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Abstract. Approximately 80% of water used in urban areas reappears as municipal wastewater (MWW).
Reclamation of MWW is an attractive proposition under the present scenario of water stressed cities in
India. In this paper, we attempted to reclaim MWW using lab-scale hollow- fiber (HF) membrane modules
for possible reuse in non-potable applications. Experiments were conducted to evaluate the efficiency of
virgin HF (M;) and modified HF (M,) modules. The M, module consists of HF modified with a skin
layer formed through interfacial polymerization of m-phenylenediamine with trimesoyl chloride (MPD-
TMC). The molecular weight cut-off (MWCO) of M; was 44000 g/mol and that of M, 10000 -14000 g/mol
on the basis of rejection of polyethylene glycol. The combination of M; and M, modules was able to
reduce concentrations of most of the pollutants in sewage and improved the treated water quality to the
acceptable limits for non potable reuse applications. It is found that about 98-99% of the initial flux is
recovered by the backwashing process, which was approximately two times in a month when operated
continuously.
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1. Introduction

The total volume of the water on the earth is approximately 1.3x10° km®, but only 4 million km?,
e.g., 0.3% of the total water volume is actually usable by mankind (Koltuniewicz and Drioli 2008).
In the recent past, human consumption of water has increased dramatically worldwide. It was observed
that at least 40% of the world’s population will live in the countries that suffer from a chronic
shortage of water. Today, already more than 50 countries suffer from a shortage of water but by
2025, two-third of the world population will not have enough drinking water, as per the prediction
of the United Nations. Therefore, it is necessary to conserve, recycle and reuse the limited water
resources and to develop advanced technologies for treating and reclaiming wastewater from different
sources.

The most important role in water recovery, reuse and recycling is to control composition of water
streams. There are two main options to this end i.e. conservative separation for recovery (e.g., filtration)
and/or destructive conversion (e.g., advanced oxidation) for removal of various substances from
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water. Membranes play an important role in both of these methods and therefore attracted attention
for reclamation of municipal wastewater as it is highly efficient, economical and easy to operate
(Lens et al. 2002, Quin et al. 2004, Bixio et al. 2005, Wntgen et al. 2005). Generally, a dual
membrane processes such as MF or UF and RO is becoming increasingly attractive as a technology
for the reclamation of municipal wastewater (Tam et al. 2007).

In this paper, we attempted the use of HF membrane modules for reclamation of municipal
wastewater. Two HF modules, one of which contained HF modified with metaphenylene diamine
and trimesoyl chloride (MPD-TMC) polymer, were used separately and in tandem to obtain
reclaimed water from MWW. The thin film composite HF having polyamide skin layer on the
surface of the polysulphone fiber were made by interfacial polymerization of trimesoyl chloride in
hexane and m-phenylenediamine in water. The objective of this work was to explore the use of
virgin HF and modified HF in that order to reduce the organic matter, nutrients and microorganisms
from MWW to obtain reclaimed water for reuse purpose.

2. Material and methods
2.1 HF (Msubscript1) and modified HF membrane (Msubscript2) modules

The hollow fiber membrane modules used in the present study were supplied by CSMCRI,
Bhavnagar under CSIR Network Program (NWP-47). The details of preparation of UF-HF fibers
and skin layer coating were presented elsewhere (Cadotte 1981, Verissimo et al. 2005, Ray et al.
2010). The skin layer coating comprises the following steps: passing the fiber in a continuous
running mode through the aqueous meta-phenylene diamine solution (0.05/0.1% w/v) solution for
about 30 sec, and then through trimesoyl chloride solution (0.01-0.1% w/v in hexane) for 30 sec,
and then curing the fibers at 40°C. This results in the formation of stable polyamide layer on the
fiber surface. Different hollow fiber membrane modules varying in their length from 32-33 cm and
diameter from 1.6 cm to 3.8 cm containing fibers from 100 to 400 were made using commercially
available epoxy resin as the potting material.

