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A B S T R A C T

Air gap membrane distillation (AGMD) and vacuum membrane distillation (VMD) are two membrane-based
desalination processes that utilize temperature differences to generate water vapor for purification. This study
evaluated the viability of both processes for treating different types of saline water, such as Arabian Gulf sea-
water and oil field-produced water. Factors such as feed temperature, feed concentration, recirculation flow rate,
air gap, and vacuum space depth were investigated to understand their impact on permeate flux in AGMD and
VMD configurations. The results showed that AGMD achieved higher permeate flux at lower feed concentrations,
while VMD performed better at higher concentrations. Increasing the feed temperature led to increased permeate
flux in both configurations, with AGMD showing a greater increase. Results also indicated that lower gaps were
preferred in both configurations, and the tested membranes showcased excellent salt rejection capabilities. These
findings provide valuable insights into the potential applications of AGMD and VMD in desalination, especially
in regions with water scarcity or pollution.

1. Introduction

Membrane distillation (MD) is a thermally driven process that in-
volves the transport of water vapor across a hydrophobic membrane
[1]. It is a relatively new process for the separation of liquids with low
vapor pressures, such as water from aqueous solutions, and it can op-
erate at temperatures much lower than those used in traditional dis-
tillation [2]. MD can use low-quality waste heat to create a vapor
pressure difference across a hydrophobic membrane and create a high-
quality distillate. The transmembrane driving force is the water vapor
partial pressure gradient, which pushes the water vapor molecules
across the membrane and collects them as a condensate on the
permeate side [3]. The process is attractive because of its simplicity,
energy efficiency, and scalability [4–7]. MD has been studied ex-
tensively in recent years due to its potential applications in water de-
salination, wastewater treatment, and other separation processes. From
various water and wastewater sources, MD demonstrates promising
water recovery [8,9]. Although reverse osmosis is still the most widely

used desalination method, there is a chance of developing other low-
energy separation methods, particularly for high-salinity streams [10].
The most significant advantage of the MD process over conventional
desalination methods is its lower energy consumption, which is due to
the process requiring low-grade energy associated with evaporation at
ambient pressure [11,12].

A simulation study by Baghbanzadeh et al. on zero thermal input
membrane distillation (ZTIMD) showed that ZTIMD is more economically
effective than existing seawater desalination technologies and can produce
pure water at a significantly lower cost of $0.28/m3 with a specific energy
consumption of 0.45 kWh/m3 [13]. ZTIMD process requires no external
thermal input, as the enthalpy of the surface seawater is used to generate
the necessary thermal energy, and the bottom seawater serves as the heat
sink. The use of low-grade waste heat from industrial and/or power plants
makes the MD process more viable for different applications. The waste heat
from steam ejectors blow down, boiler blow down, dump condenser, flue
gas chambers, etc. can be used for the MD process [14,15]. A simplified
schematic diagram of the MD process is shown in Fig. 1 [16].
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Other reported advantages of the MD process include high rejection
rates for nonvolatile components [17,18]. It is feasible to operate with
high solute concentrations in the feed or near-saturated solutions [19,20].
Additionally, the process is more compact and has a smaller footprint than
traditional thermal distillation processes [18,21–23]. The MD process also
operates at lower pressures than conventional pressure-driven membrane
separation processes. This allows for flexibility in using less expensive
piping materials and membranes with average mechanical properties
[18,24,25]. Moreover, it does not require pretreatment chemicals [19].
Furthermore, MD operates at lower temperatures than conventional dis-
tillation [26], and it results in reduced vapor spaces compared to con-
ventional distillation processes [26].

The most significant challenge of MD is the wetting of membranes in
MD systems [27]. The wetting of membranes reduces permeate quality
and can cause membrane fouling. Another major drawback is that the
significant loss of energy supplied by the hot feed is lost by conduction
through the membrane. As a result, a thermal boundary layer develops
at the membrane surface due to the temperature differences between
the membrane surface and the bulk solutions. This temperature polar-
ization feature reduces the effectiveness of mass transportation [28].

There are four typical MD configurations, and they differ from each
other in their approaches to collecting or condensing water. The four
MD configurations are direct contact membrane distillation (DCMD),
air gap membrane distillation (AGMD), sweeping gas membrane dis-
tillation (SGMD), and vacuum membrane distillation (VMD). Fig. 2 il-
lustrates the four commonly used configurations of MD [29].

In DCMD, the condensing fluid temperature (i.e., pure water on the
permeate side) is lower than in the feed-side liquid temperature. In this
configuration, the hydrophobic microporous membrane is in direct
touch with the liquid on both sides of the membrane [30]. The
permeate from the feed side is collected by the pure water stream.
Despite this being the most frequently employed in the lab-scale MD
investigations, DCMD has not been widely used in pilot-scale MD sys-
tems because of its low energy efficiency and substantial conductivity
losses caused by the membrane's interaction with both streams [31,32].
As a result, the integration of DCMD systems with other processes has
been recommended by some research studies [33].

