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ABSTRACT

As freshly available water around the world becomes scarcer, schemes to reuse and rectify contam-
inated water sources are becoming a necessity. The implementation of conventional treatment pro-
cesses increases stress on existing infrastructure resources, requiring significant quantities of energy
and/or chemicals, including pre-treatment processes and ongoing maintenance. An unconventional
alternative to these processes is air-gap membrane distillation (AGMD), an emerging technology
delivering excellent rejection of contaminants over a broad range of operating conditions. While
showing great promise, the size of membrane distillation systems in existing literature is not readily
scaled to industrial levels. In this paper, we present the results of our research in terms of permeate
quality, rejection efficiency and scalability of a large laboratory scale AGMD system, with effective
area of approximately 25 times larger than those presented in previous studies. This study found a
large discrepancy in flux production when compared with small scale results, with experimental
data analysed using normality and residual analysis tests. Statistical analysis of the AGMD process
data provides insight into the key driving forces and interactions of feedwater temperature, concen-
tration and flowrate on flux production. Results showed excellent rejection of contaminants (>98%)
along with some fouling evident after approximately 25 h of operation.
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1. Introduction

Surface water supplies suitable for fresh water usage
have steadily declined due to increases in population,
industry and agriculture stressors. Globally more popula-
tions are becoming increasingly dependent on groundwa-
ter resources for domestic and agricultural purposes. This
is especially true in inland areas, where seawater desalina-
tion is not a viable option. Groundwater is often available
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in suitable quantities, however the fluoride levels are unfor-
tunately well above safe drinking limits. According to the
World Health Organization (WHO), the maximum permis-
sible safe limit for fluoride in drinking water is 1.5 mg/L[1].

Fluoride is a naturally occurring highly reactive metal-
lic element found in groundwater. The removal of excess
fluoride is necessary to protect both public health and the
environment. Fluoride can find its” way into water sources
through various pathways stemming from the food indus-
try, pharmaceuticals, cosmetics, semiconductors, ceram-
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ics, electroplating, fertilizer, coal-fired power plants and
from naturally sources [1,2]. Small amounts of fluoride are
useful for the mineralization of bones and teeth [2]. Excess
fluoride can result in dental and skeletal fluorosis and may
also cause cancer, neurological, muscular, urinary tract
and gastrointestinal problems along with lesions of the
thyroid [3,4].

Currently available technologies for the removal of flu-
oride are based on physical and chemical mechanisms. The
techniques include: Coagulation with lime, alum, ferric
hydroxide, ferric sulphate, sodium sulphate followed by
flocculation; sedimentation and filtration; adsorption on
activated carbon; ion exchange and reverse osmosis [34].
These technologies have the following fluoride contaminant
removal efficiencies: adsorption (80-90%), coagulation/fil-
tration followed by lime softening (18-33%); ion exchange
(90-95%); and reverse osmosis (90-95%) [3]. Although the
above-mentioned processes are efficient in treating a vari-
ety of affected waters, they require significant quantities
of chemicals and energy to treat brackish waters contami-
nated with fluoride. These technologies are able to remove
a high proportion of fluoride, but they have some inherent
limitations such as high energy consumption for processes
such as reverse osmosis [4] and high equipment capital cost
and required chemicals [5]. Other processes need pre-treat-
ment to be effective, such as ion exchange [6]. By compari-
son, membrane distillation (MD) has several economic and
environmental advantages by working at relatively low tem-
peratures and pressures compared to traditional desalination
processes like reverse osmosis and similar treatments. This
allows MD to have lower energy requirements and the inher-
ent benefit of requiring fewer chemicals or pre-treatment
processes [7]. Another economic advantage of MD’s low
operating pressure is the reduced maintenance requirement,
as mechanical damage to membranes is significantly reduced
compared to conventional techniques [8].

