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Abstract: Produced water represents the largest wastewater stream from oil and gas 

production. Generally, its high salinity level restricts the treatment options. Membrane 

crystallization (MCr) is an emerging membrane process with the capability to extract 

simultaneously fresh water and valuable components from various streams. In the current 

study, the potential of MCr for produced water treatment and salt recovery was 

demonstrated. The experiments were carried out in lab scale and semi-pilot scale. The 

effect of thermal and hydrodynamic conditions on process performance and crystal 

characteristics were explored. Energy dispersive X-ray (EDX) and X-ray diffraction 

(XRD) analyses confirmed that the recovered crystals are sodium chloride with very high 

purity (>99.9%), also indicated by the cubic structure observed by microscopy and SEM 

(scanning electron microscopy) analysis. It was demonstrated experimentally that at 

recovery factor of 37%, 16.4 kg NaCl per cubic meter of produced water can be recovered. 

Anti-scaling surface morphological features of membranes were also identified. In general, 

the study provides a new perspective of isolation of valuable constituents from produced 

water that, otherwise, is considered as a nuisance. 
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1. Introduction 

Increasing demand of oil and gas has been observed despite the emphasis on using alternative 

energy resources. However, the oil and gas exploitation process produces huge volumes of high 

salinity wastewater known as produced water [1]. High concentrations of different metals present in 

produced water pose serious environmental threats, and, in certain cases, proper management of 

produced water governs the decision of further oil and gas recovery from a reservoir. As a 

consequence, a proper treatment of produced water can solve the environmental concerns and can be 

beneficial in bridging the gap between demand and availability of freshwater in water scarcity regions 

where generally oil and gas reservoirs are located. Moreover, abundance of different minerals present 

in produced water offers new perspective to recover valuable components from this wastewater stream. 

State-of-the-art treatment remedies for produced water include different chemical, biological and physical 

procedures [2]. However, conventional treatment methods have certain limitations including the usage 

of toxic chemicals, high cost of treatment, large footprint, long retention times and the creation of 

secondary pollution [1–4]. Moreover, new stringent environmental regulations put emphasis on more 

effective treatments, underlying the importance of adopting more efficient treatment options. Due to these 

reasons, recently membrane based treatments have been tried widely for produced water treatment [5–10]. 

Membrane distillation (MD) is an emerging process based on temperature gradient created across a 

microporous hydrophobic membrane. The process owns several advantages over the state-of-the-art 

techniques including the potential to use waste grade energy, ability to concentrate the solutions to 

their saturation level and theoretically complete rejection of all non-volatiles. These features make MD 

particularly attractive for processing produced water because of the energy level [11,12]. Technical 

feasibility of MD to treat produced water was confirmed by several recent studies [13–15]. The ability 

of MD to treat the solution beyond the saturation level has been well exploited in membrane crystallization 

(MCr). Unlike conventional crystallizers, in MCr a well-controlled nucleation and crystal growth are 

achieved through uniform evaporation rate through the pores of the membrane [16]. Therefore, MCr 

produces crystals of much higher quality in terms of purity and size distribution with respect to 

conventional industrial crystallizers. The potential of MCr to recover crystals and to target specific 

polymorphic salt structures from various concentrated solution was explored in various studies [17–19]. 

Application of MCr for produced water treatment provides the opportunity to simultaneously extract 

fresh water and minerals by utilizing the low grade energy associated with produced water during 

production process. 

Successful application of MCr for crystallization from produced water is, however, strongly related 

with the availability of suitable membranes and understanding of associated heat and mass transport 

phenomena. Membrane material, morphology and surface characteristics play a crucial role in 

dictating process performance and stability [20,21]. Besides that, utilized membranes may also affect 

the crystallization kinetic, polymorph and crystal characteristics as demonstrated in studies addressing 

the crystallization of protein molecules [19]. The objective of the current study is to investigate the 
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MCr potentialities for recovery of minerals and freshwater from microfiltered oilfield produced water. 

The effect of process variables including feed inlet temperature, feed flow rate and membrane material 

on transport phenomena and crystal characteristics has been scrutinized. 

