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Desalination of Complex Multi-lonic Solutions by Reverse Osmosis
at Different pH Values, Temperatures, and Compositions
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ABSTRACT: For a thorough mechanistic understanding of reverse osmosis

(RO), data on ion retention obtained by desalination of multi-ionic solutions
are needed. In this paper, we show how to obtain such data under controlled
laboratory conditions at any nonextreme pH. For that, we propose a simple
method where we use N, and CO, gas control to set the composition of a gas
phase in equilibrium with the feedwater solution. By increasing the CO, partial
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conditions in the prior data set were slightly uncontrolled; in our new analysis,
we performed experiments at precisely controlled pH and temperature. We run
experiments at pH 6.73 and pH 7.11 and in a temperature range of T = 15—31 °C. Our results show that when pH is decreased, or
temperature increased, the ion retention of most ions decreases. We also tested the influence of the Na* to Ca** concentration ratio
in this multi-ionic solution on ion retention at pH 6.73 and T ~ 31 °C. We noticed that this ratio has a larger effect on ion retention
for cations than for anions. We compare our data with the earlier reported data and describe similarities and differences. The
improved data set will be an important tool for future development of accurate and validated RO ion transport models. Such RO
models that describe desalination performance in detail are important for successful commercial application of the RO technology.
We also discuss a relevant preparation method for water slightly oversaturated with barely soluble CaCO; by solution preparation at

high CO, pressure, after which the solution is brought to the required pH by the N, and CO, gas control method.

1. INTRODUCTION

Each person has the right to clean water." However,
nonsustainable use of water sources, industrialization, and
population growth put increasing pressure on available water,
leading to the current situation where many people lack
enough water to meet their basic needs.” One possible solution
to help solve this problem is the treatment of water sources
such as seawater, brackish water, and wastewater to obtain
usable water for agriculture, industry, and personal use. These
sources are multi-ionic solutions, and they often contain high
concentrations of salts, which hinders their direct use. Different
technologies for salt removal are available to reduce the
concentrations of salts to an acceptable level.” The most
developed desalination technology is reverse osmosis (RO),
which is a pressure-driven membrane separation process.”
Today, ~70% of all water produced by desalination comes
from RO desalination plants,” and in the coming years, the
global cgpacity of water produced by RO is expected to
increase.

The key to having a cost-efficient and energy-efficient RO
desalination plant is to be able to predict process performance
in detail, and for that, RO simulation software is used. With
that software available, optimal conditions for running an RO
installation can be determined, quality of permeate and
retentate water can be estimated, and process optimization
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can be more direct.” Software for a full RO installation plant
includes an RO ion transport model as a key part. These
models are also relevant in the design of new membranes with
improved characteristics and desalination performance.”’

When we develop improved mechanistic RO ion transport
models, two things are required. First of all, a good
understanding of the physical and chemical phenomena
responsible for ion transport and a mathematical model are
needed. Second, to accurately estimate the model parameters
and validate the model predictions, reliable experimental data
under relevant conditions are required. In this paper, we focus
on this second aspect, on how to obtain high-quality data of
water desalination with an RO membrane, for a certain multi-
ionic solution. We provide significant emphasis on the
methods that enable us to obtain and maintain desired pH
values.
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Figure 1. Schematic summary of the presented methodology. (a) Novel developed gas control method to vary pH of a multi-ionic aqueous system
by manipulating carbonate chemistry. (b) Application of the method to the case of RO to obtain data with precisely set pH values of the feedwater.

We present experimental data on ion passage obtained by
desalination of multi-ionic solutions with 10 different ionic
species for laboratory conditions. Ion passage, P, is defined as
the percentage of the ions that passes through the membrane
and is given by P = (pem/Ceqs typically expressed as a
percentage. Here, cgeq and cp..r, are the concentrations in the
feedwater and in the permeate. A similar term is ion retention,
R, which is given by R = 1 — P, again typically expressed as a
percentage. We also report the conditions that influence ion
passage, most importantly, feedwater pH, temperature, and
certain hydrodynamic factors such as the water flow rate.

The novelty of the laboratory RO setup that we use,
compared to other setups reported in the literature, is the use
of precise N,/CO, gas control, as shown in Figure 1. This gas
control method enables us to set and maintain constant
feedwater pH during the full duration of RO experiments by
adjusting the N,/CO, ratio of the gas bubbled through the
feedwater (which in our case is a multi-ionic solution). Gas
control also removes excess CO,, which was an important step
during solution preparation to lower water pH and dissolve
sparsely soluble CaCO;. This method also removes dissolved
O, from water, thereby more closely replicating the anaerobic
conditions present in anaerobic groundwater. This is important
because, if possible, anaerobic conditions should be maintained
in desalination plants to reduce the feedwater redox potential,
and consequently, reduce the risk of scaling."’

