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Abstract
The purpose of this work is to study the influence of oil and surfactant present in produced water on the membrane distillation 
and membrane crystallization performance. The latter is evaluated in terms of permeate flux, quality of permeate and sodium 
chloride crystallization kinetics. Polypropylene and Hyflon AD40H/PVDF composite membranes with 0.2 μm pore size 
were used in the investigation. The tests were carried out in direct contact configuration using two synthetic feed solutions: 
the first one without oil and surfactant, and the second one with oil and surfactant. The achieved results showed a permeate 
flux reduction of 20 and 40% for PP and AD40H, respectively, in membrane distillation and of 35% in membrane crystal-
lization. These results may be attributed to the interaction between the salts and surfactant, which led to the deterioration of 
the membrane performance. Despite this, high salt rejection factors greater than 99.9% and total carbon rejections ranging 
between 80 and 90% indicated the good potential of membrane distillation technology for the treatment of produced water. 
Moreover, good quality crystals and high total water recovery factor (97%) were achieved using the membrane crystalliza-
tion process. Nevertheless, the presence of oil and surfactant in the feed caused an increase in the induction time compared 
to the system without oil and surfactant. In addition, in the performed experiments, simple physical cleaning with distillate 
water was sufficient to recover the initial trans-membrane flux of the membranes.
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Introduction

Fresh water is a basic need for human survival, as well as for 
all living organisms. For industrial, agricultural and domes-
tic purposes, water is essential. Despite this, water scarcity is 
one of the greatest challenges of our time. The rapid popula-
tion growth coupled with urbanization and industrialization 
activities has amplified the water demand and raised seri-
ous concerns about the sustainability and management of 

the natural resources currently available (Dinar et al. 2019; 
Huang et al. 2021). Although the efficiency of conventional 
methods of water use has improved, the growing water 
demand and the increasingly limited amount of clean water 
resources have led to the need to extract fresh water from 
non-conventional sources as well.

Produced water (PW) could be a potential source of pota-
ble water, especially for water-stressed oil-producing coun-
tries. PW is the largest by-product generated in oil and gas 
industries with a global estimated 3:1 volume-to-product 
ratio (Veil 2011). The composition of PW can vary consid-
erably according to the geology and geographical location 
of the field, the type of hydrocarbon product, the life of the 
reservoir and the extraction method used (Wang et al. 2012; 
Coha et al. 2021). Nonetheless, most PW can be described 
as a mixture of complex organic and inorganic compounds 
including dissolved and dispersed oils, salts (such as sodium 
chloride and magnesium chloride), solid products, heavy 
metals, hydrocarbons, and various additives (Fakhru’l-Razi 
et al. 2009; Igunnu et al. 2014; Jiménez et al. 2018). The 
release of this water into the environment in the absence 
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of adequate treatment becomes an important environmental 
problem (Gryta et al. 2001). Currently, the stringent envi-
ronmental regulations adopted for PW discharge together 
with the rising costs of wastewater disposal are driving oil 
and gas industry to place greater emphasis on the treatment 
and reuse of PW (Igwe et al 2013). Physical, chemical, and 
biological methods have been introduced to treat PW prior 
to its discharge, resulting in the mitigation of its negative 
effects on the environment (Wang et al. 2012; Zheng et al. 
2016; Ahmad et al. 2020; Coha et al. 2021; Goh et al. 2022). 
However, conventional treatment techniques have several 
drawbacks such as high costs, high energy consumption, 
use of hazardous chemicals, potential secondary pollution, 
low removal efficiencies of small oil droplets and emulsified 
oil (Hong et al. 2003; Chakrabarty et al. 2008; Abbasi et al. 
2010; Nasiri et al. 2017).

The use of pressure-driven membrane processes (such as 
microfiltration (MF) (Silalahi et al. 2009; Motta et al. 2014; 
Karimnezhad et al. 2014), ultrafiltration (UF) (Wandera 
et al. 2011; Chang et al. 2019), nanofiltration (NF) (Tomer 
et al. 2009; Sadrzadeh et al. 2018), and reverse osmosis (RO) 
(Kim et al. 2011; Dastgheib et al. 2016) has provided a major 
breakthrough in treating PW due to their high oil removal 
efficiencies and easy operation. However, the performance 
of these processes is mainly hindered by membrane foul-
ing problems (caused by oil droplets and/or soluble organic 
compounds), as well as by their high energy consumption. 
RO processes, for instance, suffer from significant limita-
tions because of the high osmotic pressure of the feed stream 
at high solute concentrations (Wang et al. 2016); while the 
performance of the NF and MF membranes is limited by 
their inability to remove all dissolved components (Wang 
et al. 2015).