2. Materials and Methods 

2.1. Membrane Used 

Commercial polypropylene (PP) and lab made polyvinylidene fluoride (PVDF) hollow fiber 

membranes were used in the experiments. For investigation at semi-pilot scale, two commercial PP 

modules from Microdyn Nadir connected in parallel were used. Each module contained 40 fibers with 

0.1 m2 surface area. For lab scale small plants, modules prepared in the laboratory with commercial PP 

and lab-made PVDF hollow fiber membranes were used. Synthesis of PVDF membranes used has 

been reported elsewhere [22]. The main properties of the membranes and modules applied are 

provided in Table 1. 

Table 1. Main properties of membrane applied in current study. 

Fiber Type 
Thickness Emod Rm Break W 

PMI  

Bubble 

Point 

PMI 

Pore 

Size 

Porosity 
Membrane 

Area 

(mm) N/mm2 N/mm2 % Nm (bar) (µm) (%) (m2) 

PP lab-made 

module 
0.45 103.75 4.16 174.40 1.11 0.76 0.2 73 0.0056 

PP Commercial 

modules 
0.45 – – – – – 0.2 73 0.2 

PVDF 0.40 65.76 3.86 259.95 0.71 0.87 0.23 80.77 0.0021 

2.2. Feed Composition 

Produced water for the current investigations was provided by Kuwait Institute of Scientific 

Research (KISR). The main characteristics of this water can be found in [23]. The water contains  

248 g/L of TDS and traces of volatile compounds. Ionic analysis carried out by ionic chromatograph 

(Metrohm, CH-9101) is shown in Table 2. Total organic carbon (TOC) analysis was performed 

according to the detailed procedure described elsewhere [23]. In membrane crystallization, calcium is 

often removed by chemical treatment to avoid the undesired scaling phenomena [24]. Nevertheless, in 

this study, the produced water was not treated chemically prior to MD and MCr in order to evaluate 

the feasibility of direct treatment. 

Table 2. Main properties of produced water used. 

Property Value 
TDS 248,000 

Conductivity (mS/cm) 228.2 
pH 6.15 

TOC 18.10 
TC 40.72 
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Table 2. Cont. 

Property Value 
Sodium Na 76,646 
Calcium Ca 6065 

Magnesium Mg 8361 
Potassium K 1396 
Chloride Cl 144,057 
Phosphate 1055 

Sulphate SO4 1213 
Nitrate NO3 613 

Floride F 472 

Note: All concentrations are in ppm. 

2.3. Membrane Crystallization Tests 

To test the initial technical feasibility of MCr for simultaneous recovery of water and salt crystals 

from produced water, experimentation was carried out by using small scale membrane modules. MCr 

tests were performed at feed inlet temperatures of 35 °C, 45 °C and 55 °C for each membrane while 

the permeate temperature was kept constant at 10 °C. For these temperatures, feed and permeate flow 

rates were adjusted at 150 and 70 mL/min, respectively. The effect of feed flow rate was inspected by 

changing the feed flow rate from 150 to 250 mL/min with an interval of 50 mL/min each. In order to 

avoid blockage of fibers due to possible scaling, outside-in configuration was applied. After 

confirming the technical feasibility of the process at small scale, the experimentation was extended at 

semi-pilot scale by using commercial PP modules from Microdyn Nadir at feed and permeate inlet 

temperatures of 40 °C and 15 °C, respectively. The quality of distillate was analyzed after regular 

interval by monitoring its conductivity. Figure 1 shows the set-up description used for experimentation 

at both scales. 

 

Figure 1. Schematic diagram of the set-up used for MCr. 
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2.4. Crystals Characterization 

The obtained crystals were analyzed visually by using transmitted optical microscope (ZEISS 

model Axiovert 25). The images were recorded by applying a video camera model VISIOSCOPE 

Modular System equipped with optical head (10-100×). The recorded images were analyzed by using 

Image J software version 1.48 V from Wayne Rasband, National Institute of Health, USA. Crystal 

growth and kinetic were analyzed by taking the sample after every 30 min. The obtained images were 

applied to calculate population density, growth rate, average crystal size, crystal size distribution and 

coefficient of variation (CV) at different stages of experimentation for all the conditions analyzed. 

CV was estimated through Equation (1), whereas growth and nucleation rate were estimated on the 

basis of the Randolph-Larson model (Equations (2) and (3), respectively): 
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where F is the cumulative percent function given by the crystal length at the indicated percentage; n is 

the crystal population density; L is crystal size; G is growth rate; t is retention time and n0 is population 

density at L equal to zero. 

