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Abstract.  This study focused on the separation of a benzene-water mixture using the air gap membrane distillation. 
The hydrophobic microporous membrane made up of poly-tetrafluoroethylene of 0.22 micron average pore size was 
used in the membrane module of the air gap membrane distillation experimental setup. The heat transfer and mass 
transfer correlations have been developed. It was found that the heat transfer and mass transfer coefficient increases 
from 523.27 to 1786.36 W/m2K, and 1.08 ×10-1 to 1.99×10-1 cm/s, respectively, on increasing the feed bulk inlet 
temperature from 40 to 60°C at a feed flow rate of 5 lpm under a 3 mm air gap in the membrane module. The effect 
of fouling phenomena on permeate flux and membrane characteristics was also investigated, and it was found that 
the permeate flux decreased from 6.50 kg/m2h to 6.38 kg/m2h under 420 hr. This clearly shows that negligible 
fouling was encountered on the membrane surface during continuous usage of the air gap membrane distillation 
setup. The membrane before and after 420 hr was characterized quantitatively and qualitatively using atomic force 
microscopy and field emission scanning electron microscope. The average pore size for the new membrane, used 
membrane after 420 hr and water wash membrane was analyzed using Image J software. Pore Size Distribution is 
plotted which confirms that the membrane characteristics were not affected to an extent. This clearly shows the stand 
alone capability of air gap membrane distillation process for separation of organic compounds from aqueous solution. 
 

Keywords:  air gap membrane distillation; FE-SEM and AFM; heat and mass transfer correlation; poly-
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1. Introduction 
 

Water scarcity is a critical issue that affects millions of people worldwide. Lack of access to 

clean and safe water is a major challenge, particularly in developing nations. Population growth, 

climate change, and the irresponsible use of water resources have all contributed to this issue [1]. 

Water scarcity impacts agriculture, industry, and the environment in addition to human health and 

well-being [2-4]. It is essential to implement sustainable water management practices and invest in 

technologies to mitigate the negative effects of water scarcity. Among the most widespread 

organic pollutants, volatile organic compounds are distinguished. Generally, they inhabit effluent 

as well as natural aquatic environment [5]. After a year of monitoring these volatile organic 

compounds in surface and purified water, Ramos et al. [6] determined that they posed significant 

hazards to human well-being and to the environment. Volatile Organic Compounds are released 
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into the aquatic ecosystem through natural degradation, agricultural practices, and industrial 

effluent discharges, including those from rubber processing, plastics, pulp and paper mills as well 

as paint shops, oil refineries, resin manufacturing, and cellulose, dyes, textile, tannery, 

pharmaceutical, and petroleum. They are among the US Environmental Protection Agency's (EPA) 

priority pollutants due to their unpleasant flavor, foul smell, and cytotoxicity even at low 

concentrations. Therefore, eradicating them from natural water becomes the utmost significance 

[7].  

Volatile Organic Compounds have recently been the subject of extensive research and have 

become a major public concern. Volatile Organic Compounds includes aromatics compounds, 

alcohols, ketones, alkanes, esters, and secondary organic harmful substances. The process of 

eliminating of volatile organic compounds from water is challenging due to their stability and 

solubility. Numerous compounds have low solubility in water and modest acidity, but high 

solubility in organic solvents. To guarantee a secure water supply, it is essential to come up with 

efficient methods for removing these compounds. The strategies used in conventional methods can 

have a number of drawbacks, including insufficient treatment, process instability. For instance, the 

chlorination phase utilized in water disinfection can result in the formation of by-products that are 

more hazardous to humans and the environment than their precursors. Several techniques for 

controlling have been created and implemented to eliminate volatile organic compounds, which 

include plasma technology, adsorption, absorption, bio-filtration, membrane filtration, 

incineration, and condensation [8]. Among membrane technologies, membrane distillation (MD) is 

highlighted as a viable alternative because it can be adapted to treat a variety of complex water 

matrices under various conditions Ezugbe and Rathilal [9]. The MD driving force is the 

temperature gradient, which induces vapor transport through the membrane pores by generating a 

water vapor pressure differential. Typically, 30°C temperature gradient is adequate to facilitate 

separation [4]. 

