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A B S T R A C T   

Modeling mass transport of ions across the polyamide active layer of a reverse osmosis (RO) membrane requires a 
comprehensive understanding of membrane structure and chemistry. For instance, membrane charge ionization 
and thus salt transport greatly depend on feedwater pH and composition, but these relations are not yet well 
understood. To address this gap in understanding, a one dimensional model is developed that couples transport 
of all ions using the extended Donnan steric partitioning pore model. The model includes membrane charge 
ionization as well as interaction with H+ and OH− -ions. The dependence of ion rejection and permeate pH is 
described as function of feedwater pH. Finally, model predictions are quantitatively compared with experimental 
data by adjusting a few fitting parameters using the Nelder-Mead algorithm. Contrary to other RO studies, we 
show that the polyamide is only weakly charged, but this small charge still plays a key role to determine 
membrane performance. These findings reveal the key role of local pH in the ionization of membrane functional 
groups, and how local charge affects overall membrane rejection of ions as well as permeate pH.   

1. Introduction 

Globally, the use of reverse osmosis (RO) membrane technology for 
water desalination has been on a steady rise, currently accounting for 
~69% of the total global desalinated water production [1–4]. The RO 
technology adopts the theory of pressure and chemical potential gradi-
ents to achieve selectivity (>99% salt rejection) [5,6]. The most widely 
used RO membrane is the polyamide thin film composite (PA-TFC) 
membrane, which consists of two layers: the support layer, and the 
active layer (Fig. 1). The microporous support layer often is made of 
polysulfone (~200 μm thickness) and polyester (~150 μm thickness) 
layers, which provide mechanical strength to the actual membrane. The 
active layer is made of an ultra-thin (≤200 nm thickness) polyamide 
(PA) layer, which forms a barrier for salts, i.e., allowing mostly water 
molecules to go through while significantly retaining salts [7,8]. 

The polyamide active layer of a TFC-RO membrane is in most cases 
fabricated by the interfacial polymerization reaction of two monomers; 

m-phenylenediamine, which is dissolved in the aqueous phase, and tri-
mesoyl chloride, which is solved in the organic phase [9,10]. The highly 
crosslinked layer contains functional end groups (amine and carbox-
ylic), which can further react [11]. Furthermore, the total membrane 
charge density, which is determined by these functional groups (FGs), is 
known to be a function of local pH, which changes across the membrane 
[12,13]. For instance, at low pH, the amine groups (R-NH2) easily pro-
tonate and acquire a positive charge (R-NH+

3 ). Similarly, at high pH, the 
carboxylic groups (R-COOH) deprotonate and become negatively 
charged (R-COO− ) [14]. The Donnan electrostatic exclusion (DEE) of 
ions by the charged FGs at the membrane pore brings about repulsion of 
the co-ions and attraction of the counter-ions, thus affecting the ion 
partitioning as shown in Fig. 1 [15]. The ionization of these chemical 
FGs and their interactions with H+ and OH− during desalination of NaCl 
salt solution at different feed pH and their influence on salt rejection 
therefore form the focus of this research. 

Several mathematical models based on either the solution diffusion 
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theory, the pore flow theory, or molecular dynamics, have been devel-
oped to predict water and solute flux across RO membrane [16–20]. 
However, only a few models have included the effects of membrane 
charge ionization together with transmembrane flux of H+ and OH−

-ions into their transport approach. Yet, they influence both ion rejection 
and permeate pH [21]. Several mechanisms, by which these two ions 
traverse the membrane active layer to bring about the pH change, have 
been hypothesized and limited modeled. For instance, Zhang et al. [22] 
coupled the multi-site Langmuir charging model with the extended 
Donnan-steric partitioning pore model (ext-DSP model) to describe the 
membrane charging mechanism and transport of H+ and OH− -ions. 

In addition to the membrane charge ionization, several research 
works have described morphological and structural changes of mem-
branes due to feedwater pH variation [23–28]. Study of Kezia et al. [23] 
suggested that the pH variation can bring about slight membrane 
swelling affecting the membrane thickness and pore size due to water 
uptake. This phenomenon brings about a change in water flux as well as 
salt rejection. Similar findings were also reported by Freger [24] for 
nanofiltration membranes. However, RO membranes are considered to 
be more rigid and thus have an insignificant swelling [24–28]. There-
fore, our work did not consider the afforementioned effects and how 
they influence ion transport and rejection. 

In the present work, we aim to investigate the effect of feedwater pH 
on membrane chemistry, permeate pH and rejection of ions during the 
RO process. A one dimensional (1-D) transport model based on the 
extended Donnan-steric pore (ext-DSP) model as was proposed by 
Bowen and Mukhtar [29], is numerically computed to simulate ion 
transport across the PA active layer of a TFC-RO membrane. The model 
is coupled with H+ and OH− ion transport, and membrane charge 
ionization, where the chemical equilibria of the FGs are explicitly 
modelled. We finally evaluate the model prediction experimentally 
based on defined conditions. However, we neglect the diffusion 
boundary layer (DBL), commonly known as the concentration polari-
zation layer, on either side of the membrane so as to simplify the nu-
merical computations of transport theory. The objective of this work is 
not only to observe the resulting change in membrane rejection and 
permeate pH, but to also gain theoretical insight on how membrane 
charge density, ion concentrations, and flux components vary across the 
membrane active layer with pH change. 

2. Theory 

In this section, we describe a theoretical modeling framework for ion 
transport and showcase how the feedwater pH affects ion rejection. 
Firstly, we develop a 1D transport model based on the ext-DSP model to 
explain steady state ion transport across the active PA toplayer in a TFC- 
RO membrane. We investigate transport of four ions, Na+, Cl− , H+, and 
OH− , across the membrane active layer (1-D) and neglect ion-ion in-
teractions and the DBL. Secondly, a description of the membrane charge 
ionization as well as its interaction with H+ and OH− are presented. 
Finally, a detailed iteration step is performed with our model to fit the 
acid-base dosing experimental data. 

