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Abstract: Through experiments, the effect of membrane material selection and operating conditions
on permeate fluxes in direct contact membrane distillation (DCMD) desalination was investigated.
The experiment used a plate and frame membrane module, and with nine different hydrophobic
porous membranes, a comparative analysis of the desalination performance of 3 wt% NaCl solution
was performed. The results of this experiment were compared to find out the effect of different
materials, pore sizes and membrane thicknesses on the permeate flux under same operating condi-
tions. Further, a three-factor, three-level orthogonal experiment was designed. The effects of hot-side
temperature, hot-side inlet flow and cold-side inlet flow on the permeate flux of PTFE membranes
with a pore size of 0.22 um were investigated when the temperature on the cold side was set at 20 °C.
The results showed that in the DCMD experiments, both PTFE and PVDF membranes performed
well, and that hot-side inlet temperatures and cold-side inlet flow rates had significant effects on the
permeate flux.

Keywords: direct contact membrane distillation; desalination; plate and frame membrane module;
permeate flux

1. Introduction

Water resource depletion is a widespread issue on a global scale. With the growth of
the global economy and the increase in population, this problem has become increasingly
prominent [1,2]. At present, the best solution to the lack of water resources is conservation
while also developing and utilizing techniques to treat water of poor quality. Figuring
out how to solve the problems of seawater desalination and sewage treatment cost ef-
fectively and in an energy-efficient way has become the key to solving the problem of
water shortage [3,4]. Membrane processes are now important in water treatment in many
countries, because membrane separation has more advantages than thermal technology [5].
In particular, this includes avoiding expensive and inefficient heat, and a reduction in
environmental problems associated with fuel combustion, thereby reducing production
costs. Nevertheless, well-known membrane separation techniques, such as reverse osmosis
(RO) [6], have been proven to be unsuitable for current need, which include, for example,
the connection between membrane permeability and selectivity, while employing mem-
brane technology for specific purposes [7,8]. For example, for the desalination of high salt
feed liquid, high level pre-treatment requirements for raw materials, and higher level of
membrane contamination resistance, many membranes are ineffective at removing newly
developed pollutants and small-molecule pollutants from water [9,10] since membranes
only have the ability to concentrate these contaminants and not completely eliminate them.
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Thus, researchers attempted to combine membrane separation technology with the aid of
thermal distillation technology to integrate the relative merits of two approaches, namely
membrane distillation (MD) [11,12].

MD is a separation technique that relies on heat. The temperature difference between
the membrane’s two sides acts as the engine for heat transfer, which leads to a vapor
pressure difference [13,14]; this causes vapor to go through the membrane pores, inside
the membrane module, and the condensation to pure water occurs at the cool liquid/gas
interface [15]. On feeds that include volatility solutes [16], when these solutes” boiling
points are lower than those of water, they will pass through the membrane so as to separate
the raw material liquid. Due of MD’s non-isothermal properties, a film that is hydrophobic
will not be soaked by water; therefore, membrane contamination is not easy to occur.
When compared to conventional membrane methods like RO [17,18], it has a higher
interception rate for solutes, and is unaffected by high salt solutions and high permeate
pressure. Furthermore, lower operating levels of pressure and temperature are possible
for MD [19,20] because the membrane barrier only necessitates a narrower vapor space.
It works well with green power sources or thermal waste sources [20,21]. Additionally,
because of its less complex configuration, it is becoming a practical separation process that
can be used in ocean water and brackish water desalination, in the preparation of ultrapure
water [22], chemical material recovery and concentration, watery solutions’ volatile solutes’
removal and recovery, in juice from fruit and liquid food concentration, in cleaning up
sewage, and in other fields [23]. Especially in the treatment of wastewater, membrane
distillation can operate at extremely high concentrations, even to saturation, compared to
other membrane processes [24,25].

