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ABSTRACT

The connection between operating temperature amdbname scaling/cleaning during an
air gap membrane distillation (AGMD) process ofvgater has been systematically elucidated
in this study. Experimental and mathematically dated data demonstrate the profound
influences of feed salinity and membrane scaling water flux at various operating
temperatures. Feed salinity exerted significant aotp on water flux at high operating
temperatures because of aggravated polarizatiesteffMembrane scaling and the subsequent
membrane cleaning efficiency were also stronglgafd by operating temperatures. Indeed,
membrane scaling was more severe and occurredoates water recovery when operating at
60-50 °C (feed-coolant temperature) compared to that at28%°C. Moreover, membrane
cleaning with fresh water and vinegar was lesscéffe for the membrane scaled at-60 °C
compared to 3525 °C. Finally, membrane cleaning using vinegar washmuaore efficient than
fresh water. Given the availability of vinegar atsehold level, vinegar cleaning can potentially
be a low cost and readily accessible approach fbr mhintenance for small-scale seawater
desalination applications in remote coastal comtiesi

Keywords: membrane distillation, air gap membrane distdiat membrane scaling, membrane
cleaning, seawater desalination.

1. INTRODUCTION

Seawater desalination is a practical approachdorseadrinking water supply for small and
remote coastal communities around the world [1]rgkascale seawater desalination using
reverse osmosis (RO) and conventional thermallldigdn such as multi-stage flash (MSF) has
been effectively implemented to provide freshwdtar large and centralized communities.
Indeed, RO desalination requires a pressure oftaifwiar (hence the need for high-pressure
pumps and duplex stainless steel materials), iMerme-treatment, and skilled operators. On
the other hand, MSF demands a large physical aadygrootprint. As a result, both RO and
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MSF desalination are not applicable for small agrate areas. Freshwater provision for these
areas requires an alternative desalination proteests can negate all the above drawbacks
inherent in RO and MSF technologies.

Membrane distillation (MD) is a combination of camtional thermal distillation and a
membrane separation process. MD utilizes a hyddmiphmicroporous membrane as a physical
barrier for separation and a temperature gradierttsa the membrane as the driving force for
mass transfer of water. Given its notable meritgluding a complete salt rejection, less
susceptibility to feed concentration, process catiEss, and particularly ability to use low-
grade waste heat and solar energy, MD can podsépn ideal alternative to RO and MSF for
small-scale and stand-alone seawater desalingtigications in remote coastal regions [2 - 4].

MD processes can be operated in four basic comiguns, including direct contact MD,
vacuum MD, sweeping gas MD, and air gap MD. Amorigste configurations, air gap MD
(AGMD) exhibits the highest process thermal efficig with the lowest process simplicity.
Therefore, AGMD is the most widely used for smalle seawater MD desalination [2, 3].

A major technical challenge to seawater MD applicatin remote areas is membrane
scaling associated with the desire for a high meagater recovery (i.e. the volumetric ratio
between fresh water product and seawater feed).dviere scaling results in a reduction in
water flux and the quality of fresh water produogmbrane damage, and energy consumption
increase [5, 6].

Given the detrimental effects of membrane scalinig, study aimed to elucidate membrane
scaling and cleaning in a seawater AGMD process. mass transfer coefficient of the AGMD
system was experimentally determined. Then, thkiente of feed salinity and membrane
scaling on water flux was examined. Finally, thécefncy of scaled membrane cleaning with
fresh water and vinegar was investigated.

2. MATERIALS AND METHODS

The lab-scale AGMD unit used in this study consistd a plate-and-frame AGMD
membrane module, two variable-speed gear pumpwditer circulation, a heating element to
heat the seawater feed, and a chiller to cool tt@aat. Flat-sheet polytetrafluoroethylene
(PTFE) membrane provided by Porous Membrane TeoggdNingbo, China) was used in the
AGMD membrane module. The membrane had thicknessjnal pore size, and porosity of 60
pum, 0.2um, and 80 %, respectively.

