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Air Gap Membrane Distillation (AGMD) is one of several technologies that can be used 
to solve problems fresh water availability. AGMD exhibits several advantages, including low 
conductive heat loss and higher thermal efficiency, due to the presence of an air gap between 
the membrane and condensation wall. A previous study by Bhardwaj found that the condensation 
surface properties (materials and contact angle) affected the total collected fresh water in the 
solar distillation process. However, the process condition differences between solar distillation 
and AGMD might result in different condensation phenomena. In contrast, N. Miljkovic showed 
that a hydrophobic surface has higher condensation heat transfer. Moreover, to the best of our 
knowledge, there is no study that investigates the effect of condensation surface properties in 
AGMD to overall process performance (i.e. flux and thermal efficiency). Thus, in this study, 
we treated the AGMD condensation surface to make it hydrophobic or hydrophilic. The 
condensation surface could be made hydrophilic by immersing and boiling plate in deionized 
(DI) water, which caused the formation of hydrophilic aluminum hydroxide (AlOOH) 
nanostructures. Afterwards, the treated plate was coated using hexamethyldisiloxane (HMDSO) 
through plasma-enhanced chemical vapor deposition (PECVD). The result indicated that 
condensation surface properties do not affect the permeate flux or thermal efficiency significantly. 
In general, the permeate flux and thermal efficiency for the treated plates were lower than those 
of the non-treated plate (pristine). However, at a 1 mm and 3 mm air gap, the treated plate 
outperformed the non-treated plate (pristine) in terms of permeate flux. Therefore, although 
surface wettability effect was not significant, it still provided a little influence. 
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I. Introduction

The demand for water is increasing every year due 

to the increase in human populations and activities. 

The increasing human population will inevitably in-

crease the need for food, which will eventually cause 

water pollution due to industrial waste, daily water 

waste, oil leakage, etc. Water used for agriculture ir-

rigation and food production accounts for more than 

70% of global fresh water usage [1]. By 2050, Bruinsma 
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Figure 1. (a) AGMD flat sheet module, (b) Condensing
plate thickness from 4 mm to 6.5 mm.

Table 1. PTFE membrane characteristics.

Parameter Characteristic

Mean Pore Size 0.45 μm

Active Layer Porosity 72.6%

Support Layer Porosity 67.2%

Thickness 89 μm

Active Layer Contact Angle 140o

Support Layer Contact Angle 118o

LEP ＞26 psi

has predicted that food demand will increase by 70% 

[2, 3]. Although the demand of water is high, the sup-

ply of ground water cannot meet the water demand. 

This problem can be solved by desalination, using 

methods such as membrane distillation (MD). 

MD is a hybrid technology of thermal distillation 

and is a membrane system that is driven by the vapor 

pressure difference between hydrophobic membrane 

surfaces [4]. MD has several advantages, such as 

high-purity of water, lower operating temperatures, 

lower operating hydrostatic pressures, and less de-

manding membrane mechanical properties. However, 

MD has a lower permeate flux than other processes 

[5]. Based on the condensation system, there are four 

types of common MDs: direct contact membrane dis-

tillation (DCMD), air gap membrane distillation 

(AGMD), sweeping gas membrane distillation (SGMD), 

and vacuum membrane distillation (VMD) [6]. This 

present paper uses AGMD technology because AGMD 

has a stagnant air gap between the membrane and the 

condensing plate. The purpose of this air gap is to 

decrease the heat loss by conduction compared to 

DCMD, but this air gap will be a resistance for mass 

transfer [5]. 

The influence of surface wettability and air gap 

thickness in AGMD, which have not yet been carried 

out yet, was investigated. A previous study by 

Bhardwaj found out that the contact angle is the most 

important parameter for a condensation surface in-

side a solar water distiller. Hydrophilic surfaces, 

such as glass supports, produce greater production of 

water than hydrophobic surfaces [7]. As opposed to 

Bharwaj’s study, N. Miljkovic showed that a hydro-

phobic surface has higher condensation heat transfer 

[8].

II. Experimental Details

The AGMD flat sheet module and condensing plate 

were produced by KIST-tech, Republic of Korea. Both 

of these were made of the raw materials of methyl 

acrylate and aluminum alloy (Al-6067). The air gap 

thickness was controlled by changing the condensing 

plate thickness (Figs. 1a and 1b). This study used 

PTFE membranes, which were purchased from Pall 

Corporation, USA. The membrane properties can be 

seen in Table 1. 

The AGMD flat sheet module was placed vertically. 

The permeated or pure water was collected through 

an S-pipe and flask placed on between the module 

and an electronic balance (CAS CUX6200H). The tem-

peratures at two inlets and two outlets were meas-

ured with PT100thermometers.