Over the past decades, membrane distillation (MD) tech-
nology has attracted significant interest in the treatment of 
oily wastewater. As it is well known, MD is a thermally 
driven membrane separation process in which only volatile 
molecules can be transported through a porous hydrophobic 
membrane (Boukhriss et al. 2023a, b). MD process could 
greatly benefit from the treatment of wastewater discharged 
at elevated temperatures because this could minimize the 
need to heat feed water before entering the membrane 
module (Dilaver et al. 2018). In addition, MD technology 
has been shown to be able to achieve high salt and organic 
carbon rejections even during hypersaline PW treatment 
(Alkhudhiri et al. 2012; Macedonio et al. 2014; Han et al. 
2017; Ricceri et al. 2019; Gryta et al. 2020).

The ability of MD to treat high salinity feed water up 
to super-saturation has been well exploited in membrane 
crystallization (MCr) process, employed for simultaneously 
recovering fresh water and high-quality saline products from 
saturated solutions. (Ali et al. 2018) have used this process 
with the aim of recovering salts from microfiltered oilfield 

PW. The experimental results demonstrated that an inte-
grated system can efficiently convert produced water into 
salt and freshwater, reducing waste disposal problems.

However, due to the highly hydrophobic nature of MD 
membranes, this process could present important practical 
limitations in the presence of the large and broad organic 
compounds, typical of PW (Estrada and Bhamidimarri 
2016; Gonzalez et al. 2017). Depending on the nature of 
the organic contaminant, they may either induce the wetting 
phenomena or move freely across the hydrophobic mem-
brane up to the final effluent (Chen et al. 2017; Franken 
et al. 1987; Kargbo et al. 2010; Wang et al. 2018). Addi-
tionally, MD presents other drawbacks which limit its com-
mercial application such as low permeate flux compared to 
pressure-based membrane processes, membrane fouling and 
scaling, and trapped air within membrane pores that result 
in increased mass transfer resistance (Ameen et al. 2020).

Most of the studies to date have examined the influence of 
operating conditions, pre-treatment, and membrane surface 
modification on the MD process. However, few studies have 
examined the influences of oil and surfactants on MD and 
MCr processes.

(Gryta et al. 1999) investigated the application of MD for 
the concentration of O/W (oil-in-water) emulsions in direct 
contact configuration. The authors found that the permeate 
flux decreased significantly as the oil concentration in the 
emulsion increased, and that higher oil concentrations led 
to membrane pore-wetting and thereby reduced permeate 
quality. The authors deduced that the observed results were 
due to the reduced partial pressure caused by the presence 
of oil and to the affinity between hydrophobic oil and hydro-
phobic membrane.

The presence of surfactants in O/W emulsions was stud-
ied by Chen et al. (Chen et al. 2017). They reported stable 
MD performance of super-hydrophobic polyvinylidene fluo-
ride (PVDF) membranes for feeds containing O/W emul-
sions when anionic surfactant was present. In contrast, in 
the presence of cationic surfactant, the MD performance in 
terms of trans-membrane flux decreased. This performance 
reduction in the MD membranes was attributed to the elec-
trostatic attraction between the positively charged surfactant 
and the negatively charged membrane surface.

Han et al. (Han et al. 2017) studied the effect of the key 
components (O/W emulsion, surfactant and salts) present 
in PW on MD process. The results from this study showed 
that the reduction in MD performance in terms of permeate 
flux and quality was mainly caused by the presence of salt 
(namely, sodium chloride) and surfactant (namely, sodium 
dodecyl sulphate), rather than oil, suggesting the need to 
remove or dilute the salt or surfactant from oily feeds before 
MD application.

In general, the addition of salt in a solution contain-
ing surfactants may modify the properties of the solution, 
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causing a change in surface tension (Ozdemir et al. 2009) 
and surfactant critical micelle concentration (CMC) (Cor-
rin et al. 1947). Previous studies have revealed that in the 
presence of NaCl, the surface tension and CMC of SDS 
are reduced (Woolfrey et al. 1986; Xu et al. 2009). This 
reduction can be due to the fact that electrolytes promote the 
migration of surfactant species to the surface of air/liquids 
(Eriksson and Ljunggren 1989). Regarding the MD process, 
a recent molecular dynamics study (Velioğlu et al. 2018) 
reported the mechanisms underlying severe pore-wetting 
when both SDS and NaCl are present in the feed solutions. 
According to this study, NaCl increases the affinity of SDS 
to the PVDF membrane (without decreasing the mobility 
of SDS) which leads to a decrease in the surface tension at 
the pore mouth and thereby to an increase in the likelihood 
of membrane wetting thus exceeding the liquid entry pres-
sure (LEP).

Also, this study suggests that a pre-treatment of PW may 
be necessary to separate salts and surfactant prior to apply-
ing MD (Han et al. 2017).