Milli-Q water and seawater were used as the fedlli-QIwater had electrical conductivity
of 45t5 uS/cm. Seawater was collected from Wollongong béblgw South Wales, Australia),
and pre-filtered by 0.4fm filter papers. The pre-filtered seawater hadl tdissolved solids
(TDS), electrical conductivity, and pH of 37,0802000 mg/L, 52.5 1.0 mS/cm, and 8.35
0.05, respectively. The total organic carbon (T@Ghcentration of this pre-filtered seawater
was less than 2 mg/L. Fresh water and a vinegahpsed from a local super market were used
as cleaning agents in AGMD membrane cleaning expmeris. As per instructions, the vinegar
had acetic acid content of &.5 % and had pH of 2.550.05.

AGMD of Milli-Q water was conducted to experimemyatletermine the process mass
transfer coefficienti). The water flux J) of the process with Milli-Q water was measured at
various feed and coolant temperatures. TKgigould be calculated as:
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whereK,, andJ were in L.Pd&.m2h™ and in L.nf.h?, respectively:4P was the water vapor
pressure difference between the feed and coolasanss (Pa)dP was calculated as:

AP = Pf?aed - I:)C(c))olant (2)

The water vapor pressure of the feed and coolasdrst was calculated using the Antoine
equation:

(3)

PY = exp 231964~ 01044
T-4613

whereT was the temperature of the stream.

AGMD of seawater was operated in batch mode. Seaveéd (4 L) was continuously
concentrated until the process water flux decliteedero or a process water recovery of 80%
was achieved. Then, membrane cleaning with fresierea commercial vinegar was initiated.
Membrane cleaning was conducted at the same wiatefation rates and at room temperature
(i.e. 25°C). Membrane cleaning efficiency was assessed basdde restoration of membrane
surface hydrophobicity using contact angle measenenand the visual analysis of membrane
surface using scanning electron microscope (SEMyés.

During the AGMD process with seawater, the preseficissolved salts reduced the water
activity of the feed solution, thus lowering itsteavapor pressure as expressed in Eq. (4):

— 0
Pfeed - Xwaterawaterp (4)

wherea,.e Was dependent on feed salinity as:
Apater =1~ 05Xy ‘loxszalt 5)

where Xg: and Xuaer Were the molar fraction of salt and water in tleed. In addition,
concentration polarization effect in AGMD renderi@ salt concentration at the membrane
surface Cys) higher than that in the bulk feed solutioB,{. The polarization effect was
dependent on the process water flux as expresdeql i(6):

Cin :exp{ij ©)
Co.1 k

wherek was the mass transfer coefficient of salt.

3. RESULTS AND DISCUSSIONS
3.1. Mass transfer of AGMD with Milli-Q water

Increasing feegcoolant temperature while maintaining a constamtperature difference
(4T) between the feed and coolant stream resulted inaease in water flux but a decrease in
mass transfer coefficient (Figure 1). The increasewater flux at higher feegtoolant
temperature could be attributed to the exponerglationship between water vapor pressure and
temperature as demonstrated in Eq. (3). Indeedatitg feed-coolant temperature from 385
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to 60-50 °C increaseddP from 1.28 to 3,68 kPa, thus increasing water fhaxn 2.5 to 5 L.m

2 ht. By contrastK,, decreased from 1x80° to 1.310° L.Pa*.m?2h™ (Figure 1). The decrease
in Ky, with increased feegtoolant temperature demonstrated the influenceeoiperature
polarization on water flux of AGMD. The values Kf, were determined using the measured
temperatures of the feed and the coolant streastsaid of temperatures at the feed membrane
surface and at the condenser surface. Temperadlagzation effect rendered the temperature
difference between the feed membrane surface andaihdenser surface (i.e. the actual driving
force of the process) smaller than that betweerfetdé and coolant streardT), thus reducing
water flux and henck,, of the process. Increasing feedolant temperature elevated water flux
and therefore magnified temperature polarizatidecef
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Figure 1. Experimentally measured water flux and massstearcoefficient K) during AGMD process
with Milli-Q water at various feeecoolant temperature, a constafitof 10°C, and water circulation rate
Fteed = Feoolant = 0.5 L/min. Error bars represent the standardatien of water flux measurements.

