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1. Introduction

Water scarcity caused several issues such as water supply and water pollution control as well as the
development of new water resources with the least environmental impact became one of the most
important demands in many countries. Reclamation of wastewater effluent is one of the emerging
alternatives for the water supply resource.

Recently, membrane distillation (MD), a thermal-driven membrane process, has gained intensive
attention. Driving forces of the MD process are heat and partial pressure gradient across the hydrophobic
porous membrane and only vaporized molecules can transport through the membrane pores [1]-[3]. Due
to the separation mechanism based on vapor/liquid equilibrium, non-volatile compounds could be
removed completely through the membrane in theory and the hydrophobic membrane with micro pore
size in MD process also shows less fouling problem against contaminants compared to hydrophilic
membrane with a much smaller pore size (several nanometer or lesser) used in conventional pressure-
driven processes such as reverse osmosis (RO), microfiltration (MF), and nanofiltration (NF) [4]-[6].
Based on the selectivity for contaminants and the fouling resistance, MD process could have great
advantages for wastewater treatment.

For the practical application of the MD process, very limited numbers of pilot plants were applied in
treatments of petrochemical, oil production and gas refinery wastewater, seawater desalination and fruit
juices concentration [7]-[11] despite the great potential advantages for wastewater treatment. As many
previous researches pointed out, one of the major obstacles in practical application of MD system is low
energy efficiency than current membrane process (i.e. RO) because relatively high energy is needed to
maintain the temperatures in feed and permeate reactors, so MD systems based on the reusable or waste
heat such as solar and geo-thermal energy that can enhance the capability of the MD technology were
investigated predominantly [12]-[15].

Lately, numerous researches on the application of MD to purify water from feed contaminated by
various spiked individual organic and inorganic substances such as humic acids, carbohydrates, proteins,
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NaCl, and CaCOs3 have been reported. The extent of humic acid fouling in membrane distillation for
water treatment was examined by Srisurichanet et al. [16]. M. Gryta [17] found significant amounts of
Aspergillus and S. faecalis on the polypropylene membrane surface used in the examined MD module
for treating saline wastewater. Additionally, the used membranes did not reject S. faecalis bacteria that
were detected in the distillate. Using MD, M. Gryta et al. concentrated a NaCl solution containing natural
organic materials [18].

However, no report about water reclamation from actual complex composition sources like MWWTP
effluent was available. Therefore, the practical investigations on the MD performances in terms of water
flux, produced water quality and the application of countermeasures for mitigating the fouling in the
MD treatment of MWWTP effluent using the high flux PTFE/PP bi-composite membrane would provide
us meaningful information on the MD application for the reclamation of MWWTP effluent.

In this study, to fulfill the aforementioned objectives, MD treatments of actual primary MWWTP
effluents were carried out. The effects of some pretreatments such as glass microfiber filtration and feed
chlorination on the permeate flux and generated water quality were investigated. Additionally, the
influence of hydrochloric acid solution as a chemical cleaning agent on the membrane flux and permeate
conductivity in long-term operation of the MD process was also examined.

2. Materials and Methods
2.1. Feed water

Actual primary effluents from a local municipal wastewater treatment plant (MWWTP) in Seoul
were used as feed solutions. Obtained primary MWWTP effluent samples were immediately used for
physicochemical parameter analysis and stored less than a week at 4°C for MD experiments. Table 1
lists the composition of feed solution.

2.2. Membrane

The membrane used for all experiments is a flat-sheet type bi-composite membrane made of a
polytetrafluoroethylene (PTFE) active layer and a polypropylene (PP) support layer purchased from Pall
Corp. (USA). The membrane has a mean active layer pore size of 0.45 um, active layer/support layer
porosity of 72.6/67.2%, and active layer/support layer thickness of 36/53 um

2.3. Direct contact membrane distillation (DCMD) system and operation

PTFE/PP membrane was placed between two chambers (hot feed and cold permeate) in a plate-and-
frame configuration designed for the DCMD module. The DCMD module was made of transparent acryl
to observe the membrane condition during operation. The module has an active membrane surface area
of 0.0023 m? (0.029 x 0.079 m) and thickness of flow channel was 0.003 m.

