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a b s t r a c t
In spite of dramatic improvements in membrane properties, the overall mass recovery in membrane 
distillation (MD) remains quite low, and is a major drawback. In this paper, we present a comparative 
study on the effect of various module configurations on the overall mass recovery in MD. Experimental 
data with two modules with a heating stage show a water recovery enhancement of 38% and 96% com-
pared with equivalent modules in series and parallel, respectively. A simulation with seawater and 
five modules in series with heating in between shows an increase in water recovery of 320% and brine 
concentration increases from 34,000 to 53,600 ppm.
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1. Introduction

With increasing demand for fresh water as well as recur-
ring drought, desalination technologies have been develop-
ing rapidly. Low energy consumption and relatively smaller 
footprint make membrane-based techniques such as reverse 
osmosis (RO) and membrane distillation (MD) attractive 
alternatives [1–3]. Compared with thermal distillation, MD 
is a membrane-based evaporative process where the driving 
force is a temperature-induced vapor pressure difference 
caused by having a hot feed and a cold permeate [4]. Typically, 
MD is carried out at 60°C–90°C, which is significantly lower 
than conventional distillation [5–7]. Consequently, MD has 
the potential to generate high quality drinking water using 
low-grade heat such as waste heat from industrial processes 
and solar energy. The main efforts at improving MD perfor-
mance have been aimed at the maximization of flux and salt 
rejection. Different types of membranes have been synthe-
sized with improved porosity, optimized pore size distribu-
tion, incorporated nanomaterials and improved wetting and 
fouling resistance [8–13].

In spite of dramatic improvement in membrane prop-
erties, the overall mass recovery in MD remains quite low. 
This is a major drawback for MD and is a key roadblock 
towards commercialization [14,15]. A typical approach for 
the enhancement of water recovery in MD is to increase the 
membrane area or to put large numbers of modules in series 
or in parallel configurations [16–18]. However, it is import-
ant to note that MD is driven by the vapor pressure gradi-
ent which is a function of temperature, and maintaining the 
vapor pressure differential is of great importance. As water 
is evaporated through the membrane, the extraction of latent 
heat reduces the temperature on the feed side. Once the tem-
perature or the vapor pressure differential is reduced, the 
increased area does not serve much purpose.

Efforts have been made to optimize MD performance. 
The performance of various MD configuration such as direct 
contact, vacuum, air gap and sweep gas has been evaluated 
at the laboratory as well as pilot plant scales, and heat and 
mass transport has been studied in details [5,15,19–30]. The 
dependence of module length on operating conditions, mem-
brane thickness, recovery factor, the temperature and the 
flux profiles has been simulated to achieve seawater recovery 
factor of 70%. [31]. Lee et al. [32] described the cost-efficient 
desalination technology by integrating a countercurrent 
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cascade of the novel cross-flow direct contact membrane 
distillation (DCMD) devices and solid polymeric hollow 
fiber-based heat exchange devices. The numerical simula-
tor predicted a gained output ratio of 12 when unequal flow 
rates of the incoming brine and distillate streams are used 
[32]. Thermodynamic analysis of the DCMD system coupled 
with a heat exchanger has demonstrated that the process is 
mass-transfer limited and DCMD membrane area and per-
meability cannot be infinitely large [33,34].

Since it is not feasible to improve yield just by increas-
ing membrane area alone, it is important to optimize module 
arrangements to maximize mass recovery factor. One could 
potentially think of multiple membrane modules in series 
and parallel configurations, some with heating stages in 
between to raise the temperature gradient before reintroduc-
tion to the next stage. The objective of this paper is to explore 
the different possible membrane module arrangements and 
study their effects on overall mass recovery.

2. Experimental

Polypropylene (PP) hollow fiber membrane module as 
well as flat sheet polytetrafluoroethylene (PTFE) membrane 
module were tested in this study [20,21]. Celgard X-20 PP 
hollow fibers (0.03 μm pores and 40% porosity, Celgard LLC, 
Charlotte, NC) and PTFE flat membrane from Advantec 
(0.2 μm pores and 70% porosity, Advantec MFS Inc.; Dublin, 
CA) were used for this study. The effective membrane area 
for the hollow fiber modules and the flat sheet membranes 
were 14.4 and 188 cm2, respectively. The basic experimen-
tal setup has been described before [35–37] and shown in 
Fig. 1(a).