2.5. Heat and Mass Transfer Analysis 

During the direct contact membrane distillation (DCMD) process, heat transfer from the feed side 

takes place via conduction through membrane and convection of vapors across the membrane, giving 

rise to thermal polarization. Heat and mass transport analysis was applied to explore the resistance to 

heat and mass transfer and to simulate the experimental flux. 

Based on surface temperatures and membrane characteristic parameter B, theoretical flux can be 

calculated by using the following relationship: 

J B P Ppmfm
 
 
 

   
(4)

where Pfm and Ppm are the vapor pressure corresponding to interfacial temperatures at feed (Tfm) and 

permeate side (Tpm), respectively. Dusty gas model has been widely applied to calculate the theoretical 

value of B [25,26]. According to the model, mass transfer through membrane pores can be expressed 

by the Knudsen diffusion model, molecular diffusion model or transition model. Membrane pore size 

and mean free path of vapors dictate the suitability of the applied model. In the current study, the mean 

free path of water vapors (~0.13 micron) is very close to the mean pore size of membranes applied 

favoring the application of transition model. According to this model, the membrane characteristics of 

parameter B can be calculated by using the following relationship: 
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where τ, δm, ɛ, r and M are tortuosity factor, membrane thickness, porosity, average pore size of 

membrane and molecular weight of water. Calculation of temperatures at interfaces requires the 

knowledge of corresponding heat transfer coefficients. Various correlations for heat transfer coefficients 

were proposed in literature [27–30]. The appropriate heat transfer coefficient was calculated according 

to the procedure explained elsewhere [31]. In the current study, the following correlation was found to 

be the most suitable to simulate the process [29] 

0.8
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On the basis of Nu, heat transfer coefficient can be calculated by using the following formula: 

NuK
h

D
  (7)

Given the fact that composition of produced water comprises mainly NaCl (Table 2), the calculation 

procedure was simplified by assuming the properties of produced water equivalent to that of NaCl at 

identical concentration and at the same temperature conditions. 

Knowledge of heat transfer coefficients allows calculating the corresponding Tfm and Tpm according 

to the following correlations: 
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where hv, hc and v  represent vapor heat transfer coefficient, membrane heat transfer coefficient and 

vapor enthalpy at average membrane temperature and can be calculated by Equations (10)–(12). 
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Vapor pressure at the membrane surfaces can be calculated by using the Antoine’s equation. 

3841
exp 23.238-

T-41
P    

 
 (13)

In the MD process applied to a solution, major resistances to mass transfer can be associated with 

boundary layers, membrane and solution concentration. The last two are intrinsic properties of the 

membrane and solution applied, respectively, while the former depend mainly upon the hydrodynamic 

and thermal conditions applied. Addition of solute into a solvent suppresses the vapor pressure of the 
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solution relative to pure solvent. The reduction in vapor pressure can be estimated by using the 

following correlation proposed by Yun et al. [32] 
2(1 )(1 0.5 )o

sP P x x x     (14)

Based on solution concentration and membrane surface temperatures, resistances to mass transfer 

offered by feed and permeate side boundary layers (Rf and Rp, respectively), membrane (Rm) and 

solution concentration (Rc) can be determined by the following correlations: 
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3. Results and Discussion 

3.1. Flux and Associated Resistances 

Discrete flux as a function of the recovery factor for PP (lab made and commercial modules) and 

PVDF membranes under various feed temperatures is shown in Figure 2. Theoretical flux calculated 

by taking into account concentration effect on solution properties is also provided in the same figure.  

A good agreement between experimental and theoretical flux is evident under all the conditions 

investigated for both membranes. The decrease in flux with experimental time in both cases can be 

attributed mainly to increase in solution concentration that decreases the vapor pressure of solution as 

evident from Equation (14). It can be noticed from the figure that flux for PP membrane increases from 

~1 L/m2h to ~3.4 L/m2h when feed inlet temperature is raised from 35 to 55 °C. The same trend was 

observed for PVDF membrane, though the flux is higher in this case at all thermal conditions applied. 