In AGMD, the vapor produced by the feed passes through the porous
membrane and air gap and condenses on a coolant plate, which is
cooled by the circulated cooling medium on the other side as shown in
Fig. 2(b). Since the feed solution only comes into contact with the hot
side of the membrane surface, and an additional air gap is introduced
between the membrane and the condensation surface, less heat is lost
through conduction, and the thermal efficiency of the AGMD system is
higher than that of the DCMD system [28,34]. As a result, significantly
larger temperature differences across the membrane are possible.

In SGMD, inert gas is used to sweep vapor on the permeate mem-
brane side of the membrane module, allowing it to condense outside the
membrane module. There is a gas barrier, as in AGMD, but an inert gas
is blown over the permeate side of the membrane to reduce permeate-
side mass-transfer resistance across the stagnant air-vapor film [35].
This increases the mass-transfer coefficient and can be used to remove
volatile compounds from aqueous solutions. The permeate flux in
SGMD, on the other hand, is affected by sweep gas velocity and air
temperature at the module inlet [36].

In VMD, a vacuum pressure of 5–10 kPa is applied to the permeate
side of the membrane to extract vapor. The vacuum reduces mass-
transfer resistance and heat loss across the membrane. The vacuum on
the permeate side raises the vapor pressure gradient across the mem-
brane, increasing flux. An external condenser recovers vapor outside
the module, as in SGMD [37,38]. Although increasing the vacuum
pressure would result in higher permeate flux, exceeding the mem-
brane's liquid entry pressure (LEP) could result in membrane wetting
and performance degradation [39].

MD process performance is notably impacted by operating condi-
tions and membrane properties. Significant factors include feed and
coolant temperatures, concentrations, flow rates, permeate tempera-
ture, temperature differentials, mean temperature, permeate velocity,
and vapor pressure difference [19,40,41].

In all MD configurations, higher feed temperatures lead to an ex-
ponential increase in permeate flux [19]. Keeping the feed input tem-
perature constant and raising the coolant temperature reduces trans-
membrane vapor pressure, decreasing permeate flux [19,34]. Similarly,
if the coolant temperature is fixed and feed temperature rises, trans-
membrane vapor pressure increases, resulting in higher permeate flux
[40,41]. The Antoine equation explains this, as temperature influences
vapor pressure due to its direct relation with diffusivity [34,42]. Ele-
vated temperature enhances the mass-transfer coefficient and reduces
temperature polarization as well [2].

Studies [1,2] reveal an inverse relationship between coolant side
temperature and distillate flux. Lower temperatures yield higher dis-
tillate fluxes due to increased vapor pressure difference. The optimal
flux occurs at the extremes of feed and permeate temperatures [1]. Feed
concentration also affects permeate flux. Higher concentrations lead to
lower vapor pressure, reducing flux. Additionally, as the surface
membrane temperature declines with an increase in feed concentration,
the heat transfer coefficient of the boundary layer also decreases
[19,40]. Non-volatile compounds like sodium chloride decrease water
activity. Elevated feed concentration enhances concentration polariza-
tion, decreasing the mass-transfer coefficient and heat-transfer coeffi-
cient on the feed side. Consequently, non-volatile solutions result in
reduced permeate flux [31,40,43]. In the case of feed solutions with
volatile components like alcohols, the impact of increasing feed con-
centration on permeate flux depends on the thermodynamic properties
of the volatile compound and its interaction with water [40]. Higher
volatile component concentration can elevate permeate flux due to
increased vapor pressure.

Another factor influencing MD flux is the feed and cold side flow
rates. Raising the feed flow rate enhances the heat transfer coefficient
on the feed side, mitigating temperature and concentration polarization
effects. Consequently, higher feed flow rates lead to increased distillate
fluxes [34,40,41]. Studies indicate that a counter-current flow ar-
rangement might offer superior heat and mass transfer efficiency
compared to a co-current flow system [1]. In DCMD and SGMD systems,
higher permeate flow rates enhance permeate-side heat transfer, re-
ducing heat and concentration polarization. The elevated heat transfer
coefficient on the permeate side aligns surface temperature with bulk
permeate temperature, boosting driving force and permeate flow
[19,40]. Conversely, in AGMD, the impact of the permeate-side flow
rate on flux is negligible due to the dominant influence of the air gap
[34,44]. Non-condensable gases in the feed can evolve with vapor upon
heating, potentially obstructing membrane pores and causing mass-

Fig. 1. The simplified flow diagram of the MD process [16, License number
5654670026479].
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transfer resistance, leading to reduced flux [45]. Removing these gases
from feed and cold side solutions reduces partial pressure difference
and enhances molecular diffusion through pores [45,46].