In the present study, the impact of oil and surfactant con-
tained in a synthetic PW solution on the MD performance 
using two different hydrophobic membranes was investi-
gated. For a clear comparative study, a synthetic solution 
without oil and surfactant was prepared based on the salts 
that compose actual PW. Moreover, the capacity to simulta-
neously recover fresh water and high-quality saline products 
was explored by the MCr process. Oil and surfactant effects 
on the crystallization kinetics and on the characteristics of 
the final product were also studied. Additionally, studies 
on the fouling tendency of the selected membranes were 
performed.

Materials and methods

Chemicals and membranes

Sodium chloride (NaCl, from VWR Chemicals), calcium 
chloride bihydrate (CaCl2·2H2O, from VWR Chemicals), 
magnesium chloride hexahydrate (MgCl2·6H2O, from 
Sigma-Aldrich), potassium chloride (KCl, from Carlo 
Erba), sodium sulfate (Na2SO4, from Carlo Erba), and 
strontium chloride (SrCl2, from Carlo Erba) were used in 
the preparation of the feed solutions. Commercially avail-
able motor oil (SUPER PLUS 10W-40, TotalErg S.p.a, 
Italy) and sodium dodecyl sulphate, SDS (NaC12H25SO4, 
from Thermo Fischer Scientific- a common anionic sur-
factant used in cosmetic and hygienic products), were 
employed for the preparation of synthetic PW solution. 
Motor oil and SDS specifications are highlighted in 
Table 1.

Two types of membranes were utilized in the experi-
mentation: laboratory-made Hyflon AD40H/polyvi-
nylidene fluoride (PVDF) composite membranes and 
commercial polypropylene (3 M™ Capillary Membrane 
MF-PP Series, Type S6/2) membranes. The composite 
membranes were fabricated by dip-coating process. The 
PVDF fibers utilized as substrate of the composite mem-
branes were fabricated by Thermally Induced Phase Sepa-
ration (TIPS) in the laboratory of Nanjing Tech University 
utilizing PVDF (Solef® 6010, powder, kindly supplied 
by Solvay Specialty Polymers, Shanghai, China) and fol-
lowing the procedure described by Cui et al. (Cui et al. 
2018) in which Dibutyl maleate (DBM) was employed as a 

Table 1   Main properties of the oil sample and SDS

N.A Not applicable

Motor oil SDS

Deg API 29.7 N.A
Density (kg/m3) 875 (15 °C) 370
Percentage of water in oil before treatment (%) ∼ 1% N.A
Melting point/freezing point N.A Melting point/range: 204–207 °C
Flash point 225 °C 170 °C—Regulation (EC) No. 440/2008, Annex, A.9
Autoignition temperature N.A 310.5 °C
Water solubility N.A 130 g/l at 20 °C—OECD Test Guideline 105
Vapor pressure N.A  <  = 0.00 hPa at 20 °C—OECD Test Guideline 104
Surface tension N.A 25.2 mN/m at 1 g/l at 23 °C—OECD Test Guideline 115
Dissociation constant N.A 1.31 at 20 °C—OECD Test Guideline 112
Viscosity 14 cSt @ 100 °C N.A
Chemical structure N.A

Hydrophillic-lipophillic Balance (HLB) N.A 40
Critical micelle concentration (CMC) at 25 °C N.A 8.2 mM
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diluent for PVDF membrane fabrication via TIPS method. 
The detailed properties of the membranes are summarized 
in Table 2.

Laboratory-made modules were prepared by potting the 
fibers with epoxy resin (Stycast 1266, Emerson & Cum-
ing, Belgium) inside glass vessels and then installed on a 
bench-scale MD system.

Feed solutions: composition and preparation

Two different feed solutions were prepared according to the 
protocol of (Dardor et al. 2021):

	 (i)	 solution without oil and SDS—a background solution 
based on the ionic composition of actual PWs. The 
salts used in the recipe are given in Table 3;

	 (ii)	 solution with oil and SDS—a synthetic PW solution 
whose preparation protocol is illustrated in Fig. 1.

Specifically, motor oil was used as the hydrocarbon 
source and added to the background solution to investigate 
its effect on the MD and MCr performance. The surfactant 
was added to the solution to disperse oil droplets in the aque-
ous phase. In a 500 mL sample, 0.18 mL and 30 mg of oil 
and SDS were added, respectively.