MD technologies include DCMD (Direct Contact Membrane Distillation) [26], where
the membrane on the permeate side and the liquid on the cold side are in direct contact;
AGMD (Air Gap Membrane Distillation) [27,28], where, on the permeate side, the air gap
serves as a condensing surface; SGMD (Sweeping Gas Membrane Distillation), wherein
the evaporation of less volatile molecules is aided when the gas is driven through a
gap on the permeable side; and VMD (Vacuum Membrane Distillation), where vacuum
has an impact on the gap channel’s structure [29], owing to DCMD'’s lack of a need for
an additional condenser, which has led to it attracting increasing amounts of attention
for being better suited to water applications. In terms of MD configuration, DCMD is
the most straightforward method as high-permeate flux can be obtained under simple
operating circumstances despite the fact that DCMD has a low thermal efficiency, and a
low effective drive due to evaporator proximity to condenser surface [30]. AGMD has high
heat utilization efficiency and a low permeate flux. Additionally, SGMD has remarkable
thermal efficiency; however, achieving a high permeate flux demands a large flow rate of
swept gas. VMD has a greater permeate flux and thermal efficiency. As with the DCMD,
by raising the temperature of the feed and flow rate, the VMD’s efficiency can be enhanced.
However, the VMD setup process is quite complex, mainly due to the need for vacuum
and an external condenser [31,32]. This is a serious flaw in VMD; because of this drawback,
one of the least researched desalination MD configurations is VMD. In addition, compared
to DCMD, a higher productivity at cooler temperatures is not constantly ensured by the
VMD'’s configuration complexity. Because of its simple structure, DCMD can be used at
low temperatures and its permeate flux is superior to that of VMD [33]. VMD only has
advantages when temperatures or flow rates are higher. In addition, unlike DCMD, VMD
does not directly control the permeate-side temperature, and vacuum pressure can also only
be realized using vacuum pumps. In VMD, due to the application of vacuum, membrane
surfaces may also show significant high-pressure changes; ultimately, the membrane may
be wetted or become less hydrophobic. Therefore, DCMD is the most suitable choice for
desalination research. In the DCMD, on both surfaces of the hydrophobic membrane, the
liquid flows with various temperatures [34,35]. As seen in Figure 1, the liquid is in direct
contact with the hydrophobic membrane. Liquid on the feed side does not flow across
the membrane surface. The driving force is the disparity in vapor pressure brought on by
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the temperature disparity, causing the volatile substances in the hot solution on the feed
side to undergo a phase transition. The gas phase volatile components enter the permeate
side through the membrane pores, and the low temperature solution on the permeate side
then condenses the gas phase volatile components passed through the membrane pores to
dissolve them in the receiving solution [36].

Feed in Liquid
permeate out
\ g
membrane
Liquid
Feed out permeate in

Figure 1. Schematic diagram of DCMD system structure.

Membrane material selection is an important factor in determining DCMD efficiency.
Since the variety of DCMD uses, examples include the treatment of factory water, the
ground, the ocean, sewage, retrieved water, toxic water, condensation water, and furnace
effluent. The total achievement of DCMD processes depends more and more on mem-
branes [37]. Therefore, according to the goal contaminants present in particular uses, the
most suitable hydrophobic membrane should be selected accordingly. The most suitable
membranes for MD uses include low surface energy, a high degree of porosity (small
average size of pore, narrow size of pores spread), and low thermal conductivity. This is
because the lower the thermal conductivity of the MD membrane, the less heat can be lost
through the membrane.