This paper presents a parametric study conducted at the Kuwait
Institute for Scientific Research (KISR) to assess the feasibility of using
AGMD and VMD processes for desalinating Arabian Gulf seawater (AGS)
and oil field-produced water under various operating conditions. The
current study is initially to present the laboratory-scale results of using
AGMD and VMD technologies to treat AGS and oil field-produced water
in Kuwait. This study is unique in terms of assessing the MD technology
to desalinate the Arabian Gulf Seawater (AGS) which has stringent sea-
water chemistry compared to the other parts of the world. Also, the scope
of the study is extended to treat the highly saline oil field-produced water
samples (TDS∼168,000 ppm) collected from the state of Kuwait using
the emerging AGMD and VMD configurations of the MD operation. The
work is envisaged that the results of this laboratory-scale study in Kuwait
can serve as a foundation for future pilot-scale studies utilizing AGMD
and VMD technologies globally. Thus, this parametric study is a useful
technique for evaluating the performance of the AGMD and VMD sys-
tems. Membrane distillation materials used should be hydrophobic and
made from polymers to allow only vapour to pass through it. Thus, the
current study was performed to assess the feasibility of using different
commercial MDmembranes towards desalination applications. The study
utilized PP, PVDF, and PTFE membranes and, for the first time, in-
vestigated the effects of air gap depths and vacuum space in AGMD and
VMD modules developed at KISR. AGMD and VMD are important to
explore since they offer promising opportunities for desalination and
water purification. They utilize temperature differences to generate
water vapor, which is subsequently condensed to obtain purified water.
AGMD and VMD processes have several advantages, including scal-
ability, potential for integration with renewable energy sources, and high
salt rejection capabilities. By studying these processes, we can gain in-
sights into their performance, optimize their efficiency, and enhance
their viability as potential solutions for addressing water scarcity and
contamination issues worldwide. Additionally, exploring AGMD and

VMD can contribute to the development of sustainable and efficient
desalination technologies. The experimentation conducted is summar-
ized in Table 1. This study is the first to report on the use of different
vacuum spaces in a VMD process and to provide valuable insights into
the treatment of different saline solutions using AGMD and VMD tech-
nology. The current study evaluated the viability of AGMD and VMD for
treating different types of saline water, including Arabian Gulf seawater
(AGS) and oil field-produced water. GCC countries mainly rely on sea-
water desalination technologies to fulfil the need for freshwater demand.
Therefore research and development in exploring the advanced MD
technology is requisite to address the issues of high energy and cost
demand by the established desalination technologies. The treatment and
management of high saline Oil field-produced water are the long term
challenges faced by the oil-producing countries. Therefore, the current
study further explores the treatment of oil field-produced water using
MD technology.

2. Materials and methods

2.1. Experimental setup and procedure

Fig. 3 shows a photo of the bench-scale MD unit. The test unit can
accommodate different MD configuration cells for testing. In this study,
the flat sheet membranes with effective areas of 0.0155m2 and
0.003847m2 were used. The membrane modules, depicted in Figs. 4
and 5, were designed and built at KISR using Teflon and acrylic ma-
terials. The effect of channel depth was experimentally carried out on a
0.0155m2 membrane module. Currently, there are no commercially
accessible membrane modules that offer the capability to adjust the
depth of their channels. As a result, a new membrane module was de-
signed and developed at the KISR to accommodate different plates
1mm thick on the hot- and cold-channel sides. Figs. 4 and 5 show
schematic representations and images of the VMD and AGMD cells,
respectively. Figs. 6 and 7 show schematic representations of AGMD
and VMD processes, respectively [47,48].

Fig. 2. Schematic representation of MD configurations [29].
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Flat sheet PP, PVDF, and PTFE membranes were used in this study.
Merck Millipore Ltd. supplied the PVDF (YMJXSP3001) membrane, and
Celgard 2500 supplied the PP membrane. The PTFE (PTFE023005)
membranes were procured from the Sterlitech Corporation. The NaCl
was analytical reagent (AR) grade, with a purity of 99.9%. (Techno
Pharmchem, Sodium chloride AR – 33127). As a feed solution, NaCl
solutions with concentrations of 3.5%, 7.0%, 15%, and 26% were used.
The NaCl solutions were created by dissolving a known amount of NaCl
salt in a known amount of deionized water (DI) produced by Millipore's
ZRQSVP3WW | Direct-Q3 UV Water Purification System. Furthermore,
AGS collected from a beach well at the KISR's Desalination Research
Plant (DRP) in Kuwait was used as feed. The effectiveness of AGMD and
VMD was also investigated for oil field-produced water collected from
Kuwait Oil Company, Kuwait. The physiochemical analysis of the AGS
used in this study is summarized in Table 2. The physiochemical ana-
lysis was carried out using a DR 5000 Spectrophotometer (Hach, DR
5000) and an ion chromatography system (Dionex 5000).

The experimental tests were carried out using a flat sheet membrane
in an AGMD module and a VMD module. In the AGMD process, the hot
feed solution is in direct contact with the membrane surface. The feed
saline water is heated to the required temperature using a circulating
bath (Cole Parmer Polystat – Item # EW-12122–02) and is pumped to
the AGMD module. The coolant water temperature and flow are

controlled using the circulating bath (Cole Parmer Polystat – Item #
EW-12122–02). The air gap width was determined by the thickness of
the stainless steel plate installed between the membrane and the con-
densation plate. The coolant water is in contact with the condensation
plate. The vapor from the feed passes through the membrane pores and
air gap which then becomes condensed on the stainless steel con-
densation plate. The condensed water was then collected, and flux was
determined by measuring the increase in weight of the condensate
water collected over time.

