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 In previous work, the reverse osmosis (RO) process was evaluated based on the potential 

synergy of Process Design and response surface methodology (RSM) methodologies, and the 

effects of membrane age, percentage recovery, concentrations of salts, pH, temperature, and 

pressure of feed water and the rejected brine concentration were optimized and modeled.  

The current work includes the determination of phenomenological parameters of mass 

transfer for RO membrane systems using the Spiegler-Kedem-Katchalsky model. The mass 

transfer coefficient and membrane permeability for salts were determined as a function of 

temperature and percentage recovery. The calculations of mass transfer parameters were 

based on a reference RO membrane (ESPA4-LD-4040), a three stage RO process, a 3-year 

membrane age with 95% and 85% recovery, a permeate flow 20 m3/h, pH 7, a constant feed 

TDS of 800 mg/l, constant pump pressure for feed water of 15 bar, and feed-water 

temperatures of 4, 8.2, 25, 30, and 42oC. The results showed that when the temperature 

increases from 4°C to 42°C, the mass transfer coefficient increases by 35.44% for 95% 

recovery, and 83.97% for 85% recovery, respectively. A general mathematical model 

describing the relationship between the mass transfer coefficient and feed water 

temperature, water permeability, and salt permeability was developed. The Spiegler-Kedem-

Katchalsky model proved its capability for membrane performance evaluation through the 

determination and correlation of the phenomenological parameters of mass transfer for the 

membrane system. 

 

Keyw ord s:  

Mass transfer coefficient; 

Temperature;  

Recovery;  

Water permeability;  

Salt permeability; 

Permeate flux. 

© 2025 The Author(s). Journal of Heat and Mass Transfer Research published by Semnan University Press. 

This is an open access article under the CC-BY-NC 4.0 license. (https://creativecommons.org/licenses/by-nc/4.0/) 

 

1. Introduction 

The future looming shortage of drinking 
water demands urgent intervention. Addressing 
this issue, the desalination of seawater and 
brackish water emerges as a viable alternative. 
The primary techniques employed for 
demineralizing water with an excess of salts are 

nanofiltration and reverse osmosis [1]. However, 
this approach introduces complexity in terms of 
mass transfer mechanisms, involving (i) 
convection, driven by the pressure gradient Δp, 
and (ii) diffusion, occurring due to the 
concentration gradient. Different methods have 
been utilized in the literature to describe RO 
membrane parameters and the mass transfer 
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coefficient (k). These methods include (a) direct 
measurements, employing optical or 
microelectrode techniques; (b) indirect 
measurements, where the true rejection is 
determined through extrapolation to infinite 
feed circulation; and (c) indirect measurements, 
where the mass transfer coefficient is calculated 
using a concentration polarization model 
combined with a membrane transport model. 
Nevertheless, each of these approaches comes 
with its own set of advantages and 
disadvantages [2]. Current recognition supports 
the use of a three-parameter model, such as the 
Spiegler-Kedem model. The SKK model uses 
three parameters to characterize transport: the 
reflection coefficient, solute permeability, and 
water permeability. Calculation of the 
concentration at the membrane surface is 
required to estimate reflection coefficient and 
solute permeability; hence, different approaches 
to estimate the mass transfer coefficient based 
on film theory have been proposed. However, 
the mass transfer coefficient across the 
concentration polarization layer is not one of the 
characteristic transport parameters in the SKK 
model [3]. The interplay of solute transport 
coupled with osmotic water fluxes holds 
significant importance in membrane technology. 
Ordered mass transfer across cell membranes 
plays a crucial role in various physiological 
processes. Artificial membranes, applied across 
diverse fields, including desalination, employ 
different types of artificial membranes [4]. The 
analysis of such phenomena commonly involves 
the use of Kedem-Katchalsky (K-K) equations 
and their improved versions [4]. The initial 
results were derived using the Spiegler-Kedem-
Katchalsky model, an irreversible-
thermodynamics-based approach. This modeling 
approach aims to determine the 
phenomenological parameters of mass transfer 
for each membrane/salt system, including salt 
permeability (Ps) and the mass transfer 
coefficient (k). In any membrane transport 
process, a boundary layer problem arises, 
leading to variations in solute concentration at 
the membrane-liquid interface. The mass 
transfer coefficient becomes a function of feed 
flow rate, cell geometry, and the solute system. 
Current recognition supports the use of a three-
parameter model, such as the Spiegler-Kedem 
model, for a more accurate description of the 
transport processes occurring within RO 
membranes [4]. 

