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Abstract In this laboratory pilot-scale study, a hybrid
treatment system has been developed to remove chlori-
nated solvent trichloroethylene and fine particles
from chlorinated solvent trichloroethylene-contaminated
groundwater before it is applied for further recovery. The
two-stage system contained fiber-ball filtration followed by
nanofiltration membrane processes. The measured chlori-
nated solvent trichloroethylene and suspended solids of
the tested groundwater were 850 pg/L and 1,052 mg/L,
respectively. Up to 97.3 % of chlorinated solvent trichlo-
roethylene and 99.9 % of SS could be removed by the
hybrid system with an operational pressure of 4.1 kg/cm?.
The chlorinated solvent trichloroethylene removal mecha-
nism in the fiber-ball filtration process could be due to
adsorption. Approximately 98.2 and 78.6 % of chlorinated
solvent trichloroethylene rejection was observed when
nanofiltration membrane was used for chlorinated solvent
trichloroethylene removal with the recover rate of 80 %
and initial chlorinated solvent trichloroethylene concen-
tration of 1 and 10 mg/L. Higher chlorinated solvent tri-
chloroethylene rejection can be obtained when lower
chlorinated solvent trichloroethylene concentration (1 mg/L)
was applied. High chlorinated solvent trichloroethylene
concentration (10 mg/L) would increase the pore size of
nanofiltration, which causes the decrease in chlorinated
solvent trichloroethylene rejection rate. Approximately
46.6 % of flux drop was observed when nanofiltration
membrane was used along compared to the system using
FF as the first treatment stage. This indicates that the
application of fiber-ball filtration could maintain a higher
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flux of groundwater treatment. The developed fiber-ball
filtration and nanofiltration hybrid membrane system is
able to reduce the chlorinated solvent trichloroethylene and
solid concentrations to meet the water reuse and ground-
water remediation standards.
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Introduction

In Taiwan, groundwater is a very valuable water resource
for both urban and industrial uses. Approximately 30 % of
the drinking water and 25 % of all water used come from
groundwater. However, groundwater at many existing and
former industrial sites and disposal areas is contaminated
by chlorinated organic compounds. The chlorinated solvent
trichloroethylene (TCE) is one of the most ubiquitous of
these compounds. The toxic and persistent nature of TCE
poses a serious health threat to humans and ecological
receptors (Tsai et al. 2010, 2011). Thus, appropriate
groundwater treatment technologies need to be developed
after groundwater pumping before the extracted water is
delivered for domestic or industrial uses. Chemical oxi-
dation and biological treatment are two commonly used
technologies for the treatment of TCE-contaminated
groundwater. However, oxidant addition during the
chemical oxidation process might cause the secondary
pollution problem and the residual oxidants would also
limit the further usage of treated groundwater (Zermefio
et al. 2011). The lengthy timeframe of the biological
treatment would not be possible for immediate ground-
water recovery unless a large bioreactor is installed on site
for groundwater treatment.
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Membrane technologies have been applied in recent
years in different industries for water purification (Hoinkis
and Panten 2008; Kan et al. 2012). The dual membrane
ultrafiltration (UF)/reverse osmosis (RO) process has been
used to improve the quality of the reclaimed water. UF has
been replaced by microfiltration (MF) or nanofiltration
(NF) in different field applications (Hoinkis and Panten
2008). The UF is usually used for microbial removal and is
also useful for large molecule recovery, which makes water
recycling more economic (Howell 2004). In the context of
pressure-driven membrane processes, the solution-diffu-
sion model was predominantly used for the description of
RO. However, it has also been employed for NF modeling
(Yaroshchuk et al. 2011).

Compared to traditional physical/chemical treatment
processes, membrane processes have the advantages of
approving water quality, saving space, saving chemical
dosage, reducing sludge from chemical processes, and
selectively eliminate physical, chemical, and microbio-
logical contaminants from wastewater (Huang et al. 2010).
Thus, using membrane processes is increasingly popular
for wastewater reuse applications, and membrane tech-
nology is being considered as a reliable option for waste-
water reclamation.

