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Abstract

Reverse Osmosis (RO) is a membrane-based technology for water desalination. Of para-
mount importance is the understanding of ion selectivity in mixtures of salts, i.e., to what ex-
tent the membrane retains one ion more than another in a multicomponent salt solution. We
apply continuum transport theory to describe a large set of data for the ion selectivity of RO
membranes treating brackish ground water with more than ten different mono- and divalent
ions. The model is based on the Donnan steric partitioning pore model extended to include
ions of multiple charge states, such as bicarbonate/carbonic acid, ammonia/ammonium, and
the hydroxyl/hydronium ions, and the acid-base reactions between them and with the mem-
brane charge. By adjusting for each ion the ratio of ion size over pore size, we can fit the
model to the data. We note that the fitted ion sizes do not always follow a logical order based
on the ionic or hydrated size of the ions and that rejection of divalent cations is overestimated
in some cases. We discuss possible theoretical improvements to address these discrepancies.
Our results highlight the potential of continuum transport theory to describe in detail mul-
ticomponent ion transport in RO membranes. The development of a detailed and validated
physics-based model is an important step towards achieving improved operation and design
of RO-based desalination systems.
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Introduction1

Reverse Osmosis (RO) is a widely used method to desalinate water of high salinity (seawater)2

and lower salinity (brackish water) by pressing water through a membrane which retains most of3

the ions [1–4]. Important for the application of RO is an understanding of ion selectivity, which is4

the question how many of each type of ion are retained by the membrane. In practice, most water5

resources contain a large number of different ions, and the rejection of these ions by any RO6

membrane will be very different, with one ion being retained much better than another. Because7

of the requirement of charge neutrality, inside the membrane and in the permeate, the rejection8

of a certain ion is not simply a property of the membrane, but also depends on the concentrations9

and rejections of all other ions, as the data we report also show.10
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Figure 1: Schematic picture of the extended Donnan Steric Partitioning (ext–DSP) pore model
for water desalination with reverse osmosis (RO) membranes, including effects of acid-base reac-
tions.

To understand and predict ion selectivity of RO membranes, detailed theoretical methods11

are required which include the relevant chemical and physical processes that occur in the mem-12

brane. Available calculation softwares provided by commercial parties play an important role in13

RO process design studies but such softwares do not include a detailed physics-based descrip-14

tion of ion rejection in multicomponent ionic systems. Commercial softwares commonly use the15

solution-diffusion model [5, 6] in which ion flow only depends on the ion concentrations in feed16

and permeate, without considering how the charge of ions and of the membrane influences trans-17

port. An extended thermodynamic model also includes ion advection [7]. Acid-base equilibria,18

such as the reaction of bicarbonate ions with hydronium ions (protons) to form carbonic acid, and19

the equilibrium between ammonium and ammonia, are not considered in these approaches, and20

in general, pH effects are not included or predicted.21
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In the present work, we show the usefulness of theory that includes these effects. The lo-22

cal concentration and flow of hydronium and hydroxyl ions are related to the concentration and23

fluxes of the carbonate and ammonium ions which results in all of these fluxes becoming coupled24

to one another. The theory we use is the Donnan Steric Partitioning (DSP) pore model [8–14],25

extended to include water self-ionization and the dependence of membrane charge on local pH,26

as first put forward by Hall et al. [15, 16], see Figure 1. This we call the extended DSP-model,27

or ext-DSP model in short. In the present work, we further extend this approach to include all28

acid-base equilibria between all ionizable species (such as the equilibrium between bicarbonate29

ions and carbonic acid) [17–19] and we show how the theory can be successfully used to describe30

data of ion rejection by an RO module in a groundwater source with around ten different types31

of ions, several of which participate in acid-base reactions. Related work that also considers32

pH effects and acid-base reactions is refs. [20–24], with some differences being that advection is33

neglected, membrane charge is not considered, and the model formulation uses virtual concentra-34

tions. Other related work focusing on extending the classical models, and including membrane35

charge and reactive ions, is refs. [25,26].36

Materials and Methods37

Our study is based on anaerobic groundwater from pumping station “De Hooge Boom” operated38

by water company Oasen (Kamerik, The Netherlands; located approx. 1.5 km north-west of the39

centre of the city of Woerden, along the east side of river De Grecht) [27]. Water is extracted40

from a sandy layer 15 to 40 m deep. Because of a layer of peat higher up (which is up to 7 m41

thick), the water contains a relatively large concentration of ammonium ions of approx. 3 mg/L.42