The details of the two different modules are presented in Table 1. Both modules contain polysulfone
based HF, but the modified HF module had fibers coated with an over layer of polymer made of

Table 1 Specifications of HF (M;) and MHF (M,) membrane modules

Sr. No. Specifications M, M,
1 Length (cm) 325 33
2 Diameter (cm) 3.8 1.6
3 No. of fibers 400 100
4 Exposed fiber length in module (cm) 0.25 0.295
5 Total surface area (m?) 0.3140 0.09263
6 Material PS MPD-TMC / PS
7 MWCO (g mol™) 44000-94000 10000-14000
8 Calculated* pore size (nm) 5-7 2-3

*R (pore radius, nm) = 0.045x(MWCO)"**
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metaphenylene diamine (MPD) and trimesoyl chloride (TMC). These modules are referred as M; and
M,, respectively in the text. This layer effectively contributes to reduction in pore size comparable
to that commonly found in the flat sheet RO membranes (Cheryan 1998, Shah and Joshi 2009). In the
present study, M, contained HF membrane that has 4x lower MWCO and smaller pore size (2-3 nm)
relative to those in M;.

2.2 Experimental setup and operating conditions

The MWW sample was collected from a sewage channel passing through NEERI campus. Fresh
sample was collected on each day for experimental studies. The treatment scheme of filtration process
is shown in Fig. 1. The MWW sample was filtered through muslin cloth (pore size =0.1 mm) to
remove larger particulate and slimy flocs, prior to application using M; and M,. The HF membrane
module was operated in out-to-in mode at 10 psi under cross-flow conditions. The feed was transferred
to module through RO booster pump (Model 1800, KEMFLOW, rated flow, 1.8 L min™). The
permeate of HF module (M;) was considered as feed for modified HF module (M,). The operating
pressure and feed rate was kept constant i.e., 10 psi and 1.8 L min™, respectively. A two — min.
backwashing was given to M; and M, modules, by reversing the mode of operation i.e., in-to-out
mode. The modules were subjected to backwashing with 0.2% citric acid (1x) followed corresponding
permeate (2x) and finally Millipore water (2x). The sequence of backwashing was adequate to recover
the flux through the modules.

2.3 Analytical methods

Chemical oxygen demand (COD), total dissolved solids (TDS), total suspended solids (TSS),
chloride and hardness were determined as per the Standard Methods [APHA 2005]. The total bacterial
count was measured in terms of cfu/ml by Pour - Plate method (Method No.:9215B, Standard
Methods) and turbidity was measured by using ELICO Nephelometer (CL 52D, Hyderabad). Pore
morphology of the membranes was studied using LEO 1400 SEM microscope at 5-15 kV accelerating
voltage. MWCO values were measured by passing aqueous solutions of polyethylene glycol (PEG)
My, 3, 10, 20 and 35 KDa), dextran (M,, 70 KDa) and Polyethylene oxide (M,, 100KDa) each of
500 ppm through the virgin hollow fiber modules at 30 psi by out-to-in flow mode. The percent
organic solute in feed and permeate were analyzed by GPC (Waters) using ultrahydrogel columns.
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MWW T T
l —— 78 % ——
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M] I\/[2

Fig. 1 Flow chart for reclamation of MWW using hollow fiber membrane modules
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3. Results and discussion

SEM photomicrographs clearly show that the fibers have asymmetric structure with a dense skin
layer on both the inner as well as the outer surface with finger like channels in the middle (Fig. 2a).
The finger like channels from inner and outer layers is separated by a sponge like intermediate
structure. It is expected that the sponge like intermediate structure provides greater strength for the
fiber and hence the durability for long term applications. Fig. 2(b) shows skin layer thickness to be
approximately 2 um and a gradual enhancement in pore size from skin to the interior part of the
membrane.