The major problems in pressure-driven membrane
processes is the reduction of the permeate flux due to
membrane fouling, resulting in increased operating costs,
and the hydrophilic fraction of the contaminants also has a
higher tendency of fouling membranes (Vrouwenvelder
et al. 2009). Membrane scaling can lead to not only a
severe decline in permeate flux but also a considerably
shortened membrane lifetime (Vogel et al. 2010). This
contributes to increased operational costs as a result of
permeate flux decline and/or increased trans-membrane
pressure (TMP) requirements (Peiris et al. 2010). Colloid
fouling is one of the major categories of performance
deterioration in membrane water treatment processes
(Huang et al. 2011). To control fouling, identification
and quantification of flocculants in treated wastewater
and applying pre-treatment processes have been studied
(Fan et al. 2008).

Traditionally, sand filtration has been applied for parti-
cle removal. However, the removal efficiency of equivalent
particle size for sand filtration system is about 20 pm.
Thus, the efficiency of using sand filtration on clayey or
silty particles contained in groundwater would be low.
Clogging of sand filtration and limited land space for sand
filter tank are two other concerns when it is applied on site.
Thus, alternative pre-treatment technology for groundwater
purification is required. Fiber ball filtration (FF) has been
applied to replace traditional sand filtration and biofiltra-
tion for small particle removal in recent years (Huang et al.
2010). Xue et al. (2008) used FF as the pre-treatment unit
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for hotel wastewater treatment before the dual membrane
system (UF/RO) was applied for water reclamation.
Results of this study showed that high particle and algae
removal efficiency was obtained using the FF pre-treatment
unit (Xue et al. 2009; Zeng et al. 2007). Fiber ball filters
were used as the filtration materials in the oil refining
wastewater recycling process (Zeng et al. 2007).
Researchers reported that an effective and efficient particle
and floc removal was achieved, and effluent suspended
solid (SS) concentration was below 2 mg/L. after the FF
treatment (Zeng et al. 2007).

Membrane systems combining chemical/physical pro-
cesses (e.g., coagulation/sedimentation, ozonation, chlori-
nation, activated carbon) with membrane unit have been
developed (Xie et al. 2011). However, there were few
studies used combined membrane system to treat and
recycle chlorinated organic compounds contaminated
groundwater. In this study, a hybrid treatment membrane
system consisting of FF and NF processes has been
developed to treat TCE-contaminated groundwater before
it can be further treated by RO unit for domestic or
industrial uses. The advantages of this hybrid treatment
system included (1) no degradation byproducts, (2) no
chemical addition, (3) efficient pollutant removal, and (4)
satisfactory water quality after treatment. The objectives of
this study were to (1) investigate the characteristics of the
tested TCE-contaminated groundwater, (2) evaluate the
feasibility of using FF and NF on TCE removal, (3) design
a hybrid membrane system for the recovery and reuse of
TCE-contaminated groundwater, and (4) evaluate the
fouling potential of the applied membrane.

Site description

A TCE-spill site located in southern Taiwan was selected
for this contaminated groundwater purification study. In
late 2008, leakage from a TCE storage tank resulted in
the groundwater contamination. On-site borings encoun-
tered up to 22 m of mostly brownish and fine to medium
sand loam. The average groundwater elevation within the
shallow aquifer is approximately 4-6 m below land sur-
face. The measured effective porosity is 0.35, and the
average hydraulic conductivity for the surficial, uncon-
fined aquifer is 0.011 cm/s. The measured groundwater
temperature in the surficial aquifer varies from 19 to
27 °C.

The preliminary site investigation results (data not
shown) indicate that the TCE contamination has become a
diffuse pollution, which has resulted in a dispersed TCE
plume in the site. The groundwater concentration varied
from 0.58 to 1.1 mg/L. Because the site groundwater is
pumped for industrial and irrigation uses, the contaminated
groundwater needs to be treated and purified on site before



Int. J. Environ. Sci. Technol. (2014) 11:149-158

151

it can be reused. In the meantime, the treated groundwater
needs to meet groundwater remediation standard for
TCE (0.05 mg/L) established by Taiwan Environmental
Protection Administration (TEPA) (TEPA 2011).

