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H I G H L I G H T S

• A novel double-pipe air gap membrane
distillation module was developed suc-
cessfully.

• The air gap width of the module can be
evenly distributed and easily regulated.

• The concept of equivalent membrane
distillation flux (JAGMD) was firstly intro-
duced.

• The maximum value of J, GOR and JAGMD

could reach 11.4 kg/(m2·h), 6.6 and
29.6 kg/(m2·h), respectively.
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Configuration of DP-AGMD-M.
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Air gap width has an important influence on the performance of air gap membrane distillation (AGMD) process.
In this study, a novel double-pipe AGMDmodule (DP-AGMD-M) consisted of PVDF hollow fiber membrane and
heat exchange capillary copper tubes was successfully developed. The evenly distribute and easily control of the
air gapwidth inDP-AGMD-Mcan be implemented. The effect of the air gapwidth (da), hot feed temperature (T1),
hot feed flow rate (Q), temperature difference (ΔT) between the hot feed outlet temperature and the cold feed
inlet temperature, and the effective membrane module length (L) on the performance of DP-AGMD-Mwere ex-
perimental studied. The concept of the equivalent membrane distillation flux (JAGMD) was firstly introduced in
this paper and used to evaluate the comprehensive performance of DP-AGMD-M. The optimal performances, in-
cluding membrane distillation flux (J), gained output ratio (GOR) and JAGMD were obtained. Within the experi-
mental range, the maximum J arrived at 11.4 kg/(m2 · h), the maximum GOR reached 6.6 and the maximum
JAGMD was 29.6 kg/(m2 · h).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane distillation (MD) technique is a kind of membrane sepa-
ration technology combines with traditional distillation process. The
driving force formass transfer is the vapor pressure difference of volatile
molecules across the hydrophobic micro-porous membrane [1]. Com-
pared to other separation techniques, MD has some unique advantages:
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higher rejection and concentrating multiple, and lower operating tem-
perature.With these advantages,MD has great potential on the applica-
tion for wastewater resource utilization, water conservation and
emission reduction, especially in the field of deep concentration of in-
dustrial wastewater [2–6]. MD process has be divided into five basic
configurations depending on the ways to collect or remove the
transported vapor from the permeate side: (i) direct contact membrane
distillation (DCMD), (ii) air gap membrane distillation (AGMD), (iii)
vacuum membrane distillation (VMD), (iv) sweeping gas membrane
distillation (SGMD) and (v) osmotic membrane distillation (OMD)
[7–12].

However, the biggest barrier in the large-scale application of MD
process is the high thermal energy consumption required for evapora-
tion. The energy efficiency of an evaporation-based separation process
(such as multiple effect distillation (MED) and MD) is commonly mea-
sured as “gained output ratio” (GOR). The GOR of typical thermal desali-
nation techniques (such as MED) can reach more than 15.0 [13,14].
Unfortunately, the value of GOR for traditional MD process is just 0.2–
1.0 [15,16]. Besides, MD needs to consume a large amount of cooling
water to condense vapor into fresh water completely. The high con-
sumption of energy and cooling water severely restricts the develop-
ment and industrialization of MD technique. Therefore, it became the
focus of research to findways of recovering the vapor latent heat to im-
prove the energy efficiency ofMDprocess in recent years. Lu [17–19] re-
ferred the principle of vapor latent heat recovery of MED process and
developed a new MD process, namely multiple effect membrane distil-
lation (MEMD). MEMD possesses two mainly technical advantages of
efficient separation (MD) and effective heat recovery (MED), and thus
has been became a hot-spot of MD technology research.

In AGMD configuration, a thin stagnant air gap is interposed be-
tween the membrane and the cooling surface, which can weaken the
heat loss by conduction [20,21]. Therefore, AGMDhas higher thermal ef-
ficiency than other MD configurations [22]. Compared with flat-sheet
membrane, hollow fiber membrane has higher specific surface area
and packing density. The advantage has encouraged researchers to de-
sign several tubular AGMD modules by using parallel polypropylene
(PP) hollow fiber membranes and PP hollow fiber heat exchange
tubes [23–26]. And experiment results proved that these modules
have exhibited excellent performance of heat recovery.