Similarly, when compared to the traditional distillation process and other membrane 

technologies such as nanofiltration, reverse osmosis, and electrodialysis, the MD has certain 

advantages: (a) low operating temperature, which permits its association with alternative energy 

sources viz. geothermal, solar, and industrial residual heat; (b) operation at room pressure 

Subramani and Jacangelo [10], which increases air gap membrane distillation system safety and 

reduces equipment costs; and (c) membrane fouling is less severe [11]. Due to these 

characteristics, MD has recently been extensively investigated, and it is anticipated that it will 

ultimately emerge as a cost-effective technology for treating water and wastewater [12]. As a 

consequence of these characteristics, MD has recently been the subject of extensive research, and 

believed to be a cost-effective method of water and effluent treatment. In accordance with driving 

force generation and permeate collection, the membrane distillation is categorized into four types: 

(a) Vacuum Membrane Distillation (VMD), (b) Direct Contact Membrane Distillation (DCMD), 

(c) Air Gap Membrane Distillation (AGMD) and (d) Sweeping Gas Membrane Distillation 

(SGMD) [13,14].  Among all configurations, AGMD is the optimal configuration when a layer of 

stagnant air is introduced between the membrane and condensation surface. The feed evaporates at 

the interface of the membrane and the liquid, and the evaporated substance passes through the 

membrane. The liquid then travels through the air gap before condensing on the coolant plate [15]. 

The difference in temperature between the feed aqueous mixture and the cold surface drives the 

evaporation of water and the volatile component at the heated feed/membrane interface. In 

AGMD, similar to other membrane distillation configuration, both mass and thermal transfer 

occurs simultaneously through the membrane. The air gap in this configuration is advantageous 
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because it reduces the issue of heat loss caused by membrane conduction. Conversely, the air gap 

between the membrane and condensing surface provides an additional mass transfer barrier and 

reduces the flux of permeate [16]. 
Similar to other MD processes, AGMD governs with simultaneous heat and mass transfer 

during operation. Henceforth, in order to determine effect of process parameters such as feed bulk 

inlet temperature, feed concentration, membrane air gap width, and feed flow rate on permeate 

flux of respective migrating species and selectivity, it is important to estimate the manipulating 

variables namely feed side membrane surface temperature and cooling plate temperature at air gap 

side. These variables can be determined experimentally but not possible always. Therefore, there is 

a need to develop heat and mass transfer correlations for AGMD process which will be helpful in 

determining the permeate flux mathematically. In the literature, various authors [17-19] have made 

heat and mass transfer correlations for MD. But the authors Kalla et al. [20] had worked for 

breaking azeotrope of HCl/water using AGMD and developed the heat transfer correlation by 

considering the heat transfer through boundary layer by bulk flow. It is worthwhile to mention that 

contribution of convective flow heat transport will also take place in combination with bulk flow; 

the contribution of the former is neglected by the author. Therefore, the developed correlation by 

the author may not be accurate enough for estimating the heat transfer coefficient and finally the 

permeate flux. In this context, an effort has been made in the present objective to develop the heat 

transfer correlation by considering the contribution of bulk and convective heat transport 

concurrently at hot feed side of the membrane for the separation of volatile organic compound 

using AGMD. In this work, benzene-water mixture is considered for its separation through 

AGMD. Moreover, in the study [20], the heat transfer coefficient due to convective heat flux 

across the membrane is taken as the ratio of gas phase thermal conductivity and air gap thickness 

however, in actual it accounts for simultaneous heat and mass transfer in the system due to transfer 

of sensible heat by the diffusing vapors through the membrane from the liquid phase to vapor 

phase. Therefore, in this study heat transfer coefficient term under Newton's law of cooling is 

strengthened as additional unique objective by incorporating the sensible heat and diffusion 

mechanism simultaneously.  The empirical heat transfer correlation at hot feed side is developed in 

terms of dimensionless number i.e., Nusselt number (Nu) relating other dimensionless numbers 

namely Prandtl number (Pr) and Reynolds number (Re) using Newton's method by minimizing 

sum of square errors. In similar manner, mass transfer correlation for Schmidt number (Sc) was 

developed with respect to Sherwood number (Sh) and Reynolds number (Re). The membrane 

morphology and pore size distribution, before and after the experiment were also studied through 

FE-SEM and AFM images qualitatively and quantitatively for investigating the fouling 

phenomena during experiment. 