Materials and methods
Groundwater sampling and analyses

Groundwater samples were collected from two monitor
wells (MW1 and MW2) for the pilot-scale study.
Groundwater samples were analyzed for organic
compounds and geochemical indicators including pH,
conductivity, turbidity, total dissolved solids (TDS), suspended
solids (SS), total organic carbon (TOC), ammonia nitrogen
(NH3+—N), nitrite (NO; ), nitrate (NO3), alkalinity, hard-
ness, chloride (CI7), sulfate (SO), heavy metals, total
bacterial count (TBC), and TCE. Sample analyses were
performed in accordance with the methods described in
Standard Methods (APHA 2005). Ion chromatography
(Dionex 600, USA) with an analytical column (IonPac
AS-17, 4 x 250 mm, Dionex) was used for anion and
cation analyses. The MP120 pH/Eh meter (Mettler-Toledo)
was used for pH measurement. TOC was analyzed by a
Total Carbon Analyzer (Multi N/C 3000, Analytik Jena
AG, Germany). Concentrations of TCE were analyzed in
accordance with EPA method 601, using a Tekmer Purge
and Trap Model LSC 2000 with a Varian Model 3800 gas
chromatograph (GC). A 50 m x 0.32 mm DB-624 capil-
lary column with a 0.25 pm film was used for sample
separation. In this study, all chemicals were reagent grade
(Fisher Scientific, USA).

Hybrid membrane system design and performance
evaluation

In this study, the effectiveness of FF on the treatment of
collected groundwater was evaluated through a packed bed
PVC column experiment. The fiber ball was made of
polyester, which can resist high temperature (up to
260 °C), and can be rinsed by acidic (35 % HCI; 75 %
H,S0,; 65 % HNO3;) and basic solution (10 % NaOH;
28 % NH4OH) (Tsinghua Tongang Co., Beijing, China).
The diameter, porosity, and surface area of each fiber ball
were 2.5cm, 85 %, and 2,000 mzlg, respectively.
Approximately 100 fiber balls were packed in the column
for groundwater filtration. Figure 1 shows the schematic
diagram of the FF system. A peristaltic pump (Cole Parmer
MasterFlex L/S®) was used to deliver the groundwater into
the filter tank. All tubing materials in contact with solution
were made of Norprene (A-06402-15, Cole Parmer).

The operational conditions of the FF system are presented
in Table 1. In this study, FF was applied as a pre-treatment
process for pollutants (e.g., SS, turbidity, and TCE)
removal under different operational conditions. The control
factors included influent solid concentrations (e.g., turbid-
ity, SS) and filtration velocity. Three different influent
turbidity values (61, 177, and 370 NTU) prepared using
kaolin solutions were tested with filter velocities of 6.1,
15.3, and 27.5 m/h, respectively. Higher groundwater tur-
bidity values would be observed after storms or rainfalls.
Thus, higher influent turbidity values were applied in this
study to obtain more conservative results. The operating
pressure was approximately 4.1 kg/cm?”. Effluents collected
from the column outlet were analyzed for water quality
indicating parameters (e.g., turbidity, SS, TCE). Duplicate
experiments were performed in this study. The results are
presented as the mean =+ standard deviation. Figure 1
presents the schematic diagram of the hybrid membrane
system of the pilot-scale study. In this system, the TCE-
contaminated groundwater was used as the feed solution.
The collected groundwater was treated by FF followed by
the membrane module. Each unit consisted of a high-
pressure feed pump, pressure vessel, and a recirculation
loop with a pressure gage and a flow meter. This system
was operated in continuous-feed mode with a recycle of
concentrate flow to maintain a required minimum con-
centrate flow. Flows and pressures were controlled by
adjusting the feed, recycle, concentrate, and permeate
valves. In this study, the feed and recirculation flow rates of
the hybrid membrane system were 0.5 and 0.1 L/min,
respectively. The volume of groundwater treated per cycle
was 0.44 L/min. The experiments were carried out using
three different types of membrane modules (MF, UF, and
NF) [membrane material: polystyrene (PS), thin film
composite (TFC) and cellulose acetate (CA), effective
membrane filtration area: 114 cm? (Advanced Biotech-
nology Laboratories Co. Ltd.,, Taiwan)]. The flat
type membrane (MF, UF, and NF) cartridge has a dimen-
sion of 23 cm (L) x 13 cm (W). The water permeate flux
and operating pressure were 7.5 L/h/m* and 3.2 kgg/cm?,
respectively. Duplicate experiments were performed in this
study. The results are presented as the mean =+ standard
deviation. Table 2 shows the key characteristics of three
different types of membrane modules.