MD is a non-conventional technology that may be a fea-
sible alternative to remove contaminants from water such
as fluoride. Limited research has been conducted on the fea-
sibility of MD technology to remove fluoride and although
what has previously been done was on a very small scale
[9-11]. Fluoride removal on a larger scale has not been
reported to our knowledge.

The MD process has four typical configurations: direct
contact MD (DCMD); sweeping gas MD (SGMD); vacuum
MD (VMD) and air gap MD (AGMD). DCMD, SGMD and
VMD have several disadvantages, namely high heat trans-
fer, running costs and higher energy consumption, respec-
tively. AGMD is the configuration that has lowest heat
transfer requirement as a result of the air gap between the
membrane and condensation surfaces. It also has better
internal heat recovery, hence lower energy requirement,
which makes it our first choice for a pilot plant [12].

The main objective of this study is to investigate the
feasibility of the MD process for use in the large-scale treat-
ment of fluoride contaminated water sources, with focus on
the effects of feedwater concentration, temperature, flow-
rate and membrane effective area on flux produced.

The influence of the membrane effective area on the pro-
ductivity of flux was compared to previous studies to gauge
the possibility of scaling up MD. Here, we present the
results of the fluoride removal efficiencies using an AGMD

process. Thorough statistical analyses of data was applied
to gain conclusive insights into the rate of flux produced for
a range of concentration, temperature and flowrates of both
feedwater and coolant.

2. Material and methods
2.1. Sample preparation

Synthetic water samples with a range of different con-
taminant concentrations were prepared using analytical
grade sodium fluoride and subsequently used as the feed-
water solution. Three different masses of sodium fluoride
were prepared in 33 L of distilled water to achieve fluoride
concentrations of lower, equal to and higher than those flu-
oride concentrations found naturally in groundwater from
South East Queensland, Australia, corresponding to 6.6
mg/L, 12.2 mg/L and 15.4 mg/L, respectively. After prepa-
ration, the samples were added to the feed tank of the MD
system to perform the experiments.

2.2. Experimental setup

A schematic representation of the air gap MD (AGMD)
setup is shown in Fig. 1. The experimental setup contains two
33 L capacity, thermally insulated vessels, hot and cold, rep-
resenting feedwater and coolant, respectively. Water flows
from the feed and coolant tanks into the membrane module
12 mm polyurethane hoses. These hoses are covered with
pipe insulation to reduce system heat losses. Two rotameters
(Variable area flow meter type 335, 4-20 mA output, 0-500
L/h, supplied by Georg Fischer) measured the fluid flows
from the two pumps (submersible Model: 24 Volt DC-2.5
Amp, 4 L/min). Two centrifugal pumps are used to individ-
ually circulate both the hot feed water and cold permeate in
a batch mode operation. The AGMD system was machined
from aluminium material with stainless steel fittings. Seven
industrial style temperature sensors (RTD Sensor - Pt100
type with Pot Seal) have been connected to the system (four
in various locations on the feed side and three on the coolant
side). Differential pressure transducers (Wika, type DP250,
0-250 mbar, 4-20 mA o/p) have also been connected to the
feed inlet and outlet sides in order to monitor membrane
conditions. In addition, two conductivity sensors (Micro-
chem Conductivity Transmitter supplied by TPS) have been
used in this study to measure the conductivity in the feed-
water and permeate tanks (high range 1,999 pS/cm and low
range 19.99 uS/cm, respectively). An electronic balance with
serial interface was used to record the AGMD permeate. All
sensors were connected to a SCADA system for data logging
and control purposes with local HMI.

To evaluate temperate effects, AGMD feed water at tem-
peratures of 50°C, 60°C and 70°C were tested while coolant
temperature was kept at a constant 20°C. Feed and coolant
systems were continuously heated and cooled, respectively
to maintain a homogeneous solution. In order to view flow
rate effects, three different feed flow rates have been used:
50 L/h, 100 L/h and 150 L/h, whilst the permeate flow rate
was kept constant at 200 L/h. The inlet and outlet tempera-
tures difference of both the feed and coolant sides was no
more than 2°C throughout the experiments.
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Fig. 1. Schematic representation of the AGMD setup.