It is helpful to select appropriate membranes to increase the permeate flux. In their
investigation of various membranes, Zhang et al. [38] examined PVDF-MF membranes
that were constructed with a nonwoven support layer, PTFE-MF membrane consisting of a
nonwoven support layer, and three different kinds of MD membranes manufactured of
PTFE, which, though they had varying pore diameters, each featured a support layer made
of coarsely structured fabric. The findings demonstrated that, under the same conditions
of operation, the permeate flux of PTFE membranes was significantly higher than that
of PVDF-MF membranes. Additionally, the findings indicated that raising the rate of
feeding and intake temperature would result in an even greater increase in permeate
flux, but at extremely high flow rates, the rate of improvement of permeate flux would
decrease. According to the type of membrane, DCMDs have different permeate fluxes and
conductivities. Test films” LEP, breathability, and CA are able to compared. Depending
on the operating conditions of the test, such as flow rate, temperature and concentration,
the die’s assembly form may vary. For example, He et al. [17], testing nine commercially
available membranes for the production of potable water from brine, found that under
all conditions studied, permeate conductivity was always below 8 ms/cm. Nevertheless,
the type of saltwater, temperature difference between the two sides, and the ability to
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perform of the membrane all affect the quality of the membrane’s production. For a PTFE
membrane with 0.22 mm pores, an intake water temperature of 60 °C, 20 °C as the permeate
temperature, and a flow rate of 0.6 L/min, the permeate flux of seawater desalination is
23.76 L/m?h.

The structure and operating circumstances of the DCMD are the primary determinants
of performance. The feed side and permeate side inflows, the heat transfer method, and
the material of the membrane module can all significantly affect how productive a DCMD
system is. The DCMD system’ general efficacy is impacted by the operational parameters
chosen. Moreover, considering both the feed and permeate side temperatures is crucial,
because increased operating temperatures on the feed side may lead to greater permeate
flux when the liquid pressure does not reach the point where it can enter. While higher
feed-side temperatures can produce higher permeate flux, at specific operating temper-
atures, the permeate flux will be determined by factors like flow rate. Mahdi et al. [39]
investigated how nine easily accessible PTFE hydrophobic sheet membranes performed
on DCMD under different operating parameters, including feed side temperature, feed
side flow rate, permeate side flow rate, and feed side density. The experimental study’s
findings demonstrated that raising the feed side temperature, feed side flow rate and
permeate side mold assembly depth could increase the permeate flux. Bahmanyar et al. [32]
examined the impact of operating parameters such as feed side temperature, flow rate,
and density on permeate flux. After modeling, the problem is solved numerically using
mathematical analysis software. The loss of energy via heat conduction and heat exchange
was found to have a significant impact. Recently, a more modern technique, response
surface methodology, has been used to improve the DCMD process. The mathematical
modeling of operational factors impacting DCMD desalination was modeled by Boubakri
et al. [40] by applying RSM. A low-pore-size PP membrane was employed. The outcomes
demonstrated the model’s remarkable coefficient of determination (R? = 0.989). A vapor
pressure differential of 3.55 x 10* Pa was found to be the best working parameter, with
a feed flow rate of 73.6 L/h and a permeate flow rate of 17.1 L/h; under these optimal
circumstances, the permeate flux was 4.191 L/ mZh.

Gunko et al. [41], Pelin et al. [7], and Ramlow et al. [42] explored the factors affecting
the permeate flux of DCMD. It was discovered that raising the hot-side temperature,
lowering the cold-side temperature, and raising the cold-side flow rate might raise the
permeate flux. Ni et al. [43] and Ali et al. [44] looked into how feed temperature, rate
affected temperature polarization. It was shown that the temperature polarization rises
with increasing feed temperature and decreasing feed and permeate rates. At very low flow
rates, the conduction resistance of the membrane dominates, limiting the heat transmission
at the membrane contact, which has an impact on the efficiency of the process. Chen
et al. [45] and Banat et al. [46] investigated the effect of flow rate on permeate flux on the
permeate side, and discovered that increasing the flow rate could increase the heat transfer
coefficient and decrease the thermal boundary layer, resulting in a decrease in temperature
polarization coefficient. It was indicated that the effect of the feed side was greater than the
permeate side in terms of flow rate. For membrane distillation, growing the flow rate of the
feed increases the permeate flux but also increases the possibility of membrane wetting.
Furthermore, the rise in flow rate may increase the energy consumption of the liquid
transport system and the operating cost. Therefore, it is necessary to select the appropriate
flow rate to optimize the whole membrane distillation system.