2.1. Modeling ion transport through RO membrane 

The transport theory is described on the basis of the ext-DSP model. 
The theory makes use of the extended Nernst-Planck Equation (ext-NPE) 
to describe the flux of ionic species through the RO membrane. The flux 
includes convection, diffusion, and migration transport components 
[30], and we take into account the friction between ions, water and the 
membrane matrix [31]. In this work, we express the ion flux as 

ji =Kf,icivf − Kf,iεeD∞,i

(
∂ci

∂x
+ zici

∂ϕ
∂x

)

, (1)  

where ji is the ionic flux through the membrane, ci the concentration of 
species, vf the transmembrane water flow velocity per unit area of the 
membrane, D∞,i is the bulk diffusion coefficient, and εe is the transport 
reduction factor expressed as εe = p/τ2, where p is the membrane 
porosity and τ is the pore tortuosity. The species valence is denoted as zi, 
and ϕ is the dimensionless electrical potential scaled by RT/F, where R is 
the gas constant, T is temperature in K, and F is the Faraday constant. 
The position coordinate, x, runs from the feed to the permeate side of the 
membrane. 

The interaction between ions and the membrane matrix is described 
using the friction factor, Kf,i. Previous studies with hydrodynamic theory 
[32] have defined the friction factor as either convective or diffusive 
hindrance factor (Kc,i and Kd,i respectively), and determined by relating 
the ion size to the membrane pore size [33–35]. In this work, we use a 
single hindrance factor for both convective and diffusive transport, i.e., 
Kc,i = Kd,i = Kf,i. If ions do not interact with the membrane matrix, the 

Fig. 1. Schematic depiction of pH effects on membrane charge ionization and how it affects the Donnan electrostatic exclusion (DEE) mechanism. At low pH, the 
membrane has a net positive charge density due to the protonation of amine groups. Cations are electrostatically repelled whereas anions are electrostatically 
attracted. Consequently, the reverse happens at high pH due to a net negative charge density because of deprotonation of the carboxylic groups. At isoelectric point, 
the membrane has a net zero charge density by which the DEE effect is cancelled out. 
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friction factor becomes unity, Kf,i = 1, and if they have a maximum 
friction with the membrane matrix, the friction factor becomes zero, 
Kf,i = 0. In RO systems, both cases cannot be true since it would mean 
that ions are either freely traversing across the membrane or they are 
fully retained on the feed side, respectively [31]. In this study, we as-
sume the same Kf,i for all ions to simplify modeling computations. A 
selected Kf,i is used as a fitting parameter to describe the experimental 
data. We also neglect the friction due to ion-ion interactions [22,34,36]. 

At the membrane-water interface on either side of the active layer, 
ions are partitioned by the size effect (steric), charge effect (Donnan), 
and affinity effects (dielectric, hydrophobic attraction, etc.). These 
combined effects modify the bulk concentration of ions to that just 
within the membrane by [34,37]. 

cm,i = c∞,iΦi exp(− ziΔϕD), (2)  

where c∞,i is the bulk concentration of ion in the feed or permeate side, 
cm,i is the concentration just within the membrane, ΔϕD is the dimen-
sionless Donnan potential (scaled by RT/F), and Φi is the partitioning 
coefficient due to both steric and membrane affinity effects. For RO 
membranes, Φi ranges between 0< Φi <1 as ion-pore size ratio, and ion 
dehydration effects play a crucial role in transport and separation [31]. 
For neutral species (uncharged), the Donnan partitioning term, e− ziΔϕD 

becomes unity and the concentration of ion just within the membrane 
becomes a function of only Φi i.e., cm, i/c∞,i = Φi. 

In this study, we assume the same Φi for Na+, Cl− and use it as a 
fitting parameter because of insufficient qualitative data of the dehy-
drated ion size inside the membrane during partitioning [37–39]. This 
partitioning coefficient is tuned to fit the model with experimental data. 
Also, when investigating transport of ions, whose sizes are too small 
(compared to other ions or the membrane pore), the contribution of both 
steric and dielectric hindrances are usually smaller than the Donnan 
partitioning contribution [23]. Therefore, we assume that the ion sizes 
of H+ and OH− are smaller compared to those of Na+ and Cl− and equate 
their partitioning coefficients to unity, i.e., ΦH+ = ΦOH− = 1. This 
assumption can be considered useful since having a lower than unity Φi 

for H+ and OH− would change the pKa of water self-ionization reaction. 
We consider local electroneutrality (EN) and zero electric current 

conditions at every position in the membrane, where the calculation of 
concentration and fluxes runs over all ions in the electrolyte, according 
to [40,41]. 
∑

i
zicm,i +Xm = 0, (3)  

∑

i
ziji = 0, (4)  

where Xm is the membrane charge density (mol/m3), which can be 
constant or variable due to chemical interactions between ions and 
membrane matrix. This work defines the membrane charge density as a 
function of local pH as discussed in detail in the next subsection. Elec-
troneutrality is also observed on the feed and the permeate sides. 

For a steady state system, mass conservation of ion species is 
observed inside the membrane and is given by [34,42]. 

