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a b s t r a c t
This paper focused on employing a vacuum membrane distillation system (VMD) driven by 
mechanical vapor recompression to achieve the sulfuric acid waste recovery. After establishing 
the mathematical models with the thermodynamic first and second laws considered simultane-
ously, the effects of critical parameters on the mass and heat transfer processes were first investi-
gated. Furthermore, the effects of membrane area on thermodynamic characteristic of the system 
were explored. The simulation results showed that decreasing feed concentration or increasing feed 
temperature, feed velocity and permeate side pressure could strengthen heat and mass transfer 
process. Furthermore, increasing membrane area caused the total power consumption to exhibit a 
decline first followed by a rise and the exergy efficiency to exhibit a first rise followed by a decline. 
There was an optimal membrane area of 60 m2 that minimized the total power to 10.04 kW and 
maximized the exergy efficiency to 19.06% at a feed concentration of 5%, feed temperature of 
358.15 K, feed velocity of 1.0 m·s–1 and evaporation rate of 200 kg·h–1. The research results provide 
reference and technical support for the treatment of industrial waste acid.

Keywords:  Sulfuric acid waste; Vacuum membrane distillation; Mechanical vapor recompression; 
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1. Introduction

As known as the “mother of the chemical industry”, 
sulfuric acid is widely used in the chemical industry, iron 
and steel, chlor-alkali, titanium dioxide, nonferrous metals, 
papermaking and other industries. However, due to the 
simple production equipment, backward technical condi-
tions and nonstandard operation, the utilization efficiency 
of sulfuric acid is extremely low, resulting in the production 
of a large amount of sulfuric acid waste. Direct discharge 
not only wastes resources, but also pollutes the environ-
ment [1–3]. Therefore, recycling such sulfuric acid waste 
is of great significance.

As a new non-isothermal thermally driven separa-
tion technology, vacuum membrane distillation (VMD) 

separates the solute and solvent in the feed solution 
under a vacuum environment with the vapor pressure 
difference on both sides of the hydrophobic membrane 
as the driving force, so as to realize the concentration and 
recovery of the feed solution [4]. Due to the hydropho-
bic microporous membrane as a barrier, VMD has many 
advantages of high separation efficiency, strong corro-
sion resistance and mild operating conditions, and VMD 
can be used in the fields of wastewater treatment, seawa-
ter desalination and ultra pure water preparation [5]. In 
recent years, VMD has become the research hotspot all 
around the world, and many scholars have done a lot of 
related researches. Boutikos et al. [6] presented a mathe-
matical model based on the mass and energy balances that 
would provide useful guide lines for the optimal design 
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of a vacuum multi-effect membrane distillation system. 
Mohamed et al. [7] conducted an experimental study on 
a vacuum multi-effect membrane distillation system, and 
concluded that a distillate production can reach 50 L·h–1 
while the temperature of inlet heating water was 353.15 K 
and the gained output ratio (GOR) varied between 1–1.2. 
However, it is found that the existing VMD technology 
has low membrane flux and thermal efficiency, and a 
large amount of latent heat of vapor has not been recov-
ered and utilized, resulting in a large amount of wasted  
energy [8].

Mechanical vapor recompression (MVR) is a new 
type of energy saving and environmental protection tech-
nology based on the self-heat recuperation theory [9,10], 
which effectively uses the latent heat of the secondary 
vapor compressed by the compressor to heat the feed 
solution, so it has a high thermodynamic efficiency and 
produces a high quality distillate with zero-emissions 
[11,12]. To date, MVR has been widely used in the waste-
water treatment, solid drying, seawater desalination and 
traditional Chinese medicine concentration and other 
industrial fields [13,14]. Zhou et al. [15] simulated a MVR 
wastewater treatment system, the results showed that the 
specific heating energy consumption (SHEC), which was 
defined as the electric energy consumed by evaporating 
1 ton of water, could reach 55.6 kWh·t–1. Nafey et al. [16] 
performed comprehensive economic analysis of a multi- 
effect MVR process for desalination application, the results 
showed that the multi-effect MVR system had a promi-
nent energy saving performance. However, the existing 
MVR systems generally has the disadvantages of low 
separation efficiency and weak corrosion resistance, so 
it is still difficult to separate sulfuric acid solution with 
high purity. Therefore, recycling sulfuric acid waste by 
VMD coupled with MVR will be the development trend  
in the future.