Weighting balance (MS32000L/A03, Mettler Toledo) was used to
measure weight change. Regarding experimentation using the VMD
configuration, the feed solution in the feed tank was heated to the re-
quired test temperature. At the required constant flow rate, heated
water was pumped to the membrane module and back to the feed tank.
At the same time, the vacuum pump and condenser both ran with the
required constant vacuum pressure. The treated water was collected in
a permeate water tank, and the weight of the collected water was
measured. The same circulating bath and weighing balance used in
AGMD were also used for the VMD experimentation.

Each experiment ran for 90min after the system stabilized. The
experiments were conducted three times, and the average value was
used for the analysis. The membrane-active surface was directed toward
the warm feed solution in both the AGMD and VMD experiments. All of

Table 1
Experimental framework and methodology.

Parameter Reasoning

Feed Temperature,oC 65 to 85 The study investigated how AGMD and VMD systems respond to different feed
solution temperatures, with a temperature range of 65–85 degrees Celsius
commonly used in MD research. The maximum temperature tested was 85 °C to
avoid thermal degradation of the membranes, which can occur at higher
temperatures.

Flow rate, L/min 1.3-2.0 The experiment aimed to study the impact of varying feed flow rates on the
performance of AGMD and VMD processes by measuring the resulting permeate
flux. The goal was to establish data that provided insights into how the feed
flow rate affects the performance of the two processes.

Feed solution concentration, wt
%

NaCl solutions of 3.5–26%, oil field-produced
water, Arabian Gulf seawater

To investigate the impact of varying feed concentrations on the permeate flux
and to assess the viability of employing MD for feeds with varying levels of salt
concentration including oil field-produced water and actual seawater

Membranes Polypropylene, polyvinylidene fluoride and
polytetrafluroethylene

To test the performance of different polymeric membranes for AGS desalination
in the AGMD and VMD configurations

Fig. 3. MD test unit.
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the streams' temperatures and conductivities were also measured and
recorded manually. Electrical conductivity, total dissolved solids (TDS),
salinity, and temperature were manually measured using electrical
conductivity meters (Thermo ScientificTM OrionTM Star A322
Conductivity Portable Meter).

The following equations were used to calculate the salt rejection
efficiency (SR) and the water vapor flux:

=SR Cp Cf x(1 / ) 100 (1)

=

× ×

WaterFlux
Weight

Waterdensity membranesurfacearea time (2)

where Cf and Cp are the concentrations of the feed and permeate, re-
spectively.

The membranes used in the current work have been procured
from the Sterlitech Corporation, USA and characterized. The main
properties of the membrane used in the current study are porosity,
pore size and thickness. The specifications and main characteristics
of the applied various membranes in the current study are presented
in Table 3.

3. Results and discussion

3.1. Influence of feed temperature

The effect of feed temperature on the permeate flux in the AGMD
configuration is illustrated in Fig. 8 whereas Fig. 9 shows the influence
of feed temperature on vapor flux in the VMD configuration. The ex-
amined temperature varied from 70 °C to 85 °C in the AGMD experi-
mentation. The temperature on the cold side was maintained at 5 °C.
The feed used was a 7% NaCl solution. Both the flow rate of the feed
and the flow rate of the coolant solution were maintained at 1.3 L/min.
To keep the condensing plate at the required temperature, deionized
water was circulated on the cold side.

In the VMD experimentation, the feed temperatures were 65 °C,
75 °C, 80 °C, and 85 °C. The feed used was 7% NaCl solution. The va-
cuum pressure was kept at 100 kPa. The feed flow rate was 1.3 L/min.
Although AGMD and VMD processes have similar principles, the pre-
sence or absence of a vacuum and the resulting pressure difference play
a significant role in determining water flux. In AGMD, the water tem-
perature is typically higher, as it is driven by a hot feed solution. The
higher temperature promotes higher vapor pressure and greater vapor
flow across the membrane, resulting in increased water flux. In the

Fig. 4. Schematic representation and photos of the VMD cell.

Fig. 5. Schematic representation and photos of the AGMD cell.
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AGMD experimentation, when the temperature was increased from
70 °C to 85 °C, the permeate flux surged from 14.3 to 22.4 L/m2h (i.e.,
an increase of 56.64%). On the other hand, in VMD, increasing the
temperature from 65 °C to 85 °C at fixed vacuum value resulted in an
increase in the permeate flux from 13.4 to 17.0 L/m2h. The increase in
flux with the increase in temperature was lower for the VMD config-
uration compared to the AGMD configuration. Therefore, using a va-
cuum as a driving force in the VMD configuration can increase the flux
instead of relying on increased temperature.