∂ji

∂x
=Ri (5)  

where Ri is the reaction rate. For ions traversing the membrane without 
being involved in chemical reactions (inert ions), Ri = 0, and Eq. (5) is 
reduced to ∂ji/∂x = 0, which is combined with Eq. (1) to give 

Kf,ivf
∂ci

∂x
− Kf,iεeD∞,i

∂
∂x

(
∂ci

∂x
+ zici

∂ϕ
∂x

)

= 0. (6) 

Since the membrane charge ionization is a function of local pH, both 
H+ and OH− are involved in a chemical reaction expressed as 

H2O⇋H+ + OH− . (7) 

The concentration of H+ and OH− ions are related by 

Keq,w = [H+]⋅[OH− ], (8)  

where Keq,w = 10− 8 (mM)
2 is the equilibrium constant, and [..] is the 

concentration (equivalent to the symbol ci) and expressed in mM (mol/ 
m3). In the frame of equilibrium approach, where the reaction rates are 
not prescribed [43], the mass balance equations for H+ and OH− ions 
can be employed to calculate the reaction rates, i.e., 

∂jH+

∂x
=RH+ , and

∂jOH−

∂x
= ROH− . (9) 

Note that the fluxes of H+ and OH− ions vary with position across the 
membrane thickness in contrast to the fluxes of inert ions (Na+ and Cl− ), 
which are constant. The Nernst-Planck Eq. (1) for H+ and OH− ions can 
be combined with Eq. (8) to give the following relation 

Keq,wKfvf
(
D∞,H+ +D∞,OH−

)
− D∞,OH− [OH− ]jH+ − D∞,H+ [H+]jOH− = 0, (10)  

where we assume the same friction factor, Kf for both ions to simplify 
model computations and reduce the number of fitting parameters. The 
derivation of Eq. (10) is described in the Supporting Information (SI). To 
the best of our knowledge, relation (10) has not been reported in liter-
ature before, so it is derived for the first time in the present work. Note 
that it is valid not only for a binary aqueous electrolyte, but for a 
multicomponent aqueous ionic mixture as well. Equation (10) can be 
combined with zero current condition, Eq. (4), and Eq. (8) to give 

jH+ =
Keq,wKfvf

(
D∞,H+ + D∞,OH−

)
− D∞,H+ [H+](z+j+ + z− j− )

D∞,H+ [H+] + D∞,OH− Keq,w
/
[H+]

. (11) 

Flows along the membrane are neglected, i.e., we have a dead-end 
geometry, so the concentration of ions on the permeate side is 
expressed as a function of the ion flux (ji) and given by [22,42]. 

cp,i =
ji

vf
(12)  

where cp,i is the permeate concentration. Equation (12) can only be used 
for inert ions, or for groups-of-ions [42], not for reactive ions such as H+

or OH− individually. The assumption made for Eq. (12) is useful for low 
water recovery (WR) investigations, (WR = ϕv,p/ϕv,f , where ϕv,p and ϕv,f 

are permeate and feed volumetric flow rates respectively in m3s− 1). This 
is applicable for our study where WR~1% [34]. Further details on the 
mathematical model and its solution procedure can be found in the SI. 

The reference Péclet number, Peref , used to express the ratio of 
convective transport over diffusive transport [44] is defined as 

Peref =
vfδm

εeDref
(13)  

where δm is the membrane thickness, and Dref is the reference diffusion 
coefficient, Dref = 1⋅10− 9 m2s− 1 which is ideal in our modeling as it 
prevents us from defining the specific Péclet number for each ion. Eq. 
(13) is used for our transport modeling, where several parameters are 
mathematically related with this one term. The typical thickness of se-
lective layer for our modeled RO membrane is estimated as 200 nm [14, 
45,46]. 

It is important to point out that this work does not consider effect of 
the DBL, commonly known as the concentration polarization layer. This 
is because H+ transport needs to be modeled for the DBL and it is not yet 
known if the pH will increase or decrease across this layer. However, the 
DBL can be included for a 1:1 salt or a neutral solute at a constant feed 
pH across the DBL thickness as summarized in Ref. [41]. By assuming 
high membrane retentions, i.e. cf,i≫cp,i , a description of the concen-
tration just outside the membrane on the feed side is given by [31,47]. 
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c*
f,i = cf,iexp

(
vf
/

kDBL,i
)

(14)  

where cf,i and c*
f,i are the ion concentration in the bulk and just outside 

the membrane on the feed side, respectively, and kDBL,i is the mass 
transfer coefficient of an ion in the DBL, which is given by kDBL,i =

εsD∞,i/δDBL where δDBL is the DBL thickness, and εs is the porosity- 
tortuosity reduction factor due to the presence of the feed spacer. The 
mass transfer coefficient can be approximated using the Sherwood 
correlation [48,49]. Using our experimental conditions, we estimated 
this thickness to be about δDBL ∼ 21 μm and a concentration polarization 
modulus of 1.33 as shown in the supporting information (SI). These 
values are typical for spiral wound RO membranes [50]. 

Finally, with the ion concentrations on the permeate known, the ion 
rejection, Ri is computed by 

Ri = 1 −
cp,i

cf,i
. (15)  

2.2. Modeling ionization of the functional groups 

In this sub-section, we describe the model for ionization of mem-
brane functional groups (FGs) (Fig. 1). The two main FGs (amine and 
carboxylic groups) are modeled using the chemical equilibrium relation. 
With the protonation of the amine groups i.e., R-NH+

3 ⇋H+ + R-NH2, the 
chemical reaction is described using a defined equilibrium constant 
together with the concentration of amine groups at a specified pH. This 
is mathematically expressed as 

Keq,R-NH2 =
[H+]⋅[R-NH2][

R-NH+
3

] , (16)  

where Keq,R-NH2 is the chemical equilibrium constant of the protonated 
amine groups (R-NH+

3 ), and R is the polymer backbone. The value of 
Keq,R-NH2 can be calculated from a selected pKa value of R-NH+

