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a b s t r a c t

Liquid desiccant air conditioning (LDAC) has emerged as an attractive technology for improving indoor air
quality and thermal comfort. Regeneration of liquid desiccants is critical to sustain the process efficiency
of LDAC. This study explores membrane distillation (MD) for regeneration of lithium chloride (LiCl) des-
iccant solution commonly used in LDAC. The results demonstrate the viability of MD for LiCl regenera-
tion. The MD process at the feed temperature of 65 �C could increase the LiCl concentration up to
29 wt.% without any observable LiCl loss. Given the high concentration of the LiCl solution feed, unlike
traditional desalination applications, the impact of concentration polarisation on the process water flux
was significant. Indeed, the calculated water flux obtained by excluding the concentration polarisation
effect was more than twice the experimentally measured water flux from a concentrated LiCl solution
(>20 wt.%). The regeneration process can be optimised in terms of regeneration capacity (DC) and specific
thermal energy consumption (a) by regulating several operating conditions, including LiCl concentration,
feed temperature, and circulation cross flow velocity. Increasing feed temperature and circulation cross
flow velocity was beneficial to the process efficiency, enhancing water flux and DC while reducing a. On
the other hand, increasing LiCl concentration resulted in a linear decrease in both water flux and DC, but
an increase in a following a hyperbolic function.

Crown Copyright � 2016 Published by Elsevier B.V. All rights reserved.
1. Introduction

Ongoing economic and environmental concerns together with
the demand for thermal comfort have resulted in significant inno-
vation in the air conditioning industry. Amongst the current tech-
nologies for improving indoor thermal comfort and air quality,
liquid desiccant air conditioning (LDAC) has emerged as an attrac-
tive option in terms of humidity control and energy consumption
[1–3]. LDAC can offer improved humidity control with significant
energy savings particularly in applications where latent loads
(moisture) are very high relative to sensible loads [1,2]. Examples
include hot and humid climates as well as applications in
commercial buildings that require low indoor humidity to avoid
condensation on glass doors and building envelopes.

LDAC can simultaneously regulate the humidity and tempera-
ture of air by removing moisture using a liquid desiccant solution.
The latent load of the process air is controlled by the absorption
rate of moisture to the liquid desiccant. The liquid desiccant
solution can then be reconcentrated (i.e. regenerated) by removing
excess water using a desalination process, most commonly thermal
evaporation. When thermal evaporation is used, heat is the
primary energy input to the LDAC process. Thus, electricity
consumption by LDAC is only one-fourth of that of a vapour-
compression air conditioning system for the same cooling output
[2]. As a result, where waste heat (i.e. recovered from engines or
industrial processes) or solar thermal energy are readily available,
LDAC can be muchmore energy efficient compared to conventional
air conditioning methods which are based on vapour-compression
technology [3,4].

Liquid desiccant regeneration is a critical step in LDAC. Given
their very high solubility in water, LiCl and LiBr have been widely
used as desiccating agents for LDAC [4,5]. The solubilities of LiCl
and LiBr in water at 25 �C are 45.4 and 60.7 wt.%, respectively.
The dehumidification efficiency of LDAC using these solutions is
strongly affected by salt concentration and solution temperature.
In general, a more concentrated liquid desiccant solution at a lower
temperature produces a higher moisture absorption rate [1,6].
When the liquid desiccant flows along a dehumidifier, it absorbs
moisture from the air, resulting in a slight dilution. Thus, it is
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necessary to reconcentrate the weak (i.e. diluted) liquid desiccant
before the next dehumidification cycle. Unlike desalination pro-
cesses for drinking water production, the regeneration of a liquid
desiccant involves the removal of only a small volume of water
but from an extremely saline feed solution. It is also noteworthy
that the regeneration of liquid desiccant solution accounts for over
75% of the total energy consumption of LDAC [3]. Therefore, opti-
mising the regeneration step is crucial to the overall energy con-
sumption of LDAC.

In most current LDAC applications, the weak liquid desiccant
solution is reconcentrated by conventional thermal evaporation
[2,3,7]. The weak desiccant solution is heated to about 70–90 �C
[2]. The hot desiccant solution is then sprayed over a packed-bed
contact media to allow for water evaporation. The heat source
can be from the combustion of natural gas, waste heat, or solar
thermal. When waste heat or solar thermal can be utilised, LDAC
is a much more favourable option than vapour-compression air
conditioning techniques that rely exclusively on electricity input.
It is noteworthy that liquid desiccant regeneration by thermal
packed-bed evaporation can result in considerable desiccant loss
due to carryover. Desiccant carryover does not only result in the
need to replenish desiccating agents (hence a cost increase), but
also cause potential long-term health concerns [2,3]. To address
the issue of desiccant carryover, several membrane separation pro-
cesses, including reverse osmosis (RO) [8] and electro-dialysis (ED)
[9], have recently been investigated for regenerating liquid desic-
cants. However, the high electricity demand of RO and ED renders
them less attractive for LDAC applications.