2. Theoretical and Analytical Aspects  

The approach used in this work primarily 
relies on data collected from several RO pilot 
plants in the Kurdistan region of Iraq as a basis 
for studying the parameters affecting RO process 

performance. The collected data includes ranges 
of applied pressure, temperature, feed water 
type and TDS.  

The calculations of the mass transfer 
parameters in the current work are based on a 
reference RO membrane (ESPA4-LD-4040), a 
three stages RO process, a three-year membrane 
age with 95% and 85% recovery. Additional 
conditions include permeate flow of 20 m3/h, pH 
7, a constant feed TDS of 800 mg/l, a constant 
feed-water pump pressure of 15 bar, and feed-
water temperatures of 4, 8.2, 25, 30, and 42oC. 
The Spiegler–Kedem–Katchalsky irreversible 
thermodynamics model is employed; it operates 
on a non-equilibrium basis, treating the 
membrane as a black box where relatively slow 
processes approach-equilibrium. In this context, 
the intricacies of the transport mechanisms and 
the membrane's structural details are 
overlooked. The model serves as a transport 
framework illustrating the ion transport 
mechanism through membrane pores within a 
solvent-salt system, grounded in the 
thermodynamics of irreversible process. Solute 
transport across the RO membrane is delineated 
by the Spiegler and Kedem-Katchalsky 
equations. These equations combine the 
transport processes of diffusion and convection 
for uncharged molecules, as expressed in the 
following two equations [4]: 

𝐽𝑤 = 𝐴 × (∆𝑝 − ∆𝜋) (1) 

𝐽𝑠 = 𝐵 × (𝐶𝑚 − 𝐶𝑝) (2) 

Expressed as 𝐽𝑤  and 𝐽𝑠, the solute flux and 
solvent flux, respectively, are influenced by the 
trans-membrane pressure (Δp) and the osmotic 
pressure (Δπ), and the latter of which is typically 
dependent on salinity. The variables 𝐶𝑚 and 𝐶𝑝 

represent the salt concentrations at the 
membrane surface and in the permeate, 
respectively. The parameters A and B denote the 
water permeability and salt permeability, 
respectively. The Spiegler–Kedem-Katchalsky 
model, rooted in irreversible thermodynamics, is 
employed to determine the phenomenological 
parameters of mass transfer for each 
membrane/salt system—specifically, the salt 
permeability (Ps) and the mass transfer 
coefficient (k) [3]. Reports of Zhao [5] indicate 
that the combined Spiegler-Kedem/film theory 
model is employed to provide the most accurate 
description of experimental data, especially 
when utilizing a spiral-wound polymer 
membrane. This particular membrane exhibits 
high sensitivity to feed temperature and, to a 
lesser extent, to the feed-flow rate [6]. 

The RO data were subjected to analysis using 
the Spiegler-Kedem-Katchalsky model to 
concurrently estimate membrane transport 
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parameters and k. It is widely acknowledged 
that the hydrodynamic conditions of a 
membrane system are influenced by factors such 
as flow rate, flux, recovery, feed pressure, 
pressure drop, transmembrane pressure drop, 
and temperature. Other operational 
considerations encompass the introduction of 
various chemicals, including pH control, 
antiscalants, or biocides. Although membrane 
systems may be maintained in a comparable but 

not identical manner, the operating conditions 
exert a significant impact on solute mass-
transfer coefficients (MTCs). The interrelation of 
flow rate, flux, recovery, feed pressure, pressure 
drop, and transmembrane pressure drop 
collectively influences all aspects of solute MTCs. 

The mass-transfer calculations were 
undertaken using a set of mathematical 
equations listed in Table 1. 

Table 1. The mathematical equations used in mass transfer calculations 

No. Mathematical  

equation 

Definition of the 

property estimated 

Unit Parameters 

definition 

Reference 

1 
𝑆𝑃 = 100% ×

𝐶𝑝

𝐶𝑓
 

SP (Salt passage) - Cf=salt concentration (feed) 

Cp= permeate conc. 