The groundwater used in experiment was sampled from
a monitor well (MW) (with TCE concentration of
approximately 1 mg/L) located inside the contaminated
area of the studied TCE spill site. To evaluate the perfor-
mance of the developed hybrid membrane system and three
membrane types (e.g., MF, UF, and NF) on TCE removal
and water quality purification, water samples were ana-
lyzed for water quality indicating parameters (described in
“Groundwater sampling and analyses”) during the
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Fig. 1 Schematic diagram showing the (1) fiber ball filtration system and (2) hybrid membrane system

Table 1 The operational conditions of the fiber ball filtration system

Item Value
Depth of filter (mm) 245
Depth of fiber ball (mm) 180
Velocity of filtration (m/s) 0.5
Moisture value (%) 85.1
EBCT (min) 0.32

EBCT of fiber ball filter was described using the following equation:
EBCT (min) = V/Q

EBCT empty bed contact time, V volume of fiber ball (m3), Q the flow
rate of fiber filtration (L/min)

? @ Springer

operational period of the pilot-scale study. The membrane
samples collected from different locations were analyzed
by the scan electron microscopy (SEM) to investigate the
variations in membrane surface formation. The efficiency
of TCE treatment by different types of membranes was also
investigated.

Membrane resistance analysis
In the TCE tolerance test, different TCE concentrations

(1, 6, 8, and 10 mg/L) were used to evaluate the removal
efficiencies by cellulose acetate (CA) NF membrane.
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Table 2 Characteristics of different types of membrane modules

Membrane Material pH Maximum temperature (°C) Operating pressure range MWCO (Da)
Bar 1 kg/em?
MF PS 2-11 50 2-6 30-150 2.1-10.5 5% 10°
UF TFC 2-11 50 4.6-26.6 70—400 4.9-28.1 1,000
NF CA 5-6.5 30 6-13.3 60-200 4.2-14.1 200
PS polystyrene, TFC thin film composite, CA cellulose acetate, MWCO (Da) molecular weight cut-off (Dalton)
In the test, water samples were collected when 20, 40, 60, Table 3 Characteristics of the site groundwater
70, and 80 % of recovery were obtained (Eq. 1). Parameter MW A B®
volume of permeate (V .
Recovery (%) = 0 fp food V( ) x 100 % Temperature (°C) 287 £ 1.4 - -
volume of feed (V) oH 72 406 _ B
(1) DO (mg/L) 348 + 0.4 - -
At the end of the membrane experiment, water samples 1 urbidity (NTU) M+ 14 - -
were also analyzed for TCE rejection, flux, and recovery S8 (mg/L) 1,052 + 94 - -
of permeate. Membrane samples were collected and ~ Conductivity 293+ 18 - -
analyzed for the surface formation using FEI Quanta 200  TDS (mg/L) 775 £ 59 1,250 -
environmental scanning electron microscope (ESEM) and ~ TOC (mg/L) 1.34 £05 - -
energy-dispersive spectroscope (EDS). The membrane  NHj - N-N (mg/L) 0.013 £ 0.006 0.250 -
resistances were determined using the normalized flux ~ NO, (mg/L) 0.005 =+ 0.001 - 1
(J/Jp) described in the following equation (Fan et al. 2011). NO; (mg/L) 4.05 + 0.83 250 10
J SO~ (mg/L) 167 £ 21 625 -
Normalized flux = 7 () o men) 263 + 4.5 625 -
0 Alkalinity (mg/L as CaCOs) 339 £ 20 - -
. . ) . . 0
J is .the running flux; Jy the thirst flux (1 mlfl). Flux.f = Hardness (mg/L as CaCOs) 366 + 25 750 -
O, is the volume ofzpermeate (L) h the time A is the  1cg (mg/L) 085 + 0.11 B 0.05
membrane surface (m”) Fe (mg/L) 099 + 0.12 150 -
Mn (mg/L) 0.16 £ 0.06 025 -