3 , i.e., 

Keq,R-NH2 = 10
− pKR-NH+

3 . Because the amine groups have a fixed number i. 
e., [R-NH2]

total
= [R-NH2] + [R-NH+

3 ], Eq. (16) becomes 

[
R-NH+

3

]
=

[R-NH2]
total

1 + Keq,R-NH2

/
[H+]

. (17) 

Similarly, the chemical reaction for the deprotonation of the car-
boxylic groups, i.e., R-COOH⇋H+ + R-COO− , is described using a 
defined equilibrium constant together with the concentration of car-
boxylic groups at a specified pH. This is mathematically expressed as 

[R-COO− ] =
[R-COOH]

total

1 + [H+]
/

Keq,R-COOH
, (18)  

where Keq, R-COOH is the chemical equilibrium constant of the ionized 
carboxylic groups (R-COO− ). The value of Keq, R-COOH can be calculated 
from a selected pKa value of R-COOH. Past and recent studies done for 
the quantification of FGs concluded that ionized amine groups can be 
described using a single distribution (one equilibrium constant), 
whereas the complete ionization of carboxylic groups can be accurately 
modeled using a bimodal distribution (two equilibrium constants) [11, 
14,51–53]. Two main hypotheses have been put forward to explain the 
existence of this bimodal distribution. One interpretation is that two 
distinctly different dielectric environments exist in the polyamide film. 
It is attributed to the bimodal pore size distribution that has been shown 
to occur using Positron Annihilation Lifetime Spectroscopy analysis 
[54]. It is well known that the dielectric constant of water in nanopores 
depends on the nanopore size, which defines the degree of the equilib-
rium constant shift [53]. Another hypothesis is that the equilibrium 
constant is defined by the location of the carboxylic group within the 
polymer structure. The highest equilibrium constant (low pKa) corre-
sponds to the carboxylic groups located on the surface of the polymer 

structure, whereas the lowest equilibrium constant (high pKa) corre-
sponds to the groups located deep within the membrane matrix [11]. 

The total membrane charge density, Xm is expressed as 
Xm = [R-NH+

3 ]− [R-COO− ]1 − [R-COO− ]2. Therefore, assuming a fixed 
number of functional charging groups in the membrane, the charge 
density at any position in the membrane active layer as a function of pH 
can be expressed as 

Xm = ξ

(
[R-NH2]

total

1 + Keq,R-NH2

/
[H+]

−
[R-COOH]

total
1

1 + [H+]
/

Keq,R-COOH1

−
[R-COOH]

total
2

1 + [H+]
/

Keq,R-COOH2

)

(19)  

where ξ is the charge reduction coefficient which is introduced as a 
fitting parameter, Keq,R-COOH1 , Keq,R-COOH2 , [R-COOH]

total
1 and 

[R-COOH]
total
2 are the equilibrium constants and total concentrations of 

functional groups, respectively, of the two types of carboxylic acids 
present in the interfacially polymerized PA layer. 

3. Materials and methods 

In this section, we present the experimental approach used to 
investigate the performance of an RO membrane as a function of the 
feedwater pH during the RO process. The pH was varied using two 
techniques: (I) acid-base dosing technique in which acid or base was 
added to the feedwater solution, and (II) gas bubbling (bicarbonate 
system) in which the CO2 partial pressure was varied in the electrolyte. 
These techniques are explained in detail in the subsections below. 

3.1. Reverse osmosis membranes and pretreatment 

Three experimental sets were conducted for this work. For each set, 2 
flat sheet membrane cells connected in series were used. So, in total 6 
experimental runs were done where the performance of 6 RO membrane 
pieces tested. Each piece measured ∼ 19.7 cm (length) by ∼ 12.7 cm 
(width), i.e., a total active surface area of ∼ 250 cm2. Membranes were 
cut from different parts of membrane sheets obtained from a BW30HR- 
440 membrane module (DuPont™ FilmTec™, USA). Before each 
experimental run, each membrane piece was put into the stainless-steel 
membrane cell (homemade) together with the feed spacer (~711 μm 
thickness) from the same module. For each run, the membrane was 
hydrated with demi water for at least 12 h (overnight), and subsequently 
pressurized at 10 bar for 4 h. After that, the membrane was used for the 
pH variation experiments. 

3.2. Experimental setup 

All RO experiments were performed on the experimental setup 
described in detail in our previous work [55]. This setup consists of a 
crossflow filtration system (Convergence Inspector Colossus, The 
Netherlands), temperature control unit (FrioCell 222 Eco line, and heat 
exchanger), and CO2/N2 gas control. Novelty compared to the previous 
work are the addition of a second stainless steel membrane cell con-
nected in series to the first (retentate from the first cell is feedwater for 
the second), and two 1 μm polypropylene filters (Van Borselen filters, 
The Netherlands) put in feedwater stream before the filtration pump. 
The purpose of filters was to reduce the risk of biological growth and 
particulate matter getting into the membrane cells. 

3.3. Experimental conditions 

Feedwater of ~30 mM NaCl was prepared in a 30 L feed tank. Besides 
intentional pH variations, all other experimental conditions were kept 
constant. Transmembrane water flux (TMF) was kept constant at 
TMF = 20.0 L/m2/h (LMH) by adjusting the retentate pressure with a 
control valve. This pressure was around 6.2–6.8 bar, and the pressure 
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drop measured between the first membrane cell and after the second cell 
was around 0.5 bar. The feed flow rate was 50 L/h, and the permeate 
flow was 0.5 L/h (water recovery, WR = 1%). Since a very low WR was 
used, the feedwater composition for the second membrane cell can be 
considered to be similar to the one for the first cell. The temperature of 
the feedwater was maintained at ∼ 25 ◦C using a temperature control 
unit (heat exchanger and a FrioCell cooling box). 