This observation is coherent with the acknowledgement of exponential increase of vapor pressure and 

associated flux with feed temperature provided in literature [33,34]. The effect of concentration 

polarization can be neglected due to very low trans-membrane flux obtained in this investigation. At all 

temperatures, the crystals appear in the solution at similar recovery factor of ~33%, although induction 

time decreases at higher temperature as supersaturation level is reached faster. It is well acknowledged 

that the solubility of NaCl increases marginally by increasing the temperature therefore, the crystals 

are yielded at approximately same recovery factor even if the solution temperatures are different. 

Experimentation was carried out to achieve equal recovery factor (~37%) in both cases. The crystals 

were simultaneously recovered from the solution and dried in oven at 45 °C overnight and weighed 

hereafter. The calculations show that 16.4 kg NaCl per cubic meter of produced water are recovered at 

recovery factor (RF) 37%. Indeed, the amount of recovered salts will be high at higher recovery 

factors. Lower flux observed in case of commercial PP modules can be attributed with their higher 

length [34,35]. Due to transfer of vapors from feed to permeate side and direct contact of two faces of 
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the membrane with hot feed and cold permeate, the temperature gradient along the fiber length 

decreases and results in reduction in average flux. 

Resistances to vapor transfer offered by membrane, boundary layers and solution as a function of 

RF can be found in Figure 3. Under the hydrodynamic and thermal conditions used in the current 

investigation, the feed side boundary layer and membrane itself offer the major resistance to mass 

transfer at relatively low solution concentration. Rp and Rm remain relatively insensitive towards 

increase in RF while Rf shows weak dependence on RF. With increase in RF, concentration of solution 

increases and affects solution density and viscosity that affect hydrodynamic conditions within the 

module. Resulting poor hydrodynamic conditions may partly contribute in flux decay of the system. It 

is well established that thermal polarization is less severe at low feed temperatures [33,36], therefore, 

Rf increases with increase in feed temperature as illustrated in Figure 3. Rc increases rapidly after a certain 

RF (~20%) and dominantly controls the mass transfer for MCr systems operating at low feed temperatures. 

(a) 

(b) 

Figure 2. Cont. 
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Figure 2. Discrete flux and recovery factors obtained at various thermal conditions for PP 

and PVDF membranes. (a) PP lab made modules (b) Lab made PVDF based modules  

(c) Commercial PP modules. The lines show the theoretical flux. 

 

Figure 3. Various resistances to mass transfer at different temperatures as function of 

solution concentration. 

In MD, a significant amount of heat is lost due to conduction taking place across the membrane due 

to direct exposure of membrane faces with streams at two different temperatures. Thermal efficiency 

(TE) defined by Equation (19) is a measure of heat utilized to vaporize the product to total heat 

transfer across the membrane. 

 m
fm pm
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J T T







 

 
(19)

TE can be tuned by appropriate selection of membrane features and operating conditions applied so 

that the flux of the system is the maximum. Figure 4 shows that TE for the PVDF membrane is slightly 

higher than the PP membrane under all the conditions investigated. The observed trend can be 

attributed to high overall thermal conductivity of PP membrane which is a function of membrane 
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material, its thickness and porosity [25,37]. Membranes synthesized with less conductive material and 

having high thickness and overall porosity display less thermal conduction losses. High TE of PVDF 

membrane observed in current study can be associated with its high porosity and inherently lower 

thermal conductivity of PVDF material. Figure 4 also reveals that TE decreases with increase in RF. As 

indicated in Figure 2, flux for both PP and PVDF membranes decreases with increase in RF and 

adversely affects TE. 

(a) (b) 

Figure 4. TPC and TE of PP (a) and PVDF (b) membranes as function of RF at various 

temperatures. 

Dependence of temperature polarization coefficient (TPC) on feed temperature and concentration 

for two studied membranes is illustrated in the same figure. It can be noted that TPC increases slightly 

with increase in solution concentration at all the conditions for both types of membranes. The trend is 

in agreement with previous studies where a similar increase was observed [38]. Two competing 

phenomena influence TPC: increase in solution concentration enhances the resistance to heat transfer 

(Figure 3) and at the same time reduces the flux of the system. The former phenomenon tends to lower 

TPC while the later reduces the convective heat flux through the membrane lowering the temperature 

gradient between bulk feed and membrane surface. The later phenomenon prevails the overall effect 

and contributes in overall observed increase in TPC. It can also be noted that increase in TPC with 

concentration is more prominent at higher feed temperatures. 