The Antoine equation, which demonstrates that the effect of tem-
perature on vapor pressure is relatively insignificant at low feed tem-
peratures but becomes significant at higher feed temperatures, is the

Fig. 6. Schematic representation of the AGMD process [47].

Fig. 7. Schematic representation of the VMD process [48].

Table 2
Physiochemical analysis of AGS.

Parameter The average value in mg/L

TDS 43,415
Ca2+ 798.5
Mg2+ 1510.5
Na+ 13,397
(SO4)

2- 3257
(HCO3)

- 138.7
Cl- 24,101
K+ 297
NO3- 3.57
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one that best explains the reason for this process [49]. A small increase
in temperature can lead to a significant rise in vapor pressure, and as a
result, increasing the system's flux in proportion to that rise in vapor
pressure. The findings of this study are in line with the studies reported
in the literature [50,51]. When the temperature difference between the
two sides of the membrane is raised, the diffusion coefficient is posi-
tively affected, resulting in increasing the vapor flux [50,51]. Also, the
temperature polarization decreases as the feed temperature increases
[52,53]. Since there is a direct correlation between temperature and
diffusivity, the mass-transfer coefficient improves when working at
higher temperatures [54].

Fig. 10 shows a comparison of permeate flux at different feed tem-
peratures in AGMD and VMD configurations. It was observed that the
permeate flux of AGMD increased more rapidly with temperature than
that of VMD, which could be due to the enhanced driving force re-
sulting from the temperature difference between feed and coolant
streams in AGMD. It was observed that feed temperature has less effect

on the salt rejection percentage by AGMD and VMD configurations.
This demonstrates that both AGMD and VMD configurations using PP
membranes can use high-temperature feeds to achieve high water flux
while maintaining a good salt rejection percentage. In both configura-
tions, the percentage of salt rejected was greater than 99.95%.

3.2. Influence of solute concentration on feed

Fig. 11 illustrates the impact of feed concentration on the permeate
flux in an AGMD configuration. The feed used was a NaCl solution with
concentrations of 3.5%, 7.0%, 15%, and 26%. AGS obtained from the
DRP beach well was also utilized as feed. At the feed solution and
coolant medium, the flow rate was 2 L/min. The utilized membrane was
polypropylene. The temperatures on the feed side and the coolant side
were 85 °C and 5 °C, respectively. On the coolant side of the AGMD
module, deionized water was circulating. This study found that the
permeate flux varied with feed concentration, with values of 26.35 L/

Table 3
The main characteristics of the flat sheet membrane used in the current study.

Membrane Code Manufacturer Pore size (μm) Membrane thickness (μm) Porosity %

Flat sheet (PP) PP029025 Celgard 2500 0.064 25 55
Flat sheet (PTFE) PTFE023005 Sterlitech 0.2 76 - 150 60 - 80
Flat sheet (PVDF) YMJXSP3001 Merck Millipore Ltd. 0.3 150 60

Fig. 8. Effect of feed temperature on the permeate flux in the AGMD configuration.

Fig. 9. Effect of feed temperature on the permeate flux in the VMD configuration.
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Fig. 10. Comparison of permeate flux at different feed temperatures in the AGMD and VMD configurations.

Fig. 11. Effect of feed concentration on permeate flux in the AGMD configuration.

Fig. 12. Effect of feed concentration on permeate flux in the VMD configuration.
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m2.h, 21.77 L/m2.h, 19.53 L/m2.h, and 13.69 L/m2.h observed for feed
concentrations of 3.5%, 7%, 15%, and 26% NaCl, respectively. Fig. 12
shows how feed concentration affects the permeate flux in a VMD
configuration. The NaCl concentrations of 3.5%, 7.0%, 15%, and 26%
were used in the feed. The flow rate of the feed solution was 2 L/min. A
PP membrane was used in the experiment. The feed-side temperature
was 85 °C. The vacuum pressure was maintained at 100 kPa. For the
VMD configuration, this study observed that the permeate flux de-
creased with increasing feed concentration, with values of 21.14 L/
m2.h, 20.33 L/m2.h, 19.41 L/m2.h and 18.64 L/m2.h obtained for feed
concentrations of 3.5%, 7%, 15%, and 26% NaCl, respectively.

Fig. 13 shows a simple comparison of the permeate flux in the
AGMD and VMD configurations at different feed concentrations. It
shows that the flux decreased with increasing feed concentrations in
both the AGMD and VMD configurations. This observation supports the
findings reported in other publications. When the feed concentration
was increased from 3.5% to 7%, 15%, or 26%, the percentage reduction
in permeate flux in the AGMD configuration was 17%, 26%, and 48%,
respectively. However, compared to the results of the AGMD config-
uration, the reduction in flux with an increase in feed concentration was
slightly lower in the VMD configuration. When the feed concentration
was increased to 7%, 15%, and 26% from 3.5%, the percentage re-
ductions in permeate flux in the VMD configuration were 5%, 10%, and
15%, respectively. Fig. 13 shows that the AGMD outperformed VMD at
lower feed concentrations, while VMD performed well at higher feed
concentrations. At higher feed concentrations, there is a chance of
fouling and pores will become blocked by solute molecules. Due to the
application of vacuum, fouling and pore blocking might have reduced
and resulted in higher flux at higher concentrations in VMD.