For the ion composition of the water, see Table S.2 in Supporting Information (SI). In the period43

December 23-26, 2013, the water was treated in a single 4′′ RO membrane module containing44

a 7.4 m2 thin film composite (TFC) membrane [28] with a polyamide active layer (ESPA2-LD-45

4040, Hydronautics). The module was placed in a larger RO housing and tested in single pass46

(no recycle). The inflow volumetric rate is Φv = 1 m3/hr and in all experiments ∼ 15% of this47

water flows through the membrane. Thus the water flux as directed through the membrane is48

20.3 L/m2/hr, which implies a water velocity per unit membrane area of 5.6 µm/s. The pressure49

difference across the membrane is approx. 9.6 bar.50

RO experiments are done for different compositions of the feedwater. Case I is the original51

groundwater which has an ionic strength of ∼ 14 mM and a concentration ratio [Na+]in/[Ca2+]in52

of ∼ 0.86, see Table S.2. For conditions II to IV, the ionic strength is increased by ∼ 75% to ∼ 2453

mM, in three different ways. In case II the feed concentration of Ca2+ is increased about twofold,54

by addition of ∼ 3.3 mM CaCl2. Thus the Na+/Ca2+ concentration ratio is reduced by a factor of55

two. In case III both [Ca2+]in and [Na+]in are roughly doubled by the addition of ∼ 2.5 mM CaCl256

and ∼ 2.5 mM NaCl which keeps the Na+/Ca2+ concentration ratio close to the original value.57

Finally, in case IV the concentration of Na+ is increased roughly fourfold by addition of ∼ 6.6 mM58

Na2SO4 and thus the Na+/Ca2+-concentration rate is increased four times as well. Thus, from59

case II to III to IV, while the ionic strength stays the same, the Na+/Ca2+-concentration ratio of60

the feedwater increases eightfold. Each experiment is done three times, see Tables S.2 and S.3.61

In the inflow and permeate, pH is measured as well as concentrations of Na+, K+, NH4
+, Ca2+,62

Mg2+, Cl– , HCO3
– , SO4

2– , and three other ions present at low concentration. See SI for details63

on data analysis, with all data presented in Tables S.2 and S.3.64
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Theory65

The ext-DSP model is based on the extended Nernst-Planck equation which includes ion diffu-66

sion, (electro-)migration, and advection as driving forces acting on the ions, see Figure 1. The67

model is described in detail in the Supporting Information. Advection is the flow of ions because68

they are carried along by the water which is pressed through the membrane, while diffusion and69

migration refer to ion transport because of gradients in ion concentration and electrical poten-70

tial, respectively. Gradients in the electrical potential are generated in the transport process to71

enhance the velocity of some ions, reduce it for others, such that ultimately the number of plus-72

charges moving through the membrane equals the number of minus-charges (condition of zero73

electrical current). In this way, the transport of one ion influences that of all others, i.e., the trans-74

port rates of all ions are coupled. The membrane is charged and because of local charge neutrality75

it therefore influences the local concentration of all ions [29–31]. The DSP model combines a de-76

scription of ion transport with equilibrium models for ion partitioning at the membrane-solution77

interfaces. Hindrance functions for diffusion and convection are included in the transport equa-78

tions, and they are a function of the ratio of ion size over pore size, λ, a factor which is different79

for each ion. These factors λ also influence the partitioning of the ion at the outer edges of the80

membrane (the active layer, or selective layer, of the TFC RO membrane). Like in ref. [15,16,19],81

we extend the DSP model by including all acid-base reactions between ions, and the equilibrium82

between ions (particularly, hydronium ions) with the fixed membrane charge [32]. Whereas in83

ref. [15,16] the only acid-base reaction in solution is that between H+ and OH– , with three other84

ions considered as inert species, and while ref. [19] focused on seawater and model development,85

in the present work we compare in detail the ext-DSP model with experimental data of water86

