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Abstract Membrane distillation (MD) is a promising membrane separation technique used to treat industrial wastewater.

When coupled with cheap heat sources, MD has significant economic advantages. Therefore, MD can be combined with

solar energy to realize the large-scale and low-cost treatment of highly mineralized mine water in the western coal-

producing region of China. In this study, highly mineralized mine water from the Ningdong area of China was subjected to

vacuum MD (VMD) using polyvinylidene fluoride hollow-fiber membranes. The optimal operation parameters of VMD

were determined by response surface optimization. Subsequently, the feasibility of VMD for treating highly mineralized

mine water was explored. The fouling behavior observed during VMD was further investigated by scanning electron

microscopy with energy-dispersive X-ray spectroscopy (SEM–EDS). Under the optimal parameters (pres-

sure = - 0.08 MPa, temperature = 70 �C, and feed flow rate = 1.5 L/min), the maximum membrane flux was 8.85 kg/

(m2 h), and the desalination rate was 99.7%. Membrane fouling could be divided into three stages: membrane wetting,

crystallization, and fouling layer formation. Physical cleaning restored the flux and salt rejection rate to 94% and 97% of

the initial values, respectively; however, the cleaning interval and cleaning efficiency decreased as the VMD run time

increased. SEM–EDS analysis revealed that the reduction in flux was caused by the precipitation of CaCO3. The findings

also demonstrated that the membrane wetting could be attributed to the formation of NaCl on the cross section and outer

surface of the membrane. Overall, the results confirm the feasibility of MD for treating mine water and provide meaningful

guidance for the industrial application of MD.
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1 Introduction

The western region of China, which is the nation’s main

coal-producing region, accounts for 77% of national coal

output (Dazhao et al. 2016; Limin et al. 2019). However,

water scarcity in the region accounts for only 7.9% of the

national total (China Water Resources Bulletin 2018). The

production of mine water must be accompanied by coal

mine exploitation. According to statistical data, the uti-

lization rate of mine water in China is less than 30%

(Binbin et al. 2018). The major reason for this phenomenon

is that the salt content of mine water from the western

region of China is high compared to mine waters from

other regions; the proportion of mine water with high

salinity in the northwest region exceeds 50% (Fuqin et al.

2018). The direct discharge of highly mineralized mine

water will cause ecological damage, soil salinization, and

waste. Therefore, low-cost treatment strategies for high-

salinity mine water are urgently needed.

Traditional thermal desalination requires a large amount

of heat energy. Comparatively, the reverse osmosis
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treatment of mine water has several advantages in terms of

wastewater quality, power consumption, desalination effi-

ciency, and land use. However, the current state has put

forward higher requirements for mine water treatment.

New coal mines in some areas are required to achieve zero

liquid discharge (Dazhao et al. 2016). Hence, as an

emerging desalination technique, membrane distillation

(MD) has attracted increasing attention due to its compet-

itive features (Alkhudhiri et al. 2012; Drioli et al. 2015;

Sun et al. 2014). Compared to other processes, MD has

lower heat requirements. Elena et al. (2014) combined

solar heat with MD and conducted a long-term pilot study.

Guillen et al. (2013) used seawater for a series of dry/wet

cycles to simulate intermittent MD operation, which

proved that hydrophobic membrane has chemical stability

and anti-drying performance in MD operation, and could

reduce the wetting phenomenon of membrane.

Based on the author’s previous studies on early-stage

MD, many industries (e.g., pit power plants and coal

chemical plants) that generate substantial industrial waste

heat are located near the western mining area. Figure 1

shows a diagram of a solar photothermal VMD system. In

this system, highly mineralized mine water is heated in the

solar collectors. After reaching a predetermined tempera-

ture, the mine water enters the hot side of the membrane

assembly under the action of the peristaltic pump. The

hydrothermal fluid is then subjected to VMD under the

action of the temperature difference.

The availability of a cheap heat source is the economic

basis for the large-scale application of MD. Wei et al.

(2020) compared the equipment requirements and energy

consumption of MD based on various cheap heat sources.

