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Abstract

Coal chemical bases in Northwest China are suffering from geographical water
scarcity and a large amount of highly saline wastewater that needs to be treated
during the production process, resulting in water and energy consumption
becoming a key issue in the process of confined zero discharge. Membrane
distillation is a thermally driven water treatment technology that can achieve
higher water production efficiency and lower energy consumption by using
hollow fibre membrane distillation in combination with a vacuum permeation
side. In this study, CFD simulation calculations and response surface method
analysis of hollow fibre membrane modules were carried out to further reveal
the effects of different process operating parameters on water yield and the
interactions between the operating parameters. It was found that the influence
of the parameters on the membrane flux was as follows: feed inlet tempera-
ture > vacuum pressure = feed inlet flow rate > feed inlet sanility, and the op-
timal operating parameters were predicted to be vacuum pressure of 38.88 kPa,
feed solution temperature of 353.15 K, feed solution concentration of 4.13%, and
inlet velocity of 0.60 m/s, which achieve membrane flux of 38.90 kg:-m*h™" ac-
cording to the response surface method. This study provides more in-depth the-
oretical guidance for the application of hollow fibre vacuum membrane distilla-
tion technology in the treatment of coal chemical high salt wastewater.
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1. Introduction

Membrane distillation is a thermally-driven technology for the treatment of
highly saline water, which primarily utilises water molecules on the hot side (the
side containing the higher-temperature liquid) to evaporate when heated, pass
through hydrophobic or hydrophilic microporous membranes, and then con-
dense into a liquid to be recovered on the cold side (the side with the lower tem-
perature) [1]. Because the micropores of the membranes are very small in size,
typically in the micron to nanometer range, they effectively prevent liquid mole-
cules and solutes from passing through, allowing only water vapour to pass
through. And membrane distillation technology can be powered by using low-
level heat, such as solar energy and industrial waste heat [2]. Membrane distilla-
tion technology consists of several different modes of operation, where Direct
Contact Membrane Distillation (DCMD) allows liquids on the hot and cold sides
to come into direct contact with both sides of the membrane [3], Air Gap Mem-
brane Distillation (AGMD) provides a small air gap between the two sides of the
membrane to reduce the direct contact of the liquids on the hot and cold sides [4],
and Vacuum Membrane Distillation (VMD) facilitates the transfer of water va-
pour by applying a vacuum on one side of the membrane, which reduces the num-
ber of heat conduction between the hot and cold sides, which reduces heat loss
and improves thermal efficiency [5].

In recent years, vacuum membrane distillation technology has attracted a lot of
attention, especially for the treatment of coal chemical high salt wastewater [6]-
[8]. However, low permeate flux, membrane fouling, long-term stability, pore
wetting, and high energy cost are the biggest barriers to realising the application
of vacuum membrane distillation technology due to the current technology [9].
Among other things, membrane distillation efficiency is dependent on heat, mo-
mentum, and mass transfer in the three domains of the membrane, permeate, and
feed channel; therefore, understanding the underlying mechanisms and how the
transport mechanisms interact is critical to the study of these processes and im-
portant parameters [10]. Due to the complexity of these systems, the study of local
variables within the system requires significant processing time and cost. There-
fore, simulations using computational fluid dynamics (CFD) models to predict
the effects of relevant important parameters on membrane fluxes are very effective
tools [11].

In the present study, we combined experimental and theoretical computational
modelling to predict the distillation performance of different operating parame-
ters for VMD applications. A systematic study in an aqueous solution with a sa-
linity of 30 - 60 g per kg of water was used. In this approach, we considered the
hydrodynamic and thermal behaviour in the feed stream to accurately assess the
mass transfer efficiency of hollow fibre membrane distillation modules. Finally,
the response surface method was used to predict the VMD distillate recovery per-
formance for different brine concentrations under different operating conditions.

Our study showed that for a fixed feed inlet temperature and vacuum pressure,
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maintaining the feed flow at a higher flow rate is an important parameter to im-
prove the permeate flux. Numerical simulations show that vacuum hollow fibre
membrane distillation designed in this study is a promising technology for the

treatment of high saline water for coal chemical industry.

2. Model Development

The VMD system consists of hollow fibre module, heater, condenser, feed solu-
tion tank, vacuum pressure chamber (permeate tank), and vacuum pump. The

flow chart of the VMD system is shown in Figure 1.

PTFE Membrane

Feed side Permeated side

Vacuum pump

LAANA LAAAA]
LAANA LAAAA]
Warm bath Condenser
Feed tank Permeated tank

(vacuum camber)

Figure 1. Flow chart of the VMD system.