3.2. AGMD of seawater

The influence of feed salinity on water flux andtdiate conductivity during AGMD of
seawater is demonstrated in Figure 2. Increasieg fgalinity during the concentration of
seawater led to a reduction in water flux of AGMIhis was attributed to the decrease in water
activity and thus the reduction in water vapor poes of the feed stream with increased feed
salinity as expressed in Eqs-8} [7].

Compared to simulated water flux, the experimentaikasured flux decreased more as the
seawater feed was concentrated (Figure 2). Thatievibetween the experimentally measured
and the simulated flux was because of concentratdarization effect and membrane scaling.
The simulation of water flux using th€, values obtained during AGMD of Milli-Q water
excluded the influence of concentration polarizateffect. Concentration polarization effect
caused the salt concentration at the membranecsulnigher than that in the bulk feed solution,
thus reducing water flux. Operating AGMD at highifeed-coolant temperature and hence
higher water flux aggravated concentration poldidraas expressed in Eq. (6) [7]. Therefore,
the deviation between the measured and simulaterwlux was more at feedoolant
temperature of 6660 °C compared to that at 385 °C (Figure 2).
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Figure 2. Simulated and experimentally measured waterdluk distillate electrical conductivity
(EC) as functions of process water recovery dufiidMD with seawater. Water circulation rate
Freed = Feoolant = 0.5 L/min.

Membrane scaling caused by the precipitation ofisgly soluble salts (e.g. Cag@nd
MgSQ,) in seawater further reduced the measured flugufiei 2). As the seawater feed was
concentrated, the concentration of these saltseeetk their saturation limits. Concentration
polarization effect further increased the superssinn of the salts at the membrane surface,
leading to the formation of scale layers on the im@me. The scale layers promoted temperature
and concentration polarization effects, and redusedler vapor pressure at the membrane
surface and the active membrane area for wateroeatign [8, 9]. Therefore, water flux rapidly
decreased from 2.5 L:ifih™ to almost zero and from 1.5 to 1.0 %' as the process water
recovery exceeded 70 % and 75 % at feedlant temperature of 660 and 3525 °C,
respectively (Figure 2).

Membrane scaling also resulted in decline in di#gél quality (Figure 2). At the beginning
of the AGMD process, the electrical conductivity thie distillate gradually decreased. The
gradual decrease in distillate conductivity beforembrane scaling demonstrated the ability of
AGMD for pure water production from seawater. Imdledistillate with conductivity as low as
10 pS/cm was obtained from seawater. When membranéngcatcurred, the scale layers
altered the hydrophobicity of the membrane surfddée 11], leading to partial intrusion of
seawater through the membrane pores. Consequdittilate conductivity started increasing
following the formation of scale layers on the meam® (Figure 2).

Operating feedcoolant temperature influenced not only the waltex but also membrane
scaling in AGMD of seawater. Increasing feedolant temperature from 385 to 66-50 °C
doubled water flux, and at the same time escalatethbrane scaling. Membrane scaling
occurred at a lower water recovery when operating0a50 °C compared to that at 385 °C
(Figure 2). The operating temperature also affecked efficiency of subsequent membrane
cleaning as will be discussed in the next section.
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3.3. Efficiency of membrane cleaning