The MD module consists of two thermal elements (feed
and permeate) machined from aluminium, connected to a
membrane module which made of PTFE or similar material.
While in practice for large scale MD the heating and cool-
ing sources would make use of waste or naturally occurring
heat and cooling sources, we supplied these artificially in
the laboratory to allow for a full range of adjustments. The
feedwater compartment is connected to a heating system
and was maintained at an elevated temperature, while the
permeate compartment was connected to a refrigerated
cooling system and maintained at a steady cooler tempera-
ture to maintain the temperature difference. The hydropho-
bic membrane was placed between the two compartments
and it is able to make direct contact with the heated feed-
water side while maintaining an air gap between the mem-
brane and cooled permeate side.

2.3. Membrane characterization

In this study, two commercially available membranes,
PTFE laminated on typar 3161L spunbond polypropylene
and N,, membranes were supplied by Donaldson Filtra-
tion solutions. The specification of the membranes used are
detailed in Table 1. The dimensions of the membrane cell
channel was (L x W x H 84 cm x 10 cm x 48 cm). A mem-
brane sheet was installed on each side of the cassette allow-
ing feedwater to flow in between the two flat membrane
sheets.

v2 on the flow rate, heat side

Pump V3 Manual valve, control on
2 the flow rate, coolant side
r:lotwr Variable area flow meter type 335
f; range 50-500 L/hr
RTD Sensor -Pt100 with Pot Seal,
TS Operating range: -75°C to

+350°C, 3mm dia x 100mm long

Wika, Differential pressure
DP-1 transmitter, Model: DP- 10
Range: 0-250 mbar

Chiller Model: RC1, Volt: 240 V/50Hz,Range: 0-30°C

Heater Range 0- 90°C

Oto1VDCorOto5V DC Outputs,

Ec-1 k=1.0 Sensor....0 to 19.99 uS/cm

Oto 1V DCorO0to5V DC Outputs,
k=0.1 Sensor....0 to 19.99 uS/cm

Ec-2

Ton FI 0.02 to 19,000 mg/L F-, -0 to 60 °C (32 to 140 °F

2.4. Fluoride removal measurement

Fluoride removal effectiveness was measured by using
an ion selective electrode (ISE 121560, supplied by TPS)
with fluoride ion measurement range of 0.02 mg/L to 19,000
mg/L and an accuracy of +/-3 mV at 25°C. The fluoride ion
sensor was installed in the inlet pipe of the permeate tank to
allow online measurement.

2.5. Statistical analyses

Minitab software version 17 (Minitab Inc., PA, USA) was
used in to measure the normality of experimental errors,
interaction of operating parameters, and provide surface
and contour plot interpretations of results. The nominal
operating parameters are fluoride concentration, feed tem-
perature and feed flowrate. These factors have the major
contributing effects on the resultant permeate flux. Three
factors have been assessed in this study, feed temperature
and fluoride concentration, temperature and feed flowrate
and fluoride concentration and feed flowrate. The response
of the permeate flux for each of these scenarios was clearly
observed. It is important to note here that only brief statis-
tical analyses were applied in this study to determine the
significance of main and interactive effects on responses.
This included studying the normality of the obtained data
and producing surface plot figures for responses with the
various combinations of factors’ effects.
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Table 1
Characteristics of D and N, membranes supplied by
Donaldson Filtration solutions

Specification D_ membrane N,, membrane

Material PTFE PVDF

Support Laminated on typar 3161L  Without
spunbond polypropylene support layer

Pore size (um) 0.3 0.3

Thickness (um) 254 154

Porosity (%) 75 80

Effective area 48 cm x 84 cm 48 cm x 84 cm
Contact angle (°) 114 85

3. Results and discussion
3.1. Effect of feed temperature

Fig. 2 shows the effect of feed temperature ranging
from 50°C to 70°C on the permeate flux using D_and N,
membranes. The feed water temperature decreased by 2°C
between the inlet and outlet compartments of the AGMD
system. As expected, an increase in feed water temperature
resulted in an increase in permeate flux for both membranes
tested. Feed water inlet temperature plays an important
role in the AGMD process due to its’ impact on the tem-
perature difference between both sides of the membrane,
i.e. increased trans-membrane vapour pressure leading to a
corresponding net increase of in driving force.