Hollow fibre membranes were made of PTFE medium control fibre membranes
with an average pore size of 0.16 um and a porosity of 85% with an inner diameter
of 0.8 mm and an outer diameter of 1.1 mm, the total number of membranes was
5 with a length of 400 mm. the overall dimensions of the VMD module were 8
mm (diameter) x 400 mm (length), and the model mesh design is shown in Figure
2. three different feed stream compositions were tested: salinity prepared with
NaCl 30 g/kg, 45 g/kg and 60 g/kg of distilled water. The feed inlet temperature
was 60°C - 80°C, the volumetric flow rate was 0.3 - 0.6 L/min, and the permeate
vacuum pressure was varied between 10 - 90 kPa. The experimental conditions

are summarised in Table 1.

permeated outlet

1

Feed outlet

Feed inlet

Figure 2. 3D geometry interpretation and meshing of membrane and its module test cell.
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Table 1. Geometry specifications for model.

Hollow fiber membrane module value
Effective length of fiber (mm) 400
Shell diameter (mm) 8
Amount of fibers 5
Inner diameter of fiber (mm) 0.8
Outer diameter of fiber (mm) 1.1
Porosity (%) 85
Mean pore diameter (um) 0.16
Feed pressure (kPa) 350

3. Theoretical Modelling
3.1. Heat Transfer Model

During the VMD process, the permeate side region of the membrane is always in
a high vacuum environment and the membrane material itself has poor thermal
conductivity, so the heat loss is generally ignored in the modelling process Ac-
cording to the principle of energy conservation, the following equation can be ob-
tained [12]:

0,=0,. (1)

where (, isthe heat of the feed liquidand @, is the latent heat of evaporation
transfer.
The heat and latent heat of vapour transferred between the membrane surface

and the feed liquid is calculated using the following equation [13]:

0, =h,(T,~1,,) )
K
0, =NAH, +Fm(Tﬁn_Tpm) (3)

where Jis the membrane thickness (m), T "m is the temperature of the membrane
surface on the feed side (K), T om 18 the temperature of the membrane surface on
the permeate side (K), Vis the membrane flux per unit time (kg-m *h™"), and the
equation of the relationship between the temperature of the membrane surface

and the latent heat of vapour is as follows [14]:

AH, =2489.7-2.412(T,, -278.15) (4)

In the existing research literature, the calculation of heat transfer coefficients is
based on the Nussell number. Although the models used in the various studies are
different, the theory and procedure are basically the same. Based on these empir-

ical formulas, the following Nussell’s formula can be derived [15]:
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N, =-L— (5)

where d is the film thickness (m) and kis the thermal conductivity (W-m™-K™).
Local heat transfer coefficient on the material-liquid side [16]:

p O _ Q,,,) ©

. (Tf _Tfm) _<Tf _Tfm

3.2. Mass Transfer Model

In membrane distillation operation, material transfer and heat transfer are inter-
related processes. Thus, the membrane flux of VMD can be calculated by the fol-
lowing equation [17]:

H=K, p=K, (B-P) 7)

where P, is the membrane surface pressure (Pa) on the feed side and 2, is the
membrane surface pressure (Pa) on the permeate side.

On this basis, three main mass transfer mechanisms were proposed: molecular
diffusion, Knudsen diffusion and viscous flow. In VMD, due to the negative pres-
sure on the cold side, there is only a small amount of water vapour in the pore
space of the membrane, and the resistance caused by the collision between mole-
cules is negligible, and the driving force for the transfer is the saturated vapour
pressure on the inlet side and the absolute pressure difference on the permeate
side. The Knudsen number ( X, ) is [17] [18]:

K, = Fi (8)
where A is the mean free range of water vapour (m) and d is the mean pore diam-
eter of the membrane (m).

The calculated expression for the mean free range of water vapour through the

membrane is as follows [19]:
— KbT
27 Pd?

where K, has a value of 1.38 x 107 J.-K™! and d is the collision diameter value

€

of 2.641 x 107" m. The mass transfer mechanism in this study is a viscous flow-
Nussen diffuser.
The mass transfer mechanism in this study is a viscous flow-Nussen diffusion

machine, so the equation for the transmembrane mass transfer flux is [20]:

N=(C +C,)AP (10)

where C is the viscous flow coefficient, G is the Knudsen coefficient, and AP is

the vapour partial pressure difference.

4. Membrane Flux Influences and Theoretical Predictions
for VMD Systems

The membrane flux (kg:'m >h™) under different operating parameters was
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obtained according to the simulation, and the interrelationships between feed in-
let temperature, vacuum pressure, feed inlet flow rate and feed inlet sanility and
membrane flux are shown in Figure 3, in which Figure 3(1) and Figure 3(4) show
that the 3D response surfaces show irregular curvature, which indicates that there
is an interplay between the feed inlet temperature and the vacuum pressure, and
the feed inlet sanility and the vacuum pressure, and the membrane flux has a rapid
and significant effect on the membrane flux with the increase of feed inlet sanility
up to 6 g/kg. The increase of feed inlet sanility up to 6 g/kg has a rapid and signif-
icant effect on the membrane flux. Figure 3(5) shows the interaction between feed
inlet flow rate and feed inlet temperature, and according to the image, it can be
found that with the increase of feed inlet flow rate and feed inlet temperature, it
has a significant effect on the increase of membrane flux. Whereas, Figure 3(2),
Figure 3(3) and Figure 3(6) show the interactions between feed inlet sanility and
vacuum pressure, feed inlet flow rate and vacuum pressure, and feed inlet flow
rate and feed inlet sanility, respectively, and it can be seen that the above men-

tioned operating parameters have a relatively small effect on the membrane flux.
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Figure 3. 3D response surface of operating parameters on membrane flux.