3.4. pH variation 

Before each experiment, a 30 mM NaCl solution was bubbled with N2 
to remove all CO2 from the solution, and consequently, the solution pH 
is around 7. This solution was used as feedwater for at least 12 h 
(overnight) after which the samples from permeate and feed were taken. 
From then henceforth, feedwater pH was varied by two techniques. The 
first technique was by addition of acid and base. The reagents grade HCl 
(1.0 M and 0.1 M, VWR chemicals) and NaOH (1.0 M and 0.1 M, VWR 
chemicals) were added in small volumes to change the pH in low in-
crements, with a variation range of pH 3.5–10.5. Samples under new 
conditions were taken after 2 h (or 12 h in case of overnight), when 
stationary conditions were reached (constant pH and conductivity). This 
process was repeated for a pH range of pH 3.5 – pH 10.5. The feed so-
lution was replaced, and the experiment was repeated with a new 
membrane piece over the same pH range. Also, during experiments, 
feedwater was continuously bubbled with N2 to remove the bicarbonate 
species, so as not to influence pH. 

The second methodology for feedwater pH variation was with CO2/

N2 gas control. This technique does not involve any acid-base dosing and 
is described in detail in our previous work [55]. The 30 mM NaCl feed 
solution is bubbled with a certain ratio of CO2 and N2 so that the partial 
pressure of CO2 above the electrolyte is varied, and as result, the con-
centration of bicarbonate species, which determines the pH, is also 
varied. This technique enabled us to do a variation from pH 3.8–7.0. 
Attaining feed pH of > pH 7 using this technique is not possible with 
NaCl solution, but with a solution that has bicarbonate or other buffer 
capacities. 

3.5. Sample analysis 

In all experiments, 2 membrane cells connected in series were used. 
Separate samples were collected from the feed tank and from both cells 
for ion analysis (concentrations of Na+ and Cl− ions) using a Metrohm 
930 compact ionic chromatograph (IC) with a built-in conductivity de-
tector. The quality of analysis was checked with control samples and 
with Shewhart control charts, and in these reference experiments the 
measured concentrations were within ±5% of the calibration values. 
Both feed and permeate pH were measured by Orbisint CPS11D, 
Endress + Hauser, Switzerland. Conductivity was measured by an 

LTC0.35 conductivity sensor, Sensortechnik Meisenberg, Germany. 
Permeate flow was also measured by a mass flow meter, Cori-Flow M14, 
Bronkhorst, The Netherlands. The RO membrane performance, which is 
characterized by salt rejection was calculated by Eq. (15). Salt rejection 
based on conductivity was calculated from measurements of runs 1–4 
and quantitatively compared with rejection chemically modeled by the 
OLI Studio Analyzer 3.1 as show in Fig. S.1 in the SI. The input pa-
rameters in the OLI model are the measured ion concentrations and pH. 
The software computes the specific electrical conductivity (mho/cm) 
based on these inputs. The concentration of H+ was calculated from the 
measured pH values and the OH− concentration was calculated by the 
H2O equilibrium constant relation using Eq. (8). Finally, the charge 
balance was calculated for the permeate electrolyte. However, to ensure 
a zero-charge balance for runs 1–4, the permeate pH was slightly 
adjusted by +0.15 over the whole pH range as shown in Fig S.2 in the SI. 
For the experiments with bicarbonate system (runs 5 & 6), the concen-
tration of the dissolved inorganic carbon (DIC) was calculated from the 
charge balance. 

4. Results and discussion 

In this section, we discuss in detail the rejection, and permate pH 
trends as functions of feed pH observed both experimentally and theo-
retically. We qualitatively compare the experimental data with our 
model predictions, only for the acid-base dosing feed pH variation, 
through a parametric study. The model input parameters are presented 
in Table 1 below. Some of these parameters were obtained from litera-
ture and from previous RO model fits. Reference and bulk diffusion 
coefficients (Dref and D∞,i respectively) for all ions investigated were 
obtained from previous work [42]. The total concetrations of the 
chemical FGs together with their respective pKa values as quantified for 
FT30 RO membrane by Coronell et al. [52] were used in our numerical 
computations and varied for data fitting. MAPLE pre-processor enabled 
us to construct the transport system with a combination of chemical 
equilibrium reactions for charge ionization and water dissociation. 

Our numerical computations involved the use of parameters defined 
in Table 1 for case I (values from literature), and case II (values from 
fitting approach with the Nelder-Mead algorithm). A detail explanation 
of the two cases is given in the subsection below. To validate our model, 
we obtained experimental data for Na+ and Cl− rejection as well as 
permeate pH at different feedwater pH (3.5–10.5). The feedwater pH 
was varied with HCl or NaOH dosing. Model predictions and experi-
mental data are shown in Fig. 2 for a concentration of NaCl equal to 
[NaCl]∞ ∼ 30 mM. It is important to also note that the feed concentra-
tion slightly varies due to the addition of either Cl− from the HCl, or Na+

from the NaOH during acid-base pH adjustment. This variation of the 
feed concentration is also incorporated into our model. However, the 
feed concentration of salts is kept constant for the pH variation with 

Table 1 
Input parameters used for our model computation. Case I values are obtained from literature whereas those for Case II are deduced from our model fitting approach.  