The decrease in the flux with increasing feed concentrations could
be caused by a reduction in water vapor pressure and increasing tem-
perature polarization [50,55,56]. Another possible explanation for the
decrease in the flux is a decline in water activity as the concentration
increases. Furthermore, the mass-transfer coefficient of the boundary
layer at the feed side decreases due to high-concentration polarization.
Moreover, as the surface membrane temperature drops, the heat
transfer coefficient at the boundary layer so does. All of these factors
reduce the vapor pressure, which, in turn, reduces flux [57]. However,
in contrast to other membrane desalination technologies, such as re-
verse osmosis, where high feed salinity negatively impacts system
performance, the effect of feed concentration on permeate flux in all
MD configurations is less significant.

The salt rejection percentage by AGMD and VMD configurations was
found to be less affected by feed concentration. This showed that both

AGMD and VMD configurations are appropriate for applications with
relatively high feed concentrations. The amount of salt rejected in both
configurations exceeded 99.5%.

3.3. Influence of the recirculation flow rate

The study examines the influence of recirculation rate on both sides
of feed and coolant and uses the same flow for both sides when we
increase or decrease the flow rate each time. The influence of the feed
recirculation flow rate on permeate flux is shown in Fig. 14 under
conditions of constant feed temperature and constant coolant tem-
perature using a polypropylene membrane. The impact of feed flow on
the AGMD configuration is depicted in Fig. 14, while Fig. 15 illustrates
the effect of feed flow on the VMD setup. The tests were conducted
using a 7% NaCl solution as the feed. The temperatures of the feed and
coolant sides were 85 °C and 5 °C, respectively. The recirculation rate
varied from 1.3 to 2.0 liters per minute. In the VMD configuration, the
vacuum pressure was kept constant at 100 kPa. As presented in Figs. 14
and 15, an increase in water flux was observed as the flow rate in-
creased. This observation is consistent with the literature [40,54,55].

It is suggested that a higher flow velocity improves flux by reducing
temperature and concentration polarization in feed and coolant chan-
nels through improved mixing [58,59]. Srisurichan et al. reported that
operating with a high recirculation rate reduces boundary layer re-
sistance and increases the heat transfer coefficient, leading to a higher
flux [54]. According to Chen et al., increasing the volumetric flow rate
leads to increasing the fluid velocity, which in turn results in an im-
provement in the convective heat transfer coefficient and a reduction in
the temperature polarization effect. This reduction in the temperature
polarization effect enhances the permeate flux [58].

For the specific conditions in this study, increasing the flow velocity
from 1.3 liters per minute to 2.0 liters per minute (i.e., 1.5-fold in-
creases) led to a 1.2-fold increase in flux in the AGMD and VMD con-
figurations. In the AGMD configuration, a rise of 18.1% (i.e., from
22.39 L/min.to 26.45 L/min) in the permeate flux was seen when the
feed flow rate increased from 1.3 to 2.0 liters per minute, whereas the
permeate flux increase rate was 19.9% (i.e., from 17.02 L/min.to
20.41 L/min) in the VMD configuration. In both the AGMD and VMD
configurations, the salt rejection percentage was close to 99.9% and
was largely unaffected by the feed recirculation rate.

Fig. 16 shows a simple comparison of the permeate flux in the
AGMD and VMD configurations at different recirculation rates. It was
observed that AGMD outperformed VMD at all recirculation flow rates,
and the rate of increase in permeate flux with flow rate was almost the

Fig. 13. Comparison of permeate flux at different feed concentrations in the AGMD and VMD configurations.
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Fig. 14. Effect of recirculation flow rate on permeate flux in the AGMD configuration.

Fig. 15. Effect of recirculation flow rate on permeate flux in the VMD configuration.

Fig. 16. Comparison of permeate flux in the AGMD and VMD configurations at different recirculation rates.
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same (i.e., a 1.2-fold increase) for the AGMD and VMD configurations.
The permeate flux was not highly sensitive to an increase in the flow
rate, and this may be because the main resistance of AGMD and VMD is
located in the gap on the coolant side of the configurations, and there is
less temperature polarization effect compared to other MD configura-
tions, such as DCMD.

3.4. Influence of air gap depth and vacuum space on permeate flux

In the AGMD configuration, the initial set of experiments was carried
out by varying the air gap depth (i.e., from 2mm to 8mm) while
maintaining the hot-channel depth constant at 2mm. Plates of 1mm
thickness were added to obtain the desired air gap between the mem-
brane and the condensing plate. The next stage of AGMD experimenta-
tion includes experiments at a constant air gap (8mm) and different feed-
channel depths (2mm to 8mm). In the VMD configuration, in the initial
phase of experimentation, the depth of the vacuum space varied from
2mm to 8mm by adjusting the number of plates added between the
membrane and the cold trap while keeping the depth of the feed-channel
constant at 2mm. The vacuum space is the empty channel that comes
after the membrane where the vapour comes on and is vacuumed
through a vacuum pump to the condenser outside the vacuum space.