Results and discussion
Groundwater analysis

Table 3 shows the characteristics of the groundwater col-
lected from the contaminated area of the TCE-spill site.
Because membrane unit was used in the hybrid treatment
system, the corrosion and biological scaling potentials were
evaluated. Thus, except of the TCE concentration, other
water quality indicators (e.g., solid, inorganic compounds,
TBC, TOC) were analyzed.

Results show that the averaged pH, turbidity, SS,
NHJ - N, TDS, and conductivity were 7.2, 34 NTU, 1,052,
0.013, 775 mg/L, and 293 uS/cm, respectively. The mea-
sured alkalinity and hardness of the tested groundwater had
average concentrations of 339 and 366 mg/L, respectively.
This indicates that the site groundwater contained high
concentrations of solids and alkalinity. The comparatively
higher conductivity, SS, and TDS values also reveal that
the groundwater needed to be pre-treated before further
purified by RO system.

TBC (CFU/mL) 20 x 10 £ 3.1 x 10° - -

4 A = Taiwan 2nd class groundwater pollution monitoring standards
® B = Taiwan 2nd class groundwater pollution control standards
¢ Mean £+ SD

—, not available

The measured TBC and TOC in groundwater were
1.95 x 10* CFU/mL and 1.4 mg/L, respectively. The
TBC and TOC concentrations indicate that the biological
fouling potential was relatively high. The averaged TCE
concentration in site groundwater was approximately
0.85 mg/L, and its daughter compounds [dichloroethene
(DCE) and vinyl chloride (VC)] were not detected. This
might reveal that the intrinsic reductive dechlorination of
TCE was not significant. The low Fe and Mn concen-
trations (<1 mg/L) and high DO concentration (3.48 mg/L)
in groundwater also suggest that the site groundwater
was under aerobic and oxidized conditions, which
limited the possible Fe/Mn fouling on the membrane
surface.

)
% @ Springer



154

Int. J. Environ. Sci. Technol. (2014) 11:149-158

Treatment efficiency and filtration rate using FF

Figure 2 presents the turbidity removal efficiency through
FF unit. Results show that up to 95-99 % of turbidity
removal efficiencies were observed when three different
initial turbidity values (61, 177, and 370 NTU) and three
different filter velocities (6.1, 15.3, and 27.5 m/h) were
applied. The turbidity value dropped to below 3 NTU after
the application of FF system. The results indicate that the
FF system would be able to remove the solids in ground-
water effectively. Because the pore size of the fiber ball is
less than 5 nm, the silt and sand particles in groundwater
can be removed via the FF process.

Results from other studies show that TCE in solution
could be adsorbed onto porous materials in solution, which
caused the decrease in TCE concentrations in the super-
natant (Mudliar et al. 2010; Wei et al. 2010). Thus, sorption
was the one of the major mechanisms, which caused the
decrease in TCE concentrations in solution containing
porous materials (Mudliar et al. 2010; Wei et al. 2010).
Huang et al. (2010) used different types of PAC to evaluate
the adsorption mechanisms using porous materials. Their
results indicated that the adsorption of natural organic
matter (NOM) in water by porous materials would cause
the occurrence of competitive adsorption mechanism,
which resulted in the decease in TCE removal. Li et al.
(2003) indicated the competitive adsorption contained two
major mechanisms including direct site competition and
pore constriction/blockage with porous materials. Results
from this study show that approximately 4.5, 6.7, and
92.6 % of TOC, TDS, and SS were removed through the
FF unit, respectively (Table 4). This indicates that
adsorption of NOM and inorganic particles in groundwater
by FF might cause a drop of TCE removal efficiency due to
the possible competitive adsorption mechanism. Thus,