[7] 

2 𝑆𝑅 = 100% − 𝑆𝑃 SR (Salt rejection) - SP salt passage [7] 

3 𝐶𝑐

= 𝐶𝑓 × (1 − 𝑅(1

− 𝑆𝑅)/(1 − 𝑅) 

Cc (TDS concentrate) mg/l R= recovery % [7] 

4 
𝜋𝑓 = 𝐶𝑓 × (

0.8

1000
) 

πf  

(Feed osmotic pressure) 

bar 0.8/1000= rule of thumb [7] 

5 
𝜋𝑐 = 𝐶𝑐 × (

0.8

1000
) 

πc (Permeate osmotic 

pressure) 

bar 0.8/1000= rule of thumb 

Cc = concentration of concentrate 

[7] 

6 𝜋𝑓𝑐 = (𝜋𝑓 + 𝜋𝑐)/2 πfc (Average osmotic 

feed&conc.) 

bar πf = feed osmotic pressure 

πc=permeate osmotic pressure 

[7] 

7 𝜋𝑝 = 0.05 × 𝜋𝑓𝑐  πp 

(Brackish water ) 

bar πp=0.05×πfc for Brackish water [7] 

8 ∆𝜋 = 𝜋𝑓𝑐 − 𝜋𝑝  ∆πav (Difference of avg. 

osmotic pressure feed – 

conc. and osmotic pressure 

permeate) 

bar πfc =Average osmotic feed&conc. 

πp=0.05×πfc for brackish water 

[7] 

9 𝑁𝐷𝑃

= 𝑃𝑓 − (
∆𝑃𝑒

2
)

− ∆𝜋𝑎𝑣. −𝑃𝑝 

Net driving pressure (NDP) bar pf = feed pressure pump 

Pp = 0(negligible permeate 

pressure) 

∆Pe=0.2(suction head loss) 

[7] 

10 𝐽𝑤 = 𝑄𝑤/𝐴𝑒 (Jw) 

Water flux for membrane 

l/m2 h Qw =20 m3/h(permeate water flow 

rate) 

Ae =7.43 m2(membrane area per 

element) 

[7] 

11 𝐾𝑤 = 𝐽𝑤/𝑁𝐷𝑃 (Kw) Membrane 

permeability for water 

l/m2 bar.h NDP = net deriving pressure 

Jw = permeate flux 

[7] 

12 𝐶𝑓𝑐 = (𝐶𝑓 + 𝐶𝑐)/2 (Cfc) Average feed-con. 

concentration 

mg/l Cf = salt concentration (feed) 

Cc = concentration of concentrate 

[7] 

13 𝐶𝑝 = 𝐶𝑓𝑐 × (1 − 𝑆𝑅) (Cp) 

Permeate concentration 

mg/l Cfc = average feed-con. 

concentration 

SR salt rejection % 

[7] 

14 𝐽𝑠 = 𝑄𝑤/𝐴𝑒 (Js ) Salt flux l/m2 h Qw = 20 m3/h(permeate water flow 

rate) 

Ae = 7.43m2(membrane area per 

element) 

[7] 

15 
𝐾𝑠 = 𝐽𝑠 × (

𝐶𝑝

𝐶𝑓𝑐
) 

(Ks)  

Membrane permeability for 

salt 

l/m2 h Js =Salt flux 

Cfc = average feed-con. 

concentration 

Cp = permeate conc. 

[7] 
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16 𝐽𝑤 = 𝐴 × (∆𝑃 − ∆𝜋) (Jw )Water flux l/m2 h A= membrane permeability for 

water 

∆p = Pressure gradient 

∆π = Osmotic pressure 

[7] 

17 𝐽𝑣 = 𝐵 × (𝐶𝛿1 − 𝐶𝑝) (Jv )Salt flux l/m2 h B membrane permeability for salt 

𝑐𝛿1 conc. At membrane 

Cp= Permeate conc. 

[7] 

18 ∆𝜋 = 𝑅𝑇(𝐶𝛿1 − 𝐶𝑝) (𝑐𝛿1) Concentration at 

membrane Surface 

bar R=0.0802 

(l.bar/K.mol) 

T=4-42°c 

Cp= Permeate conc. 