The permeate flux transfer of the N,, membrane was
slightly higher than that of the D Membrane. However,
these fluxes are 50% lower than what has been previously
reported in small-scale studies [15,16]. There are several pro-
posed reasons behind the lower than expected flux obtained
in our study. Firstly because of the larger effective area of
the membrane used (48 cm x 82 cm for each of 2 sides in a
cassette), around 8 times larger than the membrane used by
[12]. There was more heat transfer loss through the mem-
brane surface creating a much lower transmembrane tem-
perature difference and therefore lower flux. Moreover, the
pore size of the membranes used in this study is (0.3 um)
smaller than those in previous studies (.45 pm), there was
also logical reason for the lower flux output as increasing
the pore size results in an increase of the water flux across
the membrane [12]. The membranes used in this study also
have a support layer which might be another reason for the
lower than expected flux, the use of a support layer has been
shown to decrease flux [12]. Increasing the effective area of
the membrane consumes higher energy due to the resulting
heat transfer. It should also be noted that in a larger sys-
tem a higher feed flow is required to achieve the same flux
level because of the longer residence time of the feed water.
The main reason behind the lower permeate flux of the D_
membrane compared to the N,  membrane is that it has a
higher thickness of 254 um compared to 154 pm of the N,
as well as having a lower porosity of 5% compared to 80%
of the N, . PTFE was selected in this study as a model mem-
brane due to low cost and ready availability. By comparison
with smaller systems, this longer residence time creates a
lower transmembrane vapour pressure and hence, lower
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Fig. 2. Effect of feed temperature on permeate flux, D, and N,
membranes. F= 6.6 mg/L, feed flow = 150 L/h, inlet coolant
temperature = 20°C.
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Fig. 3. Effect of feed flow rate on the permeate flux using D_
and N, membranes. F-= 6.6 mg/L, inlet feed temp = 70°C, inlet
coolant temp = 20°C.

flux per unit area is obtained [13]. The relatively low perme-
ate flux per unit area of 0.5 kg /h-m*obtained using the large
scale modules (2 sides of 48 cm x 82 cm in a cassette design)
compared to the optimistic high fluxes obtained using lab-
scale modules is one of the major reasons for delaying the
commercialization of the MD process.

3.2. Effect of feed flow

Fig. 3 shows the effects of three levels of feed flow rate
of 50 L/h, 100 L/h and 150 L/h on the permeate flux for D__
and N, membranes. It appears that a significant increase
of feed flow rate from 50 L/h to 150 L/h results in only a
33% increase in the permeate flux, a lesser effect than those
presented in other studies [14]. This is most likely due to
the large membrane surface area used in our investigation
leading to higher residence time and small AT, as discussed
previously. The linear relationship between the trans-mem-
brane flux and feed flow up to a certain limit using simi-
lar modules [14]. Increasing the feed flow rate leads to a
reduced temperature and concentration difference between
the feed bulk stream and membrane surface (TP and CP).
This is a result of the increasing heat transfer coefficient in
the boundary layer [10].