At present, many researchers have carried out the pre-
liminary research and exploration on the VMD coupled 
with MVR to concentrate and recover the industrial sulfuric 
acid waste [17–19]. Li et al. [20] proposed to use the MVR 
process to recover the latent heat of vapor produced in the 
VMD process of bioethanol, and predicted that the evapo-
ration energy consumption would be effectively reduced 
through theoretical analysis, but failed to verify its actual 
energy saving effect through experiments. Si et al. [21–25] 
proposed to use MVR coupled with VMD to deal with 
industrial sulfuric acid waste. Based on the conservation 
laws of mass and energy, theoretical models of coupling 
process were established, and the corresponding experi-
mental device was built. The results showed that the latent 
heat of vapor in the VMD process was effectively recovered 
by MVR, and the energy consumption of evaporation was 
significantly reduced. The separation efficiency was 99%, 
and the SHEC was 145.4 kWh·t–1, energy saving rate was 
calculated to be 72.87% compared with the conventional  
VMD system.

In summary, the research on the concentration and 
treatment of sulfuric acid solution by MVR coupled with 
VMD mainly focuses on the separation characteristics 
and thermodynamic characteristics, and the heat and 
mass transfer model of the system is initially established. 

However, the relevant research gap about the coupled 
system were also evident: (1) The established heat and 
mass transfer model is not perfect, and the parameters of 
system components are not matched reasonably, it is dif-
ficult to achieve efficient operation for the current MVR 
coupled with VMD system. (2) The effects of membrane 
area on system performance were seldom involved about 
the coupled system in the previous investigations. In this 
paper, a VMD system driven by the MVR is still selected 
as the research object, the mathematical models are estab-
lished with the sulfuric acid solution as feeding, the mass 
and heat transfer mechanism of sulfuric acid solution in 
the coupled process of MVR and VMD is further explored. 
The influences from the operating parameters, such as feed 
concentration, feed temperature, feed velocity and per-
meate side pressure on the heat transfer coefficient and 
mass transfer coefficient are investigated. Furthermore, the 
effects of membrane area on the compressor power, feed 
power, total power and exergy efficiency are also stud-
ied, and the optimal membrane area to achieve the high-
est exergy efficiency is also achieved. The research method 
and relevant obtained results provide significant references 
for the implementation and further optimization of the  
current system.

2. Experiment

2.1. System description

The system schematic diagram is presented in Fig. 1. 
The system mainly includes feed tank, VMD module, com-
pressor, heat exchanger, distilling tank, vacuum pump, 
and other auxiliary equipment. The VMD module contains 
many hollow fibers with polytetrafluoroethylene material. 
Taking the sulfuric acid solution as the feed solution, the 
feed solution is first preheated to a certain temperature 
by an external heat source, then the preheated solution 
is pumped to the shell side of the VMD module by a feed 
pump, while the tube side of VMD module forms a vacuum 
environment under the action of a vacuum pump. The feed 
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Fig. 1. Flow diagram of the current system.
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solution will be separated into the concentrated solution 
and vapor through the membrane with the help of driving 
pressure difference across the membrane. The produced 
vapor flows out of the tube side and enters the compressor 
to compress, to increase its saturation temperature and pres-
sure, while the concentrated solution goes back to the feed 
tank to concentrate continuously. The higher temperature 
vapor will enter the heat exchanger to heat the feed solu-
tion by releasing the heat, then condense into the liquid 
water and finally be collected into the distilling tank. The 
whole evaporation process of feed solution is carried out 
under the vacuum conditions utilizing the internal vapor  
latent heat.