The efficiency of membrane cleaning could be ewvallidy the restoration of membrane
surface hydrophobicity. Compared to fresh watemegar demonstrated a superior membrane
cleaning efficiency under the same cleaning cooialéti(i.e. water circulation rates, temperature,
and cleaning duration) (Figure 3). Given its hydalpic nature, the contact angle of the virgin
membrane used in this study was 13Dhe scale layers formed at the membrane rendeyed
surface so hydrophilic that its contact angle contit be determined. Cleaning the scaled
membrane with vinegar effectively removed scal@mts the membrane surface, thus returning
it to a hydrophobic condition (i.e. contact angldhe scaled membrane at-&D and 3525 °C
increased to 120and 128, respectively, after cleaning with vinegar). lwserth noting that the
vinegar contained a high content of acetic acid thight have increased the solubility and thus
the removal of the sparingly soluble salts from thembrane surface. The slight decrease in
contact angle of the vinegar cleaned membrane c@dpa the virgin membrane was expected
because deterioration in membrane hydrophobicity heen reported in DCMD process with
only pure water [5]. Cleaning the scaled membraiik fresh water was unable to remove all
scale deposits from the membrane surface (i.e.irooed by SEM images of the scaled
membrane surfaces). The scales remained on the maeenlsurface significantly reduced its
hydrophobicity. Thus, the contact angle of the ettahembrane surface following fresh water
cleaning was far below 9@Figure 3).

The operating feegtoolant temperature slightly affected the efficieraf subsequent
scaled membrane cleaning. Cleaning with both vinega fresh water was more efficient for
the membrane scaled at-2% °C compared to that at 680 °C (Figure 3). As discussed above,
membrane scaling at 680 °C was more severe than at-25 °C, resulting in thicker and
possibly more compacted scale layers at58FC compared to 325 °C. The morphology of
the scale layers appeared to exert an effect oretli@ency of the subsequent membrane
cleaning.
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Figure 3. Contact angles of the virgin membrane and the daakmbranes at 325 and
60-50 °C after cleaning with vinegar and fresh weleror bars represent the standard deviation
of 5 repeated measurements.

The results reported here have significant imglicest for pilot or small-scale seawater
AGMD application, in which membrane modules witmdomembrane channels are employed.
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Along the membrane channels, the feed temperaigndisantly decreases from 70 to 3&,
and the coolant temperature increases from 25 t2C6[12, 13]. The change in feecbolant
temperature will result in an uneven distributioh veater production along the membrane
channels- more distillate is obtained at the higher tempemend of the membrane module
compared to the low temperature end. Also becafifieeauneven distribution of feedoolant
temperature, membrane scaling will occur at thé kégnperature membrane area before the low
temperature one. Finally, when membrane scalingursccit will be harder to clean the
membrane area scaled at higher temperature compardtht at low temperature. The scale
remnants on the membrane after cleaning will actrgstal nuclei, and thus accelerating
membrane scaling in the next seawater AGMD cycle A8 a result, repetitive membrane
scaling and cleaning in AGMD of seawater will inewly lead to deterioration in process
performance. In this context, effective scalingvprgion technigues, including but are not
limited to anti-scalant addition [14 — 16], utiltzan of ultrasonic and gas bubbling [17, 18], or
process optimization [9, 19, 20], are highly reccenated.

4. CONCLUSIONS

AGMD of an actual seawater feed were investigaté. experimental results demonstrate
a profound influence of feed salinity and operatieigperature on water flux, scaling behavior,
and the efficiency of subsequent membrane cleakiagd salinity reduced the water flux of the
AGMD process with seawater compared to that wigslirwater, particularly at higher operating
temperatures due to the aggravated polarizaticectstf Increasing feedoolant temperature
from 35-25 to 66-50 °C doubled water flux but also escalated membraradingc during
seawater desalination with AGMD. At feembolant temperature of 680 °C, membrane
scaling occurred at a lower water recovery compaoethat at 3525 °C. The efficiency of
membrane cleaning with fresh water and vinegar alas lower for the membrane scaled at
60-50 °C compared to at 325 °C. Vinegar cleaning demonstrated a superior effimyeto
fresh water cleaning. Given the accessibility toegar at household level, membrane cleaning
using vinegar can be a practical scaling controlthoe for small-scale seawater MD
desalination applications.

REFERENCES

1. Elimelech M. and Philip W. A. - The Future of Seser Desalination: Energy,
Technology, and the Environment, ScieB688(2011) 712-717.

2. Zaragoza G., Ruiz-Aguirre A., and Guillén-Burriega - Efficiency in the use of solar
thermal energy of small membrane desalination systdor decentralized water
production, Applied Energ$30(2014) 491-499.