 

 

2. Experimental 
 

2.1 Materials required 
 
Millipore manufactured poly-tetra-fluoro-ethylene (PTFE) hydrophobic membrane with 

nominal pore size of 0.22 μm was used for AGMD experiments. The outline of the membrane 

characteristics is given in Table 1. Deionised Water was obtained in the laboratory employing 

conventional distillation apparatus and certified reagent A.C.S. grade benzene (>99.0%, 

EMPLURA) (acquired from Abhishek Chemicals Co., Ltd., Jaipur). 
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Table 1. Membrane Characteristics 

Properties Range 

Module Diameter (mm) 90 

Hydraulic Diameter (Dh) (mm) 45 

Material PTFE 

Porosity (%) 85 

Thickness (µm) 150 

Pore Size (diameter) (µm) 0.22 

Manufacturer Millipore 

 

 

Figure 1. Schematic diagram of air gap membrane distillation set-up 

 
 

2.2 Experimentation 
 

A fabricated AGMD lab-scale set-up was used in this study for separating the aqueous solution 

of benzene-water system. The membrane module of AGMD experimental set-up comprises of 4 

sections namely, the hot feed section, the membrane section, the air gap section, and the 

refrigeration section respectively. The schematic diagram of AGMD set up and its membrane 

module with its dimensions are illustrated in Fig. 1-2, respectively. In this work, the feed solution 

of 1000 mg/l benzene was circulated using pump from the feed tank (capacity 20 liters) to the hot 

feed side of the membrane module, while the retentate was rejected separately. The temperature 

controller heater is connected to the feed reservoir so that the feed solution can be heated to the 

desired temperature. The Type-J thermocouple was utilized, in order to get an accurate reading of 

the feed mixture. From the chiller, cooling water was circulated continuously to the refrigeration 

side of the membrane module. Using rotameters (Starflow, India), the volumetric velocity of hot  
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Figure 2. Dimensions of membrane module 

  
Table 2. Specification of various Instruments used in AGMD set-up 

Instrument Specification Manufacturer 

Feed Pump 

Capacity: 10 L/min 

Head: 3-4 meter 

Motor: 0.5 HP, 2900 RPM, 220 v 

Leakless Pumps & Sealings Equipments,  

Mumbai, India 

Cooling Pump 

Capacity: 10 L/min 

Head: 3-4 meter 

Motor: 0.5 HP 

Prasad Overseas, Jaipur, India 

Chiller 
Capacity: 50 L, 

Operating temperature: -15 to 20°C 
M/s LABROS INSTRUMENTS, Jaipur 

Rotameter Range: 1- 10 liter/min Starflow, India 

Thermocouple Type J Digital Thermocouples, PT-100 Techno Instruments, Gujarat 

 

 

feed mixture and cooling water were monitored. The benzene and water vapors migrate across the 

hydrophobic membrane section from the feed side and get condensed on the cooling plate of the 

air gap section of the membrane module and finally collected in the receiver. The permeate 

concentration of benzene was found using UV-Vis spectrophotometer at wavelength of 255 nm. 

The membrane surface morphology was characterized using FE-SEM, EDS, and AFM. The 

specifications and manufacturer of the equipment/ instruments are detailed in Table 2. The liquid 

entry pressure (LEP) for PTFE membrane was estimated to be 3.1 bar using 𝐿𝐸𝑃 = −2𝛾 cos 𝜃 /
𝑟𝑚𝑎𝑥  where γ is surface tension of the liquid (0.0662 N/m at 60 °C), θ is contact angle of 

membrane (118°), rmax is maximum pore radius of membrane (0.2 μm). 

 

 
3. Results and discussions 

 
3.1 Heat transfer correlation 
 
In AGMD, both mass and heat transfer occur simultaneously. Consequently, heat transfer 

coefficient (HTC) and mass transfer coefficient (MTC) has a significant role in permeate flux. In 

AGMD, volatile component at the feed side vaporizes and creates vapor-liquid interface at the 

hydrophobic membrane surface. These vapors penetrate across the membrane matrix and get 

condensed in the air gap on the vertical condensing plate [21]. During component mass transfer 

across zones from feed side to air gap, the simultaneous heat transfer will also take place as 

represented in Fig. 3. Various heat transfer correlations are available in the literature but mostly 

are valid for non-porous and rigid heat exchangers [22]. However, in this study, the membrane is  
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Figure. 3 Schematic heat transfer profile of AGMD process 

 

 

porous in nature; there is difference between the processes of heat transfer in AGMD as compared 

to heat exchanger. Moreover, the former is also coupled with mass transfer. Therefore, the 

empirical correlation available for heat exchangers cannot be used directly for AGMD process. 

Hence, in this present study, the simultaneous heat and mass transfer phenomena were considered 

in order to obtain the heat transfer correlation in terms of Nusselt No. (Nu), Reynolds No. (Re), 

and Prandtl number (Pr). 