∆π =Osmotic pressure 

[8] 

19 𝑘

=
𝐽𝑣 

ln{ (
∆𝑝
∆𝜋

) ∗ [1 − (
𝐽𝑣

𝐽𝑤
)]}

 

(k)  

Mass transfer coefficient 

m/h ∆p = Pressure gradient 

∆π = Osmotic pressure 

Jw Permeate flux 

Jv   Salt flux 

[9] 

 

3. Results and Discussion  

As previously documented in the literature, 
temperature has the potential to modify solvent 
properties, including solvent viscosity and solute 
diffusivity. Additionally, temperature can 
influence the physical attributes of polymeric 
membranes, such as pore size and potentially 
the solvent diffusivity within the membrane. It's 
noteworthy that the effects on solvent and 
membrane material may not be synchronized. 
According to the study of Zhao [5], polymer 
membranes exhibit a high sensitivity to 
variations in feed temperature; an increase in 
feed temperature from 20 to 40 degrees Celsius 
led to a remarkable 60% rise in permeate flux. 
Intriguingly, a minimum flux was observed at an 
intermediate feed temperature, suggesting 
intricate physical changes within the membrane 
as the temperature increased. In summary, the 

performance of a diffusion-controlled 
membrane, as per a simplified solution diffusion 
model, is characterized by two fundamental 
coefficients: Kw (membrane permeability for 
water) and Ks (membrane permeability for salt). 
These coefficients are constants linked to the 
specific physical and chemical characteristics of 
each membrane. However, in reality, numerous 
factors can influence mass transfer coefficients 
(MTCs) (mass transfer coefficient). Zhao [5] 
demonstrated the important role of membrane-
solute-solvent interactions and their impact on 
the solute mass transfer. He highlighted the 
complex and mixed effects of these interactions. 

The estimated numerical values for mass 
transfer coefficient, water and salt permeability, 
water and salt fluxes, and salt rejection 
percentage at 95 % and 85% recovery are listed 
in Table 2 and Table 3, respectively. 

Table 2. The estimated numerical values for the mass transfer coefficient, water and salt permeability, water  
and salt fluxes, and salt rejection percentage at 95% recovery 

Exp. Temperature 

(°C) 

Permeate 

TDS (mg/l) 

Jw 

l/m2.h 

Js 

l/m2.h 

Kw 

l/m2.bar.h 

Ks 

l/m2.h 

K 

m/h 

SR% NDP 

(bar) 

1 4 150.19 3331.3 10.106 280.4 505.3 3.189 81.23 9.60 

2 8.2 201.29 2948.7 13.550 270 677 4.28 74.84 9.97 

3 25 365.85 2384.7 10.231 292.5 1231 3.858 54.27 9.20 

4 30 402.71 1785.4 13.551 235.4 1355.1 4.227 49.66 11.43 

5 42 477.95 1472 16.0818 225 1608.2 4.932 40.25 11.96 

Table 3. The estimated numerical values for the mass transfer coefficient, water and salt permeability, water 
 and salt fluxes, and salt rejection percentage at 85% recovery 

Exp. Temperature  

(°C) 

Permeate 

TDS (mg/l) 

Jw 

l/m2.h 

Js 

l/m2.h 

Kw 

l/m2.bar.h 

Ks 

l/m2.h 

K 

m/h 

SR% NDP 

(bar) 