Three types of surface wettability were used, which 

were pristine (without any treatment), hydrophilic, 

and hydrophobic. Before every treatment, cleaning 

was needed. Cleaning was performed with fine sand-

paper followed by ultrasonication using acetone. As 
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Figure 2. Schematic AGMD flat sheet module set up.

for the hydrophobic surface, the aluminum plate was 

first boiled in deionized (DI) water for 20 minutes to 

form Al hydroxide nanostructures. Afterwards, it was 

coated with HMDSO via r.f. plasma-enhanced chem-

ical vapor deposition (PECVD). The bias voltage and 

working pressures were -400 V and 10 mTorr for as 

long as 15 s for HMDSO plasma. The hydrophilic sur-

face was prepared by water boiling for 20 minutes [9]. 

Pristine, hydrophobic, and hydrophilic contact angles 

are usually around 80o, 140o, and 10o, respectively.

After the AGMD flat sheet module was set up (Fig. 

2), the process was operated in co-current flow 

configuration. Feed solution and coolant were pumped 

to the module. The flow rate was adjusted by a rota-

meter at 400 ml/min for the feed solution and 300 

ml/min for the coolant. However, before reaching the 

module, each solution passed through a water bath. 

This water bath changed the temperature of the feed 

solution and coolant. Four different temperature of 

feed solution were used: 45oC, 55oC, 65oC, and 75oC, 

while the coolant temperature was 20oC in every case. 

The feed solution with 35 gr/l concentration was pre-

pared by sodium chloride, and the coolant was general 

water. The performance of the AGMD system is based 

on the permeate flux (JD) and thermal efficiency (η). 

The permeate flux and thermal efficiency can be cal-

culated with the following equations [10, 11]:

   

 ×


(1)

 × ×    

 ×
(2)

III. Results and Discussion

In this experiment, air gap membrane distillation 

was performed under different feed temperatures, 

while the coolant temperature was kept constant at 

20oC. It is well known that as temperature is in-

creased, the permeate flux will also increase, and this 

is depicted in Fig. 3. The reason for this situation can 

be explained with the Antoine equation. When the 

feed temperature is increased, the gap between the 

feed temperature and coolant temperature is also 

increased. The gap between vapor pressure will also 

increase, which diffuses more vapor across the 

membrane. More vapor can diffuse across the mem-

brane because the driving force for AGMD is vapor 

pressure. Then, in the gap area, vapor will be con-

densed on a condensing plate [10, 12, 13]. Moreover, 

as the feed temperature increases, temperature po-

larization will decrease and then will produce more 

permeate flux [5]. Thermal efficiency will also in-

crease when temperature increases. This occurs be-

cause the latent heat of evaporation is higher than 

the heat transferred by conduction [14]. Furthermore, 

thermal efficiency is influenced by mass and heat 

transfer. Then, at high feed temperature, the per-

meate flux will increase. This will also give high 

thermal efficiency. Eq. (2) is the thermal efficiency 
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Figure 3. Effect of feed temperature and surface wettability on the permeate flux.

equation. Due to the permeate flux start to constant, 

at certain temperatures, the thermal efficiency will 

increase, but not significantly. A thermal efficiency 

graph is depicted in Fig. 4. 

For surface wettability, the result was not sig-

nificantly different for the permeate flux or the 

thermal efficiency. At an air gap from 0.5 mm to 2 

mm, the hydrophobic surface has a lower permeate 

flux than those of other surfaces. This might be be-

cause there is water bridging between the membrane 

and condensing plate. Moreover, at an air gap of 3 

mm, the hydrophobic surface has the highest per-

meate flux. G.W. Meindersma also reported that there 

is a possibility of water bridging in a small air gap 

[15]. Water droplets, which depend on gravitational 

(conventional dropwise condensation), will start to 

slide down at 2.7 mm [8]. For an air gap from 0.5 mm 

to 2 mm, the pristine surface has the highest per-

meate flux among those of hydrophilic and hydro-

phobic surfaces. It was thought that the pristine sur-

face had a higher heat flux, which produced more 

permeate flux than the hydrophilic surface did. At an 

air gap of 1 mm, the hydrophilic surface also has a 

higher permeate flux than those of the pristine and 

hydrophobic surfaces.

At an air gap of 3 mm, the hydrophobic thermal 

efficiency is low. Although the hydrophobic surface 

has high heat flux, high heat flux does not influence 

the permeate flux. Thus, low thermal efficiency was 

the result. For air gaps of 1, 2, and 0.5 mm, pristine 

thermal efficiency is best (not significant). The pris-

tine contact angle is around 80o. Although it was hy-

drophobic, this pristine contact angle was between 

hydrophilic and hydrophobic, which has an inter-
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Figure 4. Effect of feed temperature and surface wettability on the thermal efficiency. 

mediate heat flux. Moreover, a small air gap would 

cause a high permeate flux. Thus, an intermediate 

heat flux could produce a high permeate flux, which 

would yield high thermal efficiency. 

IV. Conclusion

Surface wettability does not greatly affect the per-

meate flux or thermal efficiency. However, it still has 

a slight influence at 1mm and 3mm air gaps.  At a 

3mm air gap, the increase of the permeate flux ob-

tained for temperatures of 55oC and 65oC is around 

50%, and the increase at a 1mm air gap for temper-

atures of 65oC and 75oC is around 6%. 
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