The next stage of the VMD experimentation was performed at a
constant vacuum space depth (8mm) but with varying depths of the

feed channel from 1mm to 8mm. In both configurations, the mem-
brane tested was a polypropylene membrane. The feed solution was a
7% NaCl solution at 85 °C, and the coolant used in the AGMD config-
uration was deionized water at 5 °C, both flowing at a rate of 2 L/min.
Fig. 17 shows the relationship between permeate flux and cold-channel
depth in the AGMD configuration. It was observed that the percentage
of permeate flux decrease was 16% when the cold-channel depth was
increased to 8mm from 2mm. Fig. 18 shows the relationship between
the permeate flux and hot-channel depth in the AGMD configuration. It
was observed that the percentage of permeate flux decrease was 34.6%
when the hot-channel depth was increased to 8mm from 1mm. This
observation is in line with the literature [46,57,59].

Banat and Simandl (1994), found that reducing the width of the gap
leads to a rise in the temperature gradient and, as a result, an increase
in the permeate flux [44]. Reducing channel depth may lead to a higher
concentration of thermal energy within a smaller space. Accordingly,
the temperature distribution will be almost uniform within the space.
Upon increasing the gap width, there may be a nonuniform temperature
distribution within the space. The temperature gradient between the
feed channel and the cold channel might have been higher at lower
channel depths, and this could have produced more flux.

Fig. 19 shows the relationship between permeate flux and vacuum
space in the VMD configuration. It was observed that the percentage of
the permeate flux increase was 28% when the vacuum space depth was

Fig. 17. The relationship between permeate flux and cold-channel depth in the AGMD configuration at a constant hot-channel depth.

Fig. 18. The relationship between permeate flux and feed-channel depth in the AGMD configuration at a constant cold-channel depth.
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increased from 2mm to 8mm. Fig. 20 shows the relationship between
permeate flux and hot-channel depth in the VMD configuration. It was
observed that the percentage of the permeate flux increase was 15.5%
when the hot-channel depth was increased from 2mm to 8mm. It can
be observed that the AGMD and VMD systems' responses to channel
depth variation studies were different.

In the AGMD configuration, permeate flux decreased with in-
creasing the feed channel and air gap depths, whereas the increase in
the permeate flux with feed channel and vacuum space depths was
observed in the VMD experiments. Increasing the vacuum space led to
an increase in permeate flux, with a non-linear relationship observed
between the two. Specifically, when the vacuum space was increased
four times, the resulting increase in flux was only 1.3 times. This
nonlinear relationship could be due to several factors, including lim-
itations in mass transfer or heat transfer across the membrane surface,
saturation of the driving force for mass transfer, or potential changes in
the properties of the membrane or feed solution at high vacuum levels.

The observed higher flux at low gaps in the AGMD shows that the
lower gaps are preferred in AGMD configurations. However, since in-
creasing the vacuum space has a significant effect on permeate flux, the
higher gaps can be considered for the VMD configurations. The good
flux at lower gaps in the AGMD could be attributed to the reduced ef-
fects of the heat and mass-transfer mechanisms at smaller gaps. At
smaller gaps, there is less distance for heat and mass transfer to occur,

leading to a potential decrease in temperature polarization and con-
centration polarization effects. This could result in higher flux rates.
However, it is important to note that the specific mechanisms under-
lying this behavior may vary depending on the experimental setup and
conditions, and further studies are needed to fully understand the ob-
served behavior.

3.5. Performance of AGMD and VMD processes for treating Oil Field-
Produced water and AGS

We investigated the feasibility of using the AGMD and VMD systems
to treat oil field-produced water using water directly as feed without
any pretreatment. In the AGMD process, deionized water was used as
the cooling medium, with a feed temperature of 85 °C. The VMD ex-
perimentation was carried out at feed temperatures of 80 °C and 85 °C.
The cooling side temperature was 5 °C for both AGMD and VMD pro-
cesses. The feed and cooling solution channels were operated at a flow
rate of 2 L/min. The AGMD experimentation was carried out with an air
gap depth of 8mm, while the VMD experimentation was conducted
with a vacuum space of 8mm. The experiment was conducted using a
polypropylene membrane. The permeate flux obtained was 15 L/m2.h
in the AGMD experimentation at 85°C.

Fig. 21 shows the permeate flux obtained from the VMD experi-
mentation using oil field-produced water as feed at 80 °C and 85 °C. It

Fig. 19. The relationship between permeate flux and vacuum space depth in the VMD configuration at a constant hot-channel depth.

Fig. 20. The relationship between permeate flux and hot-channel depth in the VMD configuration in a constant vacuum space.
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was observed that there was a linear increase in the permeate flux with
temperatures. The permeate flux was 23 L/m2.h and 21.35 L/m2.h at
85 °C and 80 °C, respectively. The experimental results show that both
AGMD and VMD processes were highly efficient in treating oil field-
produced water. Fig. 22 shows the permeate flux obtained from the
AGMD and VMD experiments using AGS obtained from beach wells and
feed at 85 °C.