1 4 37.03 2275.3 2.492 212.9 124.6 0.85 95.37 12.95 

2 8.2 44.36 2116.6 2.984 227.7 149.2 1.068 94.46 11.82 

3 25 94.73 1293.4 6.374 210.8 318.7 2.582 88.16 12.77 

4 30 118.42 1186.9 7.970 209.9 398.5 3.288 85.20 12.82 

5 42 189.84 1039.5 12.775 207.4 638.8 5.302 76.27 12.98 
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The percent recovery is calculated by 
multiplying the ratio of permeate flow rate to 
feed flow rate by 100. The percentage of 
recovery is inversely related to the permeate 
flow rate and the percentage of rejection, 
assuming other factors such as feed water TDS, 
operating pressure, and feed water temperature 
remain constant. When the percentage of water 
recovery is low, more water is drained and lost, 
but the RO membrane's performance is 
enhanced. Manufacturers of RO systems 
typically propose a recovery rate to balance 
performance and economics [10].  In Fig. 1, salt 
rejection (%) for 95% recovery at a temperature 
of 4°C is 81.23% while for 85% recovery  it is 
95.37.  For the maximum temperature which is 
42°C, at recovery 95% and 85% the value are 
40.26 % and 76.27% respectively. This means 
that increasing the feed temperature from 4 to 
42°C resulted in a decrease in salt rejection (%) 
by 50.45% for 95% recovery and 20.02% for 
85% recovery. Apart from the solution viscosity 
decrease, there is an increase in salt diffusivity. 
This situation may contribute to decreasing 
membrane fouling. The same trend was pointed 
out by Farhat et al. [11] who declared that when 
temperature increased from 24°C to 56°C, salt 
rejection decreased from 80% to 68%.  

 
Fig. 1. Salt rejection(%) versus temperature at a constant 

pressure of 15 bar and 800 mg/l TDS of feed water 

Boussouga and Lhassani [12] indicated that 
salt permeability Ps is contingent upon the 
effective charge of the membrane, as well as the 
nature and concentration of the solute. 
Meanwhile, the mass-transfer coefficient (k) is 
influenced by the physico-chemical properties of 
the solution and the hydrodynamic conditions 
within the system.  As shown in Figs. 2 and 3, 
when temperature increases, the coefficients (k, 
ks) for both investigated recoveries, 95% and 
85%, increase from (3.188 m/h, 505.3 l/m2h) at 
4°C for 95% recovery to (4.93 m/h, 1472 l/m2h) 
at 42°C, respectively. Also, for 85% recovery, 
they were (0.85 m/h, 124.6 l/m2h) at a 

temperature 4°C and similarly increased to 
(5.302 m/h, 638.8 l/m2h) at 42°C. However, the 
result showed that the mass-transfer coefficient 
and salt permeability increased by 35.34% and 
68.57% for 95% recovery, and 83.97% and 
80.50% for 85% recovery. Wang et al. [13] 
anticipated that phenomenological parameters, 
specifically water permeability and salt 
permeability, are frequently employed to assess 
membrane performance in RO. Traditionally, 
these parameters are assumed to remain 
constant and independent of each other. 
However, recent experimental studies suggest a 
potential variation in salt permeability based on 
feed salt concentration. The observed increase in 
permeate salt concentration and water flux 
surpasses the rise in salt concentration 
difference across the membrane, leading to an 
augmented salt permeability with increasing 
hydraulic pressure. This influence of hydraulic 
pressure on salt permeability becomes more 
pronounced at higher feed concentrations, 
attributed to the heightened partitioning of ions 
into the membrane, consequently enhancing salt 
flux through both advection and diffusion.  

Moreover, Hung et al. [8] noted that the 
osmotic pressure of a salt  solution increases as 
the temperature rises. Depending on the 
fluctuation in the water diffusion coefficient, the 
water permeability coefficient may be raised or 
lowered. As predicted in the current work (Kw) 
for both investigated recoveries, 95% and 85%, 
(as shown in Fig. 4), (Kw) was 280.4 l/m2bar.h at 
temperature 4°C for 95% recovery, and it was 
225 l/m2bar.h at 42°C, respectively. Also, for 
85% recovery, it was 212.9 l/m2bar.h at 
temperature 4°C and 207.4 l/m2bar.h for 42°C, 
respectively. Therefore, the permeate flux (Jw) 
may rise or decrease depending on which factor 
has the most significant effect. Water flux 
decreased by 55.81% for 95% recovery and 
54.31% for 85% recovery, and Kw decreased by 
19.75% for 95% recovery and by 2.58% for 85% 
recovery. The investigation by Okamoto and 
Lienhard [14] demonstrated that as membrane 
water permeability rises, the feed pump 
pressure asymptotically decreases to the 
osmotic pressure of the brine. In the context of 
SWRO, elevating membrane water permeability 
from (1) to (3) l m h/bar correlates with a 
reduction in feed pump pressure from 70 to 63 
bar. In contrast, according to Wang et al. [13], 
water permeability remains consistent even 
when salt concentration and hydraulic pressure 
undergo extensive variations. This stability is 
attributed to the prevailing influence of friction 
between water and the membrane in 
determining the hydraulic pressure drop across 
the membrane. This friction factor is unaffected 
by salt concentration and hydraulic pressure, 
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resulting in a constant water permeability 
irrespective of the operational conditions. 