2.2. Experiment material and method

In order to verify the established mathematical mod-
els, an experimental device of the coupled system was 
built, as shown in Fig. 2. The feed tank was made of CPVC 
material; The VMD module was produced by Nanjing 
Langtian Technology Co., LTD. with a porosity of 80% and 
a membrane area of 20 m2. However, the shell of the VMD 

module was made of CPVC material with corrosion resis-
tance; The feed pump adopted the acid-proof fluorinated 
plastic magnetic pump produced by Anhui Jiangnan Pump 
and Valve Group Co., Ltd., the brand, power and rated 
flow rate were CQB65-50-125F, 4 kW and 25 m3·h–1; The 
heat exchanger was made of acid resistant material with 
the heat exchanging area of 4 m2. All other pipes and valves 
were made of CPVC pipes. In addition, the measuring sys-
tem needed to be reformed to improve the anti-corrosion 
performance, focusing on the flow meter and temperature 
meter. The flow meter was equipped with polytetrafluo-
romaterial, and the thermometer was employed as PT100 
temperature sensor with digital display, and its measuring 
probe was equipped with polytetrafluoromaterial of a cer-
tain thickness, with a measuring range of 273.15–373.15 K. 
The pressure gauge was selected as vacuum gauge with a 
brand of YZ-100 and a range of –0.1–0 MPa. Since the exper-
imental device was built in Nanjing Langtian Technology 
Co., LTD., the feed solution was directly from the dilute 
sulfuric acid solution (2%–10%) used in the enterprise field  
production.

3. Theory

To simulate and obtain the relevant characteristics of 
the current system, the mathematical models are estab-
lished comprehensively considering the principle of mass 
and energy conservation and relevant heat balance theory, 
as shown in Fig. 3, and the involved assumptions are given 
by [26–28]:

•	 The system works in the steady state.
•	 The heat dissipation loss from the system to the envi-

ronment is not considered.
•	 The pressure loss of various pumps is not considered.
•	 Membrane fouling and wetting in the VMD module 

are ignored.

3.1. VMD module

The VMD module is utilized to concentrate and sep-
arate the feed solution, and the involved mass and energy 
balance equations are expressed as follows:
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M M M1 2 5= +  (1)

M X M X1 1 5 5=  (2)

M h M h M h1 1 2 2 5 5= +  (3)

where h1, h2 and h5 are the specific enthalpies for the inlet 
solution, vapor and outlet solution, respectively. M1, M2 and 
M5 are mass flow rates for inlet solution, vapor and out-
let solution, respectively. X1 and X5 are the inlet and outlet 
solution concentrations, respectively.

The heat transfer process, from the bulk solution 
to the membrane surface across the boundary layer, is 
expressed as follows [29]:

Q h T Tf f f� �� �fm  (4)

where Qf is the transferred heat, Tf and Tfm represent the 
bulk solution and membrane surface temperatures.

The heat transfer coefficient, hf, can be written as fol-
lows [30]:

h y
df

l z

�
�Re Pr  (5)

where l, y and z stand for characteristic constants. 
d stands for the hydraulic diameter. Re and Pr stand for 
the Reynolds number and Prandtl number, which can be  
given by:

Re � vd�
�

 (6)

Pr �
Cp�
�

 (7)

where v represents the flow velocity of the fluid.
The heat transfer (Qm) across the membrane, without 

considering heat conduction, can be expressed as follows:

Q N Hm � �  (8)

where N	 and	 ∆H are the membrane flux and evaporation 
enthalpy, respectively.

Accordingly, the heat transfer balance equation in the 
VMD process is expressed as follows:

h T T N Hf f �� � �fm �  (9)

In addition, the expression of mass transfer across the 
boundary layer can be expressed as follows [24]:

K d
D
f

L

= = ( ) ( )Sh Re Sc0 664
1
2

1
3.  (10)

Sc � �
�DL

 (11)

where Kf and DL stand for the solute mass transfer coeffi-
cient through the boundary layer and the liquid phase’s 
diffusion coefficient, respectively. Sh and Sc stand for the 
Sherwood and Schmidt numbers, respectively.