Temperature has also been shown by Manawi et al. [47] to be a crucial operational
component that must be carefully taken into account when designing a DCMD process.
To calculate the temperature polarization coefficient on the DCMD membrane, a DCMD
model was created. Under various operating circumstances, localized permeate fluxes
were obtained. When the flow rate was 3 L/min, the feed temperature was 60 °C, and the
permeation temperature was 20 °C, it was discovered that the temperature polarization
coefficient was at its highest, 0.8. When the feed temperature is 70 °C and the permeate
side temperature is 30 °C, at a flow rate of 1.5 L /min, the temperature polarization coeffi-
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cient is 0.66. However, when other conditions remain unchanged, the temperature of the
permeate side increased to 70 °C, and the temperature polarization coefficient reduced
to 0.47. It has been demonstrated that the temperature polarization coefficient in DCMD
is substantially determined by the internal coefficient of mass transfer of the membranes
used. Additionally, Singh [25] noted that a key factor affecting DCMD performance is the
membrane material’s thermal conductivity. While this was going on, Su et al. [48] carried
out experimental and theoretical research to look into the impact of hydrophobic hollow
fiber membranes’ thermal conductivity on permeate flux. When the feed temperature
is 80 °C and the distillate temperature is 20 °C, the hydrophilic layer’s thermal conduc-
tivity ranges from 0.2 to 1.4 W/mK, and vapor flux increases significantly from 31.4 to
78.5 kg/m?h. Embedding MWCNTs containing graphite particles into the hydrophilic
layer of hollow fibers increases its thermal conductivity. With the addition of MWCNTs,
the thermal conductivity is twice as high as that before it was added. The obtained thermal
conductivity is still rather modest; it was found that by maintaining the distillate and feed
temperatures at 15 °C and 80 °C, the thermal conductivity enhanced with the inclusion
of nanomaterials, causing a considerable shift in steam vapor flux to 1.6 times the initial
steam vapor flux of 40 kg/m?h.

Because the productiveness of the DCMD process is impacted by many operational
parameters, researchers are also working on the sensitivity of DCMD productivity to
different parameters. To identify the most crucial operating factors, Hayer et al. [49] also
carried out a theoretical investigation on the sensitivity of DCMD to different factors using
the simulate approach. Using the overall sensitivity evaluation technique, the impacts of
various factors on permeate flux and temperature polarization coefficient were quantified.
The findings indicate that feed temperature and membrane thickness are crucial design
factors in DCMD. Therefore, the selection of operating conditions for DCMD not only
has a direct impact on productivity, it also indirectly affects production costs. For, if
one seeks only the incremental increase from a single factor, but not considering the
whole, increasing the feed temperature can increase permeate flux. However, at this time
there is no corresponding increase in the efficiency of heat utilization. Increased energy
consumption without improving productivity will lead to cost of production increases,
which make this approach not conducive to the development and practical application of
membrane distillation.

Based on the above research, this paper conducts a continuous analysis from the
selection of hydrophobic porous membrane materials to the study of optimal operating
conditions, supplying a guide for the DCMD desalination process’s optimization.

2. Materials and Methods
2.1. The Evaluation Index of Membrane Distillation
Permeate Flux

Permeate flux is the mass of pure water produced per unit membrane area and per
unit time, which can be calculated as follows:

m

=i

1)
where | is the permeate flux, kg/ m2-h; m is the electronic balance reading, g; A is the
effective evaporation membrane area, m?2; and t is the recording time, s.

2.2. Experimental Materials and Equipment

As shown in Figure 2, the PTFE, PVDEF, and PP flat sheet hydrophobic porous mem-
branes were used in the experiments. Figure 3 shows the DCMD system. Figure 4
shows images captured via SEM (scanning electron microscopy) of membrane samples.
Tables 1 and 2 show the equipment and the physical property parameters of selected hy-
drophobic porous membranes, respectively.
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Figure 4. Images captured via SEM (scanning electron microscopy) of membrane samples’ inside