It is worthy to note that the salt flux also 
increases when the temperature increases, by 
59.13% for 95% recovery and 80.50% for 85% 
recovery. Figure 5 shows that salt flux increases 
from 10.2 l/m2h at 4°C to 16.818 l/m2h at 42°C 
for 95% recovery. The same observations are 
noted for 85% recovery, where salt flux 
increases from 2.492 l/m2h at 4°C to 12.8 l/m2h 
at 42°C.  

The permeate flux (Jw) may rise or decrease 
depending on which factor has the most 
significant effect; water flux decreased by 
55.81% for 95% recovery and 53.19% for 85% 
recovery. Figure 6 shows that permeate flow 
decreases at both recoveries, 95% and 85%, 
from 3331.3 l/m2h at 4°C to 1472 l/m2h at 42°C 
and 2275.3 l/m2h at 4°C to 1039.5 l/m2h at 42°C, 
respectively. Thus, water flux decreased by 
55.81% for 95% recovery and 54.31% for 85% 
recovery. 

 
Fig. 2. Mass transfer coefficient versus different temperature 

at a constant pressure of 15 bar and 800 mg/l TDS  
of feed water 

 
Fig. 3. Salt permeability versus temperature at constant 

pressure of 15 bar and 800 mg/l TDS of feed water 

 
Fig. 4. Water permeability versus temperature at a constant 

pressure of 15 bar and 800 mg/l TDS of feed water 

 
Fig. 5. Salt flux versus temperature at a constant pressure of 

15 bar and 800 mg/l TDS of feed water 

 
Fig. 6. Permeate flux versus different temperature at a 

constant pressure of 15 bar and 800 mg/l TDS of feed water 

It was reported that for constant product 
flow, when the temperature of feed water 
increases, the product water salinity increases, 
and the required applied pressure decreases; 
therefore, energy consumption decreases [15].  

0

1

2

3

4

5

6

4 8.2 25 30 42

k m/h

Temperature °C

R 95

R 85

0

200

400

600

800

1000

1200

1400

1600

1800

4 8.2 25 30 42

ks l/m2h

Temperature °C

R 95

R 85

0

50

100

150

200

250

300

350

4 8.2 25 30 42

kw l/m2

bar h

Temperature °C

R 95% R 85%

0

2

4

6

8

10

12

14

16

18

4 8.2 25 30 42

Jv l/m2h

Temperature°C

R 95% R 85%

0

500

1000

1500

2000

2500

3000

3500

4 8.2 25 30 42

Jw l/m2h

Temperature°C

R 95% R 85%



Mohammed et al. / Journal of Heat and Mass Transfer Research 13 (2026) 439 - 447 

445 

The productivity increases when the RO unit 
operates at high temperature. Fewer membrane 
elements will be required if the permeate flow is 
allowed to increase as the temperature 
increases; this situation results in a remarkable 
saving in the cost of water production.  

However, as shown in Fig. 6, permeate flow 
decreases at both recoveries, 95% and 85%, 
from 3331.3 l/m2h at 4°C to 1472 l/m2h at 42°C, 
and 2275.3 l/m2h at 4°C to 1039.5 l/m2h at 42°C, 
respectively. The reason may be the application 
of constant feed pressure, which indicates that 
the increase in temperature of feed water had a 
reverse effect on permeate flow.  Hung et al.  [8] 
reported that Δp of the feed solution affects 
positively the permeate flux. In the current 
work, Δp decreases by 51.32% for 85% and by 
45.16% for 95% recovery, causing a decrease in 
permeate flux by 54.31% for 85% recovery and 
by 55.81% for 95% recovery.  

The reason can be demonstrated by the fact 
that the permeate flux is directly proportional to 
the net driving force (Δp-Δπ). The pace of 
recovery influences salt passage and product 
flow. As the recovery rate increases, so does the 
salt concentration on the feed-brine side of the 
membrane, resulting in a greater salt flow rate 
across the membrane. In addition, a higher salt 
concentration in the feed-brine solution raises 
the osmotic pressure, hence decreasing the NDP 
and the product water flow rate. 