Membrane distillation (MD) is a combination of thermal evapo-
ration andmembrane separation. MD has several notable attributes
that are particularly suitable for desalination application of extreme
saline solutions. Indeed, the technical viability of MD for the treat-
ment of RO brine from seawater [10–12] and coal seam gas pro-
duced water [13,14], fracking fluid [15], and draw solution for
forward osmosis [16,17] has been widely demonstrated in the liter-
ature. In MD, a microporous hydrophobic membrane is used as a
physical barrier to prevent the penetration of liquid water while
allowing for the transport of water vapour (gas) across the mem-
brane. A variety of hydrophobic materials such as polyvinylidene
fluoride (PVDF), polypropylene (PP), and polytetrafluoroethylene
(PTFE) can be used asMDmembranes [18,19]. Only water in vapour
form can be transported through the membrane; thus, MD can the-
oretically offer complete salt rejection [18,20]. Therefore, desiccant
loss due to carryover during liquid desiccant regeneration usingMD
is expected to be negligible. In addition, unlike the conventional
thermal evaporation process, MD can be operated at a lower feed
temperature (from 40 to 80 �C) that is more compatible with low-
grade waste heat and solar thermal [18,20].

Unlike a typical desalination process for clean water production,
MD regeneration of liquid desiccant encounters an extremely con-
centrated feed solution. Thus, in addition to the temperature polar-
isation effect, concentration polarisation is expected to be
significant in the MD process for liquid desiccant regeneration. In
MD, the water vapour pressure gradient induced by the tempera-
ture difference across the membrane is the driving force for the
transport of water vapour. Temperature polarisation effect renders
the temperature difference between the feed and the distillate
membrane surfaces smaller than that between the bulk feed and
distillate streams, thus reducing the actual driving force and hence
water flux of the MD process [21,22]. Similarly, due to the concen-
tration polarisation effect, salt concentration at the feed membrane
surface can be higher than in the bulk solution, thus reducing
water activity and hence water vapour pressure. Indeed, the signif-
icant influence of concentration polarisation effect has also been
reported in the osmotic distillation process of hypersaline solu-
tions [23,24]. Thus, it is essential to evaluate the impact of concen-
tration polarisation effect on the regeneration of liquid desiccant
by MD [25]. It is also important to identify parameters that can
be manipulated to alleviate the concentration polarisation effect.

This study aimed to assess the viability of MD for regenerating
LiCl liquid desiccant for LDAC. The MD process was first charac-
terised with ultrapure (Milli-Q) water to determine the significance
of the temperature polarisation effect. Then, the effect of concentra-
tion polarisation on water flux during the MD process with the LiCl
solution was examined. The influence of operating conditions,
including feed temperature, LiCl concentration, and circulation
cross flow velocity, on the process regeneration capacity and ther-
mal energy consumption was also systematically investigated.
2. Materials and methods

2.1. Materials

A lab-scale direct contact membrane distillation (DCMD) sys-
tem was used. The system (Fig. 1) consisted of a plate-and-frame
membrane module with two acrylic semi-cells and a hydrophobic
flat-sheet PTFE membrane. Detailed description of the acrylic semi-
cells is available elsewhere [26]. The flat-sheet PTFE membrane
was from Porous Membrane Technology (Ningbo, China). The
thickness, nominal pore size, and porosity of this membrane were
60 lm, 0.2 lm, and 80%, respectively. The membrane module had
an active membrane area of 138 cm2 available for mass transfer.

The feed solution (2 L) from the feed tank was heated using
stainless steel coils submerged in a hot water bath, and then fed
into the feed channel of the membrane module. As the hot feed
solution moved along the membrane in the feed channel, water
evaporated and transferred in vapour phase through the mem-
brane pores to the distillate stream, thus concentrating the feed
solution. The reconcentrated solution leaving the membrane mod-
ule was returned to the feed tank. On the other side of the mem-
brane, 2 L of Milli-Q water (i.e. used as the initial distillate) was
circulated through the distillate channel to condense the water
vapour that permeated from the feed stream. The temperatures
of the feed and distillate stream were controlled using a heating
element with a temperature control unit and a chiller, respectively.
The circulation flow rates of the feed and the distillate streams
were regulated and monitored using two variable-speed gear
pumps (Model 120/IEC71-B14, Micropump Inc., Vancouver, Wash-
ington, USA) and two rotameters. The feed solution was continu-
ously weighed using a digital balance connected to a computer
to determine the water flux.

Laboratory grade anhydrous lithium chloride (LiCl) and Milli-Q
water were used to prepare the liquid desiccant solution.

2.2. Analytical methods

The electrical conductivity of the distillate was measured using
an Orion 4-Star Plus pH/conductivity meter (Thermo Scientific,
Waltham, Massachusetts, USA). The distillate LiCl concentration
(i.e. in ppm) was then calculated from the distillate electrical con-
ductivity (i.e. in lS/cm) using the conversion coefficient of 0.64.
The feed LiCl concentration was calculated based on the initial LiCl
concentration (i.e. 20 wt.%) and the recorded weight of the feed
solution with the assumption that the MD process provided a com-
plete salt rejection.