Furthermore, the expression of mass transfer across 
the membrane is written as follows [31]:
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�P  (12)

The driving pressure difference across the membrane is 
written as follows [32]:
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where Km is the mass transfer coefficient. Mm is the water 
molecular weight. R is the ideal gas constant. r,	 ε,	 δ	 and	τ	
represent the pore size, porosity, thickness and tortuosity 
of membrane. Tm represents the average membrane pore 
temperature. Pm and	 ΔP represent the average membrane 
pore pressure and driving pressure difference, respectively.

xfm and xwm stand for the mole fractions for the sulfuric 
acid and water, respectively. Pfm represents the saturated 
vapor pressure of the water at Tfm.

3.2. Compressor

The compressor is employed to compress the secondary 
vapor, aiming to obtain higher saturated temperature and 
pressure. The compressor outlet temperature is expressed 
as follows [22]:
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 (14)

where T2 and T3 represent the compressor inlet and outlet 
temperatures, respectively. P2 and P3 represent the com-
pressor inlet and outlet pressures, respectively. k is the 
thermal insulation coefficient. I is the compression ratio.

The power consumption in the compression process is 
as follows [33]:

W
h h M

com
th me mo

�
�� �
� �

3 2 2

� � �
 (15)

where h2 and h3 stand for the inlet and outlet specific 
enthalpies,	 respectively.	 ηme,	 ηmo	 and	 ηth stand for the 
mechanical, motor and thermal efficiencies, respectively.
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For the proposed system, the compressor power 
is determined by the saturated temperature differ-
ence	 between	 the	 inlet	 and	 outlet	 (ΔTcom), which can be 
expressed as follows:

� � � �T T T T T Tcom hex 1 sp hex VMD� � �� � � �  (16)

where	ΔThex stands for the heat transfer temperature differ-
ence within the heat exchanger. Tsp stands for the saturated 
temperature at P2	 ΔTVMD stands for the temperature dif-
ference between inlet solution and outlet saturated vapor.

3.3. Heat exchanger

As a heat exchange unit, the heat exchanger is used to 
recover and reuse the vaporization heat, and the relevant 
energy balance equation is presented as follows:

M h h M h h5 6 5 3 3 4�� � � �� �  (17)

where M3 stands for the mass flow rate of the compressed 
vapor. h4 and h6 are the specific enthalpies of condensate and 
solution at the outlet, respectively.

The heat transfer area of heat exchanger is shown as 
follows:

A
M h h
U t

=
−( )

∆
3 3 4

LMTD

 (18)

where U	 stands	 for	 the	 heat	 transfer	 coefficient.	 ΔTLMTD 
stands for the logarithmic heat transfer temperature differ-
ence, which can be expressed as follows:

∆ =
−( ) − −( )

−
−
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3.4. Exergy

Exergy performance can reflect the irreversible energy 
loss within the thermodynamic system. In this section, 
exergy analysis is introduced to assess the coupled system. 
For the convenience of calculation and analysis, the refer-
ence state parameters, such as ambient temperature, ambi-
ent pressure and solution concentration, are assumed to be 
298.15 K, 0.1 MPa and 5%, respectively. Generally, exergy 
mainly consists of the physical exergy and chemical exergy. 
For the current system, the working medium contains sul-
furic acid solution, liquid water and vapor. Water and 
vapor have only physical exergy without considering the 
chemical exergy, which can be expressed as follows [34]:

e h h T s sp � �� � � �� �0 0 0  (20)

where ep represents the specific physical exergy. T0, h0 
and s0 stand for the temperature, specific enthalpy and 

specific entropy at the ambient reference state, respec-
tively. h and s stand for the specific enthalpy and specific 
entropy at the calculated state, respectively.