The heat energy required for the evaporation of the species (benzene-water) at the liquid-

membrane interface into the membrane pores is provided by the heat supplied from the bulk 

solution. The heat flux (qh) from the solution to the membrane surface is the combination of heat 

transfer through the boundary layer by bulk flow and convective flow as follows [23]. 

𝑞ℎ = ℎℎ𝑓𝑡(𝑇𝑓𝑏 − 𝑇𝑓𝑚) + ∑ 𝑁𝑖𝐶𝑝𝑙𝑖

2

𝑖=1

(𝑇𝑓𝑏 − 𝑇𝑓𝑚)

 

 

 

(1) 

 Where, hhft is the liquid film heat transfer coefficient at hot feed side in W/m2K, Cpli is the 

specific heat of mixture component in liquid feed at (
𝑇𝑓𝑏+𝑇𝑓𝑚

2
) in J/kg.K , Tfb and Tfm are the hot 

feed side temperature and membrane surface temperature at feed side respectively as indicated in 

Fig. 3. In the Eq. (1), Ni is the flux of transferring species i in kg/m2 h. 

The total transfer of heat (𝑞𝑎) from liquid-phase (membrane side) to the vapor-phase (cooling 

plate) in the AGMD module takes place via convective heat flux (Qc) in air gap and due to latent 

heat of vaporization (𝑄𝐻). 

𝑞𝑎 = 𝑄𝑐 + 𝑄𝐻 (2) 

⇒ 𝑞𝑎 = ℎ
′(𝑇𝑓𝑚 − 𝑇1) + ∑ 𝑁𝑖𝐻𝑖

2

𝑖=1

 (3) 

Bulk Flow Convective Flow 
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Where, T1, Ni, Hi, and ℎ′ are the condensate temperature (K) on the cooling plate in the air gap, 

the permeate flux of species (kg/m2h), the latent heat of vaporization (J/kg), the heat transfer 

coefficient (W/m2K).  The connective heat flux (𝑄𝑐) is considered and represented in Eq. (3) using 

Newton’s law of cooling in which the Ackerman correction factor is accounted in the term ℎ′due 

to simultaneous heat and mass transfer in the system and ℎ
′
 is considered as follows [24]. 

ℎ′ = ℎ𝑏𝜃 =

ℎ𝑏 (
∑ 𝑁𝑖𝐶𝑝𝑔𝑖

2
𝑖=1

ℎ𝑏
)

(1 − 𝑒
−

(∑ 𝑁𝑖𝐶𝑝𝑔𝑖
2
𝑖=1 )

ℎ𝑏 )

 (4) 

The Ackerman correction factor θ seen in the Eq. (4) expresses the effect of mass transfer on 

the value of heat transfer coefficient since it accounts for sensible heat getting transferred by the 

vapors during diffusion process across the membrane. The value of Ackerman correction factor (θ) 

is defined as follows [24]. 

𝜃 =

{
(∑ 𝑁𝑖𝐶𝑝𝑔𝑖

2
𝑖=1 )

ℎ𝑏
}

1 − 𝑒𝑥𝑝 {−
(∑ 𝑁𝑖𝐶𝑝𝑔𝑖

2
𝑖=1 )

ℎ𝑏
}

 (5) 

where, ℎ𝑏  is the heat transfer coefficient (W/m2K), which being related to all the components 

present in the mixture. Mathematically, it is the ratio of 𝑘𝑚/𝛿 wherein 𝑘𝑚  and 𝛿  is the vapor 

phase mixture thermal conductivity in (W/m.K), and air gap (m) respectively. The mixture thermal 

conductivity of the vapor phase 𝑘𝑚 is estimated using the following Eq. (6) [25]. 

𝑘𝑚 =  0.5 
𝑘𝐴𝑘𝐵

𝑥𝐴𝑘𝐵 + 𝑥𝐵𝑘𝐴
+ 0.5 (𝑘𝐴𝑥𝐴 + 𝑘𝐵𝑥𝐵) (6) 

Where, kA and kB are the respective thermal conductivities of benzene and water (W/m.K). In 

addition, xA and xB represent the mole fractions of benzene and water in the vapor phase, 

respectively. 

The heat flux at the surface of the condensate at the cooling plate is represented by Eq. (7) as 

follows: 

𝑞𝑐 =  ℎ𝑐(𝑇1 − 𝑇𝑐) (7) 

 Where, hc is the overall heat transfer coefficient due to condensate film, thickness of the 

cooling plate, and coolant film at the cooling side and Tc is the temperature of the condensate film. 