2.3. Experimental protocols

2.3.1. Process characterisation experiments
Milli-Q water was first used as the feed to characterise the pro-

cess and to quantify the temperature polarisation effect. Milli-Q



Fig. 1. The schematic diagram of the DCMD unit.
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water feed at temperature of 55, 60, and 65 �C was introduced to
the feed channel at a volumetric flow rate of 0.5, 0.75, and
1.0 L/min (i.e. equivalent to a cross flow velocity of 0.03, 0.045,
0.06 m/s, respectively). The distillate at a constant temperature of
25 �C was circulated though the distillate channel at the same flow
rate to the feed. Water flux of the process at each set of operating
conditions was measured for 1 h after the attainment of stable
operation.

2.3.2. LiCl solution regeneration by MD
MD of the LiCl solution feed was tested to assess the signifi-

cance of concentration polarisation effect, and to elucidate the
influence of operating conditions on water flux, regeneration
capacity, and specific thermal energy consumption of the process.
The operating conditions were as described above. During the
experiments, water flux and the distillate electrical conductivity
were regularly measured.

2.4. Mass transfer coefficient of the MD system

Water flux of DCMD is proportional to the water vapour pres-
sure difference between two sides of the membrane, and is
expressed as [20]:

J ¼ Cm � ðPm:feed � Pm:distillateÞ ð1Þ
where J is water flux (L/m2 h), Cm is the membrane mass transfer
coefficient (L/m2 h Pa), and Pm.feed and Pm.distillate are the water
vapour pressure (Pa) at the feed and distillate membrane surfaces,
respectively. Cm is a function of membrane properties and process
operating conditions, and can be theoretically calculated [20,27].
However, the theoretical calculation of Cm can be excluded [27]
because water flux calculation using Cm involves the water vapour
pressure at the membrane surfaces. Indeed, it is more practical to
use water vapour pressure of the feed and distillate streams for
water flux calculation. Taking this approach, water flux of DCMD
can be calculated as:

J ¼ Km � ðPfeed � PdistillateÞ ð2Þ
where Km is the process mass transfer coefficient (L/m2 h Pa), and
Pfeed and Pdistillate are the water vapour pressure (Pa) of the feed
and distillate streams, respectively. Water vapour pressure of the
feed and distillate streams can be calculated as [27]:

P ¼ xwater � awater � P0 ð3Þ
where xwater and awater are the water molar fraction and water activ-
ity, and P0 is the vapour pressure (Pa) of pure water in the feed and
distillate streams. P0 can be calculated using the Antoine Equation
[28]:

P0 ¼ exp 23:1964� 3816:44
T � 46:13

� �
ð4Þ

where T is the temperature (K) of the feed and distillate streams,
which can be readily measured using temperature sensors. For
the DCMD process with LiCl solution feed, xwater can be calculated
based on the weight concentration of the LiCl solution, whereas
awater can be estimated using the Pitzer model by the ‘‘PHREEQC”
software. Additionally, the salt rejection (R) of the DCMD process
with LiCl solution feed is calculated as:

R ¼ ðCfeed � Cdistillate

Cfeed
Þ � 100% ð5Þ

where Cfeed and Cdistillate are the LiCl concentration of the feed and
distillate, respectively.

Due to polarisation effects, the water vapour pressure at mem-
brane surfaces differs from that in the bulk feed and distillate
streams. For the DCMD process with Milli-Q water, only tempera-
ture polarisation effect exists given the negligible concentration of
salts. It is noteworthy that temperature polarisation effect has
been incorporated in the value of Km while concentration polarisa-
tion effect was excluded.

2.5. Regeneration capacity and energy consumption

The regeneration capacity of the MD process is evaluated based
on the increase in LiCl concentration achieved by the process [29],
and can be calculated as:

DC ¼ Cfeed � Fdistillate

Ffeed � Fdistillate
ð6Þ

where DC is in wt.%, Ffeed and Fdistillate are the mass flow rate (kg/h)
of the feed and distillate, respectively. Actually, DC is the difference
in LiCl concentration between the outlet and the inlet of the feed
channel.

The process specific thermal energy consumption (a), which is
the amount of heating required to increase LiCl weight concentra-
tion by 1%, can be calculated as:
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a ¼ Ffeed � Cp � ðTfeed � 25Þ
3:6� 103 � DC

ð7Þ

where a is in kW/wt.%, and Cp is the specific heat capacity (kJ/kg.�C)
of the feed solution. Cp is dependent on the concentration and
temperature of the LiCl solution, and its calculation is given else-
where [30].
3. Results and discussion