Parameter Value Reference Parameter Value Reference 

pKH2O 14 [56] [R-NH2]
total 36 mM [52] 

ΦNa+ , ΦCl− 0.04 (Case I) [47] [R-COOH]
total
1 

82 mM [52] 
0.025 (Case II) This work [R-COOH]

total
2 

350 mM [52] 
ΦH+ , ΦOH− 1 [22,31,34] pKR-NH2 

4.74 [52] 
Kf,all ions 0.04 (Case I) [47] pKR-COOH1 

5.23 [52] 
0.025 (Case II) This work pKR-COOH2 

8.97 [52] 
D∞,Na+ /

Dref 

1.33 [42] ΔpKFG 0 (Case I) [52] 

D∞,Cl− / Dref 2.03 [42] 0.5 (Case II) This work 
D∞,H+ / Dref 9.31 [42] εe, all ions 0.044 (Case I) [38] 
D∞,OH− /

Dref 

5.30 [42] 0.027 (Case II) This work 

Dref 1⋅10− 9 m2s− 1 [42] ξ 1 (Case I) [52] 
vf 5.55 m s− 1 This work 0.0218 (Case II) This work  
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bicarbonate system. All experimental data of rejection and permeate pH 
as function of feed pH for the 6 runs are shown in Fig S.3 and Fig S.4 in 
the SI. 

4.1. Model predictions and data fitting for ion rejection and permate pH 

Our first numerical computation (case I) involved the use of a rela-
tively high porosity-tortuosity reduction factor of εe = 0.044, which 
gives a reference Péclet number of Peref = 0.025. Other parameters used 
for case I are listed in Table 1. As observed in Fig. 2 (a), the experimental 
data differs from our model prediction at low and high feedwater pH. 
The model predicts an isoelectric point (IEP) of 4.7 (similar to that re-
ported by Coronell et al. [52]), which slightly differs from that obtained 
experimentally i.e., IEP = 5.2 ± 0.1. The underprediction of our theo-
retical IEP for case I might be because pH inside the membrane is slightly 
higher than the feed pH due to Donnan partitioning of H+-ion at the 
membrane-feed interface [22]. Another reason might be the omission of 
H+ partitioning due steric exclusion i.e., we assume ΦH+ = 1. At the IEP, 
the membrane has a net zero charge, as shown in Fig. 1, implying that 
only convection and diffusion govern transport of ions through the 
membrane active layer. Also, due to the zero membrane charge, parti-
tioning on either side of the membrane surface will be dominated by 
steric exclusion. This explains the minimum rejection of ions as pre-
dicted by the model using Eq. (15) (RNa+ = RCl− = 90.3%). However, 
this rejection is lower than the experimental value of 97.5± 0.1%. Above 
the IEP, > pH 4.8, both model predictions and the experimental data 
show a steady increase in rejection of both Na+ and Cl− . This is attrib-
uted to an increase in negative ionization of the membrane charge due to 
the deprotonation of the carboxylic FGs and uptake of OH− . As a result, 
Donnan electrostatic exclusion (DEE) of co-ions (Cl− ) increases 
RCl− [57]. To maintain electroneutrality on the permeate side, RNa+ in-
creases by that same amount. At high pH, > pH 7, our model shows a 
plateau region where rejection of both ions is unchanged. This means 
that most carboxylic groups have deprotonated and any further ioniza-
tion does not greatly influence rejection of ions. However, our model 
over-predicts rejection of both Na+ and Cl− at high feed pH. This might 
be due to the high concentration of the deprotonated carboxylic func-
tional groups. 

At high feedwater pH, i.e., > pH 9.5, experimental data shows a 
slight drop in RNa+ and a corresponding slight increase in RCl− . This 
might be attributed to an increase in the amount of Na+-ions in the feed 
from NaOH dosing. Due to this high concentration of Na+ in the feed, 
more Na+ will be transported from the membrane feed side to the 
permeate side, thus lowering RNa+ . Also, further deprotonation of the 

carboxylic groups will increase the net negative charge density, thus 
increasing RCl− . 

Similarly, below the IEP, the model predicts a higher increase in RNa+

as compared to RCl− . This is not in line with the experimental data which 
shows a further decrease in RCl− . At this low pH, the membrane becomes 
positively charged due to the protonation of the amine FGs. The donnan 
electrostatic repulsion of the co-ions (Na+) increases RNa+ . The differ-
ence in rejection between Na+ and Cl− means that H+-ions traverse the 
membrane from the feed side to the permeate side to maintain electro-
neutrality [23]. This rejection trend at low pH is also confirmed in 
Ref. [13]. 

Fig. 2(b) shows permeate pH as a function of feed pH. The prediction 
shows a negative rejection of H+ at feed pH < IEP and at feed pH > pH 
9.5. The negative rejection at low pH (<IEP) is due to transport of 
H+-ions from the feed side to the permeate side as previously described. 
This transport is driven by a negative trans-membrane potential as 
shown in Fig. S.5 in the SI. Conversely, above the IEP, permeate pH is 
higher than feed pH due to the positive trans-membrane potential 
developed across the membrane thickness, which increases rejection of 
H+-ions. The positive potential is brought about by the reduction of Na+

flux and an increase in Cl− flux to bring about zero net charge flux [22]. 
To have a best model fit (case II), we performed a parametric study 

with Nelder-Mead fitting approach [58] (part of the study is shown in 
section 5 of the SI), where we lowered our porosity reduction factor to 
εe = 0.027, which increased the reference Péclet number to Peref =

0.041. The increase of Peref ensured a reduction in the rejection dip at 
the IEP. We also varied other parameters including the partitioning 
coefficient, friction factor, and the total concentrations of the chemical 
FGs as reported by Coronell et al. ([52], our Table 1), since they are not 
defined per unit aqueous phase in the polyamide active layer [34]. 
Finally, we introduced a pKa shift parameter for the membrane FGs, 
denoted as ΔpKFG. This parameter shifts the theory line to the right so as 
to fit the experimental data. However, it is crucial to note that the new 
values (pK*

FG), i.e., pK*
FG = pKFG + ΔpKFG might not the real values for a 

BW30HR-440 RO membrane. The real pKFG values should be experi-
mentally determined by titration. A qualitative comparison of experi-
mental data with the new model prediction is shown in Fig. 3. 