MD has some of the same problems as other membrane-

based technologies such as forward osmosis and nanofil-

tration. For example, the fouling and wetting of the

hydrophobic membrane cause the permeate flux to

decrease, resulting in the deterioration of permeate quality

(Guillen-Burrieza et al. 2013). Julian et al. (2018) evalu-

ated the kinetics of calcium carbonate (CaCO3) fouling

during MD based on numerical modeling and found that

the temperature and concentration polarization have sig-

nificant effects on the CaCO3 deposition rate. Laqbaqbi

et al. (2018) used direct contact MD to treat textile

wastewater, explored the fouling phenomenon on the

membrane surface and pores using various characterization

techniques, and determined the irreversible fouling index

and flux reduction factor.

The objectives of the present study were to: (1) use MD

to treat high-salinity mineralized mine water from Ning-

dong to improve the utilization rate of mine wastewater; (2)

characterize the damage and fouling of the membrane

during long-term MD; and (3) explore the connection

between fouling and permeate quality.

2 Materials and methods

2.1 Characteristics of pretreated mine water

The mine water sample was colorless and transparent with

no suspended solids. The Cl- and SO4
2- contents of the

mine water after hardening pretreatment with caustic soda

are shown in Table 1. Hardening pretreatment reduced the

hardness of the water from 1352.71 to 183.87 mg/L. The

contents of organic matter and petroleum were also

reduced, thereby reducing the risk of organic fouling on the

membrane.

2.2 Membrane material used in VMD

Table 2 lists the main characteristics of the polyvinylidene

fluoride (PVDF) hollow-fiber membrane used in the

experiment. The hollow fibers were gathered in a plastic

tube to form a membrane module. As shown in Fig. 2a, the

membrane pores presented an irregular, tear-like pore

structure with a large number of microfibers distributed

among the pores. The overall cross section (Fig. 2b) had an
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Fig. 1 Diagram of a solar photothermal VMD system

Table 1 Cl- and SO4
2- contents of pretreated mine water

Component Concentration

Cl2 (g/L) 1888.75

SO4
2- (mg/L) 1880.23

K? (mg/L) 13.92

Na? (mg/L) 1954.66

Conductivity (ms/cm) 10.32

Mineralization 6380

CODCr (mg/L) 21

pH 10.25
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asymmetric shape with irregular, finger-like microporous

structures underneath the skin layer.

2.3 Experimental methods

2.3.1 Response surface optimization (RSM)

Numerous factors can affect the stable operation of VMD.

Therefore, RSM based on a Box-Behnken design was

employed to statistically analyze the VMD parameters. In

the present work, the feed temperature (60–75 �C), flow
rate (1–2.5 L/min), and vacuum pressure (- 0.045 to

0.09 MPa) were investigated with the permeate flux as the

response variable.

2.3.2 Continuous VMD operation

The lab-scale VMD system used in the experiment is

shown in Fig. 3. The system primarily includes the hot

side, cold side loop, and PVDF hollow-fiber membrane

module. The parameters for VMD operation were set

according to the RSM results.

Before the test, the feed solution was poured into the

liquid tank through the water injection hole. The outlet of

the membrane module was connected to the condenser to

ensure that the cooling temperature met the requirements.

The feed solution was then heated to the set temperature

using a heating element, and the solution was continuously

pumped into the membrane module by the peristaltic

pump. The feed flow rate was adjusted to a preset value by

the liquid flow meter. When the inlet and outlet tempera-

tures of the membrane module became stable, the vacuum

pump was turned on to provide the vacuum pressure

required for the experiment. The water quantity could be

observed through the electronic balance connected to the

water collector. The produced water was sampled and

tested every hour, and the changes in conductivity and pH

were recorded over time.

Table 2 Key characteristics of the PVDF hollow-fiber membrane

module

Parameter Measured result

Outer diameter (mm) 1.139

Inner diameter (mm) 0.849

Average pore size (lm) 0.16

Porosity (%) 85

Contact angle (�) 106.5

Effective membrane surface area (m2) 0.1066

Fig. 2 SEM micrographs of the PVDF hollow-fiber membrane:

a inner membrane surface and b cross section

T P
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Liquid tank

Peristaltic pump

Membrane module

Condenser

Water collector

Vacuum pump

Fig. 3 Schematic of the experimental VMD system
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When the conductivity of the produced water increased

significantly, the membrane module was cleaned in two

steps. First, the VMD device was cleaned with tap water

for 30 min (1.50 L/min). Second, the membrane module

was dried in an oven at 50 �C for 30 min.