3.1. MD process characterisation

The process water flux and mass transfer coefficient (Km) were
first experimentally determined using Eqs. (2)–(4) and Milli-Q
water as the feed solution (Fig. 2). As can be seen in Eqs. (2)–(4)
(Section 2.4), the temperature polarisation effect was embedded
in the experimentally determined Km value. Because Milli-Q water
was used as the feed solution, the concentration polarisation effect
could be excluded. The temperature polarisation effect can be
assessed by comparing Km values at different feed solution
temperatures and hydraulic conditions at the membrane surface
(presented by the circulation cross flow velocity). As expected,
the temperature polarisation effect was more severe at high feed
temperature, reflected by a decrease in Km as feed temperature
increased from 55 to 65 �C (Fig. 2B). These results are consistent
with the literature [31,32]. In contrast, increasing the circulation
cross flow velocity improved the hydraulic condition at the mem-
brane surface, hence mitigating the effect of temperature polarisa-
tion [31,33]. Indeed, both water flux and Km increased as the
circulation cross flow velocity was elevated (Fig. 2A and B). It is
noteworthy that the influence of circulation cross flow velocity
on water flux and Km was more significant at high feed tempera-
ture (i.e. 65 �C) where the temperature polarisation effect was sev-
ere (Fig. 2A and B).

3.2. Concentration polarisation during MD regeneration of LiCl
solution

Based on the Km value obtained from Milli-Q water as the feed
solution, the water flux of the MD process with the LiCl solution
feed was calculated using Eqs. (2)–(4) and then experimentally
compared. The results demonstrated in Fig. 3 indicate a profound
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influence of LiCl concentration and particularly the concentration
polarisation effect on water flux during the MD process with the
LiCl solution feed.

LiCl at high concentration in the feed solution significantly
reduced MD water flux. The initial water flux of the MD process
with the LiCl 20 wt.% solution feed was noticeably lower than that
obtained during the process with Milli-Q water feed under the
same operating conditions (Fig. 3). In addition, as the LiCl solution
was concentrated, both the calculated and measured water flux
decreased linearly (Fig. 3). For example, the calculated water flux
at a feed temperature of 55 �C gradually decreased from 12.0 to
2.5 L/m2 h as the LiCl solution concentration increased from 20 to
30 wt.%. The reduction in the calculated water flux was largely
attributed to the decrease in the water activity and hence the
water vapour pressure of the LiCl solution. Indeed, the estimated
water activity of the LiCl solution at 55 �C (i.e. using the PHREEQC
software) decreased from 0.68 to 0.21 as its concentration
increased from 20 to 30 wt.%.

Compared to the calculated values, the experimentally mea-
sured MD water flux with the LiCl solution feed was much lower
(Fig. 3). This reduction reveals the significance of the concentration
polarisation effect during MD regeneration of the LiCl liquid desic-
cant. The Km values used for the water flux calculation with the LiCl
solution feed were obtained during the system characterisation
with Milli-Q water, in which the concentration polarisation effect
was excluded. For the process with the LiCl solution feed, the
impact of feed concentration on water flux was discernible as dis-
cussed above. The concentration polarisation effect rendered the
LiCl concentration at the membrane surface higher than that in
the bulk feed solution [21,31,34], thus aggravating the negative
impact of feed concentration on the process water flux. As a result,
all experimentally measured water flux was less than half of the
calculated values under the same operating conditions (Fig. 3). Sig-
nificant deviation of experimentally measured water flux values
from simulated data has also been reported during the concentra-
tion of cranberry juice by osmotic distillation due to severe con-
centration polarisation effect [24].

The impact of concentration polarisation on water flux is con-
sidered negligible compared to that of temperature polarisation
for MD processes with seawater (i.e. with average salinity of
3.5 wt.%) or aqueous salt solutions with similar concentrations
[31,35,36]. However, for the MD regeneration of LiCl liquid
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desiccant, the feed concentration is significantly higher (i.e. >20 wt.
% for this study), and thus the concentration polarisation effect
exerts a much stronger influence on water flux compared to that
encountered in seawater desalination applications. Methods to
increase flow turbulence, including gas bubbling [37,38], ultrasonic
irradiation [39,40], microwave irradiation [41], and use of spacers
[42,43], may help mitigate polarisation effects in MD regeneration
of LiCl solution, but at the cost of increased process complexity and
energy consumption. It is worth reiterating that unlike seawater
desalination for fresh water production, MD regeneration of liquid
desiccant requires the removal of only a small volume of water
from the feed. Thus, low water flux can be more acceptable for
MD regeneration of liquid desiccant compared to seawater desali-
nation applications.

Of a particular note, the MD process demonstrated an excellent
separation efficiency and a negligible LiCl leakage (i.e. LiCl loss into
the distillate) (Fig. 4). Indeed, during the first 240 min of the exper-
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Fig. 4. Feed and distillate LiCl concentration as functions of operating time during
the MD process with the LiCl solution feed. Operating conditions: Tfeed = 65 �C,
Tdistillate = 25 �C, Vfeed = Vdistillate = 0.06 m/s.
iment at feed temperature of 60 �C, LiCl remained undetectable in
the distillate and a complete LiCl rejection was achieved despite
the increased feed LiCl concentration (Fig. 4). LiCl at a trace level
of 46 ppm (compared to the feed concentration of over 29 wt.%)
was only detectable at the end of the experiment. Throughout
the experiment, LiCl rejection was over 99.98%.