surfaces (a) PTFE [50], (b) PVDEF [50], (c) PP [51].
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Table 1. DCMD system components.
Equipment Equipment Model Manufacturers
Membrane MFPT-2213 Hangzhou Cobalt Filter Material Co., Hangzhou China.
Membrane Components Xiamen Guochu Co., Xiamen China.
Pump YZ-1515X Lange Constant Flow Pump Co., Baoding China.
Constant Temperature Tank DC-1010 Xiamen Guochu Co., Xiamen China.
Temperature and conductivity sensors EC-4110 Suntex Instruments Co., Taiwan China.
Electronic scale XH3180-K Xinhen Instruments Co., Shanghai China.
Table 2. Physical property parameters of the selected hydrophobic porous membranes.
. . Thermal Conductivity Porosity Contact Angle (°)
Thickness (um) Pore Size (um) (W-m-1.K-1) % 5,17,52]
205 0.22 0.2651 53.75 140+ 3
PTFE 185 0.45 0.2651 46.77 140 £3
168 1 0.2651 53.12 140 +3
177 0.22 0.13 55.22 148.1
PP 193 0.45 0.13 37.73 148.1
228 1 0.13 55.89 148.1
150 0.22 0.22 85 120 £ 10
PVDF 125 0.45 0.22 90 120 £ 10
100 1 0.22 90 120 £ 10

(1) Membrane module

The membrane module employed in this work was composed of one upper and
one lower cover plate (Polymeric Methyl Methacrylate Material), a membrane, a spacer
(Acrylonitrile Butadiene Styrene Material), and two gaskets (Natural Rubber Material). The
membrane and the spacer were overlapped. This module has a surface area of 0.03 m?,
and the feed and coolant/permeate chambers both have a surface area of 0.01 m?. The
sealing gasket was placed between the membrane and the cover plates. Figure 5 shows the
membrane module structure.

(2) Feed side (hot-side) pump

The feed side pump was used to provide enough pressure for the raw solution in the
thermostatic bath to enter the membrane module. The adjustment range of flow rate is
0-1000 mL/min, and it can achieve infinitely precise adjustment, with a pipe wall thickness
of 1.5 mm.

(3) Constant Temperature Tank

The constant temperature tank is divided into heating constant temperature tank and
cooling constant temperature tank; the temperature adjustment range is 0-100 °C, the
precision is 0.01 °C, and the maximum that can be heated or condensed is 10 L of liquid.
The heating constant temperature tank is used to heat the material liquid, and the cooling
constant temperature tank provides condensation on the cold water side.

(4) Electronic scale

The function of the electronic balance is to accurately measure the weight of water
produced. The measurable range is from 0 to 2000 g, with an accuracy of 0.1 g.
(5) Permeate side (cold-side) pump

The permeate side pump was used to cool the water in the cryogenic chiller to a set
temperature, providing sufficient pressure to enter the membrane module. The adjustment
range of flow rate is 0-1000 mL/min, and it can achieve infinitely precise adjustment, with
a pipe wall thickness of 1.5 mm.
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(6) Temperature and conductivity sensors

The temperature and conductivity sensors were used to detect the temperature and
conductivity of the hot and cold sides in actual time. The temperature detection range of
the hot side is from 0 to 100 °C and the conductivity detection range is from 0 to 199 ms/cm,
with an accuracy of 0.01 ms/cm. The temperature detection range of the cold side is from
0 to 100 °C and the conductivity detection range is from 0 to 2000 us/cm, with an accuracy
of 0.01 pus/cm.

Spacer SEM

Permeate outlet ﬁ PTFE membrane t Feed outlet t

t Feed side t —95mm

PerlTueate side ﬂ

t t Feed intlet t

Permeate inlet Feed side I
=N

95mm

prre N\ N NN
\. N N e jv: b

Figure 5. Membrane module structure.

The experimental steps were as follows:

Firstly, each group of test lasted for 3 h, and after the system was stabilized, the data
were recorded every 15 min, and a total of 12 groups of data were recorded in each test;

Then, the stable data of each group of tests were arithmetically averaged to find the
average permeate flux and error calculations were performed.