3.5

177

251 B 370

tubidity (NTU)

%
.
370

filter velocity (m/hr)

Fig. 2 The removal efficiency of turbidity by three levels velocities
on fiber ball filter
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significant TCE removal was observed at the beginning of
the FF operation, however, complete TCE removal could
not be obtained.

Effect of different types membrane on TCE removal

Figure 3 presents the treatment efficiency of TCE (1.0 mg/
L) using different types of membrane operated in room
temperature (26 °C) with filter pressure of 4.1 kg/cm?. The
MWCO (molecular weight cut-off) for MF, UF, and NF
membranes were 500 K, 1 K, and 200 Da, respectively.
Thus, higher TCE rejection rate was observed when NF
was used as the filtration membrane. The main TCE
removal mechanism in the MF and UF systems was
membrane filtration (Mudliar et al. 2010; Zhao et al. 2011).
However, TCE was removed through the sieving electro-
static repulsion force and dissolution and diffusion mech-
anisms in the NF system (Kumar et al. 2008; Zhao et al.
2011). Therefore, it is possible that sieving electrostatic
repulsion force, dissolution, and diffusion were also the
TCE removal mechanisms when the NF membrane was
applied for water treatment. This also caused the different
treatment efficiencies of TCE using three different mem-
brane systems (Zhao et al. 2011). Variations in TCE
rejection efficiency versus recovery rate are also shown in
Fig. 3. Results show that the TCE rejection efficiencies
increased as the membrane recovery rate increased. The
observed TCE rejection efficiencies for MF, UF, and NF
membranes were 95.8, 96.1, and 98.2 %, respectively,
when high recovery rate (80 %) was used. The results
indicate that a higher TCE separation efficiency could be
obtained when a lower MWCO membrane was used.
Similar results were also reported by Fersi et al. (2009).
Significant linear correlations between the TCE rejection
efficiency and recovery rate were observed although dif-
ferent types of membranes were used.

Membrane tolerance test of different levels TCE
concentration

In this study, the effectiveness of NF membrane on TCE
removal was evaluated. Four different initial TCE con-
centrations (1, 6, 8, and 10 mg/L) were tested. Figure 4
shows the variations in TCE rejection versus the recovery
rate with varied initial TCE concentrations (1, 6, 8, and
10 mg/L). Results indicate that up to 96.6 and 98.2 % of
TCE rejections were observed when the recover rates were
20 and 80 % with the initial TCE concentration of 1.0 mg/L,
respectively. Results also show approximately 75.3 and
78.6 % of TCE rejections were observed when the recover
rates were 20 and 80 % with the initial TCE concentration
of 10 mg/L, respectively. Results indicate that higher TCE
rejection can be obtained when lower TCE concentration
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Table 4 Results of groundwater treatment efficiencies using the hybrid treatment system