Similar to what observed during the experiments with Milli-Q
water, feed temperature also exerted a great influence on the MD
process with the LiCl solution feed. Increasing feed temperature
raised the water vapour pressure of the LiCl feed stream, thus
favouring a higher water flux. Indeed, the measured water flux of
the process with LiCl solution was almost doubled when the feed
temperature increased from 55 to 65 �C (Fig. 3). Elevating feed
temperature also increased the ‘workability’ of the MD process
with LiCl solution. As demonstrated in Fig. 3, the process at feed
temperature of 55 �C could only concentrate the LiCl solution up
to 25 wt.%, whereas a LiCl concentration of 29% could be achieved
in the process at feed temperature of 65 �C. Feed temperature also
strongly affected the regeneration capacity and thermal energy
consumption of the process. This will be further discussed in the
next section.
3.3. Regeneration capacity and energy consumption

Both regeneration capacity and thermal efficiency are crucial
process performance parameters for MD regeneration of liquid
desiccants. The regeneration capacity of the MD process with LiCl
solution was evaluated using the increase in LiCl concentration
between the inlet and the outlet of the feed channel (DC). On the
other hand, thermal efficiency of the MD process was assessed
using the specific thermal energy consumption (a).

Feed temperature strongly affected the regeneration capacity
and thermal efficiency during the MD regeneration of LiCl solution.
Increasing feed temperature exponentially raised the driving force
for water vapour transfer from the LiCl solution to the distillate,
thus boosting both water flux andDC. Indeed, similar to water flux,
DC was almost doubled when feed temperature increased from 55
to 65 �C (Fig. 5). Increasing feed temperature was also beneficial to
the process with respect to a. Elevating feed temperature resulted
in increase in both DC and the thermal energy input of system (Eq.
(7)). However, DC increased at a higher rate compared to the ther-
mal energy input with increased feed temperature, thus leading to
decrease in a (Fig. 6).

Unlike feed temperature, increasing feed concentration resulted
in a linear reduction in DC (Fig. 5). The increase in LiCl concentra-
tion in the feed also led to an increase in a following a hyperbolic
function (Fig. 6). As expressed in Eq. (6),DCwas dependent on both
feed concentration (Cfeed) and the distillate flow rate (Fdistillate) at a
constant feed flow rate. An increase in Cfeed resulted in a decrease
in Fdistillate at a higher rate (Fig. 3). As a result, DC linearly decreased
with increased Cfeed. In contrast, increasing Cfeed slightly reduced
the specific heat capacity (Cp) of the feed solution, thus resulting
in a small reduction in the thermal energy input. The rate of ther-
mal energy input reduction was much smaller than that of DC. As a
result, a increased as a hyperbolic function of Cfeed. The increase in
a at below the defection point of the hyperbola was small (Fig. 6).
On the other hand, beyond the deflection point, a increased sharply
as LiCl concentration continued increasing (Fig. 6). Results in Fig. 6
suggest that LDAC should be operated at LiCl concentration below
the defection point of the hyperbola. In other words, the maximum
LiCl concentrations at feed temperatures of 55, 60, and 65 �C are
approximately 23, 25, and 27 wt.%, respectively. The maximum
LiCl concentration could be increased by operating the process at
a higher feed temperature and thus alleviating the negative influ-
ence of increased feed concentration on a (Fig. 6).
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Circulation cross flow velocity also exerted discernible effects
on bothDC and a of the process. As demonstrated in the MD exper-
iments with Milli-Q water feed, circulation cross flow velocity had
a profound effect on water flux. This influence was even stronger
for the MD process with the LiCl solution feed that encountered
significant polarisation effects. Increasing circulation cross flow
velocity helped promote water flux by mitigating both tempera-
ture and concentration polarisation effects, thus resulting in higher
DC (Fig. 7). Increasing circulation cross flow velocity also raised the
thermal energy input of the system similarly to increasing feed
temperature (Eq. (7)); however, the increase rate of thermal energy
input was smaller than that of DC. As a result, a was reduced for
the process at a higher circulation cross flow velocity (Fig. 7).

It is noteworthy that DC and a values obtained in this study
were from a single-pass lab-scale MD system. The thermal effi-
ciency and DC of the MD regeneration of LiCl solution can be sig-
nificantly improved for pilot or large-scale systems with a larger
membrane area and more effective heat insulation [29]. In addi-
tion, MD can be operated in brine recycling mode to improve the
process thermal efficiency and to increase LiCl concentration
[44]. Heat exchangers can also be employed to utilise the sensible
heat of the regenerated LiCl solution and distillate stream for pre-
heating the feed stream [45]. The recovery of the sensible heat
from the regenerated LiCl stream not only is beneficial to the MD
process but also helps reduce the cooling load required for the
regenerated stream before entering the dehumidifier. It is also
noted that a reported in this study was calculated for 1% increase
in LiCl concentration (Eq. (7)). In practice, during the dehumidifica-
tion process, the LiCl concentration difference between the inlet
and the outlet the dehumidifier can be as low as 0.1% [46]. There-
fore, the actual thermal energy consumption of MD regeneration of
LiCl desiccant solution can be much lower than the reported a
values.