As already mentioned above, the parametric study shows that for a 
proper data fit, all transport modeling parameters i.e., reduction factor 
due to porosity-tortuosity, partitioning coefficients, and friction factors 
should be lowered further. Computations done with these new fitting 
parameters compare well with the data for rejection, Fig. 3(a), and 
permeate pH, Fig. 3(b), which clearly indicates that our membrane has a 
very dense polyamide active layer with a low surface charge density. A 

Fig. 2. Experimental (markers) and theoretical (lines) results illustrating the effect of feed pH on (a) rejection of Na+ (red circles and line), and Cl− (blue triangles 
and line), and (b) permeate pH (green diamonds and line). The dashed line depicts pHpermeate = pHfeed. Input model parameters are for case I. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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possible reason for the low porosity reduction factor could be the 
absence of the DBL in our model. The fit also proves that indeed the 
membrane charge is a function of local pH, as described in the theory 
section 2. 

4.2. Profiles across the membrane 

Apart from rejection and permeate pH, profiles of ion concentration, 
flux, membrane charge density, and electrical potential were modeled 
across the membrane active layer thickness. We neglected the diffusion 

boundary layer (DBL), and the ion-ion interactions, which was modeled 
in our previous work [42]. Fig. 4(a) shows a gradual increase in the 
concentration of Na+ inside the membrane with a corresponding in-
crease in pH. This is because of the DEE mechanism, which allows the 
attraction of the counter-ions (Na+) and a corresponding repulsion of 
co-ions (Cl− ) as observed in Fig. 4(b). However, concentrations of both 
Na+ and Cl− drop across the membrane thickness, i.e., from x = 0 to 
x = 1, due to the membrane charge effect which brings about the DEE 
and also the electroneutrality conditions at each position inside the 
membrane [42]. 

Fig. 3. Experimental (markers) and theoretical (lines) results illustrating effect of feed pH on (a) rejection of Na+ (red circles and line), and Cl− (blue triangles and 
line), and (b) permeate pH (green diamonds and line). The dashed line depicts pHpermeate = pHfeed. Modified input model parameters are for case II. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Theoretical concentration profiles of (a) Na+, (b) Cl− , (c) H+, and (d) OH− with pH variation as functions of dimensionless position, x, across the membrane 
active layer thickness. Input model parameters are for case II. 
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The concentration profiles for H+, Fig, 4(c), and OH− , Fig. 4(d) 
typically mirror each other. At low pH, the protonation of the amine 
groups will lead to an uptake of H+ -ions thus decreasing their con-
centration across the membrane thickness. Consequently, above the IEP, 
the deprotonation of carboxylic FGs will result into an uptake of 
OH− -ions and therefore a decrease in concentration across the mem-
brane thickness [27]. 

At every position across the active layer thickness, the membrane 
charge density is a function of local pH as shown in Fig. 5(a). The charge 
density gradually decreases across the active layer thickness, i.e., from 
feed side (x = 0) to permeate side (x = 1), for pH < IEP. The membrane is 
positively charged at pH < IEP due to the protonation of the amine FGs. 
As feedwater pH increases, at pH > IEP, the membrane becomes nega-
tively charged due to the deprotonation of the carboxylic FGs, and the 
negative charge at a given location in the membrane increases with 
increasing pH. For our modeling pH range, our prediction shows the 
highest increase at pH 11. The gradual decrease trend of membrane 
charge across the RO membrane toplayer suggest that evaluation of the 
membrane charge can be done on the feed side, the permeate side, or 
averaged across the membrane thickness. 

At high feedwater pH (pH > IEP) the membrane charge density, 
Fig. 5 (a), and electrical potential, Fig. 5(b) display a typical behaviour 
for a polyamide layer where both the negative charge density and 
electrical potential increases with feed pH [23]. The electrical potential 
for a negatively charged membrane increases across the membrane in 
the direction of ion flux, i.e., from x = 0 to x = 1. Because the salt con-
centration in the feed is relatively higher than that of H+ and OH− , both 
membrane charge density and electrical potential inside the membrane 
are greatly determined by the salt ions traversing the membrane [22]. 
The transport of salt across the membrane also determines the trans-
membrane electrical potential. The positive transmembrane electrical 
potential at higher pH is due to the presence of more counter-ions (Na+) 
in the membrane, Fig. S.5. This results in the reduction of Na+ flux and 
an increase in Cl− flux so as to bring about zero charge flux [38]. 

4.3. Charge density as a function of feedwater pH 

In order to better understand the pH effects on membrane surface 
charge, we need to analyze the charging curves for the membrane charge 
density on either side of the membrane (feed and permeate) as functions 
of feed pH. Fig. 6 shows the two profiles, in which the surface charge on 
the feed side greatly varies with increasing feed pH. This does indicate 
that quantification of the membrane charge density is better described 
on the feed side as is also confirmed by the average surface charge plot 

(grey dashed line), where charge density on the feed side accounts for 
the highest percentage of the average surface charge. The total mem-
brane charge computed in this work is quite low in comparison with the 
one quantified by Corronell et al. [52]. This might be due to the 
complexation of the ionized surface charge with Na+ and Cl− ions at 
high and low feed pH respectively i.e., R-COO− + Na+⇋R-COO− Na+

and R-NH+
3 + Cl− ⇋R-NH+

3 Cl− . These ions might have been adsorbed by 
the ionized FGs as was reported in Refs. [22,59]. The ion complexation 
effects are not taken into account in this work. Conversely, the low 
charge density could mean that our membrane has a weakly charged 
dense polymer film, with ion rejection being dominated by steric and 
dielectric partitioning, as was also reported by Stolov et al., [27]. In 
general, we conclude that the effective membrane charge is actually less 
than what would be measured by titration. This conclusion can be 
validated by membrane charge measurement using the titration tech-
nique, which was not done in this work due to the complexity in sub-
layer charge measurement. 