Under steady state heat transfer, the heat flux is constant across the transportation stages in 

MD: 

𝑑𝑞

𝑑𝑧
= 0

 
⇒ 𝑞ℎ = 𝑞𝑎 = 𝑞𝑐 

⇒ ℎℎ𝑓𝑡(𝑇𝑓𝑏 − 𝑇𝑓𝑚) + ∑ 𝑁𝑖𝐶𝑝𝑙𝑖(𝑇𝑓𝑏 − 𝑇𝑓𝑚) = ℎ
′ (𝑇𝑓𝑚 − 𝑇1) + ∑ 𝑁𝑖𝐻𝑖 

(8) 
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Figure. 4 Effect of hot side feed temperature on heat transfer coefficient [Air gap thickness = 3mm, Benzene 

concentration in feed =1000 mg/l, cooling plate temperature = 10° C] 

 

 

The Eq. (8) can be rewritten as: 

ℎ𝐹(𝑇𝑓𝑏 − 𝑇𝑓𝑚) =  ℎ′ (𝑇𝑓𝑚 − 𝑇1) + ∑ 𝑁𝑖𝐻𝑖 (9) 

Where, ℎ𝐹 = ℎℎ𝑓𝑡 + ∑ 𝑁𝑖𝐶𝑝𝑙𝑖  is the combined heat transfer coefficient (W/m2K) at hot feed 

side due to convective and bulk flow.    

The hot feed side heat transfer coefficient hF was calculated from Eq. (9) at various hot feed 

temperatures and feed flow rate. The Ni, Tfm, and T1 were measured experimentally whereas latent 

heat of vaporization (Hi) is considered at the average temperature of the hot feed side 
𝑇𝑓𝑏+𝑇𝑓𝑚

2
. The 

values of specific heat (Cpgi) for benzene and water vapor were taken at 
𝑇𝑓𝑚+𝑇1

2
 (arithmetic average 

of membrane surface temperature and condensing film surface temperature). After estimating all 

the physical quantities under various conditions along with permeate flux, the combined heat 

transfer coefficient is estimated. From Fig. 4, it was found that the combined heat transfer 

coefficient at hot feed side increased from 350.73 to 1123.06, 523.27 to 1786.36, and 679.24 to 

2219.14 W/m2K on increasing the hot feed side temperature from 40 to 60°C at 3, 5, and 7 lpm of 

hot feed side flow rate respectively under constant air gap width of 3 mm and 1000 mg/l feed 

concentration of benzene. This can be attributed by the fact that on increasing the hot feed side 

temperature, the fluid feed viscosity (μ) decreases which leads to increase in the heat transfer 

coefficient since, heat transfer coefficient is related to fluid viscosity asℎ𝑓 ∝ 𝜇−0.5. Moreover, on 

increasing the hot feed side temperature, the temperature polarization will get decreased resulting 

in decline of the thermal boundary layer thereby increase the heat transfer coefficient [26]. 

A correlations between combined heat transfer coefficient and hot feed temperature was 

developed under various feed flow rate using minimization of squares of error as follows: 

y = 0.966x2 - 57.97x + 1125.
R² = 0.998

y = 1.92x2 - 128.8x + 2612
R² = 0.997

y = 2.247x2 - 147.7x + 3000.
R² = 0.997
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Figure. 5 Effect of Air gap thickness of benzene-water on heat transfer coefficient [Hot Feed Temperature = 

60°C, Benzene Concentration in feed = 1000 mg/l, cooling plate temperature = 10° C] 

 

 

At 3lpm,
  
ℎ𝐹 = 0.966 𝑇𝑓𝑏

2 − 57.97 𝑇𝑓𝑏 + 1125 (10) 

At 5 lpm,
 
ℎ𝐹 = 1.92 𝑇𝑓𝑏

2 − 128.8 𝑇𝑓𝑏 + 2612 (11) 

At 7lpm,
 
ℎ𝐹 = 2.247 𝑇𝑓𝑏

2 − 147.7 𝑇𝑓𝑏 + 3000 (12) 

The R2 values for the aforementioned equations were estimated to be 0.998, 0.997, and 0.997, 

respectively for 3, 5, 7 lpm of feed flow rate, which represent the close proximity between 

experimental values and fitted non-linear model. This non-linear behavior between heat transfer 

coefficient and hot feed temperature is due to the reason that vapor pressure of component and 

temperature is related exponentially by Antoine equation [27].  