The results reported here reveal the importance of process opti-
misation when integrating MD with the dehumidifier in LDAC. A
more concentrated LiCl solution at lower temperature is preferred
for the dehumidifier to obtain higher air dehumidification effi-
ciency [1,4]. In contrast, the MD process is more efficient (i.e. with
respects to water flux, DC, and a) with LiCl solution at lower con-
centration and higher temperature. On the other hand, increasing
the circulation cross flow velocity is beneficial for both dehumidi-
fication and the subsequent MD regeneration of the LiCl solution.
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tions of feed concentration during the MD process of LiCl solution at two different
= 25 �C.



H.C. Duong et al. / Separation and Purification Technology 177 (2017) 121–128 127
Operating the integrated dehumidifier�MD at higher circulation
cross flow velocity leads to increases in dehumidifier effectiveness
[47] and in MD water flux and DC, and a decrease in a. It is note-
worthy that increasing LiCl solution circulation cross flow velocity
also increases the electricity consumption of LDAC and the risk of
MD membrane wetting [20,27]. As a result, further studies on pro-
cess optimisation, particularly at a pilot level, are necessary to rea-
lise the practical integration of MD with LDAC operation.
4. Conclusions

The suitability of membrane distillation (MD) for regenerating
LiCl liquid desiccant for air conditioning application was demon-
strated in this study. At feed temperature of 65 �C, the process
could increase LiCl concentration up to 29 wt.% without any signif-
icant LiCl loss. However, unlike traditional desalination applica-
tion, the effect of concentration polarisation during the MD
operation with the LiCl solution was significant. Operating param-
eters to optimise MD regeneration of LiCl solution include LiCl con-
centration, feed temperature, and circulation cross flow velocity.
Increasing LiCl concentration led to a linear decrease in both water
flux and regeneration capacity (DC). On the other hand, the
increase in LiCl concentration in the feed resulted in an increase
in the specific thermal energy consumption (a) following a hyper-
bolic function. By increasing feed temperature and circulation
cross flow velocity of the MD process, an increase in water flux
as well as DC and a reduction in a could be achieved.

Acknowledgements

The Vietnam International Education Development (VIED),
under the Ministry of Education and Training (MoET), and the
University of Wollongong (UOW) are acknowledged for PhD
scholarship support to Hung C. Duong.

References

[1] L. Mei, Y.J. Dai, A technical review on use of liquid-desiccant dehumidification
for air-conditioning application, Renew. Sust. Energ. Rev. 12 (2008) 662–689.

[2] A. Lowenstein, Review of liquid desiccant technology for HVAC applications,
HVAC&R Res. 14 (2008) 819–839.

[3] Q. Cheng, X. Zhang, Review of solar regeneration methods for liquid desiccant
air-conditioning system, Energ. Build. 67 (2013) 426–433.

[4] M.M. Rafique, P. Gandhidasan, H.M.S. Bahaidarah, Liquid desiccant materials
and dehumidifiers – a review, Renew. Sust. Energ. Rev. 56 (2016) 179–195.

[5] M.S. Buker, S.B. Riffat, Recent developments in solar assisted liquid desiccant
evaporative cooling technology � a review, Energ. Build. 96 (2015) 95–108.

[6] S. Alizadeh, Performance of a solar liquid desiccant air conditioner – an
experimental and theoretical approach, Sol. Energy 82 (2008) 563–572.

[7] E. Elsarrag, Evaporation rate of a novel tilted solar liquid desiccant
regeneration system, Sol. Energy 82 (2008) 663–668.

[8] A.A. Al-Farayedhi, P. Gandhidasan, S. Younus Ahmed, Regeneration of liquid
desiccants using membrane technology, Energ. Convers. Manage. 40 (1999)
1405–1411.

[9] Y. Guo, Z. Ma, A. Al-Jubainawi, P. Cooper, L.D. Nghiem, Using electrodialysis for
regeneration of aqueous lithium chloride solution in liquid desiccant air
conditioning systems, Energ. Build. 116 (2016) 285–295.

[10] J.-P. Mericq, S. Laborie, C. Cabassud, Vacuum membrane distillation of
seawater reverse osmosis brines, Water Res. 44 (2010) 5260–5273.

[11] X. Ji, E. Curcio, S. Al Obaidani, G. Di Profio, E. Fontananova, E. Drioli, Membrane
distillation-crystallization of seawater reverse osmosis brines, Sep. Purif.
Technol. 71 (2010) 76–82.

[12] A. Subramani, J.G. Jacangelo, Treatment technologies for reverse osmosis
concentrate volume minimization: a review, Sep. Purif. Technol. 122 (2014)
472–489.