The treated sulfuric acid solution for the current sys-
tem is considered to be mixed with sulfuric acid and pure 
water, its specific exergy, e, is given by [22]:

e e ep c= +  (21)
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where ec stands for the specific chemical exergy. xs and 
Xs stand for the molar fraction and mass fraction for the 
sulfuric acid at the calculated state, respectively. xw and 
Xw stand for the molar fraction and mass fraction for the 
water at the calculated state, respectively. xs0 and xw0 stand 
for the molar fractions for the sulfuric acid and water at 
the reference state.

After obtaining the exergy values of each point within 
the system, the exergy destruction should be calculated to 
evaluate system exergy performance. The exergy destruc-
tions of the components within the system are presented 
as follows [35]:

E M e M e M edVMD � � �1 1 5 5 2 2  (24)

E M e M e M e M edhex � � � �2 3 5 5 2 4 5 1  (25)

E W Wdcom mo com com mo com� �� � � �� �1 1� � �  (26)

E W
T
T

Wdpum mo pum
pum

pum pum� �� � � �� �1 10� �  (27)

where EdVMD, Edhex, Edcom and Edpum represent the exergy 
destructions of the VMD module, heat exchanger, compres-
sor and pump, respectively. e1, e2, e3, e4 and e5 represent the 
specific exergies at points 1–5 within the system, respec-
tively.	 ηcom	 and	 ηpum represent the compressor efficiency 
and feed pump efficiency, respectively. Tpum represents 
the temperature of feed solution flowing through the feed 
pump, respectively. Wpum is the feed pump power, which 
can be expressed as follows:

W
M g

Z v
gpum

pum

�
�

�
�

�
�

�

�
�1

6

2

3 6 10 2
�
�.

�  (28)

where g	 and	ΔZ stand for the gravity acceleration and lift 
of pump, respectively.
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Exergy efficiency is defined as the ratio of exergy out-
put and exergy input for the current system. The exergy 
input includes the power of the compressor and feed pump, 
while the energy output includes the exergy of the con-
densate and concentrate solution. The exergy efficiency is 
expressed as follows [36]:

�exe
out

in

� �
E
E

100%  (29)

On the basis of the above established mathematical 
models, the numerical simulation is carried out by solv-
ing the equilibrium equations iteratively with the aid of 
MATLAB software, and the detailed design parameters 
for simulation is presented in Table 1.

4. Results and discussion

4.1. Model validation

The mathematical models applied in the current sys-
tem have been verified by the experimental data. The feed 
concentration, feed temperature and permeate side pres-
sure were fixed at 2%, 353 K and 41 kPa both in the simula-
tion and experiment work, Fig. 4 shows the comparison of 

experimental and simulated membrane flux with the feed 
velocity in the range of 1.0–1.5 m·s–1, it was clear that the 
simulated curve of membrane flux was close to the exper-
imental values under the same operation conditions, and 
the relative error was found to be within 20%. Obviously, 
there was some deviation between numerical simulation 
and experimental results, the main reason was that: (1) The 
influence of energy loss was not considered in the simula-
tion process, which made the simulation results more ideal 
than the experiment; (2) In the experimental process, due to 
the limitation of the accuracy of the test equipment, there 
was a large error in the measurement of water produc-
tion. However, the above comparison results indicated that 
the currently established models could ensure good accu-
racy and reliability in predicting experimental outcomes.

4.2. Analysis of mass and heat transfer characteristics

The system needs to preheat the feed solution to the 
set temperature through an external heat source when it 
starts. Then, under the action of the MVR process driven 
by electric power, the secondary vapor produced by the 
VMD process is compressed, then the compressed high-
grade secondary vapor is used as a heating heat source 
to exchange heat with the treated feed solution in the 
heat exchanger, and finally condenses into the liquid. 
The whole process involves the heat and mass transfer. 
Therefore, the main content of this section is to study 
the influences of operation parameters such as feed con-
centration, feed temperature, feed velocity and perme-
ate side pressure on the characteristics of heat and mass 
transfer process within the system.