Figure 1 displays a schematic of the DCMD configuration. By using a gear pump (75211-15, Cole-
Parmer Instrument Company, USA), feed solution in an acrylic cylinder tank was transferred through
silicon tubing. The water bath was used to adjust the temperature of the feed and permeate streams.
Before entering the DCMD module, the pressure and flow rate were checked using flow meters and
pressure gauges. The permeate solution and DCMD module outflow were cycled to the feed and
permeate tank, respectively. An analytical balance (CUX6200H, CAS corporation, Korea) was used to
balance the permeate tank and quantify the continuously rising water weight. Water flux was calculated
using permeate mass information. The produced water mass (kg), operation time (h), and the membrane
area (m?) were used to compute water flux (J) in kg/ m?h

An electronic conductivity meter (HQ40d, Hach, USA) and probe (CDC40101, Hach, USA) were
used to continuously monitor the electrical conductivity of the feed and permeate streams. For each
experiment, the flow rates at the feed and permeate sides were kept at 1.6 and 1.2 L/min, respectively.
For each experiment, the temperature at the feed and permeate sides was fixed at 60 and 20 degrees
Celsius, respectively.
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Figure 1. The diagram of DCMD setup
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For all batch experiments of MD treatment, 5 L of feed solution (primary MWWTP effluents) and 1
L of permeate solution (deionized water) were placed in 6 L tank, respectively. The system operated for
24h for each batch then collected water in the permeate tank (the distillate) was taken for water quality
analysis. Glass microfiber filters with pore size of 1.2 um (GF/C, Whatman, UK), 1.0 um (GF/B,
Whatman, UK), and 0.7 um (GF/F, Whatman, UK) were used for pretreatment of the samples. When
using sodium hypochlorite solution (6-14% active chlorine, Emplura, Germany) as a chemical
pretreatment, the feed solution was chlorinated and stirred in the dark until the chlorine residual
concentration reached 0.5 mg Cl2/L. 20 L of feed solution in a 22 L tank was employed for the long-
term experiment, and the distillate was obtained for water quality examination at the termination of the
MD process run (after 120h).

Membrane cleaning was accomplished using solutions of hydrochloric acid (ACS reagent 37%,
Merck, Germany). The fouled membrane was placed in a 50 mL polystyrene tube filled with 3% HCI
solution and after capped, the tube was rotated by an end-over-end rotator at 30 rpm for 6 hours. The
membrane was then cleaned with deionized water 3 times before being reused.

2.4. Analytical techniques

Water samples underwent several analyses to determine physicochemical parameters such as pH,
electrical conductivity, nitrate, nitrite, ammonia, phosphate, SS (suspended solid), COD, total coliform,
and turbidity. A pH meter (AB15 Plus, Fisher Scientific) and a conductivity meter (HQ40d, Hach, USA)
fitted with a probe (CDC40101, Hach, USA) were used to test the pH and conductivity, respectively.
Nitrate and nitrite were analyzed by using IC (lon chromatography). Hach Test Kits (Hach, USA) were
used for ammonia, phosphate, and COD (21259-15) measurements. Turbidity was measured by a
turbidity meter (Orion AQUATfast AQ45, Thermo Scientific Orion). Suspended solid (SS) and total
coliform were measured following the Korean Standard Methods for the Examination of Water and
Wastewater [19]. The residual chlorine content was determined by the colorimetric DPD method using
a DR 5000, Hach UV-VIS spectrometer.