3.3. Effect of fluoride concentration and rejection

Fig. 4 shows the effect of fluoride concentration (6.6
mg/L, 12.2 mg/L and 15.4 mg/L) on fluoride rejection and
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Fig. 4. Effect of fluoride concentration on the permeate flux and
fluoride rejection using D, and N, membranes. Feed flow rate
150 L/h, inlet feed Temp = 70°C, inlet coolant temp = 20°C.

permeate flux production for D and N, membranes. It
is clearly shown that the descending gradient of the per-
meate flux is more severe than the descending trend of the
concentration for both D_ and N, membranes. Several
authors, e.g. Gryta [15], found that the flux decreases were
due to the increased salt concentration present in the feed
side. Increasing the fluoride concentration in the feed water
leads to an increased fouling layer on the membrane sur-
face, which can then cause a decrease in the mass transport
through membrane pores. This decrease is largely due to
the high fluoride concentration in the feed solution lead-
ing to membrane pore blockage [16]. Membranes with 0.3
um pore size used in this study result in a high rejection of
fluoride, but the fouling layer can form more quickly than
membranes with larger pore sizes and this is an additional
reason for low flux production rates. There are several fac-
tors that can affect the flux with increased feed concentra-
tion, such as concentration and temperature polarization
on the membrane surface [17]. Increasing the feed concen-
tration also results in a corresponding decrease in vapour
pressure on the membrane [12].

The increased fluoride concentration in the feed water
showed no effect on the rejection rate of fluoride for either
membrane, with the rejection of fluoride stable around
99.98%, for both membranes over all of the different oper-
ating conditions. This result might be due to the fact that
permeate water concentration increases with feed water
concentration. This finding is in agreement with results
reported by [10] who investigated the removal of fluoride
from groundwater using DCMD with a PVDF membrane.
The advantage of using MD is flux production with high
rejection of contaminants, because of the selective mass
transfer of water vapour across the MD membrane. Other
advantages of this process are the low electrical and ther-
mal energy required during operation when compared to
other thermal processes [18]. Another economic advantage
in AGMD’s favour is less damage of the membrane than
conventional high-pressure techniques [8] and no require-
ment for chemicals or pre-treatment [7].

3.4. Scalability

Fig. 5 shows the effect of membrane effective area
(0.4032 m?) on the permeate flux in this study compared
to other studies using smaller effective areas of 0.0032 m?
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Fig. 5. Effect of membrane effective area and other properties
on permeate flux.

[9], 0.014 m?[10] and 0.0168m?[11] at a feed temperature
of 60°C. The removal of fluoride in all previous studies,
including in our own studyis 99.9%. However, since all
other studies have used the DCMD module configuration
where produced water vapor is mixed with the coolant
(dilution effect), we conducted our study using AGMD
module (collection of pure water vapor) under similar
operating conditions and membranes for a better accu-
racy. In addition, it is important to mention that despite
the very low flux obtained in our study due to the very
large membrane surface area and module configuration
used (see discussion in previous sections) compared to
the other studies, the fluoride removal rate was very high
and stable (Fig. 5). The flux production rate decreases with
an increase in the membrane effective area. Increasing
the effective area leads to an increase in heat loss, which
resulted in a decreased driving force, especially from the
feed side of the AGMD module. Increasing the effective
area from 0.0032 m? to 0.014 m? resulted in a permeate flux
decrease from 13 kg/h-m? to 10 kg/h-m?* By comparison,
the flux achieved with an effective area of 0.0168 m* was 13
kg/h-m? which initially appears to go against this trend,
however this result used vacuum (VEDCMD) to enhance
the flux production. This implies that the flux without
vacuum would be considerably lower than 10 kg/h-m?as
previously predicted. In this study the effective area is 24
times larger than the area of membrane used by [11] which
results in more heat loss through the membrane surface
and much lower trans-membrane temperature difference,
hence producing less flux [13]. As previously discussed
there are several other reasons behind these lower flux
production rates such as membrane material, pore size,
porosity, and thickness. In this study, the PTFE membrane
also has a high thermal conductivity, which results in
correspondingly lower flux production rate. Membrane
materials with a high thermal conductivity show a lower
thermal resistance, which means an increase in the heat
transfer through the membrane leading to a decrease in the
water vapour on the feed side [19]. Increased pore size of
the membrane also leads to increased water flux, however
the thickness of the membrane has little observed effect on
the permeate flux production [12]. All of the above reasons
have minor effects on the permeate flux while the largest
effect can be attributed to the large effective area that has
been used in this study. According to our results, the dif-
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ference in permeate flux between both membranes is 6%
which is very low compared with the lower flux that has
been achieved with our large AGMD module. This con-
firms that the lower permeate flux obtained in this study
is the result of the large effective area of the membrane,
which highlights the challenge in scaling up of this pro-
cess. The large variation of flux results using different
module sizes led us to perform normality tests, residual
analysis and diagnostic statistics using the obtained exper-
imental data to better understand our results.

