The Time-To-Filter (TTF) method is a well-established method, which can be used as an
easy and relatively rapid way to assess sludge filterability (De la Torre et al. 2008; Rosenberger and
Kraume 2002). A 90-mm Buchner funnel is used with Whatman #1, #2, or equivalent filter papers
(Fig. 2). A short description of the procedure is following: after pouring 200 mL of mixed liquor on
the Buchner funnel, the time required to obtain 50 mL of filtrate was recorded at the vacuum
pressure of 510 mbar (TTFsp). Low TTFsy times indicate high sludge filterability, whereas high
TTFs times indicate low sludge filterability. In our study, except for the TTFsg, the time required to
obtain 10, 20, 30 and 40 mL of filtrate was also recorded, in order to plot a full profile of the
recorded times, which can contribute to a better comparison and understanding of the obtained
results.

Vacuum

?

Figure 2. TTF test equipment.



SMP Concentration Measurements

The Phenol-Sulfuric Acid method (DuBois et al. 1956) is the most widely used colorimetric method
for the determination of carbohydrate concentration in aqueous solutions. The principle of this
method is that carbohydrates, when dehydrated by reaction with concentrated sulfuric acid, produce
furfural derivatives. Further reaction between furfural derivatives and phenol develops detectible
color. A short description of the standard procedure is following: 1 mL aliquot of a carbohydrate
solution was mixed with 1 mL of wt. 5% aqueous solution of phenol in a test tube. Subsequently, 5
mL of concentrated sulfuric acid were added rapidly to the mixture. After allowing the test tubes to
stand for 10 min, they were vortexed for 30 s and placed for 20 min in a water bath at room
temperature for color development. Then, light absorption at 490 nm was recorded on a
spectrophotometer. Reference solutions were prepared in identical manner as aforementioned,
except that the 1 mL aliquot of carbohydrate was replaced by glucose. A Hitachi UV/Vis
spectrophotometer was used for these measurements. The Phenol-Sulfuric Acid method was applied
after the centrifugation of the mixed liquor samples.

RESULTS AND DISCUSSION

The results of the batch-mode (short-term) experiments are presented in terms of the ratios
TTFpAclTTFnO PAC and SMPpAc_/SMPnO PAC- TTFpAc/TTFnO PAC is the ratio of the TTFg recorded
after the addition of PAC in the mixed liquor sample, to the TTFso recorded before this addition
(i.e. the respective blank measurement). It is evident that the lower this ratio is, the more the sludge
filterability is enhanced. SMPpac/SMP . pac is the ratio of the SMP concentration after the addition
of PAC in the mixed liquor sample, to the SMP concentration before this addition (i.e. the
respective blank measurement). In the same way, the lower this ratio is the more effective the tested
PAC concentration becomes in terms of SMP removal. The effect of PAC on SMP removal and
sludge filterability was examined at ten concentrations, i.e. 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
and 5.0 g/L (Fig. 3 and 4). The green horizontal line in each figure represents the blank ratio value
(i.e. TTFnopac/TTFnopac, OF SMP 1o pac/SMP o pac), Which is always equal to 1. As shown in Fig. 3
and 4, the addition of PAC for all these concentrations reduced SMP concentration and enhanced
sludge filterability in the mixed liquor samples, in agreement with several relevant studies, which
suggest the use of PAC for fouling mitigation in MBRs (Ng et al., 2013; Ma et al., 2012; lversen et
al. 2009; Remy et al., 2009).
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‘ PAC concentration
mPAC=0.5gL
1.4
mPAC=10gL
L2 mPAC=15g/L

@)

=10 BPAC=20¢/L
oo V7 PAC=2.5g/L
E e b = PAC=3.0 g/L

O - f—
mé os L7 mPAC=35¢L
= 7 mPAC=4.0gL
02 PAC=4.5g/L

0.0 L~ = PAC=5.0g/L

Figure 4. Effect of PAC concentration (0.5-5 g/L) on sludge filterability.

Fig. 5 shows how SMPpac/SMP o pac and TTFpac/TTFq, pac ratios change with the increase of
PAC concentration, allowing the determination of optimal PAC concentration for mitigating both
reversible and irreversible fouling.
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Figure 5. Determination of optimal PAC concentration for mitigating both reversible and
irreversible fouling.