3.2. Characterization of Recovered Crystals 

In the current study, precipitation from produced water occurred around a recovery factor of 33%. 

The recovered crystals were analyzed with scanning electron microscopy (SEM), energy dispersive  

X-ray (EDX) and X-ray diffractometer (XRD). SEM images shown in Figure 5 at different 

magnifications illustrate a cubic structure. EDX spectra (Figure 6) clearly show that only sodium 

chloride without any impurities is crystallized. This analysis was confirmed by XRD (Figure 7) where 

the sample of crystals recovered from produced water shows the same peaks as for XRD spectra of 

NaCl from literature shown in inset of Figure 7. The recovered crystals were separated from the 

solution and were dried to estimate experimentally the quantitative potential of crystal recovery per 

T
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T
E

(%
)



Membranes 2015, 5 782 
 

 

unit volume of the feed. The weight of crystals separated from small and semi-pilot plant showed that 

16.4 kg of high quality crystals can be recovered per cubic meter of produced water at water recovery 

factors of 37%. 

 

Figure 5. SEM images of the crystals precipitated from produced water (a) Area of crystal 

sample—magnification: 100×; (b) Single crystal—magnification: 5000×. 

 

Figure 6. EDX spectra obtained for the crystals precipitated from produced water. 

Once the first crystals were observed, a sample of mother liquid containing crystals was analyzed 

by optical microscope. Mean diameters of recovered crystals using PVDF membrane increase with 

increasing temperature (Figure 8a) due to the improvement of trans-membrane flux and hereby 

supersaturation gradient, which is the driving force for crystal growth. However, mean diameters of 

the produced crystals by using PP membrane at different feed temperatures do not show any clear 

trend. Growth rate shown in Figure 9a has the same trend as mean diameter and its value at constant 

feed flow rate is higher for the highest temperature, which is explained by the higher supersaturation 

ratio caused by the higher flux at 55 °C. 
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Comparing the PVDF and PP membranes, the growth rate by using the PVDF membrane is much 

lower (Figure 9a). The reason is the difference in membrane surface area between the two modules, 

i.e., 0.0021 m2 for PVDF and 0.0056 m2 for PP, thus the same concentration factor can be reached 

sooner using PP membrane, and, therefore, the growth rate increases. 

Besides supersaturation gradients, mean diameter and crystal growth are also influenced by feed 

flow rates, due to a control in the transfer of material from solution to crystal interface (diffusion) and 

by organization of material from the interface into the crystal lattice (integration) [39,40]. Either the 

diffusion or integration is the rate limiting step. If mean diameter and crystal growth increase with 

increasing feed flow rate, the diffusion step is rate limiting. Likewise, if mean diameter and crystal 

growth is suppressed at higher feed flow rates, it is the integration of material into crystal lattice which 

is the rate determining step. In crystallization from produced water, the average mean diameter and 

growth rate decrease with increase in feed flow rate (Figures 8b and 9b). Therefore, the limiting step of 

crystal growth is the integration step under the given operative conditions. 

 

Figure 7. XRD spectra obtained from the recovered crystals from produced water. Spectra 

of NaCl from literature has been shown in inset. 

 
(a) (b) 

Figure 8. Mean diameter of the produced crystals at different feed temperatures and feed 

flow rates ((a,b) respectively). 
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(a) (b) 

Figure 9. Growth rate of the produced crystals at different feed temperatures and feed flow 

rates ((a,b) respectively). 

Coefficient of variation (CV) is a parameter used to characterize the uniformity of the produced 

crystals. In this study, CV tends to decrease with increasing temperature (Figure 10a). This can be 

attributed to the easier dissolution of small particles at higher temperatures, thus making the crystal 

product more uniform with respect to size distribution. No clear tendency is observed for the different 

feed flowrates as shown in Figure 10b, although the majority of the obtained values show a uniform 

production by having CV values below 50%, which is normally obtainable for industrial crystallizers [41] 

and in the ranges of what has been achieved by membrane crystallization in other studies [24]. 

 

Figure 10. Coefficient of variation (CV) for lab scale modules as function of feed 

temperature and flow rate. 