3.5. Normality tests and residual analysis of the experimental
data

It is important to check the normality of the experimen-
tal errors for fluoride removal data with both D_ and N,
membranes through a number of diagnostic tests prior to
commencing any statistical analysis on the experimental
data to ensure the repeatability of the observations [20]. If
the errors are normally distributed, further statistical anal-
ysis can be conducted on the experimental data with no
additional treatment required [21]. Fig. 6 shows the normal
probability plot for both D_ (A) and N, (B) membranes. It
is clear from these figures that the errors are normally dis-
tributed, illustrated by the residual points being very close
to the fitted regression line [22]. The residuals frequency
of occurrence being almost bell-shaped, in Figs. 6¢ and 6d,
provides additional evidence for the resulting normal dis-
tribution of experimental errors [23].

It is also clear that the order in which the experiments
were conducted had no effect on the distribution of errors as
illustrated by the random variation of the residuals around
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zero in Figs. 7a and 7b [24,25]. Further diagnostic statistical
tests were conducted on the residuals of fluoride removal
using both D__and N, membranes data to explore time-re-
lated effects on error distribution and to verify the random
distribution of the errors throughout the experiments. The
external effects such as experimenter performance and con-
ditions of the experimental environment had no noticeable
effect on the experiments and measurements. The random
distribution of the residuals vs. fitted values on both sides
of zero suggests that the error was randomly distributed
throughout the experiments [26].

3.6. Main effects and interaction of operating parameters

The significance of operating parameters effects and
their interactions on permeate flux using both D_ and
N,, membranes are illustrated in the analysis of variance
(ANOVA) in Table 2. The significance criterion (P-value)
was set as 0.05. Any change in permeate flux percentage
of <0.05 is regarded as significant, otherwise the change
is regarded as insignificant. It can be noted from Tables 2a
and 2b that all operating parameters and their interactions
had a significant effect on permeate flux percentage except
for flow x concentration and flow x concentration x tem-
perature using N,  which was found to be insignificant.
All parameters and their 2-way interactions of feed tem-
perature x feed flow and feed temperature x fluoride con-
centration had very significant effects (P-value = 0.000),
and also the 2-way interaction of feed flow x fluoride con-
centration and the 3-way interaction of feed temperature
x feed flow x fluoride concentration were significant at
P-values of 0.000.
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Table 2

(a) Analysis of variance for flux, using adjusted SS for tests using D, membrane

Source DF Seq SS Adj SS Adj MS F P

T 2 0.827723 0.827723 0.413862 3995.93 0.000
F 2 0.406799 0.406799 0.203399 1963.87 0.000
C 2 0.085708 0.085708 0.042854 413.77 0.000
T*F 4 0.045240 0.045240 0.011310 109.20 0.000
T*C 4 0.009023 0.009023 0.002256 21.78 0.000
F*C 4 0.002736 0.002736 0.000684 6.61 0.000
T*F*C 8 0.005400 0.005400 0.000675 6.52 0.000
Error 54 0.005593 0.005593 0.000104