MWCO (molecular weight cut-off) of the virgin membrane was determined using rejection factor
(Ry) of polymer solutes like PEG, Dextran and PEO, determined from the experiments of size
exclusion chromatography technique. MWCO estimated based on only PEGs is 44000 g/mol while
it is 94000 g/mol if considered a combination of PEG, Dextran and PEO solutes (Ray et al. 2010).
The membrane pore radii calculated are about 5-7 nm. Similarly, MWCO of the modified membranes
were determined using rejection factor (Ry) of PEG solutes, determined from the experiments of size
exclusion chromatography technique. MWCO estimated based on the PEGs is about 10000-14000
g/mol for the modified membranes which is about one-fourth of the MWCO of virgin membrane.

The M, and M, modules were tested initially for assessing the hydraulic characteristics (Table 2).
In general, water flux is higher than MWW flux for both the modules implying the constituents of
MWW can influence practical flux rates. The water flux of M; was 5 times higher than that of M,,
whereas it was 7-8 times in case of MWW. The difference could be attributed to different membrane

Fig. 2 SEM micrograph of the membrane showing circular bore (a) and (b) gradual variation in pore size
from skin to the interior part of the membrane obtained using 20% Polysulphone+2% PVP solution,
DMF +water (10/90 v/v) as pore former

Table 2 Cross flow velocity, pure water flux and sewage permeate flux for M; and M, at 10 psi, and feed flow
rate 1.8 L min™

Membrane module  CFV* (x107° m/s) Pure Water Flux (Lm2h™")  Sewage Permeate Flux (Lm>h™)

M, 9.55 187.26 154.77
M, 32.38 37.83 19.91

*CFV = Cross flow velocity (m/s) calculated from: (L/1000)x(m2)x(h™'/3600)
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Table 3 Permeate quality using Msubscript] and Msubscript1+Msubscript2 systems and Standards for potable water

Sr. No. Parameter* Feed quality** Permeate quality Standards for potable
(sewage) M, M, +M, water (IS:10500)
1 pH 7.4-7.6 7.5 7.4 6.5-8.5
2 TSS 59-70 16 BDL ----
3 Total Solids (TS) 388-560 341 270-289 500
4 Turbidity 89.9-110 16.5 5.0-9.8 5.0
5 COD 172-236 209 30-45 -—--
6  Total ammonia 25.5-30 11.9 2.0-5.6 -
7  Total hardness 190-210 190 160-170 300
8  Chloride 160-250 55 40-50 250
9  Total bacterial count (cfu/ml) 75000-2,00,000 23,000 90-110 0.1-0.3

*All values expressed in mg/l except pH and Total bacterial count, **Before pretreatment with muslin cloth
BDL = Below Detectable Limit

resistance of M; and M,. The HF fibers in M, carry thin film composite layer as described previously
which offers more resistance.