Distillate water (with composition Mg2+  = 0.17 ± 
0.01 ppm, Cl− = 2.06 ± 0.8 ppm; conductibility = 0.015 
±0.002 mS/cm) generated in the laboratory using Zeener RO 

Table 2   Properties of membrane used in the current study

Membrane Inner 
diameter 
(mm)

Outer 
diameter 
(mm)

Thickness 
(mm)

Membrane 
Surface area 
(for each fiber)
(cm2)

No. of fiber PMI pore 
size (μm)

Porosity (%) Elongation 
at break 
(%)

Length (cm)

PP 1.80 2.25 0.45 10.17 1 module with 
3 fibers

0.20 76 170.4 18

Hyflon
AD40H/PVDF

0.98 1.30 0.32 7.37 1 module with 
4 fibers

0.20 53 157.2 18

Table 3   List of salts used to 
prepare the background solution

Compounds Concentra-
tion (g/L)

NaCl 16.75
CaCl2⋅2H2O 28.39
MgCl2⋅6H2O 4.12
KCl 0.45
Na2SO4 1.14
SrCl2⋅6H2O 0.34

Fig. 1   Protocol to prepare synthetic PW. Modified from (Dardor et al. 2021). Reprinted from Ref. (Dardor et al. 2021). (open access)
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180 system (Human Corporation, Seoul, Korea) was used to 
prepare the solutions.

Total organic carbon (TOC) analysis

Total organic carbon (TOC) measurements of the feed solu-
tion and of the permeate were carried out using a TOC-V 
CSN analyzer (Shimadzu Europa GmbH, Germany). This 
instrument utilizes the standard catalytic oxidation method 
with a platinum catalyst operating at 680 °C.

MD and MCr set‑up description

MD and MCr setup was operated in direct contact configura-
tion mode. Figure 2 shows the scheme of the system used 
in this work, already described in the literature (Macedonio 
et al. 2014). Briefly, the feed and distillate were recirculated 
to the membrane module in counter-current by Masterflex 
L/S Easy-Load II pump (head model 77,202–50), and Hei-
dolph pump drive 5201, respectively; both feed and distillate 
flow rates were monitored using flowmeters. The feed was 
heated by a heater (type M900—TI Basic MPM Instruments 
srl, Bernareggio, Italy) before entering into the membrane 
module. Permeate was introduced into the membrane mod-
ule from the permeate tank. Temperatures were measured by 
K-element thermocouple thermometers (Hana HI 935002) 
with sensitivity ± 0.2 °C.

Trans-membrane flux (J) was estimated by evaluat-
ing weight variations in the permeate tank with a Giber-
tini EU-C LCD balance (Gibertini Elettronica, Novate Mil-
anese (MI), Italy) (H), and calculated as

where mp [L] is the mass of collected permeate, A [m2] is the 
active membrane area, and Δt [h] is the distillation time. The 
starting volume of feed and permeate was 500 mL.

(1)J
[

L m−2h−1
]

=

mp

A ⋅ Δt

The salt rejection (SR) was determined as follows:

where cp and cf [gL−1
] are the salt concentration of permeate 

and feed solutions, respectively, estimated by measuring the 
electrical conductivity of the solutions using a benchtop con-
ductivity meter (Orion Star A212, Thermo Fisher Scientific).

MCr—crystal characterization

An optical microscope (ZEISS, model Axiovert 25) 
equipped with a camera (VISIOSCOPE Modular System 
equipped-optical head 10 ÷ 100 ×) was used for the initial 
and preliminary characterization of the obtained crystals. 
ImageJ software was used for the processing of the images 
(Wayne Rasband, http://​imagej.​nih.​gov/​ij/).

The chemical composition of the crystal samples was 
determined by energy-dispersive x-ray spectroscopy (EDX) 
by using an electron microprobe analyzer (EPMA—Jeol—
JXA 8230, 10 kV, 10 nA).

Crystals were characterized in terms of crystal size distri-
bution (CSD), mean diameter (dm), growth (G) and nuclea-
tion rate (B0).

CSD was used to evaluate the cumulative percent func-
tion and the coefficient of variation (CV):

where PD is the crystal length at the indicated percentage.
Coefficients of variation were evaluated taking into 

account both the length and the length-to-width ratio of the 
crystals.

Growth rate (G) and nucleation rate (B0) were estimated 
on the basis of the Randolph-Larson model:

(2)SR[%] =

(

1 −
cp

cf

)

× 100

(3)CV[%] =
PD84% − PD16%

2 ⋅ PD50%

Fig. 2   Scheme of direct contact 
membrane distillation labora-
tory plant composed by: A feed 
tank; B heater; C membrane 
module; D permeate tank; E 
cooler; F pump; G flow rate 
meter; H balance; (TC) thermo-
couple thermometer

http://imagej.nih.gov/ij/
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where n [no. crystals/mm] is the crystal population density, 
L [μm] is crystal size, G [μm/min] is growth rate, t [min] is 
retention time and n0 is population density at L equal to zero.

Results and discussion

Oil and SDS influence on direct contact membrane 
distillation (DCMD) performance

MD tests

The performance of PP and AD40H membranes was eval-
uated in direct contact membrane distillation (DCMD) 
module using without oil and SDS and with oil and SDS 
feed solutions. MD tests were performed over a period of 
220 min, at the feed and permeate temperature of 57.0 ± 0.3 
and 20.8 ± 0.4◦C , respectively. The investigation was con-
ducted with a feed flow rate of 120 L∕h and a permeate flow 
rate of 5 L∕h . During each test, the flux was monitored to 
control the stability and efficiency of the tested membranes.