Figs. 5 and 6 show the effects of feed concentration on 
the convective heat transfer coefficient and solute mass 
transfer coefficient when feed temperature, feed velocity 
and permeate side pressure are set to 358.15 K, 1.0 m·s–1 
and 35 kPa, respectively. It can be seen that as the feed con-
centration increases from 5% to 35%, the convective heat 
transfer coefficient decreases and the solute mass trans-
fer coefficient increases. This is because when the feed 

Table 1
Detailed design parameters for simulation

Parameters Value

r (μm) 0.2
ε	(%) 80
Membrane length (m) 0.8
Membrane area (m2) 10–200
ηth (%) 76
ηme (%) 80
ηmo (%) 70
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Fig. 4. Comparison of simulated and experimental results.
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concentration increases, the viscosity of the main solution 
increases, the activity of water molecule decreases, and the 
activity of sulfuric acid molecule increases, then a large 
number of sulfuric acid molecules migrate from the bulk 
solution to the membrane surface, resulting in the increase 
of boundary layer thickness and boundary layer resistance. 
Therefore, the heat and mass transfer process of water mol-
ecule from the bulk solution through the thermal boundary 
layer to the membrane surface decreases, and the relevant 
convective heat transfer coefficient decreases. Since the con-
centration of solute molecules on the membrane surface 
is high, the mass transfer coefficient of sulfuric acid mole-
cule is considered to be elevated. Obviously, the elevation 
of feed concentration is helpful to promote the transport 
of solute molecule rather than water molecule, which will 
degrades the performance of the coupled process.

Figs. 7 and 8 show the effects of feed temperature on 
the convective heat transfer coefficient and mass transfer 

coefficient under different feed concentrations when the 
feed velocity and permeate side pressure are set to 1.0 m·s–1 
and 35 kPa, respectively. It can be seen that when the feed 
concentration remains unchanged, with the increase of 
feed temperature from 353.15 to 363.15 K, the viscosity of 
the solution on the hot side decreases, the activities both 
of water molecules and sulfuric acid molecules in the solu-
tion increase, which strengthens the heat and mass trans-
fer process, resulting in the increase of convective heat 
transfer coefficient and solute mass transfer coefficient 
from the bulk solution to the membrane surface across the 
boundary layer. Thus, a higher feed temperature can lead 
to the transport of the water molecule, which is benefical 
to improve the performance of the coupled process.

Figs. 9 and 10 show the effects of feed velocity on the 
convective heat transfer coefficient and mass transfer coef-
ficient under different feed concentrations when the feed 
temperature and permeate side pressure are set to 358.15 K 
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and 35 kPa, respectively. It can be seen that when the feed 
concentration remains unchanged, with the increase of the 
feed velocity from 1.0–1.8 m·s–1, the flow state of the liq-
uid in the VMD module is significantly changed, the fluid 
turbulence intensity increases, the solution Reynolds num-
ber increases, the thickness of the flow boundary layer 
decreases, the boundary layer resistance decreases, and 
the heat and mass transfer process is accelerated, result-
ing in the increase of convective heat transfer coefficient 
and mass transfer coefficient from the bulk solution to the 
membrane surface across the boundary layer. Apparently, 
a higher feed velocity contributes to the transport both 
of water and solute molecules, which can also help to 
enhance the performance of the coupled process.

Figs. 11 and 12 show the effects of permeate side 
pressure on the convective heat transfer coefficient and 
mass transfer coefficient under different feed concentra-
tions when the feed temperature and feed velocity are 

set to 358.15 K and 1.0 m·s–1 respectively. It can be seen 
that when the feed concentration remains unchanged 
and permeate side pressure increases from 35 to 45 kPa, 
both of the convective heat transfer coefficient and mass 
transfer coefficient increase slightly. This is due to the 
fact that increasing the permeate side pressure directly 
leads to the reduction of the transmembrane driving 
pressure difference, which reduces the evaporation rate 
of water molecules on the surface of the hot side mem-
brane to a certain extent, so as to reduce the vaporization 
heat of water molecules provided by the bulk solution. 
As a result, the temperature of bulk solution in the VMD 
module increases slightly, which leads to increase both of 
the convective heat transfer coefficient and solute mass 
transfer coefficient slightly from the bulk solution to the 
membrane surface across the boundary layer. Therefore, 
a higher permeate side pressure is not conducive to the 
evaporation and transport of water molecule in the  
VMD process.