The aim of this article is to determine the optimal time for membrane performance
without considering pollution. In subsequent studies, the situation of membrane fouling
will be studied separately.

3. Results and Discussion
3.1. Effect of Membrane Materials on the Permeate Flux of the DCMD Process

The experimental comparison of different membrane materials was conducted under
the operations of 50 °C hot-side inlet temperature, 20 °C cold-side inlet temperature,
500 mL/min hot-side flow rate, 500 mL/min cold-side flow rate, and 3 wt% NaCl (300 g
salt mixed with 10 L water) of the solution to be separated. During the experiment,
the conductivity of the produced water was controlled below 10. Table 3 shows the
experimental results.

The experimental results indicate that both PTFE and PVDF membranes perform
well, whereas pp membranes are not recommended. The permeate flux increases as the
membrane pore size increases without considering any membrane fouling and scale-up
issues. The optimal membrane pore size in this study is 1.0 pm.
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Table 3. The performance of different membrane materials in DCMD experiments.

Scenario Pore Size A (um) Material B Average Permeate Flux/J kg/(m?*h)
1 0.22 PTFE 8.62
2 0.45 PTFE 11.42
3 1.0 PTFE 12.87
4 0.22 PVDF 8.40
5 0.45 PVDF 10.25
6 1.0 PVDF 11.64
7 0.22 PP 2.00
8 0.45 PP 1.16
9 1.0 PP 4.00

As shown in Figure 6a, the total average permeate flux of a PTFE membrane with
1.0 um pore size is 12.87 kg/ (m?*h), which fluctuates up and down from 15 to 60 min
of the MD process and then stabilizes after 90 min. The average permeate flux for PTFE
membranes with pore sizes of 0.45 um is 11.42 kg/(m?*h). The total average permeate
flux for a PTFE membrane with a pore size of 0.22 um is 8.62 kg/(m?*h), which increases
significantly from 15 to 60 min of the MD process and then fluctuates after the 60 min.
The fluctuation of permeate flux is mainly due to the jittering of the experimental water
pipe, which causes some experimental errors. For errors, the data use the mean value. The
relative error between each set of data and the mean was then calculated. Finally, the error
results were all calculated to be within 4%, which is within the allowable error range.

As shown in Figure 6b, the total average permeate flux of a PVDF membrane with a
pore size of 1.0 pm is 11.64 kg/(m?*h), with an overall decreasing trend and a significant
decrease from 60 to 90 min of the process, and it tends to be stable after 135 min. The total
average permeate flux of PVDF membrane with a pore size of 0.45 um is 10.25 kg/(m?*h),
and it fluctuates up and down during the process. The total average value of permeate flux
for PVDF membrane with a pore size of 0.22 um is 8.40 kg/ (m?*h), and the average value
remains relatively stable.

Figure 6¢ shows the performance of the PP membranes in the DCMD desalination
process. The total average permeate flux of a PP membrane with a pore size of 1.0 pm
is 4.00 kg/(m?*h), with an overall increasing trend. The permeate flux increases when
the process is running from 30 to 60 min, and it is stable after 135 min. The total average
permeate flux of a PP membrane with a pore size of 0.45 um is 1.16 kg/ (m?*h), with an
overall decreasing trend. It decreases after 45 min and becomes stable gradually. The total
average permeate flux of a PP membrane with a pore size of 0.22 um is 2.00 kg/(m?*h).
The decline from 60 to 75 min is greater than that from 90 to 105 min, and it is stable after
135 min.

Figure 7 illustrates how the performance of the DCMD desalination system is impacted
by membrane thickness. Membrane thickness has an inverse relationship with the permeate
fluxes of PVDF and PTFE membranes, while the permeate fluxes of PP membranes change
insignificantly with the increase in thickness and remain at a low permeate flux.

Figure 8 shows the effect of membrane pore size on the desalination performance of
hydrophobic porous membranes with pore sizes of 0.22 pm, 0.45 um, and 1.0 pm. It can be
seen that the differences between the permeate fluxes of PTFE and PVDF membranes are
small, while PP membrane’s permeate flux is significantly lower than that of the others.