As shown in Fig. 3, the permeate fluxes remained almost 
constant throughout the experiments. In detail, using the 
feed without oil and SDS, trans-membrane fluxes of 6.9 
and4.8 Lm−2h−1 were observed for the PP and AD40H mem-
branes, respectively. An effective reduction in flux occurred 

(4)lnn =
−L

Gt
+ lnn0orn = n

0
e
−L∕Gt

(5)B
0
[no.∕(Lmin)] = n

0
G

for both membranes when the feed solution was changed to 
the with oil and SDS solution. Specifically, the presence of 
oil and SDS in the feed solution resulted in a permeate flux 
reduction of 20 and 40% for PP and AD40H membranes, 
respectively. This reduction in the flux can be attributed to 
the coupling between the salts and SDS which affects their 
affinity to the membrane, leading to a deterioration in mem-
brane performance (Han et al. 2017; Velioğlu et al. 2018) 
and thus to the necessity to pre-treat PW before MD applica-
tion according to literature (Han et al. 2017).

It should be noted that the MD test with the PP membrane 
without oil and surfactant was carried out at a temperature 
of the feed equal to about 44 °C, while the one with oil 
and surfactant was carried out at 43 °C. Instead, in the case 
of the AD40H membrane, the two tests were carried out 
at about 43 and 41 °C, respectively. The slightly different 
temperature difference between the two tests, for the two dif-
ferent membranes, caused the widest difference between the 
two flux curves observed for AD40H membranes (AD40H 
without oil and SDS and AD40H with oil and SDS curves 
in Fig. 3) as compared to that between the two flux curves 
recorded for PP membranes (PP without oil and SDS and PP 
with oil and SDS curves in Fig. 3).

Figure  3 also shows that the lowest flux value was 
obtained with the AD40H membranes for both feed solu-
tions used. The different behavior of the observed fluxes 
can be mainly justified by the different porosity of the two 
membranes. As indicated in Table 2, the porosity for AD40H 
membranes is lower than that for PP, resulting in a lower 
flux, in accordance to the relationship between the flux J and 
porosity ɛ shown in Eq. (6)

where ɛ is the overall porosity of the membrane, r is the 
mean pore size, τ is the tortuosity factor and δ is the mem-
brane thickness. For cylindrical pores, the value of τ is unity. 
For Knudsen diffusion a = 1, whereas a = 2 for viscous flux 
(Al-Salmi 2020).

Effect of feed temperature on the permeate flux

The effect of the feed inlet temperature on the transmem-
brane flux was investigated increasing the feed temperature 
from 40 to 60 °C and maintaining constant the permeate 
temperature. The feed and permeate flow rates were kept 
constant at 120 and 5 L/h, respectively.

Figure 4 reports the trends of the PP and AD40H mem-
branes for the feeds without oil and SDS and with oil and 
SDS. In both cases, the experimental tests showed that the 
permeate flux increases with feed temperature.

The fluxes increased from 2.7 to 7.1  Lm−2h−1 for 
PP membrane and from 0.8 to 4.8 Lm−2h−1 for AD40H 

(6)J ∝
�r

a

��

Fig. 3   Permeate flux versus time obtained by using the two feed 
solution (without oil and SDS and with oil and SDS) for the PP 
and AD40H membranes (feed flow rate = 120  L/h, permeate flow 
rate = 5 L/h)
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membrane with the feed without oil and SDS. Likewise, an 
increase in flux from 2.2 to 6.4 Lm−2h−1 and from 0.7 to 
3.2 Lm−2h−1 was observed for PP and AD40H membranes, 
respectively, using the feed with oil and SDS.

In MD, the increase in permeate flux with the increase in 
feed temperature is due to the direct relationship between 
the flux J and the vapor pressure gradient across the mem-
brane ΔP

where C is the membrane distillation coefficient.
Indeed, the vapor pressure increases exponentially 

with temperature according to the Antoine equation 
( P = e

(

A+
B

T+C

)

 , where A, B and C are specific constants 
which vary from substance to substance), affecting exponen-
tially the productivity of the process (Alklaibi et al. 2005).

Fouling study

The fouling behaviors of the two membranes were inves-
tigated using both feed solutions without oil and SDS and 
with oil and SDS, at feed and permeate temperatures of 
51.0 ± 3.5◦C and 20.5 ± 1.5◦C , respectively. The tests were 
carried out with a feed flow rate of 120L∕h and a permeate 
flow rate of 5L∕h.