Air gap is one of the predominant parameter affecting the performance in AGMD process 

therefore; this study is extended to investigate the effect of air gap on heat transfer coefficient. It is 

evident from the Fig. 5, that the heat transfer coefficient decreased from 1123.10 to 603.78, 

1786.36 to 864.68, 2219.14 to 1083.51 W/m2K on increasing the air gap width from 3 to 11 mm at 

different feed flow rates of 3, 5, and 7 lpm respectively under constant hot feed side temperature of 

60°C and feed benzene concentration of 1000 mg/l. The reason for this decrement may be 

attributed by the fact that on increasing the air gap width, the mass transfer resistance increases 

which causes a decrease in the thermal water bridging effect resulting in reduction of the heat flow 

across the junction thereby heat transfer coefficient (hF) decreases [28]. 

The Nusselt Number (Nu), Reynolds Number (Re), and Prandtl Number (Pr) for hot feed side 

are estimated using the standard formula [29]. 

𝑁𝑢 =
ℎ𝐹𝐷ℎ

𝑘𝑚𝑙
 (13) 

0

500

1000

1500

2000

2500

1 3 5 7 9 11 13

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

n
t 
h
F,

 [W
/m

2
K]

Air Gap Width [mm]

Feed Flow rate at 3 lpm

Feed Flow rate at 5 lpm

Feed Flow rate at 7 lpm

9



 

 

 

 

 

 

D. Gaur et al. 

𝑅𝑒 =
𝜈 𝐷ℎ𝜌𝑚𝑙

𝜇𝑚𝑙
 (14) 

𝑃𝑟 =
𝜇𝑚𝑙𝐶𝑝𝑙𝑚

𝑘𝑚𝑙
 (15) 

where, Dh, kml, ν, ρml , μml , Cplm  are the hydraulic diameter of the membrane (m), hot feed side 

benzene-water mixture thermal conductivity (W/m.K) in liquid phase, feed liquid approach 

velocity (m/s), feed liquid mixture density (kg/m3), mixture viscosity (Pa.s), and mixture specific 

heat (J/kg.K) in liquid phase at feed side.  

The physical values for liquid phase mixture at hot feed side were estimated using following 

mixture rules [30-32]. 

𝑘𝑚𝑙 = 𝜆1𝑥1
2 + 𝜆2𝑥2

2 + 2𝜆12𝑥1𝑥2 (16) 

𝜌𝑚𝑙 =
1

𝑥1
𝜌1

+
𝑥2
𝜌2

 (17) 

𝜇𝑚𝑙 = (𝑥1 × 𝜇1
0.33 + 𝑥2 × 𝜇2

0.33)0.33 (18) 

𝐶𝑝𝑙𝑚 = 𝑥1𝐶𝑝1 + 𝑥2𝐶𝑝2 (19) 

where, λ1, λ2 , x1, x2, ρ1, ρ2, μ1, μ2, Cp1 and Cp2 are the thermal conductivity (W/m.K), mole fraction, 

density (kg/m3), viscosity (Pa.s), specific heat (J/kg.K). The subscript ‘1’ and ‘2’ denote benzene 

and water, respectively. The following non-linear empirical heat transfer correlation was 

considered relating Nu with other dimensionless numbers, namely Reynolds and Prandtl numbers 

that affect the heat transfer in the boundary layer at hot feed side: 

𝑁𝑢 = 𝑎 𝑅𝑒𝑏 𝑃𝑟𝑐  (20) 

where, a, b and c are the characteristics constant which depends upon the AGMD module design 

and polarization effect, and the membrane characteristics. The proposed non-linear model was 

fitted by minimising the square of the error between experimental and estimated values using 

Newton’s method. After the regression analysis, the optimum values of a, b, and c were obtained 

to be 0.08, 1.15, and 0.33, whereas the empirical correlation is established as follows: 

𝑁𝑢 = 0.08 𝑅𝑒1.15 𝑆 𝑐0.33 (21) 

The theoretical and experimental plot between log (Nu/Pr0.33) and log (Re) is represented in 

Fig. 6. It is evident from the figure that the developed theoretical model is in good agreement with 

the experimental data since the R2 value was found to be 0.982. 

 
3.2 Mass transfer correlation development 
 

In AGMD process, both heat and mass transfer occur simultaneously. The migration of vapors 

from feed-side through the hydrophobic porous membrane causes mass transfer, which relies on 

the flow rate, hot-side feed temperature. Therefore, in order to investigate the process precisely, it 

is important to determine the mass transfer coefficient and correlation, which will be helpful in 

understanding boundary layer phenomena, designing and controlling the process. Henceforth, in  
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Figure. 6 Heat transfer correlation fitting curve 

 

 

this study, upon estimation of mass transfer coefficient (kf), the mass transfer correlation was 

established in terms of the Sherwood number (Sh), as a function of dimensionless numbers like 

Schmidt (Sc) and Reynolds number (Re) as follows [33]. 