3.1 HF membrane filtration of MWW - permeate quality

Table 3 presents concentrations of various water quality parameters of raw feed (MWW), and
permeate of M;, M;+M,. The permeate quality is compared with IS: 10500 Standards for potable
water. The raw feed (prior to filtration through muslin cloth) contained the suspended solids, colloidal
matter and very large amount of microorganisms. The pre-filtration through muslin cloth did not
alter the feed quality significantly except that TSS was slightly less, in the range 50-55 mg/l. The
M; module removed a part of the suspended solids, colloidal materials and microorganisms. Both
TSS and TS were reduced to 16 and 341 mg/l, respectively. The chloride and turbidity was also
reduced to 55 mg/l and 16.5 NTU, respectively. The total bacterial count was reduced to 23,000
cfu/ml from 2,00,000 cfu/ml. The results indicate that permeate of M, falls short of Standards for
potable water with respect to turbidity, TSS, COD, ammonia, and bacterial counts. The performance
of M;+M,; was evaluated as per the flow chart illustrated in Fig. 1 (Table 3). The permeate quality
was good and the levels of most of the pollutants were very low. The operating pressure and
permeate flux was shown in Table 2. The concentrations of COD and NH,"-N were considerably
reduced when both M; and M, are operated in tandem. The chloride concentration was reduced to
<50 mg/l. The permeate from tandem operation (M;+M;) showed very remarkable reduction in total
bacterial count (<90-110 cfu/ml). Fig. 3 displays permeate quality in terms of variation in concentrations
of observed parameters studied over one-month period. The raw effluent characteristics TS, TSS,
TH, CI- fluctuated within 10% of the average values (Table 3), while total bacterial count on some
days during study period showed even greater changes (up to 50% of average value). The data in
Fig. 3 indicate that despite fluctuations in the feed water quality, the permeate quality is reasonably
stable during the study period. This confirms that the dual membrane process (M;+M,) filtration
assembly performs consistently and the process can accommodate reasonable variations in the
concentrations of the target parameters of the feed. The profile of flux as a function of time for both
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the modules is shown in Fig. 4. When the permeate flux was reduced to about 80% relative to the
initial flux, both modules were backwashed for 2 min by reversing the mode of operation, i.e., in-
to-out mode as described in the experimental section. The time course variation of flux for both the
modules along with flux recovery upon backwashing is depicted in Fig. 4. It is found that about 98-
99% of the initial flux is recovered by the backwashing process. In the present system, the need for
backwashing was low, approximately two times in a month when operated continuously. The permeate
quality in terms of turbidity, organic content, ammonia, hardness, TSS, TS and total bacterial count
could meet the water quality requirements for many reclaimed and non-potable reuse applications.
On the basis of results obtained, it is proposed that HF modules can be used for reclamation of
sewage. The HF modules required 10 Psi for achieving significant permeate flux (cf. Table 2). The
required pressure is two orders of magnitude low compared to the conventional RO membranes
which require up to 500-1000 Psi. Due to residual COD, ammonia, and bacterial counts in excess of
Standard values for potable water (Table 3), it may be said that the present system does not produce
potable quality water, however, the permeate fits to non-potable quality water for several reuse
applications.

The reclamation of sewage effluent as a secondary source of water for non-domestic use is a
national strategy of Singapore as water is a scarce resource in Singapore. A demonstration plant of
a dual MF/RO membrane process with the capacity of 10,000 m?*/day for production of potable
grade water from the secondary treated domestic sewage effluent has been successfully operated
(Tan and Lee 2001). Koning et al. (2008) assessed various water treatment technologies for reuse
including those of membrane filtration processes. Childress et al. (2005) discussed correlation
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between HF membrane and module properties, and attributed performance factors to the physical
integrity of the membranes. In this study, the combination of HF with modified HF used for
reclamation of sewage (Fig. 1). The suspended solids, colloidal matter and some microorganisms
are removed by M, while M, removed the organic compounds and most of the residual
microorganisms from sewage. Here M; served as the pretreatment for modified HF (M;) to reduce
the fouling rate. The hollow fiber configuration have three major advantages (Qin et al. 2003): (1)
HF modules have much larger ratio of membrane area to unit volume compared to flat and spiral-
wound modules and hence higher productivity per unit volume of membrane module; (2) they are
self supporting which can be back washed to recover the flux; and (3) they have good flexibility in
the mode of operation. However, the present system comprising virgin and modified HF membranes
requires more investigations with larger module sizes for longer period before their practical utility
can be established. Due to lower pressure application required for the HF modules, the treatment
process explored in the present study may be cost effective.

4. Conclusions

On the basis of the experiments with the lab-scale HF modules, the use of hollow fiber for
reclamation of sewage can be regarded as technically feasible. The filtration of sewage using HF
and modified HF modules in series can produce treated water whose quality permits its reuse in
several non-potable applications.