Figure 5 displays a typical fouling study protocol. At first, 
DCMD tests were conducted using distillate water as feed 
for 180 min (phase 1). Subsequently, distillate water was 
replaced by the solutions without oil and SDS or with oil and 
SDS and the tests ran for 300 min (phase 2). Finally, distil-
late water was used to clean the membrane surface and the 
flux was again recorded using distillate water as feed (phase 
3). The results of the final phase provided information about 

(7)J = CΔP

the type of fouling, indicating whether any chemical clean-
ing is required.

The permeate fluxes for the PP and AD40H membranes 
were stable during phase 2 of all tests performed. In this 
phase, the salt rejections of the system without oil and SDS 
were very similar to those of the system with oil and SDS, 
with values higher than 99.9% (Table 4). The stable perme-
ate flux and high salt rejections proved the lack of membrane 
wetting. In addition, TOC rejection factors of 80 and 90% 
were observed for PP and AD40H membranes (Table 4), 
respectively, suggesting that the DCMD system is suffi-
ciently efficient in rejecting organic compounds treated in 
this investigation.

For both membranes, the fluxes were recovered to the ini-
tial value in phase 3 by simple distillate water cleaning, indi-
cating the absence of severe fouling, which conforms with 
a previous study by (Al-Salmi et al. 2020). These results 
hence show that DCMD has great potential for the treat-
ment of PW, with performance that can be restored after a 
physical membrane cleaning with distilled water (Al-Salmi 
et al. 2020).

Oil and SDS influence on membrane crystallization 
performance

MCr pre‑treatment—calcium removal

Membrane crystallization is a powerful tool for promot-
ing the formation of crystals of salt from highly concen-
trated solutions. However, it can suffer from severe scal-
ing depending on the feed composition. Scaling in MCr is 
usually caused by inorganic salts such as calcium sulfate 
(CaSO4) and calcium carbonate (CaCO3). In literature 
(Drioli et al. 2004), it was proven that in order to limit the 

Fig. 4   Effect of feed tem-
perature on flux for the different 
tested membranes using feed 
solutions a without oil and SDS 
and with oil and SDS (feed flow 
rate = 120 L/h, permeate flow 
rate = 5 L/h)
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CaSO4 formation during the concentration of feed solu-
tions, Ca2+ ions can be removed as CaCO3 by reaction with 
anhydrous sodium carbonate (Na2CO3).

In this work, feed solutions without oil and SDS and 
with oil and SDS were first chemically treated with 
Na2CO3 (before MCr tests) and then concentrated up to 
the point of NaCl crystallization.

The proper Na2CO3 addition was determined with 
respect to the Ca2+ ion concentration in the feed and the 
amount of Ca2+ ions removed. In particular, four feed solu-
tion samples were mixed with Na2CO3 in different molar 
ratios (1:1, 1:2, 1:3, 1:4) in order to promote CaCO3 for-
mation and precipitation. The solutions with the precipi-
tated CaCO3 were then filtered to remove the particles 
precipitated, and the filtrated solutions were analyzed via 
advanced Compact ion chromatographer 861 (Metrohm 
AG, Switzerland) to quantify the concentration of Ca2+ 
ions in each diluted mixture. The obtained results (Fig. 6) 
prove that the Ca2+ ions contribution became practically 

negligible when Na2CO3 was added in a 1:3 molar ratio 
of Ca2+/CO−

3
.

MCr tests and fouling study

As a result of their better DCMD performance (in terms of 
flux), PP membranes were selected for further MCr tests.

Figure 7 shows the time-dependent permeate flux profiles 
obtained for the feed solutions without oil and SDS and with 
oil and SDS at feed inlet temperature of 51.7 ± 0.5◦C . The 
fluxes (observed in phase 2) did not decrease significantly 
when NaCl supersaturation was achieved (after 520 and 
1190 min for the feed solutions without oil and SDS and 
with oil and SDS, respectively). Therefore, all MCr tests 

Fig. 5   Cleaning efficiency 
with distillate water on DCMD 
permeate flux (J) (feed flow 
rate = 120 L/h, permeate flow 
rate = 5 L/h)

Table 4   Properties of the permeate obtained by using PP and Hyflon 
AD40H/PVDF membranes

Fiber SR (%) (without oil 
and SDS)

SR (%) (with oil 
and SDS)

TOC 
Rejection 
(%)

PP 99.97 99.96 80
Hyflon AD40H/

PVDF
99.97 99.96 90

Fig. 6   Effect of Na2CO3/ Ca2+ molar ratio on Ca2+ removal
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were carried out with almost constant flux, demonstrating a 
good operational status.