In any RO system, the maximum achievable 
recovery is typically dictated not only by the 
limiting osmotic pressure but also by the 
concentration of salt in the feed water and its 
propensity to precipitate on the membrane 
surface. As depicted in Figs. 7 and 8, when the 
permeate flux was 3331.3 l/m2h at 9.6 bar, it 
exhibited a decrease to 1472 l/m2h at 11.96 bar. 
Similarly, it decreased from 2275.3 l/m2h at 
12.65 bar to 1039.5 l/m2h at 12.98 bar for both 
95% and 85% recovery, respectively.  

The negative deviation in the plot of 
permeate flux vs. net driving pressure may be 
attributed to the non-linearity of the pressure 
drop in the permeate channel spacer with the 
permeate flow rate, as noted in previous studies 
[10], [16]. 

In this connection, the results shown in Figs. 
9 and 10 revealed that an increase in feed water 
salinity causes a reduction in the permeate flow 
rate and salt rejection, and an increase in the 
permeate salinity.  

The TDS of permeate water increases for 
both recoveries, 95% and 85%, and this result in 
a reduction in salt-rejection percentage and 
permeate flux: at 95% recovery from 3331.3 

l/m2h at 81.23% salt rejection to 1472 l/m2h at 
40.26% salt rejection, and from  2275.3 l/m2h at 
95.37% salt rejection to 1039.5 l/m2h at 76.27% 
salt rejection for 85% recovery. It was declared 
that when TSD of permeate increases salt 
rejection will decreases due to temperature 
increase and this leads to a decrease in permeate 
flow [11]. 

 
Fig. 7. Permeate flux versus NDP at a constant pressure of 15 

bar and 800 mg/l TDS of feed water for 85% recovery 

 
Fig. 8. Permeate flux versus NDP at a constant pressure of 15 

bar and 800 mg/l TDS of feed water for 95% recovery 

 
Fig. 9. Permeate flux versus SR% at a constant pressure of 

15 bar and 800 mg/l TDS of feed water at for 85% recovery 

The modeling studies revealed a high 
sensitivity of the mass transfer coefficient to 
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variations in feed salt concentration and 
temperature; specifically, the mass transfer 
coefficient (k) and membrane permeability (PM) 
exhibit a decline with an increase in feed salt 
concentration and a decrease in feed 
temperature [5]. When temperature increases 
from 4°C to 42°C, the mass transfer coefficient 
increases, and membrane permeability for salt 
increases by 83.97% and 80.50% for 85% 
recovery, respectively, while water permeability 
decreases by 2.58% for 85% recovery from 4°C 
to 42°C because of increasing TDS of permeate 
and the operation at constant pressure for all 
temperatures. It was also interesting that a 
general empirical model for the investigated RO 
system was developed.  The model was 
estimated with a relatively high R2 of 0.94.  The 
model describes the correlation between the 
mass transfer coefficient and feed-water 
temperature, water and salt permeability at 85% 
recovery (See Figs. 11 and 12). The model is 
represented by the following equation: 

𝑘 = (1.1124 × 𝑥) − 0.7192 (3) 

where k is the mass transfer coefficient, x is the 
feed-water temperature, water permeability, 
and salt permeability. 

 
Fig. 10. Permeate flux versus SR% at a constant pressure 15 

bar and 800 mg/l TDS of feed water at for 95% recovery 

 
Fig. 11. Variation of mass transfer coefficient with water 
permeability at different temperature for 85% recovery 

 
Fig. 12. Variation of mass transfer coefficient with salt 

permeability at different temperature for 85% recovery 

4. Conclusions 

The Spiegler-Kedem-Katchalsky model 
stands as a powerful tool employed to ascertain 
phenomenological parameters of mass transfer 
within RO membrane systems. This includes 
determining the mass transfer coefficient and 
membrane permeability for salts, considering 
variables such as temperature and % recovery. 
Furthermore, it proves valuable in the 
formulation of mathematical models that 
articulate the relationships between the mass 
transfer coefficient and feed-water temperature, 
water permeability, and salt permeability. The 
development of solute mass transfer models is of 
paramount importance for the ongoing 
evaluation of membrane performance and the 
identification and correlation of 
phenomenological parameters within the 
membrane system. This model can also aid in 
estimating the sensitivity of permeate water 
quality to variations in temperature and % 
recovery, as well as in assessing permeate water 
quality and determining membrane cleaning 
frequency. 
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