Similar to lab scale units, the crystals from semi-pilot scale plant tests were also recovered and 

characterized. Once the first crystals were observed, a sample of mother liquid containing crystals was 

analyzed by optical microscopy (Sample 1). Samples 2 and 3 have been characterized after 20 min and 

40 min from crystallization onset, respectively. From the crystal images, mean diameter, CV and 

growth rate were estimated and are shown in Figure 11. Diameter of the crystals is increasing with 

passage of time due to the nature of crystal growth and the continued incorporation of materials into 

the crystal lattice. The relative constant increase in diameter and growth rate indicates that the 

crystallization process is well-controlled and no crystals are growing uncontrollable nor breaking. 



Membranes 2015, 5 785 
 

 

 

Figure 11. Diameter, coefficient of variance and growth rate for crystals recovered from 

semi-pilot plant at different time intervals. 

Sodium chloride normally has a cubic shape. Deviation from cubic structure can be influenced by 

the presence of impurities in the solution [24]. The main part of the produced crystals show a length to 

width ratio below 1.4 (Figure 12), illustrating a good cubic structure. No particular trend between PP 

and PVDF membrane and the different temperatures and flow rate is observed, thus no disturbance of 

the cubic crystal growth or incorporation of impurities which can impact the crystal habit has been 

affected by the various operation conditions (as also proved by the EDX and XRD spectra shown in 

Figures 6 and 7, respectively). 

 

Figure 12. Percentages of analyzed crystals with length to width ratio below 1.4. 

3.3. Membrane Morphology Analysis 

Membrane morphology in non-solvent and thermal induced phase separation techniques is a 

function of operating conditions and dope composition applied at the processing stage and plays a 

crucial role in dictating overall performance of the membrane distillation process. It was shown in 

previous studies that membranes containing macrovoids exhibit superior performance against pure 

water compared with sponge like morphologies [22]. However, the situation can be different when 

these membranes are applied for treatment of real solutions. 
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The membranes utilized in the tests were analyzed at the end of the performed experiments. SEM 

images of the cross sectional morphologies of PVDF and PP membranes used in the current study are 

shown in Figure 13a,b The figure indicates that the microstructure of PP membrane comprises of sponge 

like structure whereas the PVDF membranes possess asymmetric structure containing macrovoids on 

the outer periphery. However, as shown in Figure 13b, the PVDF membrane contains a smooth outer 

layer whereas in case of PP the outer layer is characterized by the presence of cavity-like structures. 

Such morphology can be interesting to induce local turbulence at the membrane surface thus improving 

temperature distribution, however, these can also make severe the scale formation phenomenon at the 

membrane surface. 

 

Figure 13. SEM images of PP (left) and PVDF (right) membranes used (a) Images of 

cross sections of used membrane; salt crystals present in PVDF membrane have been 

indicated with arrows (b) Surface images of the corresponding membranes, crystals within 

pores and at the surface are evident. 
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Figure 13a shows the cross sectional images of two used membranes and indicates the presence  

of some salt crystals inside the macrovoids. This is a clear indication of the wetting of macrovoid.  

On contrary, no salt crystals were detected inside the PP membrane structure that indicates no wetting 

in case of PP. However, scenario is different for surface scaling where significantly more scales are 

observed at PP surface. This observation can be related with the surface characteristics of the  

two membranes investigated. The cavity type structures present at PP membrane acts as anchoring 

point for crystals to grow and adhere. As illustrated in the figure, it seems that crystals are trapped 

within the cavities. However, it is not clear from this study whether the crystal growth has started at 

the surface or in the bulk feed followed by adherence with the surface during the feed circulation along 

the fiber. In contrast, the smooth surface skin layer of the PVDF membrane does not provide favorable 

conditions for the crystals to adhere and grow at the surface and, consequently, very little surface 

scaling has occurred in this case. These observations are coherent with the opinion established by 

Gryta [21]. The author applied PP membranes with different characteristics and noted that the 

membranes with large surface pores facilitate the deposition of crystals inside the pores. 

The obtained results furnish a useful indication for the selection of appropriate membrane and 

operative conditions for efficiently carrying out the MCr process, as well as of the necessity to 

periodically clean the utilized membranes in order to restore their initial performance, thus avoiding 

wetting and scaling problems. 