As shown in Fig. 5, the concentration of 3 g/L can be considered as the optimal PAC concentration,
since its addition in the mixed liquor reduced SMP concentration and enhanced sludge filterability
the most. In addition, different PAC concentrations might have different effects on reversible and
irreversible fouling. For instance, the addition of PAC at 2.5 g/L was found to lower the
SMPpac /SMP o pac ratio more, than the TTFpac/TTFno pac ratio, indicating that it is more
beneficial to the confrontation of irreversible, rather than of reversible fouling. However, for most
concentrations (i.e. 1.0, 1.5, 2.0, 3.0, 3.5, 4.0, 4.5 g/L) the addition of PAC promoted the reversible,
rather than the irreversible fouling mitigation. Another observation that follows directly from Fig. 5
is that above 3 g/L of PAC, both SMPpac /SMP o pac and TTFpac/TTFqo pac ratios increased with
the increase of PAC concentration, indicating that very high concentrations might have the adverse
effect on reversible and irreversible fouling. Overdosing with PAC may fail to reduce membrane
fouling, because of its potential to become a foulant itself, either through the formation of a cake
layer over the membrane and/or by blocking membrane pores (Skouteris et al., 2015).

As aforementioned, except for the TTFso, the time required to obtain 10, 20, 30 and 40 mL of
filtrate was also recorded, in order to plot a full profile of recorded times, which can contribute to a
better comparison and understanding of the obtained results. It is interesting to notice that, the
addition of PAC at the optimal concentration of 3 g/L caused the decrease of all measured TTF
values (TTFo, TTF2, TTF3 and TTF4) (Fig. 6b). For comparison reasons, the filterability tests
after the addition of a low and a high PAC concentration are presented (Fig. 6a and 6c,
respectively).
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Figure 6. Results of filterability tests for (a) 1.0 g/L PAC, (b) 3.0 g/L PAC and (c) 5.0 g/L PAC.




CONCLUSIONS

The most serious drawback in wastewater treatment using MBR treatment systems is membrane
fouling, which gradually leads to membrane permeability decrease and efficiency deterioration,
resulting to increased treatment cost, due to higher energy consumption and the need for more
frequent membrane cleaning and eventually replacement. In an effort to investigate its effect on
membrane fouling, various concentrations (0.5-5.0 g/L) of powdered activated carbon (PAC) were
added in mixed liquor samples of a pilot-scale MBR system, which treated high-strength synthetic
municipal-type wastewater. The results showed that the addition of PAC at the concentration of 3
g/L in the mixed liquor reduced SMP concentration and enhanced sludge filterability the most.
Furthermore, the TTFpac/TTFo pac ratios were lower, than the corresponding SMPpac./SMP g pac
ratios, indicating that the batch-mode, short-term addition of PAC promotes the reversible, rather
than the irreversible fouling mitigation.

ACKNOWLEDGEMENTS

The financial support through the co-financing by: a) The European Union and the Greek State
Program EPAN-II (OPCII)/ ESPA (NSRF): 'SYNERGASIA II', Project (FOULMEM) "New
processes for fouling control in membrane bioreactors” (11SYN 8-1084) and b) The European
Union and the Greek State Program PAVET, Project (PhoReSE): ‘‘Recovery of Phosphorus from
the Secondary Effluent of Municipal Wastewater Treatment’” and the active participation of
““Aktor’” S.A. company, are gratefully appreciated. The latter was supported also by the EYATh’s
S.A. (Thessaloniki Water Supply and Sewerage Co.) - Department of Plants' Operation,
Maintenance and Environmental Monitoring, which is gratefully appreciated.

REFERENCES

Akamatsu, K., Lu, W., Sugawara, T., Nakao, S.-l. 2010 Development of a novel fouling
suppression system in membrane bioreactors using an intermittent electric field. Water
Research, 44, 825-830.

Cho, J., Song, K.-G., Ahn, K.-H., 2005 The activated sludge and microbial substances influences on
membrane fouling in submerged membrane bioreactor: unstirred batch cell test. Desalination,
183, 425-429.

Cicek, N., Franco, J. P., Suidan, M.T., Urbain, V. 1998 Using a Membrane Bioreactor to Reclaim
Wastewater. Journal of American Water Works Association, 76, 356.

De la Torre, T., Lesjean, B., Drews, A., Kraume, M. 2008 Monitoring of transparent exopolymer
particles (TEP) in a membrane bioreactor (MBR) and correlation with other fouling indicators.
Water Science and Technology, 58, 1903-1909.

DuBois, M., Gilles, K., Hamilton, J., Rebers, P., Smith, F. 1956 Colorimetric method for
determination of sugars and related substances. Analytical Chemistry, 28, 350-356.

Gkotsis, K.P., Banti, Ch.D., Peleka, N.E., Zouboulis, 1.A., Samaras, E.P. 2014 Fouling Issues in
Membrane Bioreactors (MBRs) for wastewater treatment: Major Mechanisms, Prevention and
Control Strategies. Processes, 2, 795-866.