The efficiency of vapor latent heat recovered by cold flow in the heat
exchange tubes plays a decisive role in AGMD module, which can both
determine the total energy efficiency of whole AGMD process
(i.e., GOR) and the vapor pressure difference across the membrane
(i.e., mass transfer driving force). Obviously, AGMD is a synergic process
composed of heat and mass transfer, and which is mainly controlled by
heat transfer. However, the stagnant air gap increases the resistance to
the heat transfer. Consequently, the reduction of the heat transfer resis-
tance (i.e., air gap width) plays an important role in enhancing the heat
transfer efficiency of AGMD process. But there exists the problem that

the air gap width distributed unevenly and controlled difficultly in tu-
bular AGMD modules. The cross-section of tubular AGMD module
shown in Fig. 1a, it is obviously that the distance between porousmem-
brane and dense wall tubes are uncertainly. On the one hand, larger air
gap width leads to larger heat transfer resistance. On the other hand,
condensed water vapor in limited space can easily form a water bridge
[22,27] when air gap width is too small. Both can weaken the perfor-
mance of AGMD process significantly.

The purpose of this paper is to introduce a novel double-pipe AGMD
module (DP-AGMD-M). The DP-AGMD-M consisted of hydrophobic
polyvinylidene fluoride (PVDF) hollow fiber membranes and heat ex-
change capillary copper tubes. In this design, each membrane was
inserted into the corresponding copper tube to constitute an indepen-
dent AGMD unit. Then a certain number of the units were assembled
to make up a DP-AGMD-M. And the gap between the outer surface of
porous membrane and the inner surface of copper tube acted as the
air gap. The air gapwidth can be evenly distributed and easily regulated
in DP-AGMD-M, as shown in Fig. 1b. Thus the heat andmass transfer re-
sistance in AGMD process can be controlled effectively. Meanwhile, an-
other problem in AGMD process is that high membrane distillation flux
(J) and high GOR cannot be obtained simultaneously, the true perfor-
mance cannot be reflected by only J or GOR. So the equivalent mem-
brane distillation flux (JAGMD) was firstly introduced in this paper and
used to evaluate the comprehensive performance of AGMD process.
Tap water was used as feed solution in the experiments. The effect of
various parameters on the performance of DP-AGMD-M were experi-
mental investigated. The parameters including the air gap width (da),
hot feed temperature (T1), temperature difference (ΔT) between the
hot feed outlet temperature and the cold feed inlet temperature, hot
feed flow rate (Q) and the effective length of membrane module (L). J,
GOR and JAGMD were used to evaluate the performance of DP-AGMD-M.

2. Experimental

2.1. Membranes and modules

The hydrophobic PVDF porous hollow fiber membranes with an av-
erage pore size of 0.16 μm, porosity of 85% and contact angle of 78°were
produced by our research group. The detail information of the mem-
brane properties and preparation process have been described in the
previous reports [12,28]. The inner and outer diameters of the mem-
brane are 0.8 mm and 1.1 mm, respectively. The capillary copper
tubes were provided by Shanghai Yongkun Refrigeration Equipment
Co., Ltd., China. Table 1 shows theparameters of DP-AGMD-Ms. The con-
figuration of the module is shown in Fig. 2. Tap water had an electrical
conductivity of 530 μS/cm.

2.2. Experimental apparatus

The schematic diagram of the AGMD experimental apparatus is
depicted in Fig. 3. And Fig. 4 shows the mass and heat transfer process
in DP-AGMD-M unit.

The whole feed circulatory systemwas wrapped with thermal insu-
lation cotton, in order to reduce heat loss to surrounding. The feed was
heated to a constant temperature T1 in the thermostat, then pumped
into the inlet of hollow fiber membranes at the top of the module. The
flow rate Qwas adjusted by the rotameter 1. After the vapor evaporated
from the feed and diffused across the porous membrane wall, the tem-
perature of the hot feed dropped to T2. Then the feed leaving themodule
and flowed into an external condenser, and thus its temperature
dropped to T3. And then the feed was allowed to flow into the shell
side of the copper tubes at the bottom of the module as cold feed. The
cold feed flowed counter-currently with the hot feed in the module, as
shown in Fig. 4. The cold feed recovered the vapor heat and gradually
warmed up to T4. At the same time, the vapor was condensed into dis-
tillate water. Finally, the feed with T4 flowed back into the thermostat.

Fig. 1. Schematic diagram of the cross-section of (a) tubular and (b) double-pipe AGMD
modules.
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