𝑆ℎ = 𝑒 𝑅𝑒𝑓 𝑆 𝑐𝑔 (22) 

where, 𝑆ℎ =  𝑘𝑓𝐷ℎ/𝐷𝐴𝐵, 𝑆𝑐 =  𝜇/𝜌𝐷𝐴𝐵, DAB  is the diffusivity of components with respect to air at 

different temperatures. µ and ρ are the densities and viscosities of migrating components (benzene 

and water) across the membrane, kf is the mass transfer coefficient, and Dh is the hydraulic 

diameter. The individual mass transfer (kfi) of benzene and water was estimated by the following 

Eq. (23) [20]. 

𝑘𝑓𝑖 =
𝑁𝑖𝑅𝛥𝑇

𝑀𝑖(𝑃𝑚𝑓𝑖 − 𝑃𝑝𝑔𝑖)
 (23) 

where, Mi (molecular weight) of individual component, Pmfi (vapor pressure) at the membrane side, 

Ppgi (vapor pressure) on permeate side (cooling plate). Ni is component permeate flux, R is 

universal gas constant (mmHg) and ΔT is the difference between the membrane temperature and 

cooling temperature.  

The mass transfer coefficient was calculated using Eq. (23) at various hot feed temperatures 

(40-60°C), feed flow rate 3-7 lpm under constant feed benzene concentration of 1000 mg/l and air 

gap width of 3 mm. It is observed from the Fig. 7 that on increasing the hot feed side temperature 

from 40°C to 60°C, the mass transfer coefficient of water (kfw) increased from 9.64×10-2 to 

1.83×10-1, 1.08 ×10-1 to 1.99×10-1 and 1.14 ×10-1 to 2.05×10-1 cm/s at 3 lpm, 5 lpm and 7 lpm 

respectively under constant 3 mm air gap width. Similarly, the mass transfer coefficient for 

benzene (kfb) increased from 7.92×10-3 to 1.90×10-2, 8.93×10-3 to 2.09×10-2, and 9.57×10-3 to 

2.18×10-2 cm/s on increasing the temperature under the same operating conditions. The reason of  
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Figure. 7 Effect of feed flow rate on mass transfer coefficient [Feed Concentration= 1000 mg/l, Air Gap 

Width = 3mm, cooling plate temperature = 10° C] 

 

 

this increment can be understood on the basis of film theory postulated by Nernst that mass 

transfer coefficients for different migrating species are directly proportional to the diffusivity of 

components wherein the diffusivity of the gases is related to T3/2 as per the kinetic theory of the 

gases [34]. It was also depicted that the mass transfer coefficient of benzene is lower as compared 

to water. The probable reason for this can be attributed by the reason that diffusivity of benzene 

vapor in air (1.41x10-5 m2/s at 40°C), which is approximately half than that of diffusivity of water 

vapor in air (2.90x10-5 m2/s).  

Using Newton’s method, the mass transfer correlations for benzene and water were developed 

by minimizing the square of error between the experimental and estimated Sherwood number as 

follows: 

𝐵𝑒𝑛𝑧𝑒𝑛𝑒: 𝑆ℎ = 2 𝑅𝑒0.03 𝑆 𝑐0.33 (24) 

𝑊𝑎𝑡𝑒𝑟: 𝑆ℎ = 0.5 𝑅𝑒0.32 𝑆 𝑐0.33 (25) 

The plot between log (Sh/Sc0.33) versus log (Re) was shown for water and benzene through Fig. 

8(a)-(b). It is evident from the plot that experimental and model values are in well agreement since 

R2 values ranges 0.985 to 0.976. 

 
 

4. Membrane fouling 
 

The feed benzene concentration of 1000 mg/l was fed continuously at a feed flow rate of 3 lpm 

in AGMD set up. The transmembrane permeate flux was collected till 420 hr. It was found  
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(a) (b) 

Figure. 8 Mass transfer coefficient fitting curve (a) Water and (b) Benzene 

 

 

Figure. 9 Influence of operating time (h) on the total permeate flux 

 

 

relatively small decline in permeate flux, as depicted in Fig. 9. Initially, the permeate flux was 

estimated 6.50 kg/m2h at 55°C under 3 mm of gap thickness. The flux got decreased to 1.84% till 