This situation arises because the PVDF membrane has moderate thermal stability
and a surface energy of 3.03 x 1072 N/m. The thermal stability of PP membrane at
high temperatures is average, with a surface energy of 3.0 x 1073 N/m, with lower
membrane performance. Additionally, PTFE membrane has good thermal stability, with
the lowest surface energy of 9.0 x 1073—2.0 x 1072 N/m [53]. In addition, it has high
vapor permeability and high moisture resistance. Therefore, the highest permeate flux is
produced by PTFE membranes with low surface energy, high porosity (narrow size of pores
dispersion, small average size of pores), and low thermal conductivity.
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3.2. The Effect of Operational Conditions on the DCMD Process

An orthogonal experiment was designed to study the relationships among the tem-
perature of the hot side, the flow rate of the hot side, the flow rate of the cold side and the
permeate flux. Table 4 shows the factors in the experiment. The solution to be separated
was 3 wt% NaCl solution. PTFE membranes with a pore size of 0.22 um were selected.
The cold side’s temperature remained constant at 20 °C. The experiment was conducted
with three different hot-side inlet temperatures (60, 70, and 80 °C) and three different inlet
flow rates (600, 800, and 1000 mL/min). During the experiment, the conductivity of the
produced water was controlled below 10. Table 5 shows the experimental results, from
which the optimal combination A3B;C3 can be obtained.

Table 4. The factors in the orthogonal experiment.

Level Hot-Side Temperature Hot-Side Inlet Flow Rate Cold-Side Inlet Flow Rate
A (O B (mL/min) C (mL/min)
1 60 600 600
2 70 800 800

3 80 1000 1000
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Table 5. The orthogonal experimental results.

‘ Hot-Side Hot-Side Inlet Cold-Side Inlet Average Standard
Scenario Temperature A (°C) Flow Ra.te Flow Ra.te Permeate flux/J Deviation
B (mL/min) C (mL/min) kg/(m?*h)

1 60 600 600 154 1.07
2 60 800 800 16.1 0.85
3 60 1000 1000 17.4 1.39
4 70 600 800 23.8 1.17
5 70 800 1000 25.2 1.03
6 70 1000 600 23.6 1.26
7 80 600 1000 35.8 1.15
8 80 800 600 30.8 0.97
9 80 1000 800 31.7 1.40

yjl 48.9 75.0 69.8

yj2 72.6 72.1 72.8

yj3 98.3 72.7 78.4

Vit 16.30 25.00 23.27

iz 24.20 24.03 24.27

Yj?) 32.77 24.23 26.13 ¥J =219.8

Rj 16.47 0.77 2.86

Excellent level Aj B Cs
Primary and A C B
secondary factors
Optimal combination A3B1C3

4. Conclusions

The following are the findings from the experimental study of the DCMD desalina-

tion process:

)

@)

®)

PTFE and PVDF membranes are the best choice of membrane materials for membrane
distillation, whereas pp membranes are not recommended. The permeate fluxes of
PVDF and PTFE membranes are very close when their pore sizes are 1.0 pm.
Without considering the membrane fouling and scale-up issues caused by long-time
desalination processes, the permeate flux of PTFE and PVDF membrane increases
with the increase in the pore size. In contrast, the permeate flux of pp membranes does
not vary significantly with pore size. Additionally, in this study, Jvaf1.0 = 1.136]pvdfo.45
= 1.386]pvdr0.22/ Jptte1.0 = 1.267]ptfe0.45 = 1.377] ptfe0.22-

Under operating conditions of constant inlet flow on the hot and cold sides, increasing
the hot-side temperature and decreasing the cold-side temperature facilitates the
increase in permeate flux in membrane distillation systems. Moreover, the hot-side
temperature and cold-side inlet flow rate have a greater influence on improving the
permeate flux, and the optimal combination is A3B;Cj3 in this experiment.
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