Figure 4 shows the contour plots of different operating parameters correspond-
ing to the membrane flux. The figure reveals more clearly whether there are strong
interactions between different operating parameters and the degree of influence
on the membrane flux. In Figure 4(1), it can be seen that the influence of material
temperature on membrane flux is significantly higher than that of vacuum pres-
sure. Figure 4(2) shows that vacuum pressure has a stronger effect on membrane

flux than feed solution concentration. In Figure 4(3), the effects of feed solution
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inlet velocity and vacuum pressure on membrane flux are almost the same, and
the interaction between these two influences is stronger, and together they play a
key role in membrane flux. A stronger role of feed solution inlet temperature than
concentration and feed solution inlet flow rate is also presented in Figure 4(4)
and Figure 4(5). Figure 4(6) shows a stronger effect of feed inlet flow rate and a
weaker correlation with feed inlet sanility. The corresponding membrane flux val-

ues for different operating parameters are shown in Table 2.

(2) permeate flux (3) permeate flux

permeate flux
0.60

e
@ = 2
£ g 2
b = 2 045
= 3 3
£ 5
w 3] a 037
p
0.30
10.00 18.00 26.00 34.00 42.00 50.00 58.00 66.00 74.00 82.00 90.00 10.00 18.00 26.00 34.00 42.00 50.00 58.00 66.00 74.00 82.00 90.00 10.00 18.00 26.00 34.00 42.00 50.00 58.00 66.00 74.00 82.00 90.00
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B: Feed inlet temperature B: Feed inlet temperature C: Feed inlet salinity

Figure 4. Contours of operating parameters on membrane flux.

Table 2. Membrane flux values are calculated from computational fluid dynamics simula-
tions with different operating parameters.

vacuum feed inlet feed inlet .
pressure temperature salinity feed inlet flow Permeaﬁze f}llx
(kPa) (K) (g/ke) rate (m/s) (kg-m=>-h™)
10 343.15 30 0.45 20.76
50 333.15 30 0.45 15.47
50 343.15 30 0.3 21.84
50 343.15 30 0.6 26.4
50 353.15 30 0.45 35.87
90 343.15 30 0.45 28.63
10 333.15 45 0.45 11.2
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Continued
10 343.15 45 0.3 18.21
10 343.15 45 0.6 21.8
10 353.15 45 0.45 32.15
50 333.15 45 0.6 16.24
50 333.15 45 0.3 13.99
50 343.15 45 0.45 24.59
50 343.15 45 0.45 24.59
50 343.15 45 0.45 24.59
50 343.15 45 0.45 24.59
50 343.15 45 0.45 24.59
50 353.15 45 0.6 38.9
50 353.15 45 0.3 30.91
90 333.15 45 0.45 19.67
90 343.15 45 0.6 30.48
90 343.15 45 0.3 25.44
90 353.15 45 0.45 28.56
10 343.15 60 0.45 20.59
50 333.15 60 0.45 24.51
50 343.15 60 0.3 21.71
50 343.15 60 0.6 26.22
50 353.15 60 0.45 35.67
90 343.15 60 0.45 28.48
10 343.15 30 0.45 20.76
50 333.15 30 0.45 15.47
50 343.15 30 0.3 21.84
50 343.15 30 0.6 26.4
50 353.15 30 0.45 35.87
90 343.15 30 0.45 28.63

According to the simulation calculation, the optimal operating parameters are
vacuum pressure of 38.88 kPa, feed solution temperature of 353.15 K, feed solu-
tion concentration of 4.13%, and inlet velocity of 0.60 m/s, which can achieve the

maximum membrane flux of hollow fibre vacuum membrane distillation module,

which is 38.90 kg-m~-h™".
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5. Conclusions

Computational fluid dynamics simulation calculations and response surface
method were utilised to analyse the interactions under different operating param-
eters and according to the calculations, the degree of influence on the membrane
flux was: feed inlet temperature > vacuum pressure = feed inlet flow rate > feed
inlet sanility. The optimal operating parameters were predicted to be vacuum
pressure of 38.8 kPa, feed inlet temperature of 353.15 K, feed inlet sanility of
4.13%, and feed inlet flow rate of 0.60 m/s. In this study, computational fluid dy-
namics simulations were carried out from the tiny hollow fibre membrane distil-
lation module to further analyse the influence of different operating parameters
and the degree of influence on the change of membrane flux, which provided the-
oretical and technological support for the application of hollow fibre membrane
distillation in the treatment of high saline wastewater. It provides theoretical and
technical support for the application of hollow fibre membrane distillation in high

salt wastewater treatment.
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