[13] Y.C. Woo, Y. Kim, W.-G. Shim, L.D. Tijing, M. Yao, L.D. Nghiem, J.-S. Choi, S.-H.
Kim, H.K. Shon, Graphene/PVDF flat-sheet membrane for the treatment of RO
brine from coal seam gas produced water by air gap membrane distillation, J.
Membr. Sci. 513 (2016) 74–84.

[14] H.C. Duong, A.R. Chivas, B. Nelemans, M. Duke, S. Gray, T.Y. Cath, L.D. Nghiem,
Treatment of RO brine from CSG produced water by spiral-wound air gap
membrane distillation - a pilot study, Desalination 366 (2015) 121–129.

[15] J. Minier-Matar, A. Hussain, A. Janson, and S. Adham, Treatment of
produced water from unconventional resources by membrane distillation,
in: International Petroleum Technology Conference [IPTC] Proceedings, 2014,
p. 9.

[16] X.M. Li, B. Zhao, Z. Wang, M. Xie, J. Song, L.D. Nghiem, T. He, C. Yang, C. Li, G.
Chen, Water reclamation from shale gas drilling flow-back fluid using a novel
forward osmosis-vacuum membrane distillation hybrid system, Water Sci.
Technol. 69 (2014) 1036–1044.

[17] C.R. Martinetti, A.E. Childress, T.Y. Cath, High recovery of concentrated RO
brines using forward osmosis and membrane distillation, J. Membr. Sci. 331
(2009) 31–39.

[18] E. Drioli, A. Ali, F. Macedonio, Membrane distillation: recent developments and
perspectives, Desalination 356 (2015) 56–84.

[19] E. Drioli, A. Ali, S. Simone, F. Macedonio, S.A. Al-Jlil, F.S. Al Shabonah, H.S. Al-
Romaih, O. Al-Harbi, A. Figoli, A. Criscuoli, Novel PVDF hollow fiber
membranes for vacuum and direct contact membrane distillation
applications, Sep. Purif. Technol. 115 (2013) 27–38.

[20] A. Alkhudhiri, N. Darwish, N. Hilal, Membrane distillation: a comprehensive
review, Desalination 287 (2012) 2–18.

[21] P. Termpiyakul, R. Jiraratananon, S. Srisurichan, Heat and mass transfer
characteristics of a direct contact membrane distillation process for
desalination, Desalination 177 (2005) 133–141.

[22] A.M. Alklaibi, N. Lior, Heat and mass transfer resistance analysis of membrane
distillation, J. Membr. Sci. 282 (2006) 362–369.

[23] B. Ravindra Babu, N.K. Rastogi, K.S.M.S. Raghavarao, Concentration and
temperature polarization effects during osmotic membrane distillation, J.
Membr. Sci. 322 (2008) 146–153.

[24] C. Zambra, J. Romero, L. Pino, A. Saavedra, J. Sanchez, Concentration of
cranberry juice by osmotic distillation process, J. Food Eng. 144 (2015)
58–65.

[25] C.A. Quist-Jensen, A. Ali, S. Mondal, F. Macedonio, E. Drioli, A study of
membrane distillation and crystallization for lithium recovery
from high-concentrated aqueous solutions, J. Membr. Sci. 505 (2016)
167–173.

[26] H.C. Duong, M. Duke, S. Gray, T.Y. Cath, L.D. Nghiem, Scaling control during
membrane distillation of coal seam gas reverse osmosis brine, J. Membr. Sci.
493 (2015) 673–682.

[27] K.W. Lawson, D.R. Lloyd, Membrane distillation, J. Membr. Sci. 124 (1997) 1–
25.

[28] R.C. Reid, J.M. Prausnitz, T.K. Shewood, The Properties of Gases and Liquids,
McGraw-Hill, New York, 1977.

[29] F.H. Choo, M. KumJa, K. Zhao, A. Chakraborty, E.T.M. Dass, M. Prabu, B. Li, S.
Dubey, Experimental study on the performance of membrane based multi-
effect dehumidifier regenerator powered by solar energy, Energy Procedia 48
(2014) 535–542.

[30] M.R. Conde, Properties of aqueous solutions of lithium and calcium chlorides:
formulations for use in air conditioning equipment design, Int. J. Therm. Sci. 43
(2004) 367–382.

[31] L. Martínez-Díez, M.I. Vázquez-González, Temperature and concentration
polarization in membrane distillation of aqueous salt solutions, J. Membr. Sci.
156 (1999) 265–273.

[32] L. Martínez-Díez, M.I. Vázquez-González, F.J. Florido-Díaz, Temperature
polarization coefficients in membrane distillation, Sep. Purif. Technol. 33
(1998) 787–799.

[33] L. Martinez-Diez, F.J. Florido-Diaz, M.I. Vazquez-Gonzalez, Study of
polarization phenomena in membrane distillation of aqueous salt solutions,
Sep. Purif. Technol. 35 (2000) 1485–1501.

[34] M. Qtaishat, T. Matsuura, B. Kruczek, M. Khayet, Heat and mass transfer
analysis in direct contact membrane distillation, Desalination 219 (2008) 272–
292.