Based on the experimental results shown in Fig. 22, the VMD ex-
hibited a higher permeate flux of 18 L/m2h compared to AGMD's
permeate flux of 15.1 L/m2h, indicating that the VMD is a more effec-
tive process for treating AGS obtained from a beach well at 85 °C.
Therefore, these findings suggested that the VMD may be a preferable
process for seawater desalination when compared to AGMD. Table 4

Fig. 21. Permeate flux obtained from the VMD experimentation using oil field-produced water as feed at 80 °C and 85 °C.

Fig. 22. Permeate flux obtained from VMD and AGMD experimentation using AGS obtained from beach well as feed at 85 °C.

Table 4
Chemical analysis results of oil field-produced water and permeate water obtained from AGMD and VMD processes.

Parameter Unit Feed water AGMD Permeate water VMD Permeate water

Total dissolved solid (TDS) mg/L 168,000 17 364
Total suspended solid (TSS) mg/L 95 < 2 2
Chloride mg/L 99,420 12 214
Oil & Grease mg/L 71.8 < 0.75 < 0.75
Total organic carbon (TOC) mg/L 9.5 3.4 3.4
Turbidity NTU 64 0.5 1.3

Table 5
Water flux and salt rejection percentages of the PP, PVDF, and PTFE membranes
were tested under a VMD configuration at different temperatures using a 7%
NaCl solution as the feed.

Membrane Temperature, °C Water Flux, L/
m2h

Salt Rejection,
%

PP 80 15.6 99.97
85 17.8 99.98

PVDF 80 104.2 99.97
85 112.1 99.97

PTFE 80 11.5 99.97
85 13.3 99.97
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shows the analytical results of the feed water sample and permeate
collected after the AGMD and VMD experiments. It can be observed that
the VMD process performed slightly better than the AGMD process in
treating oil field-produced water. The permeate TDS values show that
salt rejection was almost 99.9% in both the AGMD and VMD processes.
However, further studies are required to study the long-term perfor-
mance of AGMD and VMD processes for treating oil field-produced
water.

3.6. The performance of PP, PVDF, and PTFE membranes in the AGMD and
VMD process

The effectiveness of flat sheet membranes made of PP, PVDF, and
PTFE was examined in the AGMD and VMD processes using a 7% NaCl
solution as the feed. The VMD tests were performed at feed tempera-
tures of 80 °C and 85 °C, with a cooling side temperature of 5 °C. In the
AGMD process, deionized water was utilized as the cooling medium,
and the feed temperature was set at 85 °C. The water flux and salt re-
jection percentages of the PP, PVDF, and PTFE membranes are sum-
marized in Table 5. The water flux increased with an increase in tem-
perature for the PP, PVDF, and PTFE membranes. The order of fluxes
observed in the VMD configuration is PVDF > PP > PTFE. The results
showed that the tested membranes achieved salt rejections as high as
99.97%. PTFE membranes showed an increase of 16.1% in flux with an
increase in temperature from 80 °C to 85 °C. The flux increased by
14.2% and 7.6% for the PP and PVDF membranes, respectively. Fig. 23
shows the performance behavior of the PP, PVDF, and PTFE membranes
in the AGMD configuration. It was observed that the order of fluxes
observed in the AGMD configuration is PP > PVDF > PTFE.

4. Conclusion

This study investigated the viability of air gap membrane distillation
(AGMD) and vacuum membrane distillation (VMD) for desalinating
different types of saline water. Experiments were conducted to evaluate
the impact of factors such as feed temperature, feed concentration,
recirculation flow rate, air gap, vacuum space depth, and membrane
types (PP, PVDF, PTFE) on permeate flux in AGMD and VMD config-
urations. The results showed that increasing the feed temperature led to
increased permeate flux in both configurations, but AGMD achieved a
greater increase. The permeate flux decreased with increasing feed
concentration, with AGMD showing a higher reduction than VMD. The
recirculation flow rate had a positive impact on permeate flux in both
configurations, and AGMD outperformed VMD consistently. The study

also explored the influence of channel depths on permeate flux and
found that AGMD and VMD responded differently. The experiments
demonstrated high efficiency in treating oil field-produced water and
AGS, with both configurations exhibiting excellent salt rejection cap-
abilities. The permeate flux obtained was 15 L/m2.h in AGMD at 85 °C,
and in VMD, the permeate flux linearly increased with a flux of 23 L/
m2.h at 85 °C, indicating that VMD may be a preferable process for
seawater desalination when compared to AGMD. Salt rejection was
almost 99.9% in both AGMD and VMD, with VMD performing slightly
better than AGMD in treating oil field-produced water. The study pro-
vides insights into the potential applications and optimization of AGMD
and VMD processes for desalination purposes, emphasizing the need for
further research at both laboratory and pilot scales.
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