4.3. Analysis of energy efficiency

For the current system, the membrane area of the 
VMD module is an important parameter, which affects 
the evaporation capacity, energy consumption and evap-
oration cost of the system. Therefore, this section focuses 
on the influence mechanism of membrane area on system 
energy efficiency.

A parametric analysis is carried out as feed concen-
tration, feed temperature and feed velocity are set to 5%, 
358.15 K and 1.0 m·s–1, respectively. Figs. 13–17 show the 
effects of membrane area on system performance includ-
ing each point temperature, membrane flux, transfer 
area of heat exchanger, energy consumption, exergy effi-
ciency and so on. In order to ensure uniform and stable 
water production, the evaporate rate is fixed at a constant 
value of 200 kg·h–1. With the increase of membrane area 
from 10 m2 to 200 m2, the permeate side pressure increases 
from 37.35 to 55.98 kPa while membrane flux decreases 
from 20–1 kg·m–2·h–1. Here, the evaporation rate is firstly 
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defined as the product of membrane flux and membrane 
area. As the evaporation rate is kept constant, the mem-
brane flux must decrease with the increase of membrane 
area. Therefore, the permeate side pressure can only be 
increased when the feed concentration, feed temperature 
and feed flow rate remain unchanged. Thus, the tempera-
ture of secondary vapor (T2) is observed to be increased 
from 353.14–357.89 K. It should be pointed out that 
the pressure at the compressor outlet is fixed at 73 kPa in 
the simulation process, due to the increase of pressure at 
the compressor inlet, the compression ratio reduces from 
1.97 to 1.30, resulting in the decrease of the temperature at 
the compressor outlet from 428.42–386.13 K, while the cor-
responding condensation temperature of secondary vapor 
(T4) is maintain as 364.15 K. Thus, a significant drop of 
ΔTVMD	for	the	VMD	module	and	ΔTcom for the compressor 
can be observed. However, for the aspect of concentrated 
solution of the VMD module, the temperature at the heat 

exchanger inlet increases from 352.41 to 357.91 K while 
the temperature at the heat exchanger outlet is always 
kept constant. In addition, it is also found that with the 
increase of membrane area from 10 to 200 m2,	the	ΔTLMTD of 
heat exchanger drops from 32.65 to 14.48 K while the heat 
transfer area of heat exchanger rises from 2.73 to 5.90 m2. 
In addition, a higher membrane area requires higher feed 
flow rate, which increases the energy consumption of 
the feed pump. For the aspect of compressor power, feed 
pump power, total power as well as exergy efficiency, 
larger membrane area corresponds to a lower compressor 
power, but requires a higher feed pump power. Obviously, 
the total power consumption exhibits a decline first fol-
lowed by a rise and the exergy efficiency shows a first rise 
followed by a decline with the increase in membrane area. 
Therefore, there is an optimal membrane area of 60 m2 that 
minimizes the total power to 10.04 kW and maximizes  
the exergy efficiency to 19.06%.
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5. Conclusions

This paper focused on employing a VMD system driven 
by a compressor to deal with sulfuric acid waste. Based on 
the established mathematical models, the influences from 
the operating parameters, such as feed concentration, feed 
temperature, feed velocity and permeate side pressure on 
the heat and mass transfer characteristics of the system were 
investigated. Furthermore, the effects of membrane area on 
system energy efficiency were also studied. The obtained 
significant findings after detailed simulation investigation 
were drawn as follows:

•	 It was concluded that increasing the feed concentration 
decreased the heat transfer coefficient, while increased 
the mass transfer coefficient, which strengthened the heat 
and mass transfer for the water molecules from the bulk 
solution to the membrane surface across the boundary 
layer. In addition, increasing the feed temperature, feed 
velocity and permeate side pressure led to the increase 
of the heat and mass transfer coefficients, resulting in 
the improvement of heat and mass transfer for the water 
molecules from the bulk solution to the membrane 
surface across the boundary layer.