Total 80 1.388222

(b) Analysis of variance for flux, using adjusted SS for tests using N, membrane

Source DF Seq SS Adj SS Adj MS F P

F 2 0.503095 0.503095 0.251548 921.72 0.000
T 2 0.936674 0.936674 0.468337 1716.07 0.000
C 2 0.119787 0.119787 0.059893 219.46 0.000
F*T 4 0.040242 0.040242 0.010061 36.86 0.000
F*C 4 0.000918 0.000918 0.000230 0.84 0.505
T*C 4 0.005627 0.005627 0.001407 515 0.001
F*T*C 8 0.004437 0.004437 0.000555 2.03 0.060
Error 54 0.014737 0.014737 0.000273

Total 80 1.625518

3.7. Surface plot interpretations

The surface contour plots were drawn by varying two
factors and fixing the third. Surface plots provide a valu-
able tool not only for visual inspection of the response

behaviour, but also for quick identification of the optimum
parameters for the permeate flux [9]. The permeate flux
with various pairs of experimental parameters are illus-
trated in Fig. 8. Generally, the figure shows that the flux
pattern for both membranes is almost identical for vari-
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ous factors, such as combination concentration vs flux,
where the D membrane had almost a constant flux with
different concentrations while the N,  membrane showed
a slight descending trend with increasing concentration.
The similarity in the flux pattern shown in Fig. 8 along
with the results presented in Fig. 4 suggests that the mate-
rial type of the membranes used in this study has insignifi-
cant effect on its overall productivity. Fig. 8a illustrates the
response of permeate flux to the change of feed tempera-
ture and feed flow while keeping the feed concentration
constant. The permeate flux of D and N, membranes

0.8
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04 150

o Flow (L/|

60 50
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0.4 o

Flux (kg/h.m2)

clearly increased when feed flow and feed temperature
were increased. Fig. 8b illustrates the response of perme-
ate flux to changes in feed temperature and fluoride con-
centration while keeping feed flow constant. The permeate
flux with D__and N, generally increased with increasing
temperature. Fig. 8c illustrates the response of permeate
flux to the change of feed flow and fluoride concentration
while keeping the feed temperature constant. For both
membranes the permeate flux increased when the feed
flow increased and decreased accordingly when the fluo-
ride concentration increased.
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Fig. 8. Surface and contour plots of permeate flux (kg/h-m?) at different feed temperatures, feed flow rates and fluoride concentra-
tions: a) feed temperature and feed flow, (b) feed temperature and fluoride concentration and (c) feed flow and fluoride concentra-

tion for both D__ (right) and N, (left) membrane.
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Fig. 9. SEM images of the new D__(Left), new D_ with support layer (middle) and used D__ (right) membranes showing the fouling

layer covering the membrane surface. (N, is not available).

3.8. Membrane surface characterization

The SEM pictures presented in Fig. 9 show clear signs
of fouling on the membrane surface as a result of 25 h of
fluoride removal. This fouling is likely the cause of the
slight flux decay, shown in Fig. 4. A high permeate flux
will inevitably create higher temperature polarization and
concentration polarization [27]. The solute will then tend
to precipitate on the feed side of membrane surface. In this
synthetic feed solution, the percentage of solute is relatively
low, thus the precipitation due to concentration polariza-
tion may be considered insignificant.

4. Conclusions

This study has determined and statistically validated
the key factors influencing flux production in a large lab-
oratory scale, air gap membrane distillation unit. The anal-
ysis also confirms which effects are significant and this has
provided greater insight into the mechanics of the process.
It was noted that flux production did not scale linearly from
previous work as a result of changes in operational parame-
ters, which have been shown to have a strong effect on flux
production. The permeate flux of the two membranes hav-
ing different materials was different mainly due to their dif-
ferent thicknesses and porosities. Fouling of the membranes
was observed after approximately 25 h of production lead-
ing to a decrease in permeate flux but no pore wetting has
been observed. Concentrations used matched those nat-
urally found in local water sources and the fluoride con-
taminant removal rate was above >98% in all experiments.
Theoretical modelling of the fouling process and remedial
methods of membrane cleaning are under investigation and
will be reported in future works.
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