Acknowledgements

This work was carried out under CSIR Network Programme (NWP-47). The authors thank Dr. T.
Chakrabarty, Director, NEERI. and Dr. P.K.Ghosh, Director, CSMCRI, Bhavnagar for encouragement.

References

Bixio, D., De Heyder, B., Cikurel, H., Muston, M., Miska, V., Joksimovic, D., Schifer, A.l., Ravazzini, A.,
Aharoni, A., Savic D.A. and Thoeye, C. (2005), “Municipal wastewater reclamation: where do we stand? An
overview of treatment technology and management practice”, Water Science and Technology, S, 77-85.

Cadotte, J.E. (1981), Interfacially synthesized reverse osmosis membrane, US Patent 4,277,344

Cheryan, M. (1998), Ultrafiltration and Microfiltration handbook, Lancaster, Technomic Publishing Co.

Childress, A.E., Le-Clech Pierre, Daugherty, J.L., Chen, C. and Leslie, GL. (2005), “Mechanical analysis of
hollow fiber membrane integrity in water reuse applications”, Desalination, 180, 5-14.

De Koning, J., Bixio, D., Karabelas, A., Salgot, M. and Schafer, A. (2008), “Characterization and assessment of
water treatment technologies for reuse”, Desalination, 218, 92-104.

Eaton, A.D. and Franson, M.A.H. (2005), Standard methods for the examination of water and wastewater, 21st
Edition, American Public Health Association (APHA), American Water Works Association(AWWA) & Water
Environment Federation (SEF).

Koltuniewicz, A.B. and Drioli, E. (2008), Membrane in Clean Technologies : theory and practice, Vol 1,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Lens, P, Pol, L.H., Wilderer, P. and Asano, T. (2002), Water recycling and resource recovery in industry:
analysis, technologies and implementation, TWA Publishing Co., U.K.



214 Swjata Waghmare, Smita Masid, A. Prakash Rao, Paramita Roy, A.V.R. Reddy, T. Nandy and N.N. Rao

Qin, JJ., Oo, M.H., Lee, H. and Kolkman, R. (2004), “Dead end ultra filtration for pretreatment of RO in
reclamation of municipal wastewater effluent”, J. Membrane Sci., 243, 107-113.

Qin, JJ., Li, Y., Lee, L.S. and Lee, H. (2003), “Cellulose acetate hollow fiber ultrafiltration membranes made
from CA/ PVP (360 K)/ NMP/ water”, J. Membrane Sci., 218, 173-183.

Ray, P, Singh, P.S., Parashuram, K., Trivedi, J.J., Devmurari, C.V., Rao, N.N., Waghmare, S. and Reddy, A.VR.
(2010), “Preparation and surface modification of hollow fiber membranes for drinking water disinfection and
water reclamation”, InDACON, March 10-12, Chennai, India.

Saha, N.K. and Joshi, S.V. (2009), “Performance evaluation of thin film composite polyamide nanofiltration
membrane with variation in monomer type”, J. Membrane Sci., 342, 60-69.

Tam, L.S., Tang, T.W., Lau, GN., Sharma, K.R. and Chen, GH. (2007), “A pilot study for wastewater
reclamation and reuse with MBR/RO and MF/RO systems”, Desalination, 202, 106-113.

Tan, J.Y. and Lee, M.F. (2001), “NEWater—an alternative source of water for the wafer fab industry in
Singapore”, Proceedings of Recycling and Alternate Sources for the Wafer/PCB Industries Conference,
Singapore, 11-12 July.

Verissimo, S., Peinemann, K-V. and Bordado, J. (2005), “Thin-film composit hollow fiber membranes: an
optimized manufacturing method”, J. Membrane Sci., 264, 48-55.

Wintgen, T., Melin, T., Schafer, A., Khan, S., Muston, M., Bixio, D. and Thoeye, C. (2005), “The Role of
membrane processes in municipal wastewater reclamation and reuse”, Desalination, 178, 1-11.

ED




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