•	 As feed concentration, feed temperature and feed 
velocity were set to 5%, 358.15 K and 1.0 m·s–1, larger 
membrane area of the VMD module led to the higher 
permeate side pressure and lower membrane flux to 
ensure uniform and stable water production at the 
conditions of evaporate rate of 200 kg·h–1. In addi-
tion, increasing membrane area decreased the values 
of	 ΔTVMD,	 ΔTcom,	 ΔTLMTD and compression ratio, but 
increased the heat transfer area of heat exchanger.

•	 Increasing membrane area decreased the compres-
sor power and increased the feed pump power, which 
caused the total power consumption to exhibit a decline 
first followed by a rise and the exergy efficiency to 
exhibit a first rise followed by a decline. Therefore, 
there was an optimal membrane area of 60 m2 that min-
imized the total power to 10.04 kW and maximized the 
exergy efficiency to 19.06%.

•	 The above obtained results prove that the application of 
the current system in the sulfuric acid waste treatment 
is an interesting approach. The present study mainly 
focuses on the evaporation characteristics of system 
based on the simulation research. Consequently, more 
experiments under multiple working conditions will be 
performed in the future, which will provide significant 
references and technical support for the optimization 
and commercial application of the current system.
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Symbols

A — Area, m2

Cp — Heat capacity, kJ·kg–1·K–1

d —  Hydraulic diameter at the feed bulk solution, m
e — Specific exergy, kJ·kg–1

E — Exergy, kW
h — Specific enthalpy, kJ·kg–1

hf —  Heat transfer coefficient through the thermal 
boundary layer, W·m–2·K–1

I — Compression ratio
k — Thermal insulation coefficient
Kf —  Solute mass transfer coefficient, kg·m–2·s–1·Pa–1

Km —  Mass transfer coefficient across the membrane, 
kg·m–2·s–1·Pa–1

l — Characteristic constant
M — Mass flow rate, kg·s–1

Mm — Molecular weight of water
N — Membrane flux, kg·m–2·h–1

Nu — Nusselt number
P — Pressure, kPa
Pr — Prandtl number
Qf —  Heat flux through the thermal boundary layer, 

W·m–2

Qm — Heat flux across the membrane, W·m–2

r — Membrane pore size, μm
R — Ideal gas constant, J·mol–1·°C–1

Re — Reynolds number
T — Thermodynamic temperature, K
U — Heat transfer coefficient, W·m–2·K–1

v — Flow velocity, m·s–1

W — Power, W
X — Mass concentration
x — Mole fraction
y — Characteristic constant
z — Characteristic constant
ΔH —  Enthalpy of evaporation for water molecule, 

kJ·kg–1

Abbreviations

AGMD — Air gap membrane distillation
DCMD — Direct contact membrane distillation
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SGMD — Sweeping gas membrane distillation
SHEC — Specific heating energy consumption
VMD — Vacuum membrane distillation

Greek

δ — Thickness, m
ε — Porosity
η — Efficiency
λ — Thermal conductivity, W·m–1·°C–1

μ — Dynamic viscosity, Pa·s
ρ — Density, kg·m–3

τ — Tortuosity

Subscripts

c — Chemical
com — Compressor
dcom — Destruction of compressor
dhex — Destruction of heat exchanger
dpum — Destruction of pump
dVMD — Destruction of VMD module
exe — Exergy
f — Feed side
fm — Membrane surface in feed side
hex — Heat exchanger
in — Input
m — Membrane
me — Mechanical
mo — Motor
out — Output
p — Physical
pum — Pump
s — Sulfuric acid
sm — Saturated state at the membrane surface
sp — Saturated state in permeate side
th — Thermal
VMD — Vacuum membrane distillation
w — Water
wm —  Water molecule in the solution of membrane 

surface
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