The membrane flux J (kg/(m2 h)) was calculated as

J ¼ N

A� t
ð1Þ

where, N is the mass of permeate water (kg); A is the

membrane area (m2); and t is the operation time (h).

The salt rejection rate R (%) was determined as

R ¼ d0 � dt
d0

� �
� 100% ð2Þ

where, d0 is the initial conductivity (lS/cm) of the feed

solution, and dt is the conductivity (lS/cm) of the permeate

water at time t.

2.4 Analytical measurements

After the experiment, the contaminated membrane was

sampled and compared with the original membrane. The

surface and cross-sectional morphologies of the membrane

were examined by scanning electron microscopy (SEM;

Hitachi SU8020). The SEM samples were prepared by

immersing the membrane in liquid nitrogen. Energy-dis-

persive X-ray spectroscopy (EDS) was used to determine

the elemental composition of the membrane.

The membrane contact angle was determined using a

goniometer (ramé-hart Model 250) at room temperature.

The membrane was cut longitudinally and fixed on the test

bench. For each sample, the measurement was repeated

five times at different spots, and the measurement results

were averaged.

The conductivity and pH of the feed and distillate were

monitored using a conductivity meter (Lightning DZS-

708A). The ionic contents of the feed and distillate were

measured using an ion chromatograph (Epoch EP-600).

3 Results and discussion

3.1 Effects of multiple factors on MD performance

As shown in Table 3, the F value of the model term

developed by the ANOVA was 29.79, and the P value was

less than 0.0001, indicating that the regression equation

had high significance (Devi et al. 2019). Generally, a larger

F value and a smaller P value correspond to a more sig-

nificant correlation (Jamekhorshid et al. 2014). The

quadratic model for RSM in terms of the evaluated factors

is represented as Eq. (3):

yflux ¼ 33:59 þ 408:85A � 0:667B � 4:386C

� 3:554AB þ 0:369AC þ 0:077BC

þ 1959:61A þ 3:37387B � 003B2 � 0:1107C2:

ð3Þ

which A refers to the vacuum pressure, B refers to the

feed temperature, C refers to the flow rate,According to the

analysis of variance (ANOVA), the primary and secondary

order of the influence of three factors on cleaning effi-

ciency was: vacuum pressure (A)[ temperature (B)[
flow rate (C). A and B also had significant influences on

each other. According to the experimental results, the

optimal VMD parameters were a vacuum pressure of -

0.09 MPa, a temperature of 70 �C, and a flow rate of 1.50

L/min.

As shown in Fig. 4, among the evaluated parameters,

vacuum pressure had the greatest effect on the VMD pro-

cess. Vacuum pressure was linearly related to water pro-

duction. Similarly, Xing et al. (2017) found that the flow of

permeable fluid increased linearly when the vacuum pres-

sure was reduced from 0.6 to 0.98 atm. These findings can

be attributed to the fact that the transmembrane pressure

difference is proportional to the steam driving force on

both sides of the membrane module during the VMD

process. The critical vacuum pressure in this experiment

was calculated to be 0.0614 MPa. Pengyuan et al. (2019)

reached similar conclusions when using MD to treat high-

salinity wastewater.