420 hr. This shows that fouling is not remarkable on the membrane surface. However, this slight 

decrement in flux may due to organic fouling. Moreover, the permeate flux improves after water 

wash and found to be 6.47 kg/m2h. The fouling phenomena study is extended qualitatively and 

quantitatively in order to examine the membrane morphology and pore size distribution, 

respectively, of the fresh, used membrane after 420 h, and after water wash. It can be depicted 

from FE-SEM images represented in Figs. 10-12 that membrane morphologies in all three cases 

are nearly the same, and the fouling effect is not observed on the surface to an appreciable extent.  
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Figure. 10 FE-SEM and EDS of PTFE Fresh membrane 

 

 

Figure. 11 FE-SEM and EDS of PTFE membrane till continuous run of 420 hr 

 

 

Furthermore, pore size distribution is plotted using ImageJ software and represented in Fig. 13. 

The estimated area acquired through image processing was used to calculate the equivalent 

diameter of the membrane pores. The circular assumption was made for the pores, and the  

14



 

 

 

 

 

 

Heat and mass transfer correlations and fouling in air gap membrane distillation … 

 

Figure. 12 FE-SEM and EDS of PTFE membrane after water wash 

 

 

Figure. 13 Results of pore size distribution for new membrane, after 420 hr and after water wash 

 

 

calculation was performed using the formula presented in Eq. (26). The average pore size of new 

brand membrane, used membrane till 420 h, and after water wash were found to be 0.22 micron, 

0.18 micron and 0.20 micron. This difference in pore size clearly endorsed the reason for the slight  
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(a) (b) 

Figure. 14 AFM results (a) Fresh hydrophobic PTFE membrane; (b) till continuous run of 420 hr 

 

 

decrement in permeate flux and can be attributed that both the constituents in the feed are volatile 

in nature and hence easily penetrate across the membrane without affecting the surface properties. 

The equivalent diameter of membrane pore is calculated using the Eq. (26) [35]. 

𝑑𝑒𝑞 = 2√𝐴𝑟𝑒𝑎/𝜋 (26) 

However, this justification is further verified by capturing AFM images for fresh and used 

membrane for identifying the difference in the surface roughness quantitatively. From the AFM 

topographical images as shown in Fig. 14(a)-(b), for new and used membrane, it was observed that 

surface roughness of both membranes are similar and found to be in the range 404.4 to 438.2 nm. 

Also, the peaks resembles that membrane hydrophobicity is not altered to an extent thereby the 

flux is approximately constant throughout. This shows potential in AGMD for separation of 

benzene and other volatile compounds.  

 
 
5. Conclusions 
 

• In this study, AGMD process was adopted for the separation of benzene-water mixture and 

its performance was analyzed on the basis of total, individual permeate flux, and fouling effect. 

• Heat and mass transfer correlations were developed for the hot feed side region of the 

AGMD system using Newton’s method by minimizing the square of errors. It was observed that 

theoretical models are in good agreement with experimental data during correlation development. 

• Four operating parameters, namely feed flow rate (3-7 lpm), air gap (3-11mm), feed 

temperature (40-60°C) and benzene concentration (1000mg/l) are considered in developing the 

correlations. It was found that the feed-side combined heat transfer coefficient increases from 

523.27 to 1786.36 W/m2K on increasing the hot feed side temperature from 40 to 60°C at a feed 

flow rate of 5 lpm under 1000 mg/l of feed benzene concentration and 3 mm air gap width. 

However, the antagonistic effect of air gap width on the combined heat transfer coefficient is 

observed in this study. This clearly indicates that air gap width is one of the most influential 

parameters in the AGMD process, and hence, the tradeoff between hot feed side temperature and 

air gap may play a vital role in improving the separation efficiency and performance in terms of 
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permeate flux. 

• During mass transfer correlation development, it was found that on increasing the feed 

flow rate, the mass transfer coefficient increases for both components (benzene and water), 

however mass transfer coefficient was estimated to be lower for benzene as compared to water. 

• The fouling phenomena was studied quantitatively and qualitatively to examine the 

membrane performance and it was observed that minimal fouling was encountered on the 

membrane surface after a continual run of 420 h since a reduction in permeate flux was found to 

be from 6.50 to 6.38 kg/m2h. Moreover, after the washing, the flux retained approximately its 

original value. 

• Fouling study was extended to verify these results using field emission scanning electron 

microscopy (FE-SEM), and atomic force microscopy (AFM). The pore size distribution confirms 

the finding of fouling phenomena. Overall, it can be concluded that AGMD has potential for 

effective separation of benzene-water mixture and other organic compounds. 
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