Different membrane module assemblies comprising of a 
set of two modules were tested in this study, and they are 
presented in Fig. 1(b). The respective module assemblies 
were as follows. two modules could be put in series where 
the hot brine leaving the first module entered the second one 
(MD-S). An alternate approach was to have two MD mod-
ules in series where the brine leaving the first module passes 
through a heat exchanger to regain the lost heat before enter-
ing the second module at a higher temperature and this was 
referred to as MD-SH. The two modules could also be put in 
parallel (MD-P). In simulating the multistage modular sys-
tem, five smaller modules in MD-SH mode, a large module 
or the equivalent of MD-S, and five modules in MD-P are 
considered. The data are presented here for direct contact 
MD but can be utilized for any kind of MD, namely sweep 
gas membrane distillation (SGMD), DCMD and air gas mem-
brane distillation (AGMD).

3. Results and discussions

3.1. Effect of feed temperatures and flow rates on water vapor flux

Fig. 2 shows the effect of feed temperature on water 
vapor flux for the two different membranes studied here. The 
water vapor flux increased with the increase in temperatures 
because increasing the feed temperature increases the vapor 
pressure and thereby increases the driving force. The water 
vapor flux increases with feed temperature exponentially, 
this is due to the associated exponential increase in the vapor 

pressure with temperature. As expected, the flux followed 
similar trends with the PTFE membrane showing signifi-
cantly higher values at the same temperature.

Fig. 3 shows the effect of different module configuration 
on water vapor flux at various feed flow rates. Since inlet 
flow rates were kept the same, the total flow in the two mod-
ules in MD-P was double that of the MD-S or MD-SH. It is 
also observed from the figure that the overall flux increased 
with increase in flow rate. It was observed that with increase 
in the feed flow rate, the turbulence in the flow channel 
increases and hence the Reynolds number. This significantly 
improves the heat and mass transfer rates in the flow chan-
nels and leads to the reduction of the temperature and con-
centration polarization effect [35–40]. The higher feed flow 
rate also enhanced the average bulk temperature and conse-
quently the temperature gradient across the membrane [38]. 
In Fig. 3, the influent temperature in each case was 80°C. The 
effluent temperatures from first module were around 60°C 
and 70°C for PP and PTFE membranes for all three modes. In 
MD-S, the effluent from module 1 was the influent to module 
2, and the effluent from module 2 was at 48.6°C and 63°C, 
respectively, for PP and PTFE membranes. In MD-SH, the 
effluent water temperature from module 1 was reheated to 
80°C before re-entering into the next module. It was observed 
from Figs. 2 and 3 that the overall water vapor flux was much 
lower for MD-S compared with MD-SH and MD-P because 
the temperature gradient in module 2 in this mode was much 
lower. Another contributing factor is that at low tempera-
tures, the latent heat of evaporation was much higher and 
more energy was required to evaporate water [41].

Table 1 shows a comparison between all three configura-
tions in terms of various DCMD performance parameters for 
PP and PTFE membranes. An enhancement in overall water 
vapor flux was 38% and 20% for MD-SH and MD-P in com-
parison with MD-S for PP and PTFE membrane, respectively. 
However, they also needed 11.7% and 27.21% more heat. In 
MD-P, the additional heat was supplied by heating more water 
and in MD-SH it was through the reheating before introduc-
tion to stage 2. Although, the MD-SH and MD-P showed sim-
ilar water vapor flux and heat requirement, it is interesting to 
observe that the water recovery was much higher in MD-SH 
compared with MD-P. The mass recovery factor, defined as 
the percentage rate of permeate production per unit feed flow 
rate, was 1.9%, 2.6% and 1.3% in MD-S, MD-SH and MD-P, 
respectively. For the same amount of energy, the mass recov-
ery factor was increased by 100% in MD-SH over MD-P. The 
trends were similar with the PTFE membrane.

3.2. Simulation of multi-stage membrane module system

Based on the above discussion, it is apparent that the con-
figuration of the membrane modules is of great importance for 
optimizing MD especially from the standpoint of recovery. As 
already mentioned, the overall mass recovery factor cannot be 
increased effectively by just increasing the membrane area. In 
MD, the latent heat of evaporation for water vapor is obtained 
from the sensible heat of the circulating feed. For example, 
based on 80% efficiency, for a feed flow of 100 mL/min, the 
maximum available heat for vaporization at a temperature 
difference of 60°C (assuming inlet water temperature: 80°C 
and outlet water temperature: 20°C) is ~20 kJ/min. This heat is 
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only enough to evaporate 8.7 mL/min water or 8.7% of feed. 
Considering a feed flow rate ~5 L/min, maximum 435 mL/min 
pure water generation is possible. For a membrane with a 
flux of 50 kg/m2h, the membrane area needed to generate this 
water would be no more than 0.52 m2. Any additional mem-
brane area would not enhance performance. The optimum 
membrane area will increase proportionally under equivalent 
conditions with increase in flow rate.