Parameters Raw water FF R® FF + NF R® A° B¢ (o
pH 7.2 £ 0.6° 715+ 0.3 - 71403 - 6.0-8.5 6.0-8.5 6.0-8.5
Turbidity (NTU) 34+ 14 1.0 £+ 0.1 950 <1 999 <0.5 <5 <5
SS (mg/L) 1,052 + 94 7845 26 <I 999 <2 <2 <2
TOC (mg/L) 134 £ 05 128 £ 0.2 45 04+0.1 70.0 <3 <5 -
Conductivity (p1S/cm) 293 + 18 263 + 15 102 125+ 12 573 <250 <300 -
TDS (mg/L) 775 + 59 723 4 32 6.7 77419 90.1 <100 <800 -
NH{-N (mg/L) 0.013 £ 0.006 0.01 %+ 0.002 23.1 0.001 £0.001 923 - <35 -
NO; (mg/L) 0.005 =+ 0.001 0.003 £ 0.001 40.0 0.002 &+ 0.001 60.0 <50 <400 <850
NO; (mg/L) 4.05 + 0.83 3.82 4+ 0.65 57 3.75+047 74 - - -
SO2~ (mg/L) 167 + 21 156 + 16 66 5.1 %21 96.9 <15 - -
Cl™ (mg/L) 263 + 4.5 238 + 2.4 95 3.82+1.1 855 <5 <50 -
Alkalinity (mg/L as CaCOs) 339 + 20 334 4 17 15 5944 82.6 <20 <200 -
Hardness (mg/L as CaCOs) 366 + 25 346 + 17 55 20+3 945 - - -
TCE (mg/L) 0.85 + 0.11 0.035 + 0.002 959 0.023 +£0.001 973 <0.04 <0.3 -

Fe (mg/L) 0.99 + 0.12 0.005+ 99.5  <0.001 999 <0.05 <0.1 -
Mn (mg/L) 0.16 & 0.06 0.052 + 0.012 67.5 0.049 +£0.01 694 <0.5 <5 <5
TBC (CFU/mL) 20x 10*+3.1 x 10> 99 x 10° £ 12 x 10* 492 75+ 28 9.6 - <3 -

% R = FF removal efficiency

® R = total removal efficiency

¢ A = boiler water use standards
4 B = cooling water use standards
€

f Mean + SD
—, not available

100
95 |-
S
£ 0
151
Q
& 85
m
2 TCE 1.0 mg/L
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80 |- A UF
m NF
75 | | | |
20 40 60 80
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Fig. 3 Variations in TCE rejection versus recovery rate using
different membranes types (pressure 4.1 kg/cm?)

(1 mg/L) was applied. Significant decrease in TCE rejec-
tion was obtained when NF was used to treat higher TCE
concentration (e.g., 10 mg/L). Al-Amoudi (2010) indicated
that the membrane pore size would shrink due to the
inefficient dissolution rate. Yang et al. (2001) reported
that residual organic solvent would remain on the NF

C = irrigation water use standards developed by Water Resources Agency, Taiwan
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Fig. 4 Variations in TCE rejection versus the recovery rate using NF
membrane with different initial TCE concentrations

membrane surface and cause the destruction of functional
groups of membrane materials when high concentration of
organic solvent was treated. This makes the NF membrane
became polarized. Fersi et al. (2009) indicated that the
polarization of the membrane would make up cake layers
on membrane surface rapidly, which caused the reduction

v
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Fig. 5 ESEM photographs of NF membranes before and after the groundwater treatment [a before treatment (x2,000), b, ¢ after treatment

(b x1,000, ¢ x500)]

1.0
—@— groundwater + NF

0.9 Pressure= 4.1 kg/cm’ A— groundwater + FF + NF
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0.7
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Fig. 6 Variation in membrane flux versus time in two different tests

of flux. Liang et al. (2007) also reported that the pore size
on membrane surface would contract due to the residual
organic contaminant on the membrane surface, and this
would increase the rejection rate of contaminates. Thus,
using membrane to treat highly organic solvent (e.g., TCE)
contaminated groundwater (or wastewater) (e.g., TCE
10 mg/L) would not achieve satisfactory contaminant
rejection efficiency.