The second most influential parameter on VMD was

feed temperature. The membrane flux increased with

increasing temperature. According to the empirical formula

of Antoine (Morillon et al. 1999), the vapor pressure

Table 3 ANOVA results of the RSM

Source Sum of

squares

Df Mean

square

F value P value Distinctiveness

Model 50.39 9 5.60 29.79 \ 0.0001 **

A (vacuum

pressure)

37.35 1 37.35 198.70 \ 0.0001 **

B (temperature) 6.96 1 6.96 37.04 0.0005

C (flow rate) 0.16 1 0.16 0.84 0.3899

AB 1.44 1 1.44 7.65 0.0278 *

A2 4.14 1 4.14 22.05 0.0022 **

Residual 1.32 7 0.19

Lack of fit 0.62 3 0.21 1.17 0.4244

Pure error 0.70 4 0.17

Cor total 51.71 16

*Indicates that the effect of the result is significant (P\ 0.05), ** indicates that the

result is extremely significant (P\ 0.01)
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depends on the temperature, and increasing the feed tem-

perature can increase the vapor pressure:

N ¼ 1

1=CKþ 1=CM
� Pf � Pdð Þ ð4Þ

where, N is the flux; Pf and Pd are the water vapor pres-

sures at the feed liquid/membrane and membrane/distillate

interfaces, respectively; and CK and CM are the mass

transfer coefficients of Knudsen diffusion and molecular

diffusion, respectively.

Among the three evaluated factors, the feed flow rate

had the weakest influence on VMD. As the feed flow rate

increased in the beginning of the VMD process, the effects

of concentration and temperature polarization were sig-

nificantly reduced, resulting in an increase in permeate

flux. Subsequently, the permeate flux stabilized as the flow

rate continued to increase, and the feed flow changed from

laminar flow to turbulent flow, and the thickness of tem-

perature interface layer and ion interface layer decrease

with the change of flow pattern. As the flow rate increased

further, the thickness of the temperature boundary layer

and the ion interface layer would not continue to weaken.

Thereby, increasing the flow rate did not further enhance

the permeate flux (Pengyuan et al. 2019).

3.2 Continuous VMD operation

VMD was operated continuously using the optimal process

parameters. As shown in Fig. 5, at the beginning of the

experiment, the flux was stable at 11.2 kg/(m2 h), the

conductivity of produced water was 8.5 lS/cm, and the salt

rejection rate reached 99.9%. After 26 h of operation, the

flux began to decrease gradually and became stable at

8.22 kg/(m2 h), and the salt rejection rate decreased to

95.5%. After 41 h of constant operation, the water quality

deteriorated rapidly. For instance, the conductivity

increased to 980 lS/cm, the flux decreased to 7.45 kg/

(m2 h), and the salt rejection rate was only 90.2%. Based

on these experimental results, the membrane module was

cleaned. After the first cleaning, the flux recovered to

10.56 kg/(m2 h), and the salt rejection rate recovered to

99.77%. At 61 h, the flux decreased from 10.56 to 7.73 kg/

(m2 h), and the salt rejection rate dropped to 91.3%. At

66 h, the membrane was cleaned twice using the above

cleaning method. After the second cleaning, the flux

decreased rapidly to 75% of its initial value within 9 h and

then decreased further to approximately 6.48 kg/(m2 h)

within 5 h.

According to the changes in flux and water quality over

time, the VMD process could be divided into the following

three stages. The initial stage of rapid flux decline can be

regarded as the membrane wetting stage. Due to concen-

tration polarization, inorganic salt ions were adsorbed and

deposited on the membrane surface, leading to the wetting

of membrane pores along with reductions in membrane
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effective area and flux. As shown in Fig. 4, the flux was

only reduced by 21.6%, indicating that the number of

wetted membrane pores was small. However, the solute

passed through the membrane from the feed side to the

permeate side, and the conductivity of the produced water

increased greatly. The second stage (after the first cleaning)

was characterized by moderate membrane fouling and a

large decrease in flux because inorganic salt ions gradually

reached saturation and crystallized on the membrane sur-

face, and membrane fouling replaced membrane wetting.

Finally, the third stage was characterized by a rapid decline

in flux in a short time period and can be regarded as the

stage of fouling layer formation. As the continuous VMD

run time increased, numerous inorganic salt ions accumu-

lated and compacted, forming a fouling layer that covered

the surface of the membrane. The presence of this layer

prevented water vapor from passing through the membrane

(Guillen-Burrieza et al. 2014).

The trends in flux and conductivity over time were

similar for pretreated and unpretreated mine water. How-

ever, due to its higher content of inorganic salts (e.g.,

calcium and magnesium salts) and higher hardness, the flux

decline of the unpretreated mine water was relatively large

(Fig. 5). Thus, pretreatment slowed the increase in mem-

brane pressure difference and membrane fouling to some

extent, although it could not prevent irreversible membrane

fouling. Thus, the development of inorganic fouling should

be further evaluated.