For feed solution without oil and SDS, the average flux 
was around 3.4Lm−2h−1 which is higher than that obtained by 
treating the solution with oil and SDS ( ∼ 2.2Lm−2h−1 ) under 
the same operating conditions (feed flow rate = 120 L/h, per-
meate flow rate = 5 L/h). The results demonstrate again that 
the presence of oil and SDS in the feed causes a decrease 
in trans-membrane flux which, as mentioned above, can be 
attributed to the interaction between the salts and SDS sur-
factant affecting negatively the efficiency of the PP mem-
brane according to Han et al. (Han et al. 2017).

Furthermore, experiments with water as feed have been 
carried out before and after the tests conducted using the 
feed solutions without oil and SDS and with oil and SDS 
(Fig. 7), in order to analyze the effect of fouling on the per-
formance of the MCr. Initial fluxes were recovered after 
cleaning with only water, proving that severe membrane 
fouling did not occur during MCr experiments. These results 
have shown the high capacity of the MCr process to treat 
hypersaline PW solution, in line with the DCMD results 
reported in Sect. "Fouling study".

The properties of the obtained permeate (Table 5) showed 
very interesting results in terms of salt rejection rate. PP 
membranes exhibited high salt rejection values (99.8–99.9%) 
for both used feed solutions, indicating that salt infiltration 
through the membrane pores for feed without oil and SDS 
and for feed with oil and SDS was negligible; therefore PP 
membrane preserved its intrinsic hydrophobic nature during 
the investigation.

In presence of oil and SDS, MCr process achieved a water 
recovery factor of 32% after Δt2 = 1280min of operation. 
However, a water recovery factor of 22% was obtained by 
treating the feed without oil and SDS in a much shorter oper-
ation time ( Δt1 = 600min) . At the end of the tests without 
oil and SDS and with oil and SDS, the total water recovery 
factors achieved were of 99 and 97%, respectively.

NaCl crystallization kinetics

Continuous removal of the water vapors from the feed solu-
tion induces its saturation and the formation of NaCl crys-
tals. After the induction time, for each MCr test three differ-
ent solution samples were extracted from the feed tank (the 
first one at crystallization onset, the second after 30 min, and 
the third after 1 h) and analyzed using an optic microscope 
in order to determine crystals shape, dimension, and crys-
tal size distribution. As mentioned above, obtained crystals 
were characterized in terms of dm, CV, G, and B0 whose 
values are reported in Table 6.

Fig. 7   MCr performance of PP membrane using feed solutions without oil and SDS and with oil and SDS 

Table 5   Properties of obtained permeate

SR (%) MCr water 
recovery factor 
(%)

Total water 
recovery factor 
(%)

Feed 
Without oil and SDS

99.92 22 99

Feed
With oil and SDS

99.85 32 97
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For without oil and SDS system, dm and G values 
increased from sample 1 to sample 2, whereas decreased 
from sample 2 to sample 3. This tendency was due to the fact 
that the nucleation mainly occurred in sample 1 (as proved 
by the very high B0 value of sample 1). Increased values of 
G and reduced values of B0 in samples 2 and 3 (compared to 
G and B0 values obtained for sample 1) increased the crystal 
size distribution, giving higher CV values.

A similar trend was observed for the with oil and SDS 
system, where dm and G values increased due to the decrease 
in B0. Moreover, the presence of oil and SDS increased the 
induction time compared to the feed without oil and SDS, 
from 520 to 1190 min for the feed containing oil and SDS.

Figure 8 shows the trend of CSDs for the NaCl crystals 
produced in both the carried out MCr tests without oil and 
SDS and with oil and SDS. In both cases, the initial peak 
of the distributions moves toward larger dimensions from 
sample 1 to sample 2, as a result of crystals growth, whereas 
slightly smaller dimensions were revealed from samples 2 to 
samples 3 (as proved also by dm, B0, and G values reported 
in Table 6). A more uniform distribution of NaCl crystals 
was obtained using the feed without oil and SDS, proved by 
the lower CV values in comparison with those achieved by 
employing the solution with oil and SDS as feed. Nonethe-
less, good values of CV were also obtained for the system 
with oil and SDS, confirming a narrow size distribution of 

the crystals and, thus, a good quality of the product (Curcio 
2005).

The optical microscope images reported in Fig. 9 and 
related to the NaCl crystals obtained in sample 1 for the two 
feeds without oil and SDS and with oil and SDS are in agree-
ment with the results reported in Table 6: numerous and 
more uniform crystals (B0 = 133,358 and CV = 38.5%) were 
observed in absence of oil and SDS, whereas less numerous 
and different crystals were obtained with the solution con-
taining oil and SDS (B0 = 81,041 and CV = 51.74%).

Regarding crystal size, larger NaCl crystals were pro-
duced at the end of the experiments by treating the solution 
with oil and SDS (see dm values of sample 3 in Table 6), as 
also confirmed by the CDS analysis.