3.4. Cost Analysis 

In this work, an economical evaluation of the described process was carried out. The cost analysis 

was performed considering a 100 m3/h plant equipped with pre-filtration for the pre-treatment of the 

produced waters. All the details of the economical evaluation can be found in [23]. 

The cost calculation is given in Figure 14 considering performance and properties of the PP and 

PVDF membrane used in the experiments. For each tested membrane, two different costs were 

estimated: (i) unit desalted water cost without considering salts sale and (ii) unit desalted water cost 

with salts sale. 

 

Figure 14. Treatment cost for various operating conditions and membranes applied. 
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The performed economic evaluation indicates that the water unit cost ranges from 4.81 $/m3 for PP 

commercial membrane without considering the gain for the salts sale to 1.24 $/m3 for PVDF membrane 

working at 55 °C. The achieved results strongly depend on the performance of the three different utilized 

membranes (commercial PP, lab made PP, lab made PVDF) when used in MCr operation. As a matter 

of fact, the higher the flux (Figure 15), the lower the required membrane area will be and, as a 

consequence, the membrane and water costs. 

 

Figure 15. Flux of various membranes tested under different feed inlet temperatures. 

It was also observed that, for the same membrane, increasing the operating temperature from 35 to 

55 °C, caused an enhancement of trans-membrane flux (thus decreasing the membranes cost both  

for what concerns capital and operating cost) but also a rise in thermal energy consumption (thus 

increasing heating cost). However, at least for the results achieved in the tests, the positive effect of the 

growth of membrane flux (due to the improvement of driving force) completely overcomes the negative 

effect related to the increase in steam cost. Without considering the salts sale, the minimum cost was 

2.83 $/m3 and 2.61 $/m3 for PP and PVDF lab made membranes, respectively. Considering the high 

quality of the obtained NaCl salts, the water cost drops to 1.52 $/m3 and 1.24 $/m3 for PP and PVDF lab 

made membranes respectively, when the salts sale is taken into account in the economical evaluation. 

4. Conclusions 

In the present work, MCr was applied for the treatment of produced water with the aim to recover 

the minerals contained. The process showed stable performance when the formed crystals are recovered 

from the solution. However, at the utilized operating conditions, a decrease in flux was observed  

for increasing solution concentration due to the suppression of the vapor pressure of the solution. 

Trans-membrane flux of the system was simulated by using existing heat transfer and vapor pressure 

depreciation correlations. High quality crystals were produced starting from the water recovery factor of 

33%. The crystals showed uniform size distribution (proved by low coefficient of variations) and a 

good cubic structure. Crystal growth increases by increasing feed temperature due to the higher super-

saturation ratio caused by the higher flux. The opposite was the trend of crystal growth with respect to 

feed flow rates, where the growth decreases with increase of flow rates. Therefore, the limiting step of 

crystal growth is the integration of material from the interface into the crystal lattice under operative 
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conditions applied in current study. Cavity like structures present at PP membrane act as anchoring 

points for crystals to adhere and attach with. On the contrary, smooth morphology of the outer surface 

of the PVDF membrane is more resistant to scale formation. These observations provide a useful 

insight for the selection of appropriate membrane features for MCr applications in general. 
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Symbols and Abbreviations 

B Membrane characteristics parameter 

CV Coefficient of variation (%) 

D Fiber inner diameter (m) 

F Cumulative percent function (µm) 

G Crystal growth rate (µm/min) 

h Heat transfer coefficient (w/K.m2) 

J Flux (kg/m2·s) 

L Crystal length (µm) 

M Molecular weight (kg/mol) 

Nu Nusselts number 

n0 Population density at length zero 

P Vapor pressure (Pa) 

R Resistance (Pa s m2/kg) 

RF Recovery factor (%) 

T Temperature (K) 

TC Total carbon (ppm) 

TDS Total dissolved solids (ppm) 

TE Thermal efficiency (%) 

TOC Total organic carbon (ppm) 

x Mole fraction 
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Suffix 

f Feed 

m Membrane 

p Permeate 

s Solution 

Greek symbols 

δm Membrane thickness (m) 

ε Porosity (%) 

r Average pore size (m) 

τ Tortuosity factor 
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