Finally, to confirm that a polyamide layer is indeed slightly charged 

Fig. 5. Profiles of (a) membrane charge density in mM, and (b) membrane electrical potential in mV, as functions of dimensionless position, x, across the membrane 
active layer thickness. Input model parameters are for case II. 

Fig. 6. Profile of membrane charge density, Xm in mM as a function of feed pH 
computed for the membrane surface on the upstream side, x = 0, (blue line), on 
the downstream side, x = 1, (red line), and average throughout the membrane 
thickness, (grey dashed line). The net membrane charge density at IEP ∼ 5.2, 
Xm = 0 mM. The modeling parameters are for case II. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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below and above the IEP, we performed a check by setting the mem-
brane charge to zero (Xm = 0). We numerically computed ion rejection 
and permeate pH as functions of feed pH using modeling parameters for 
case II. We also varied the diffusion coefficient of cation (Na+) to check 
for fitting with the experimental data as shown in Fig S.7 in the SI. We 
observed a clear difference between experimental data and theory lines. 
The model predictions for all three diffusion coefficients show a gradual 
decrease and increase in rejections of Na+ and Cl− respectively with pH 
increase, Fig S.7 (a). Profiles of permate pH as functions of feed pH, Fig 
S.7 (b), also show a disagreement between experimental data and theory 
lines. All three theory lines show a trend where pHpermeate ≅ pHfeed for 
all pH ranges. We therefore conclude that polyamide membranes are 
indeed weakly charged, but this small charge plays a key role in trans-
port and rejection of ions. 

4.4. Transport component description across the membrane 

We also investigate the contribution of each transport mechanism 
(convection, diffusion, and electromigration) to the total flux of ions 
through the membrane thickness at low and high feedwater pH (pH 3, 
and pH 9 respectively). As observed in Figs. 7 and 8, transport of all ions 
i.e., Na+, Cl− , H+, and OH− at low concentration and low Péclet number 
(Pe < 1) is dominated by diffusion [22,37]. For all cases, convection 
accounts for the lowest percentage of overall transport. Since we 
consider a steady-state transport description, and assume that Na+ and 
Cl− ions are non-reactive, by virtue of electroneutrality, their total fluxes 
at the two pH conditions are constant throughout the membrane 
thickness [60] as shown in Fig. 7. At pH 3, the flux of Cl− is higher than 
that of Na+ due to the positive charge of the membrane, which allows 
more Cl− to pass through, while restricting passage of Na+ by the DEE 
mechanism. Consequently, the opposite is observed at pH 9, where Na+

has a higher flux as compared to Cl− . 
For H+ and OH− , the total fluxes vary with position across the 

membrane thickness according to Eq. (10) and Eq. (11) and are shown in 
Fig. 8. At pH 3, the total proton flux is highest and appears constant 
across the membrane thickness (Fig. 8(a)), whereas the total flux of OH−

is negative and decreases across the membrane thickness (Fig. 8(b)). The 
negative flux of OH− at low pH means that OH− ions traverse the 
membrane in the opposite direction, i.e., from the permeate to the feed 
side thus lowering the permeate pH. This opposite flux phenomenon is 
due to the negative transmembrane potential that develops for a posi-
tively charged membrane to ensure a decrease of OH− flux and therefore 
maintaining a zero membrane current [22]. At pH 9, the reverse hap-
pens, where H+ total flux is negative (Fig. 8(c)) and that of OH− is 
positive (Fig. 8(d)) thus increasing the permeate pH. We also observe a 
drop of total flux for both H+ and OH− on the permeate side (x = 1). This 
is due to the backward reaction (association) of H+ and OH− to form 
H2O as expressed by Eq. (7). 

5. Conclusion 

This study focused on investigating the effects of feedwater pH on 
membrane charge ionization, rejection of ions, and permeate pH. We 
modeled the protonation of the amine groups together with the depro-
tonation of the carboxylic groups at low and high pH, respectively. We 
present a theoretical modeling framework, which can predict the ion 
rejection, permeate pH, and the profiles of ion concentration, membrane 
charge density, and flux components across the membrane active layer. 
The theory follows the classical approach, which describes the ioniza-
tion of amine groups with one equilibrium constant and that of car-
boxylic groups with bimodal equilibrium constant. The model is fitted 
with experimental data obtained by desalination of 30 mM NaCl and pH 

Fig. 7. The profiles of Na+ and Cl− fluxes and their components due to diffusion, convection, and electromigration at pH 3 (a, b), and pH 9 (c, d) as functions of 
dimensionless position, x, across the membrane thickness. The modeling parameters are for case II. 
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variation with HCl and NaOH. To obtain a good model fit, a parametric 
study was conducted by adjusting the fitting parameters such as the 
porosity-tortuosity reduction factor, and the membrane charge reduc-
tion coefficient. Both theory and experiment show a clear trend in 
rejection of Na+ and Cl− , where they diverge at low and high feedwater 
pH. Also, the permeate pH shows a variation with feed pH. This is due to 
the membrane being charged positive at low pH and negative at high 
pH. We also theoretically illustrate that for a system of only monovalent 
ions, the membrane charge is a function of local pH as it gradually re-
duces across the membrane active layer thickness. The reduction is 
highest at pH 11. Our results clearly show that the polyamide layer is 
only slightly charged, but this small charge still plays an important role 
to determine salt rejection. Thus, with this study, we provide an 
extensive description of the physical-chemical processes that happen 
during RO processes at a wide feedwater pH range. Our model 
description can be further extended to include more ions and acid-base 
reactions that occur during desalination of multicomponent mixtures. 
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