From microscopic pictures, crystals showed mainly 
the typical cubic block-like form in accordance with the 
expected geometry of the NaCl crystals. Nevertheless, it 
was observed that in all samples analyzed, a small amount 
of crystals exhibited an elongated shape. Consequently, the 
length/width ratio was estimated for each crystal observed. 
Figure 10 shows the length/width ratio for the three samples 
obtained from feed solutions without oil and SDS and with 
oil and SDS. The obtained results indicated that, in each 
analyzed sample, most of the crystals had a length/width 
ratio in the range of 1.0–1.3, confirming the cubic structure 
of the produced NaCl crystals. In addition, a higher number 

Table 6   NaCl crystal 
characteristics including dm, 
CV, G and B0

Feed Sample 1 2 3

Without oil and SDS Sample time [min] 520 550 580
Mean diameter (dm) [ μm] 31.32 45.00 45.00
Coefficient of Variation (CV) [%] 38.5 42.4 41.7
Growth rate (G) [ μm∕min] 0.026 0.050 0.043
Nucleation rate (B0) [no./(L ∙min)] 133,358 53,284 65,372

With oil and SDS Sample time [min] 1190 1220 1250
Mean diameter (dm) [ μm] 31.09 43.73 49.53
Coefficient of Variation (CV) [%] 51.74 37.16 44.05
Growth rate (G) [ μm∕min] 0.011 0.021 0.017
Nucleation rate (B0) [no./(L ∙min)] 81,041 23,153 51,261

Fig. 8   Crystal size distribu-
tion (CSD) for NaCl crystals 
produced using the solutions 
without oil and SDS and with oil 
and SDS as feed
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of cubic block-like crystals were observed in the solution 
without oil and SDS. This is probably due to the fact that 
the presence of small quantities of foreign substances in the 
solution may alter the crystal habit. Therefore, the oil and 
surfactant present in the crystallizing solution might have 
influenced negatively the crystal shape of NaCl crystals. 
Their presence should be controlled to obtain more regular 
shape crystals.

The composition of observed crystals has been investi-
gated by EDX analysis. In Fig. 11, EDX spectra show that 
both crystals obtained without and with oil and SDS in the 
feed were mainly composed of sodium and chloride, with a 
very small amount of calcium still present in the feed solu-
tion despite calcium carbonate precipitation. Therefore, the 

chemical composition of the crystals is not affected by the 
presence of oil or surfactant in the feed. EDX measurements 
thereby proved the good purity of the final products.

Conclusions

The aim of this work was to study the effect of the oil and 
surfactant present in a synthetic PW feed on the perfor-
mance of MD and MCr processes. For comparison, a syn-
thetic background solution based on actual PW salts, without 
oil and surfactant, was also prepared. Polypropylene and 
Hyflon AD40H/PVDF composite membranes were tested 
in DCMD process, while MCr experiments were conducted 
with only PP membranes.

Fig. 9   Optical microscope 
images (magnification 20x) of 
crystals detected in sample 1 for 
the feed solutions a without oil 
and SDS and b with oil and SDS 

Fig. 10   Number of crystals as 
function of length to width ratio
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The main conclusions of this study are summarized as 
follow:

In DCMD experiments, flux reduction was observed for 
PP and AD40H membranes which can be attributed to the 
combined presence of salts and surfactant in the feed solu-
tion. This suggested that a pre-treatment for PW solutions 
prior to MD application is necessary to remove salts or sur-
factants, according to the literature.

For both solutions without and with oil and SDS, the low-
est flux values were obtained for AD40H membrane due to 
its lowest porosity with respect PP membrane. As expected, 
the permeate flux of the two membranes increased with 
increasing the operating temperature of MD.

In presence of oil and SDS, high salt rejections (> 99.9%) 
and good TOC performance (80 and 90% for PP and AD40H 
membranes, respectively) were achieved in both lab-made 
membrane modules (PP and AD40H), confirming the good 
quality of the permeate.

Long-term tests showed DCMD performance stability 
and minimal reversible fouling. Moreover, a simple wash-
ing with distillate water recovered the initial permeate flux 
of the membranes in the performed tests. Stable fluxes were 
observed during all MCr experiments performed with PP 
membranes. However, the performance of MCr was reduced 
by 35% in the presence of oil and surfactant. Similar to what 

was observed in MD tests, this behavior could be due to the 
coupling between salts and SDS which deteriorates the MCr 
performance in terms of permeate flux. In this work, only a 
physical method (distillate water washing) was studied, as 
no serious fouling was observed. A total water recovery fac-
tor of 97% was achieved for the solution with oil and SDS.

In addition, in presence of oil and surfactant, good quality 
NaCl crystals were produced by MCr process, with uniform 
size distribution and a good cubic structure. However, oil 
and SDS presence in the feed involved an increase in the 
induction time with respect to the system without oil and 
SDS.
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