Application of hybrid treatment system on site
groundwater purification

In this study, the developed hybrid membrane system (FF
unit followed by NF unit) was applied for the contaminated
groundwater (collected from the studied TCE-contaminated
site) reclamation. Table 4 presents the removal efficiencies
of turbidity, TDS, SS, conductivity, TOC, NH;r - N, NO;,
NOy, SOZ‘, Cl™, alkalinity, hardness, Fe, Mn, TBC, and
TCE after the treatment by the hybrid treatment membrane
system. Results show that up to 97.3 % of TCE, 99.9 % of
turbidity, and 99.9 % of SS could be removed by the hybrid
treatment system. Results indicate that the hybrid system
could effectively remove TCE, inorganic particles,

* @ Springer

turbidity, and TBC from groundwater and improve the
groundwater quality significantly. The treated groundwater
can meet the use for boiler water, cooling water, and irri-
gation use and groundwater remediation standards, and also
minimize the possible membrane fouling if a RO membrane
is applied after the hybrid system for further treatment.
However, results show that no significant drops for NOj,
SOﬁ‘, and alkalinity after treatment by the hybrid system.
This indicates that FF and NF are not effective on dissolved
inorganic chemicals removal.

Figure 5a shows the ESEM photograph of NF mem-
brane before the application on groundwater treatment.
Figure 5b is the ESEM photograph (1,000x) showing the
retained TCE on the NF membrane surface after the
treatment of groundwater with high TCE concentration
(10 mg/L). Figure 5c shows the damage of the NF mem-
brane surface after the treatment of groundwater with high
TCE concentration (10 mg/L) (500x). The retained TCE
would cause the decrease in normalized flux. Furthermore,
the retained TCE would also result in the damage of the
membrane, which would increase the pore size of mem-
brane, and thus, cause the decrease in TCE rejection rate.

Figure 6 shows the membrane flux of two different
treatment tests. In the first test, no FF unit was applied and
the NF unit was used for groundwater treatment directly and
the flow pressure was controlled at 4.1 kg/cm® in NF
membrane module. Results show that the normalized flux
for the NF and FF + NF processes were 0.42 and 0.75
(J1Jy), respectively. Approximately 46.6 % of flux drop was
observed when NF membrane was used along compared to
the system using FF as the first treatment stage. This indi-
cates that the appropriate pre-treatment process (FF 4+ NF)
would ensure a high permeate flux of membrane and also
extend the life of NF membrane. If proper pre-treatment is
applied, the lifetime of NF can be extended to 3 years
(Huang et al. 2011). Results indicate that the hybrid pre-
treatment system is appropriate for the reclamation of TCE
and fine-particle contained groundwater treatment before
the groundwater is further purified for reuse.
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Conclusion

In this laboratory pilot-scale study, a hybrid treatment sys-
tem contained FF unit followed by NF membrane unit was
developed to treat TCE-contaminated groundwater before
RO unit was applied for further domestic and industrial uses.
Conclusions of this study include the following:

1. FF could effectively remove groundwater turbidity to
less than 3 NTU while filtration rates were 6.1, 15.3,
and 27.5 m/h with initial turbidity value up to 61, 177,
and 370 NTU, respectively.

2. More than 97.3 % of TCE, 99.9 % of turbidity, and
99.9 % of SS could be removed by the hybrid
treatment system when the initial TCE, conductivity,
and SS of the tested groundwater were approximately
850 pg/L, 34 uS/cm, and 1,052 mg/L, respectively,
with an operational pressure of 4.1 kg/cm”. This
indicates that the developed FF and NF membrane
system is able to reduce the TCE and solid concen-
trations to meet the water reuse and groundwater
remediation standards.

3. Upto 98.2 % of TCE rejection was observed when NF
membrane was used for TCE removal with the recover
rate of 80 % and initial TCE concentration of 1.0 mg/L.
Results also indicate that high TCE concentration
(10 mg/L) would increase the pore size of NF, and thus,
cause the decrease in TCE rejection rate.

4. Approximately 46.6 % of flux drop was observed
when NF membrane was used along compared to the
system using FF as the first treatment stage.

5. The TCE removal mechanism in the FF process was
mainly due to adsorption. However, sieving electrostatic
repulsion force and solution-diffusion mechanisms were
the major causes of TCE removal in the NF unit.

6. The proposed hybrid treatment membrane system
scheme would be expected to provide a more effective
method using FF as the treatment unit followed by UF
membrane system to purify TCE-contaminated
groundwater for the groundwater treatment and water
reuse purpose.
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