Only physical cleaning was used in this study for the

following reasons. First, physical cleaning is fast and

involves simple steps. The waste liquid produced by the

cleaning process produces minimal environmental pollu-

tion and does not result in membrane corrosion. In addi-

tion, the cost of cleaning and replacing membrane

components accounts for 70% of the total cost of the

membrane separation process (Geata et al. 1995), and

physical cleaning can result in significant cost savings.

Targeted cleaning methods and cleaning agents can be

reasonably selected based on the physical and chemical

properties of the membrane pollutants and the cleaning

requirements.

Compared to the mine water, the quality of the produced

water was greatly improved. The conductivity of the per-

meate water was 23.9 lS/cm, the salt rejection rate reached

99.1%, and the content of total dissolved solids was

11.32 mg/L. According to the national standards

(GB8978-1996 and GB5084-92), the produced water in

this study can be reused to irrigate farmland or in nearby

industries such as power plants to reduce water costs (Ju-

lian et al. 2018).

3.3 Scaling behavior

Previous studies have revealed that CaCO3 precipitation is

related to the change in pH of the feed during MD opera-

tion (He et al. 2009). As shown in Fig. 6a, the pH of the

unpretreated mine water decreased from 8.25 to 7.94

before the first cleaning. The change in pH was almost

consistent with the observed change in flux (Fig. 5a).

During the first 31 h of continuous operation, the decom-

position of HCO3
- was the main process due to the high

concentration of HCO3
-. Moreover, HCO3

- was decom-

posed to produce CO2, most of which was dissolved in the

feed solution, resulting in a gradual decrease in pH. After

34 h of continuous VMD, the membrane module was

cleaned. The scale remaining on the membrane after

cleaning may have provided a location for crystallization,

resulting in faster crystallization (Martinetti et al. 2009).

Therefore, between 45 and 54 h, the contents of HCO3
-

and Ca2? declined significantly due to the precipitation of

CaCO3 from supersaturated solution. The content of Mg2?

in the feed solution also decreased during this period,

indicating that the CaCO3 precipitates incorporated Mg2?.
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sure = - 0.09 MPa, and flow rate = 1.5 L/min)
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In addition, CaCO3 precipitation and the decomposition of

HCO3
- occurred almost simultaneously, generating a large

amount of CO2. This CO2 reacted with the solution to

generate H2CO3, eventually leading to a significant

decrease in pH. After 56 h of continuous VMD operation,

the pH increased slightly because the generation of CO2

slowed down. During the VMD process, Ca2? decreased by

197.64 mg/L, Mg2? decreased by 191.21 mg/L, and

HCO3
- decreased by 401.25 mg/L, demonstrating that

some Ca2? did not combine with HCO3
- and may have

formed CaSO4. The presence of a small amount of CaSO4

scaling was confirmed by EDS elemental analysis.

As shown in Fig. 6b, the gradual declines in Ca2?,

Mg2?, and HCO3
- concentrations during VMD operation

were similar for the pretreated mine water as for the

unpretreated water (Fig. 6a). Due to the addition of CaO

and Na2CO3 during the pretreatment process, the initial pH

of the feed solution was 9.85, and the pH became stable at

9.15. The HCO3
- content decreased from 233.15 to

80.2 mg/L during VMD. Therefore, the pretreatment pro-

cess effectively alleviated the crystallization of calcium-

related soluble salts. Zhang et al. (2015) explored seawater

reverse osmosis brine during direct contact MD operation

and found that the change in conductivity may be related to

the accumulation of CO2 in the feed solution. CO2 was then

transported through the membrane, and HCO3
- was pro-

duced on the permeate side, increasing the conductivity.