desalination by an RO membrane of a groundwater source which contains around ten types of87

ions, several of which participate in acid-base reactions. The experiments were done at a low88

water recovery (only 15% of the inflow water permeates through the membrane), and thus the89

feed solution on the upstream side (retentate side) is not being concentrated much while water90

is pressed through the membrane. Therefore, in our model, we only need to set up and solve91

the equations in the direction through the membrane, and we do not need to describe the full92

two-dimensional geometry of a complete RO module. In the present model we only describe the93

active layer of TFC RO membrane, which is approx. 100 to 200 nm thick [30, 33], together with94

the two Donnan layers on each side of this active layer. We neglect concentration polarization95

(CP) on the retentate side [34–36].96

Results and Discussion97

As discussed, a series of RO experiments was conducted with a groundwater source containing98

around ten types of monovalent and divalent ions, of which removal of ammonium and ammonia99

was of particular relevance for downstream operation. In addition, experiments were done with100

water that was spiked with extra monovalent and divalent cations and anions. The ionic compo-101

sition of the permeate (effluent) was measured and for each ion the passage, P, was calculated,102

which is the ratio of concentration in the effluent over that in the feed, and which relates to ion103

rejection by P = 1−R. Figure 2 shows data for passage, P, for the four cases discussed, which104

is case I for the original groundwater (blue, ionic strength ∼ 14 mM), and cases II-IV (red) with105

a higher ionic strength (∼ 24 mM for all three cases) and different feed [Na+]/[Ca2+] ratio, from106

low in case II to high in case IV. Figure 2 also shows theoretical predictions of the ext-DSP model107
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which describe most of the experimental data very well. This good fit was obtained by tuning108

for all ions the size factor λ, which determines for each ion the partitioning coefficient Φ, and109

hindrance functions, Kd and Kc, as well as factors for tortuosity and membrane charge, see Ta-110

ble S.1. These parameters are discussed in detail in SI. Only for case III and IV, the passage of111

divalent cations is underestimated, while for SO4
2– we do not have sufficient data to assess the112

validity of the model.113

One of the most interesting observations in the data presented in Figure 2 is that the pas-114

sage (or, rejection) of cations depends strongly on the feed [Na+]/[Ca2+]-ratio, see panels a)-c) in115

Figure 2 for monovalent cations, and panels d)-e) for divalent cations, while for the monovalent116

anions the passage does not depend much on this ratio, see third row in Figure 2. This difference117

between how anions and cations respond to the feed [Na+]/[Ca2+]- ratio seems counterintuitive,118

because the membrane must pass equal numbers of positive charges as negative charges, such119

that the total current through the membrane remains zero. So how can passage go down for120

cations with increasing feed [Na+]/[Ca2+]-ratio, but not for anions? As it turns out, the ext-DSP121

model reproduces the experimental observation that the passage, P, of cations strongly depends122

on the Na+/Ca2+ concentration ratio, while at the same time for the anions P is pretty much123

always the same. Though we do not have an intuitive explanation for the origin of this differ-124

ence between anions and cations, most certainly no error is made in the analysis. This is better125

explained in Figure S.3 which presents the permeate concentration which according to Eq. (S.5)126

is proportional to the ion flux (for inert species). In Figure S.3 we notice that for case II (lower127

Na+/Ca2+ ratio), the flux of Cl– is larger than for case I, to compensate for the higher cation fluxes128

(than in case I), while for case IV, the fluxes of monovalent anions do not change when compared129

with case I, and an increase in the flux of Na+ is compensated by a decline in the flux of other130

cations and an increase in the sulphate flux. In all of these situations (both experimentally and131

in the calculations), the total ionic current running through the membrane is always zero, with132

an equal membrane flux of cationic and anionic charge.133

The values that we find for the ion size (thus for the size factor λ) to fit the model to the data,134

see Table S.1, are reasonable, in that the ion sizes are a significant fraction of the pore size, but135

these values for the ion size do not follow much of a logical order. Note that in the present model136

we simply assign one value of λ to each ion irrespective of whether this value should correlate137

more to the hydrated ion size, or the Stokes ion size [37]. The absence of a logical order in the ion138

sizes leads us to conclude that our current approach is insufficient, to use the ion size-pore size139

ratio, λ, as the sole parameter for each ion to uniquely describe the three parameters, Φ, Kc and140