The above discussion serves as the basis for designing the 
number of stages needed for a certain mass recovery factor 
of pure water. The overall water recovery from a typical feed 

flow of 100 L/min is presented with five smaller modules in 
MD-SH mode, a large module or the equivalent of MD-S, and 
five modules in MD-P. In each case, the total membrane area 
is kept constant, the flux is assumed to be 50 kg/m2 h; the feed 
inlet temperature is 80°C at a concentration of 34,000 ppm. 
The optimum area of a single module for conditions men-
tioned above is 10.44 m2. Fig. 4 shows the MD-SH mode 
while MD-S and MD-P are similar to Fig. 1(b). In MD-SH, the 
effluent from each stage was reheated to 80°C before being 
reintroduced into the next module. The performances of the 
MD system for MD-SH, MD-P and a large module of equal 

(a)

 

M
odule-2

M
odule-1

(b)

Fig. 1. (a) Schematic of the experimental setup. (b) Different MD configurations: (i) modules in series (MD-S), (ii) modules with 
in-between heating (MD-SH), (iii) modules in parallel (MD-P).
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membrane area are presented in Tables 2 and 3. Since some 
water is removed at each stage, the subsequent membrane 
stage has a smaller membrane area.

Table 2 represents the performance data of individual 
modules of the MD-SH system. The membrane area was 

optimized based on the inlet feed flow rate. In Table 3, a 
comparative data of different system has been provided. It 
is clear from Tables 2 and 3 that a high water recovery of 
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Fig. 2. Water vapor flux for (a) PP hollow fiber membrane and (b) 
flat PTFE membrane.

2

3

4

5

0 50 100 150 200

W
at

er
 v

ap
or

 fl
ux

 (k
g/

m
2 .h

r)

Feed flow rate (mL/min)

MD-SH
MD-P
MD-S

(a)

40

50

60

70

50 100 150 200 250

W
at

er
 v

ap
or

 fl
ux

 (k
g/

m
2 .h

r)

Feed flow rate (mL/min)

MD-SH
MD-P
MD-S

(b)

Fig. 3. Variation of water vapor flux at different flow rates for 
different configurations: (a) with PP hollow fiber modules and 
(b) with PTFE flat membrane modules at 80°C in MD-SH mode.

Table 1
Comparison between different module configurations with PP and PTFE modules at 80°C inlet temperature. The PP hollow fiber 
modules had an inlet flow rate of 88 mL/min and the PTFE module at 100 mL/min

Properties PP PTFE
MD-S MD-SH MD-P MD-S MD-SH MD-P

Water vapor flux (kg/m2 h) 2.66 3.67 3.72 42.1 50.5 50 
Recovery from feed (%) 1.89 2.61 1.33 2.04 2.44 1.21
Total heat required (W) 120 134 134 196 242 242 
Overall mass transfer coefficient 
(kg/m2 s mmHg)

4.38E-06 6.04E-06 6.13E-06 6.93E-05 8.31E-05 8.23E-05

Fig. 4. Schematic of multi-stage MD with multiple modules..
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~37% was obtained in MD-SH, and that was ~320% higher 
than that of a single large module or modules are in parallel. 
The percent water recovery was observed to be dependent on 
the number of modules in MD-SH system. The high recov-
ery leads to the increase in salt concentration at each stage 
and the final outlet was also quite high around 53,593 ppm. 
On the other hand, for a large modular system and MD-P 
system, the water recovery was only 8.7% and the outlet salt 
rejection concentration was 37,240 ppm. It is clear from the 
simulated data that the multi-modular system with multi-
stage heat exchangers between them is the most effective way 
of recovering large amount of water and also concentrating 
salt water.

The overall mass recovery factor of pure water in 
MD-SH depends upon the number of stages. As can be seen 
in Table 2, the total recovery with two modules was 16.6%, 
which increased to 36.6% with five modules and would 
further increase to 60% recovery with 10 stages. The over-
all mass recovery factor Yn from n stages operated under the 
same conditions will be given by Yn = 1 – (1 – R)n, where R is 
the recovery at each stage. Therefore, the overall recovery can 
be increased by increasing the number of stages or R. 

4. Conclusion

The overall water vapor recovery was higher in MD-SH 
configuration compared with MD-S and MD-P. Experiment 
using two stages of PP hollow fiber modules showed 
enhancements of 38% and 96% for MD-SH over MD-S and 
MD-P, respectively. The simulation with seawater with five 
stages in MD-SH mode showed 36.6% water recovery and the 
increase in brine concentration from 34,000 ppm at the influ-
ent to 53,600 ppm at the effluent. The recovery for MD-S and 
MD-P was 8.7% with exit salt concentrations of 37,240 and 
36,700 ppm, respectively. Therefore, the solute preconcentra-
tion can be increased by increasing the number of stages in 
the MD-SH mode. Overall, the MD-SH leads to the optimum 

use of membrane area as well as energy usage for maximum 
water recovery.
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