[35] L.D. Nghiem, F. Hildinger, F.I. Hai, T. Cath, Treatment of saline aqueous
solutions using direct contact membrane distillation, Desalin. Water Treat. 32
(2011) 234–241.

[36] S. Adham, A. Hussain, J.M. Matar, R. Dores, A. Janson, Application of membrane
distillation for desalting brines from thermal desalination plants, Desalination
314 (2013) 101–108.

[37] G. Chen, X. Yang, Y. Lu, R. Wang, A.G. Fane, Heat transfer intensification and
scaling mitigation in bubbling-enhanced membrane distillation for brine
concentration, J. Membr. Sci. 470 (2014) 60–69.

[38] G. Chen, X. Yang, R. Wang, A.G. Fane, Performance enhancement and scaling
control with gas bubbling in direct contact membrane distillation,
Desalination 308 (2013) 47–55.

[39] D. Hou, G. Dai, H. Fan, H. Huang, J. Wang, An ultrasonic assisted direct contact
membrane distillation hybrid process for desalination, J. Membr. Sci. 476
(2015) 59–67.

[40] D. Hou, L. Zhang, Z. Wang, H. Fan, J. Wang, H. Huang, Humic acid fouling
mitigation by ultrasonic irradiation in membrane distillation process, Sep.
Purif. Technol. 154 (2015) 328–337.

[41] Z. Ji, J. Wang, D. Hou, Z. Yin, Z. Luan, Effect of microwave
irradiation on vacuum membrane distillation, J. Membr. Sci. 429 (2013)
473–479.

[42] J. Phattaranawik, R. Jiraratananon, A.G. Fane, Effects of net-type spacers on
heat and mass transfer in direct contact membrane distillation and
comparison with ultrafiltration studies, J. Membr. Sci. 217 (2003)
193–206.

[43] M.N. Chernyshov, G.W. Meindersma, A.B. de Haan, Comparison of spacers for
temperature polarization reduction in air gap membrane distillation,
Desalination 183 (2005) 363–374.

http://refhub.elsevier.com/S1383-5866(16)31332-6/h0005
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0005
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0010
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0010
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0015
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0015
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0020
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0020
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0025
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0025
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0025
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0030
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0030
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0035
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0035
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0040
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0040
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0040
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0045
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0045
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0045
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0050
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0050
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0055
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0055
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0055
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0060
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0060
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0060
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0065
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0065
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0065
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0065
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0070
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0070
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0070
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0080
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0080
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0080
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0080
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0085
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0085
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0085
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0090
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0090
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0095
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0095
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0095
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0095
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0100
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0100
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0105
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0105
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0105
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0110
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0110
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0115
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0115
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0115
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0120
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0120
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0120
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0125
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0125
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0125
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0125
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0130
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0130
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0130
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0135
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0135
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0140
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0140
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0140
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0145
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0145
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0145
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0145
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0150
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0150
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0150
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0155
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0155
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0155
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0160
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0160
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0160
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0165
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0165
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0165
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0170
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0170
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0170
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0175
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0175
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0175
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0180
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0180
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0180
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0185
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0185
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0185
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0190
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0190
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0190
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0195
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0195
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0195
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0200
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0200
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0200
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0205
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0205
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0205
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0210
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0210
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0210
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0210
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0215
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0215
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0215


128 H.C. Duong et al. / Separation and Purification Technology 177 (2017) 121–128
[44] H.C. Duong, P. Cooper, B. Nelemans, L.D. Nghiem, Optimising thermal
efficiency of direct contact membrane distillation via brine recycling for
small-scale seawater desalination, Desalination 374 (2015) 1–9.

[45] S. Lin, N.Y. Yip, M. Elimelech, Direct contact membrane distillation with heat
recovery: thermodynamic insights from module scale modeling, J. Membr. Sci.
453 (2014) 498–515.
[46] N. Fumo, D.Y. Goswami, Study of an aqueous lithium chloride desiccant
system: air dehumidification and desiccant regeneration, Sol. Energy 72
(2002) 351–361.

[47] X.H. Liu, Y. Zhang, K.Y. Qu, Y. Jiang, Experimental study on mass transfer
performances of cross flow dehumidifier using liquid desiccant, Energ.
Convers. Manage. 47 (2006) 2682–2692.

http://refhub.elsevier.com/S1383-5866(16)31332-6/h0220
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0220
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0220
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0225
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0225
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0225
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0230
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0230
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0230
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0235
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0235
http://refhub.elsevier.com/S1383-5866(16)31332-6/h0235

	Liquid desiccant lithium chloride regeneration by membrane distillation for air conditioning
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Analytical methods
	2.3 Experimental protocols
	2.3.1 Process characterisation experiments
	2.3.2 LiCl solution regeneration by MD

	2.4 Mass transfer coefficient of the MD system
	2.5 Regeneration capacity and energy consumption

	3 Results and discussion
	3.1 MD process characterisation
	3.2 Concentration polarisation during MD regeneration of LiCl solution
	3.3 Regeneration capacity and energy consumption

	4 Conclusions
	Acknowledgements
	References