3. Chafidz A., Al-Zahrani S., Al-Otaibi M. N., Hoong.@., Lai T. F., and Prabu M. -
Portable and integrated solar-driven desalinatiystesn using membrane distillation for
arid remote areas in Saudi Arabia, DesalinaBés(2014) 36-49.

4. Koschikowski J., Wieghaus M., and Rommel M. - Sdiaermal-driven desalination
plants based on membrane distillation, Desalingts$(2003) 295-304.

5. GelJ.,,PengV., LiZ, ChenP., and Wang S. - Mamdfouling and wetting in a DCMD
process for RO brine concentration, DesalinaBé4(2014) 97-107.

291



Duong Cong Hung, Luong Trung Son, Pham Manh Thao, Huynh Thai Nguyen, Nghiem Duc Long

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

292

Duong H. C., Duke M., Gray S., Cath T. Y., and NghiL. D. - Scaling control during
membrane distillation of coal seam gas reverse s&Morine, Journal of Membrane
Science193(2015) 673-682.

Alkhudhiri A., Darwish N., and Hilal N. - Membrandistillation: A comprehensive
review, Desalinatio287(2012) 2-18.

Wang L., Li B., Gao X., Wang Q., Lu J., Wang Y.dawang S. - Study of membrane
fouling in cross-flow vacuum membrane distillatio&eparation and Purification
Technologyl22(2014) 133-143.

Nghiem L. D. and Cath T. - A scaling mitigation apgch during direct contact
membrane distillation, Separation and Purificafi@ehnology80 (2011) 315-322.

Tijing L. D., Woo Y. C., Choi J. S., Lee S., Kim 8., and Shon H. K. - Fouling and its
control in membrane distillatior A review, Journal of Membrane Scierd@é5 (2015)
215-244.

Warsinger D. M., Swaminathan J., Guillen-BurriezaAtafat H. A., and Lienhard V. J.
H. - Scaling and fouling in membrane distillatiar flesalination applications: A review,
Desalinatior356 (2014) 294-313.

Duong H. C., Cooper P., Nelemans B., Cath T. Yd, ldghiem L. D. - Evaluating energy
consumption of membrane distillation for seawatesalination using a pilot air gap
system, Separation and Purification Technolb§§(2016) 55-62.

Duong H. C., Chivas A. R., Nelemans B., Duke M.a¥s6., Cath T. Y., and Nghiem L.
D. - Treatment of RO brine from CSG produced whiespiral-wound air gap membrane
distillation — A pilot study, Desalinatio866(2015) 121-129.

He F., Sirkar K. K., and Gilron J. - Effects of isotlants to mitigate membrane scaling
by direct contact membrane distillation, JournaVi@imbrane Sciencg45 (2009) 53-58.

Zhang P., Knotig P., Gray S., and Duke M. - Scalduction and cleaning techniques
during direct contact membrane distillation of satew reverse osmosis brine,
Desalinatior374(2015) 20-30.

Peng Y., Ge J., Li Z., and Wang S. - Effects ofi-acaling and cleaning chemicals on
membrane scale in direct contact membrane digtitigirocess for RO brine concentrate,
Separation and Purification Technolatfy4 (2015) 22-26.

Hou D., Wang Z., Li G., Fan H., Wang J., and Hu#&hg- Ultrasonic assisted direct
contact membrane distillation hybrid process for mbene scaling mitigation,
Desalinatior875(2015) 33-39.

Chen G., Yang X., Wang R., and Fane A. G. - Perdmrte enhancement and scaling
control with gas bubbling in direct contact memilgraiistillation, DesalinatioB08 (2013)
47-55.

Duong H. C., Cooper P., Nelemans B., and Nghiem.L-. Optimising thermal efficiency
of direct contact membrane distillation via brinecycling for small-scale seawater
desalination, Desalinatia®v4 (2015) 1-9.

Hickenbottom K. L. and Cath T. Y. - Sustainable rapien of membrane distillation for
enhancement of mineral recovery from hypersalinkitisms, Journal of Membrane
Science454(2014) 426-435.