3.4 Membrane fouling analysis

To further determine the composition of pollutants on the

membrane surface, the membrane fouling layer was ana-

lyzed. After the experiment, the membrane module was

disconnected. The feed inlet was covered by a large

amount of yellowish-brown sediment, and the membrane

fibers had become fragile. As shown in Fig. 7c, due to the

direct contact between the inner membrane surface and the

mine water, the inner membrane was seriously polluted,

and the membrane pores were almost completely covered

by crystals and fouling layers. Since the composition of the

mine water was not complex, the composition of the

fouling layer was relatively simple. Two primary crystal

forms (needle-like and spherical) were observed on the

inner membrane surface, and the main crystalline compo-

nent was CaCO3. The shape and size of the crystals agreed

with those reported by Naidu et al. (2017). This suggests

that the content of organic matter in the mine water was

low because the presence of organic matter would

decompose these CaCO3 crystals into small rhombohedral

colloids.

The content of Na on the outer membrane surface was

higher than that on the inner surface, and its weight per-

centage exceeded 6% (Table 4). Meanwhile, the contents

of Ca and Mg were very low. Combined with the experi-

mental results in Sect. 2.2, these findings confirm that

membrane wetting occurred during VMD operation. Fur-

ther, the evaporation of the feed and frequent temperature

changes can lead to supersaturated conditions, resulting in

the nucleation of NaCl crystals on the outer surface of the

membrane (Pengfei et al. 2017). The membrane wetting

observed in this study could be attributed to two main

factors. First, inorganic salts were adsorbed on the mem-

brane surface, altering the surface energy of the membrane

and eventually triggering membrane wetting (Geata et al.

1995). After fouling, the membrane contact angle

Fig. 7 SEM images of a fouled PVDF hollow-fiber membrane:

a cross section, b outer surface, and c inner surface
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decreased to 32.1�, indicating that fouling changed the

properties of the membrane itself. Second, during water

evaporation, the NaCl crystals on the membrane surface

moved, resulting in the slight tearing of the membrane and

promoting salt deposition and subsequent wetting (Meng

et al. 2014). At the same time, the cross section of the

membrane was partially covered by the sediment layer

(Fig. 7a), and EDS analysis indicated a similar elemental

composition to the layer on the outer surface of the

membrane. Due to membrane wetting, these contaminants

can penetrate deep into the membrane pores, causing

fouling in the membrane pores. The above analysis clearly

shows that the main source of contamination in the VMD

treatment of mine water is calcium precipitation. The

occurrence of precipitation leads to decreased flux and

membrane pore wetting. Future studies should focus on

improving this problem from two aspects: (1) after the

mine water is hardened, the nanofiltration device can be

added to further improve the feed water quality; and (2)

acid cleaning can be included as a component of membrane

cleaning to remove calcium pollutants, thereby extending

the membrane service life and MD run time.

4 Conclusions

(1) Increasing the temperature, flow rate, and vacuum

pressure within a reasonable range all resulted in

increased flux, with the influence of vacuum pressure

being the most significant. Without considering

energy consumption and economy, the optimal

operating parameters were determined as tempera-

ture = 70 �C, feed flow rate = 1.5 L/min, and pres-

sure = - 0.09 MPa. Under these conditions, the

membrane flux reached 8.85 kg/(m2 h), and the salt

rejection rate was 99.7%.

(2) During VMD operation, the flux and desalination

rate of the mine water decreased to 55% and 72% of

their initial values, respectively. The fouling process

could be divided into three stages: membrane

wetting, crystallization, and fouling layer formation.

The rapid development of crystallization-based

fouling was attributed to changes in the pH and

bicarbonate content of the mine water, and the pH

was an important factor in the rapid decline of

permeability in the early fouling stage.

(3) During the continuous operation of VMD, the inner

surface of the membrane was seriously fouled, and

most of the membrane pores were covered by

crystalline precipitates and sediment layers. Accord-

ing to EDS elemental analysis, the fouling was

mainly caused by calcium ions in the mine water.

SEM analysis showed that the crystal diameter was

much larger than the membrane pore size; thus, no

calcium crystals were observed on the cross section

or outer surface of the membrane. The main

contaminant found on the cross section and outer

surface of the membrane was NaCl. NaCl contam-

ination was caused by membrane wetting and the

penetration of the mine water into the membrane

pores at the beginning of VMD operation.
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