Kd. Especially the partitioning coefficient, Φ, will have additional contributions besides a pure141

volumetric size exclusion effect, such as related to ion dehydration [38]. Molecular simulations on142

the hydration state of ions while passing through sub-nm pores may shed light on the suitability143

of using the size factor, λ, to determine ion mobility and hindrance in the active layer of an RO144

membrane [39]. Thus, for each ion, Φ is best fitted separately from the hindrance functions Kc145

and Kd. Studies on equilibrium ion absorption in polyamide porous materials may also help to146

find proper values for the Φ-factors for each ion [33], while controlled laboratory experiments147

using membrane coupons (not modules) for systems without acid-base chemistry are essential to148

study the mobility of ions in the membrane. Furthermore, when discussing how to improve the149

model, it is a relevant question whether the hindrance functions are a good method to determine150

Kc and Kd. A friction-based approach to derive the extended Nernst-Planck equation leads to151

the conclusion that Kc < 1, see ref. [40], in contrast to the hydrodynamic theory which predicts152

Kc > 1 [41]. To improve the model, it is also useful to revisit the relationship between membrane153
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charge and pH which must be based on the local pH inside the membrane pores. Also binding of154

divalent cations such as Ca2+ to the negative fixed charges in the membrane can play a role [15,155

16]. The relevance of the concentration polarization layer must also be investigated. Additional156

experimental work at different permeate flow rates and values of the feed pH will generate more157

data to critically test the ext-DSP model.158

The ext-DSP model generates a prediction for all profiles of concentration and ion fluxes159

across the membrane, of which we give several examples in Figure 3 as function of the nondi-160

mensional coordinate, x, which runs from x = 0 at the retentate side, to x = 1 at the permeate161

side of the membrane. Note that the profiles presented in Figure 3 are just theoretical predic-162

tions, and mainly serve to illustrate that across the membrane (even if only a fraction of 1 µm163

thickness), strong changes in concentrations, fluxes and reaction rates likely occur. The profiles164

in these properties can probably not be directly probed experimentally in much detail during RO165

operation, but still, these profiles are the output of the same model which predicts the macro-166

scopic observations of ion rejection as presented in Figure 2, which compare favorably with data.167

Changes in concentration across the membrane by up to a factor of 1000 are calculated, e.g. for168

NH3 and H+. As also Figure S4 shows, for the ions Na+ and Cl– , the predicted concentration169

profiles are not monotonically increasing or decreasing, but local minima and maxima are found170

about halfway into the membrane. Molar fluxes across the membrane are invariant for all inert171

species, but the calculated flux for three reactive ions are presented in Figure 3d showing how172

fluxes can change from close to zero at one side of the membrane to an appreciable value on the173

other side. When the flux, Ji, changes, the reaction rate, Ri, is non-zero at that position for the174

ions involved, see Figure 3e for the carbonate-system as well as for the ammonia-system. Finally,175

the membrane charge, X , and the electrical potential, V , are presented in Figure 3f, showing also176

the Donnan potential drops at the two membrane-solution edges (at x = 0,1) [42].177

In conclusion, the DSP model, extended to include acid-base reactions between ions and with178

the membrane charge, was evaluated to describe experimental data of brackish water desalina-179

tion in a reverse osmosis module. There is uncertainty about the values of the parameters in the180

calculations and the equations to relate ion size to partitioning and hindrance functions. These181

correlations must be addressed in future work. Nevertheless, we conclude that the extended DSP182

model is a suitable and effective framework to describe rejection of ions in an RO process treat-183

ing water containing many types of ions. In future work, the ext-DSP model can be the basis184

for a realistic two-dimensional description of an RO module, and this code can be included in de-185

sign software for a complete RO-based water treatment facility. Thus, the ext-DSP model offers186

the possibility to significantly improve the accuracy of physical understanding of RO membrane187

systems both for high and low salinity water streams.188
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charge density, X , and electrical potential, V , as function of normalized position (reference con-
dition I, see Table S.4).
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