The morphology of the virgin, fouled and cleaned membrane was investigated by using a field
emission scanning electron microscope (FE-SEM, S-4100, Hitachi, Japan).
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3. Results and Discussion
3.1. MD treatment of primary MWWPT effluents

Figure 2 presents the permeate flux and electrical conductivity of the distillate during the treatment
of primary MWWTP effluents by MD process. As seen in Figure 2, initial water flux was 51 kg/m?h,
and after 24 hours of MD operation, the water fluxes reduced by 46% (to 28 kg/m?h), whereas that of
DI water run was approximately 60 kg/m?h. The water flux at feed temperature 60°C was one of the
highest fluxes in MD process. The optimized temperature and flowrate at both sides of feed and permeate
applied for DCMD can be found in prior work [20], [21]. In each experiment with primary MWWTP
effluent as feed solutions, the electrical conductivity of distillate was constant in the range 1.5 — 1.8
uS/cm, indicating that no membrane wetting occurred during the operation of MD module. The initial
high flux along with good produced water quality indicated that it might be a huge benefit when using
the MD process to recover MWWTP effluents.
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Figure 2. The permeate fluxes and the electrical conductivity of the distillate as a function of time

Important water quality parameters of primary effluents before/after MD treatment were summarized
in Table 1. As shown in Table 1, observed particulate and ionic contaminants in the feed stream such as
SS (53.3 mg/L), nitrate (0.3 mg/L), nitrite (0.03 mg/L), phosphate (11.5 mg/L) were completely removed
after 24 hours of MD treatment. The incomplete removal of the COD (removal rate: 88%) was found in
MD treatment of primary effluent. Furthermore, the very limited removal rate of ammonia (removal
rate: 6.4%) was observed. Penetration of ammonia through the MD membrane is commonly reported
problem due to the volatility of ammonia [22], [23]. Low treatability of ammonia in this study cannot
cause problem to meet the regulation for wastewater reuse (10 mg/L as T-N) as nitrate and nitrite were
completely removed. For the turbidity and total coliform, concentrations of turbidity for MD treated
primary effluents were 0.42 £ 0.05 mg/L, which is much lower than regulation (2.0 mg/L) for wastewater
reuse and no total coliforms were detected in the permeate stream.

Table 1. Water quality of MWWTP effluents before and after treated by MD process
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Feed Distillate (24h) Distillate (120h)
Parameters Average measurement Average measurement Average measurement
(Std.Dev) (Std.Dev) (Std.Dev)
pH 7.4(0.1) 7.5(0.1) 7.1(0.0)
COD (mg/L) 100 (5.04) 12 (1.0) 5(0:2)
SS (mg/L) 53.3 (0.88) ND ND
Nitrate (mg/L) 0.3 (0.01) ND ND
Nitrite (mg/L) 0.03 (0.001) ND ND
Ammonia (mg/L) 21.84 (1.0) 20.45 (0.5) 12.85 (0.45)
T-N (mg/L) 22.17 (1.0) 20.45 (0.5) 13.64 (0.5)
Phosphate (mg/L) 115 (1.0) ND ND

Total coliforms
(CFU/100ml)

Detection limits for COD, SS, nitrate, nitrite, and phosphate were 0.3, 0.1, 0.01, 0.001, and 0.05 mg/L,
respectively.

3000 0 0

3.2. Pretreatment for mitigating the fouling

According to the previous results, the permeate flux decreased with time when the primary MWWTP
was employed as a direct feed for the MD process. The flux of the membrane fell by 46% during the
course of the 24 hour experiment, from 51 kg/m?h to 28 kg/m?h (Figure 2). The initial water flux decline
is likely from membrane fouling as mixed stream like municipal wastewater has many different foulants
and scalants over a wide range of concentrations. This suggests that considerable amounts of foulant
accumulated on the membrane surface, and the SEM observation in Figure 3 supports this notion. Figure
3 demonstrates how the SEM image of the used membrane coupon (Figure 3 (b)) showed the deposition
of a fouling layer on the entire membrane surface as opposed to the virgin membrane (Figure 3 (a)). It
suggested that the permeate flux is decreased as a result of the fouling layer. Based on these observations,
pretreatment experiments were performed to lessen the organics and scalants in the feed composition
and further enhance the MD performance.
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Figure 3. SEM of virgin membrane (a), fouled membrane by primary MWWTP effluent (b) and cleaned
membrane (c)