Gkotsis, P., Peleka, E., Zamboulis, D., Mitrakas, M., Tolkou, A., Zouboulis, A. 2016 Wastewater
Treatment in Membrane Bioreactors: The Use of Polyelectrolytes to Control Membrane
Fouling. Environmental Processes, 1-13.

Hai, F.I., Yamamoto, K. Membrane Biological Reactors, Elsevier, P. Wilderer (Ed.), Treatise on
Water Science (p. 578), UK.



Hu, J., Shang, R., Deng, H., Heijman, S.G.J., Rietveld, L.C. 2014 Effect of PAC dosage in a pilot-
scale PAC-MBR treating micro-polluted surface water. Bioresource Technology, 154, 290-296.

Iversen, V., Koseoglu, H., Yigit, N.O., Drews, A., Kitis, M., Lesjean, B., Kraume, M. 2009 Impacts
of membrane flux enhancers on activated sludge respiration and nutrient removal in MBRs.
Water Research, 43, 822-830.

Khan, S.J., Visvanathan, C., Jegatheesan, V. 2012 Effect of powdered activated carbon (PAC) and
cationic polymer on biofouling mitigation in hybrid MBRs. Bioresource Technology, 113. 165-
168.

Le-Clech, P., Chen, V., Fane, T.A.G. 2006 Fouling in membrane bioreactors used in wastewater
treatment. Journal of Membrane Science, 284, 17-53.

Ma, C., Yu, S., Shi, W., Tian, W., Heijman, S.G.J., Rietveld, L.C. 2012 High concentration
powdered activated carbon-membrane bioreactor (PAC-MBR) for slightly polluted surface
water treatment at low temperature. Bioresource Technology, 113, 136-142.

Malamis, S., Andreadakis, A. 2009 Fractionation of proteins and carbohydrates of extracellular
polymeric substances in a membrane bioreactor system. Bioresource Technology, 100, 3350-
3357.

Malamis, S., Andreadakis, A., Mamais, D, Noutsopoulos, C. 2013 Myths and realities concerning
membrane bioreactors for municipal wastewater treatment: can water reuse be the drive for the
wider implementation of MBR technology? Proceeding of the International Conference
‘WindLIfe’, September 19-21, Tinos Island, Greece.

Maruf, S.H., Greenberg, A.R., Pellegrino, J., Ding, Y. 2014 Fabrication and characterization of a
surface-patterned thin film composite membrane. Journal of Membrane Science, 452, 11-19.

Ng, C.A., Sun, D., Fane, A.G., 2006 Operation of membrane bioreactor with powdered activated
carbon addition. Separation Science and Technology, 41, 1447-1466.

Ng, C.A., Sun, D., Bashir, M.J.K., Wai, S.H., Wong, L.Y., Nisar, H., Wu, B., Fane, A.G. 2013
Optimization of membrane bioreactors by the addition of powdered activated carbon.
Bioresource Technology, 138, 38-47.

OECD 2010 OECD Guidelines for the Testing of Chemicals (Technical Report 209). Activated
Sludge, Respiration Inhibition Test (Carbon and Ammonium Oxidation). Guideline 16.

Remy, M., van der Marel, P., Zwijnenburg, A., Rulkens, W. 2009 Low dose powdered activated
carbon addition at high sludge retention times to reduce fouling in membrane bioreactors.
Water Research, 43, 345-350.

Rosenberger, S., Kraume, M. 2002 Filterability of activated sludge in membrane bioreactors.
Desalination, 151, 195-200.

Satyawali, Y, Balakrishnan, M., 2009 Effect of PAC addition on sludge properties in an MBR
treating high strength wastewater. Water Research, 43, 1577-1588.

Skouteris, G., Saroj, D., Melidis, P., Hai, F.l., Ouki, S. 2015 The effect of activated carbon addition
on membrane bioreactor processes for wastewater treatment and reclamation - A critical
review. Bioresource Technology, 185, 399-410.

Van Dijk, L., Roncken, G.C.G. 1997 Membrane Bioreactor for Wastewater Treatment: The State of
the Art and New Developments. Water Science and Technology, 35, 53.

Whang, G.D., Cho, Y.M., Park, H., Jang, J.G., 2004 The removal of residual organic matter from
biologically wastewater using membrane bioreactor process with powdered activated carbon.
Water Science and Technology, 49, 451-457.

Wu, J., Huang, X. 2010 Use of ozonation to mitigate fouling in a long-term membrane bioreactor.
Bioresource Technology, 101, 6019-6027.

Yu, Z., Song, Z., Wen, X., Huang, X. 2015 Using polyaluminum chloride and polyacrylamide to
control membrane fouling in a cross-flow anaerobic membrane bioreactor. Journal of
Membrane Science, 479, 20-27.