Primary MWWTP effluents were filtered via glass microfiber filters with varying pore sizes (1.2,
1.0, and 0.7 um) in the first pretreatment experiment. In the second, the sample was chlorinated using
sodium hypochlorite in order to oxidize the fouling-causing compositions. According to Figure 4, no
improvement in the water flux was observed after filtering the water samples through papers with
different pore sizes, showing that the majority of probable foulants are typically less than 0.7 um.
However, the percentage of water flux decline in the NaOCI added sample was 15% for 28 hours.
NaOCl, a strong oxidizing reagent has the ability to destruct the potential foulants in the wastewater
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sample [24]. In addition, the distillate’s electrical conductivity was maintained between 1.5—1.8 uS/cm,
and stable pH of around 7 was also determined. There were no variations in the quality of the distillate
as compared to earlier trials. The outcomes demonstrated that effective pretreatment can reduce

membrane fouling.
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Figure 4. Water fluxes of MD treatment of primary MWWTP effluent with various pretreatments

3.3. Long-term MD operation with periodic membrane cleaning
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Figure 5. Change in flux and electrical conductivity of distillate during long-term MD operation

Long-term MD operation along with periodic membrane cleaning was conducted with 20 L of un-
pretreated feed to examine the changes in water flux and the distillate quality. The membrane was
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cleaned with 3% HCI solution after every 24 hours during the MD run. Over the course of 120 hours of
module operation, the flux and electrical conductivity of the distillate are shown in Figure 5. The MD
module could recover the flux upto 80 - 95% with membrane rinsing and electrical conductivity of the
distillate remained constant at 1.5 — 1.85 uS/cm during the course of the process. After acid rinsing, the
membrane surface was still covered by leftover materials and the pores were not visible (Figure 3(c)).
Periodic cleaning was unable to restore the flux to its original value because of those leftovers and
membrane pore blockage.

Regarding to the result of the permeated water quality analyses, most of the compositions such as
SS, nitrate, nitrite, and phosphate in the distillate collected after 120 hours of MD operation were not
detected and the pH was kept at 7.0 (Table 1). High removal efficiencies for organic matter (95% -
measured as COD) were obtained, indicating the treatment effectiveness. The concentration of ammonia
in the distillate (12.85 mg/L) was relatively high; however, the content of ammonia after 120h was lower
than that after 24h. This was because the increase in distillate mass was greater than that of ammonia
transfer.

4. Conclusions

Reclamation of practical primary effluents from MWWTP by direct contact membrane distillation
(DCMD) process with PTFE/PP bi-composite membrane was investigated. In the MD treatment of
primary effluent, PTFE/PP bi-composite membrane showed fairly high initial water flux (51 L/m?h) and
crucial water reuse parameters as SS, nitrate, nitrite, phosphate, and total coliform were completely
removed. However, a very low removal rate of ammonia was observed due to the volatility of the
ammonia.

Pretreatment of the primary MWWTP effluent by filtration using glass microfiber filters (pore size
of 1.2, 1.0, 0.7 um) showed no effectiveness on flux enhancement. Chemical pretreatment using NaOCI
only caused a 15% decrease in water flux for 28 hour operation.

Periodic membrane cleaning with 3% HCI during long-term operation helped recovered initial water
flux up to 80-95% and provided good quality distillate. The recovery rate of the water flux after acid
washing was promising, but a more rapid decrease in the water flux was observed, indicating that some
irreversible foulants on the membrane promoted fouling in the re-operation, necessitating further
research into the characteristics of the foulants.

The secondary effluent was deemed more appropriate in reclaiming water production than primary
effluent due to the high intrinsic concentrations and relatively low rejection rates of the COD and
ammonia as well as the quicker decrease of the water flux in MD treatment of the primary effluent.
Further research will be conducted with the secondary effluent.
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