The multi-ionic solution that we use is of significant interest
because it is an example of the natural groundwater used in a
water treatment plant. This solution also contains amphoteric
ammonium and carbonate ions, which can react both as an
acid and base, and thus can be present in two different ionic
states at the same time in solution.'" Acid—base equilibrium is
known to influence RO operation,lz’13 and because of that, our
data are valuable for the development of RO transport models
that include this equilibrium. Our data set is furthermore of
importance because reported RO experiments for laboratory
conditions are generally not done with multi-ionic solution as
teedwater. However, most lab-based data on ion passage in RO
were obtained from simple solutions with just a few ionic
species. However, the effects that are present in simple
solutions are not necessarily the same as in multi-ionic
solutions.'* Instead, when data of multi-ionic solutions are
reported in the literature, it is often not based on laboratory
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conditions, but from actual operation of desalination plants,
and that has several implications. It often means that data are
not readily reproducible, there is no good control over the ion
composition of feedwater, desired experimental conditions are
not easily obtained. These are significant drawbacks of data
sets obtained in field conditions. Our approach is thereof of
relevance, namely, we obtained data for multi-ionic solutions
under controlled laboratory conditions. Therefore, data are
reproducible, more operational conditions are possible, and the
data set can at any (later) time easily be extended with more
experimental conditions.

We prepared a multi-ionic solution according to the ion
composition of anaerobic groundwater reported by Biesheuvel
et al. (2020) based on a groundwater source from near the city
of Woerden in The Netherlands. In the same paper, data on
ion passage were obtained by desalination of this water source
with a membrane module operating on the site of the water
treatment plant. In the present paper, we replicate these data
under laboratory conditions using a dedicated RO membrane
filtration unit that included a membrane cell (details below in
Section 2.3). To replicate fairly, it is of importance to have the
same transmembrane water flux (TMF), which is one of the
key parameters influencing ion passage.”” We also made sure
that the experiments were done at a similar crossflow velocity
(water velocity along the membrane). This flow rate is also of
importance because the value thereof influences how far the
feedwater is concentrated and thus determines the risk of
scaling and concentration polarization.'® Details of the
experimental conditions can be found in Table SI1 in the
Supporting Information, which shows a detailed comparison of
the present experimental conditions, and those reported by
Biesheuvel et al. (2020) for the onsite data. In our laboratory
program, we obtained data for ion passage for all ions at two
different pH values (pH 6.73 and pH 7.11) and for various
values of temperature in the range of T = 15—31 °C. Besides
that, just as in the study by Biesheuvel et al. (2020), we
measured ion passage for three differently modified, or
“spiked”, compositions where the Na*-to-Ca®* concentration
ratio (CCR for “cation concentration ratio”) of the solutions
was changed. This is an important parameter because the ratio
of the concentration of monovalent ions to divalent ions in
solution is known to influence RO membrane ion passage, and
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Table 1. Standard Ion Composition of Natural Brackish Groundwater Used as a Multi-Ionic Solution in RO Experiments®

ion Na* K* NH,*
¢ (mM) 2.50 0.137 0.164
¢ (mg/L) 57.4 5.36 2.96

Mg** cr HCO;~ SO
0.656 2.70 6.43 0.386
159 95.4 392 37.1

“Ton composition of the case I experiment, reported in the study by Biesheuvel et al. (2020). Cases II-IV are shown in Table S2.

this effect should be predicted accurately by RO ion transport
models."”

In the study by Biesheuvel et al. (2020), such data on ion
passage were used to develop the ion transport model based on
the extended Donnan steric partitioning pore model (ext-DSP
model), a model which includes acid—base equilibria of all
ions. The new data in this paper can be used to further develop
that line of modeling or other RO transport models.

2. MATERIALS AND METHODS

2.1. Multi-lonic Solutions. The feedwater for our RO
experiments was a multi-ionic solution prepared to be similar
to the water obtained from a pumping station located 1.5 km
north-west from the city of Woerden in The Netherlands. This
anaerobic groundwater was pumped from a sandy layer 15 to
40 m deep, above which is a layer of peat, which is the source
of relatively large concentrations of NH," in this water. The
ion composition of groundwater can be found in Table I.
Preparation of this solution in the laboratory was difficult
because a high amount of sparsely soluble CaCOj salt has to
be dissolved. However, we successfully prepared the solution
using CO, bubbling to decrease pH and dissolve CaCOj, after
which we removed excess CO, with N,/CO, bubbling. For
details on this preparation method, see section 3 in the
Supporting Information.

In the study by Biesheuvel et al. (2020), this water is called
brackish groundwater. However, its salinity (TDS ~ 722 mg/
L) is very low for brackish water, and some sources would
describe it as fresh groundwater. Because it has a high mineral
content of more than 180 mg/L CaCOj, it would fall under the
classification of very hard freshwater.'® Also, according to an
EU directive, it can be considered as mineral water with
intermediate mineral concentration (TDS = 500—15000 mg/
L)."” In this paper, we call it multi-ionic solution. We also use
the term case I when discussing an experiment with this multi-
ionic solution (of which the composition is given in Table 1)
without adding any extra salts. We also discuss cases II, III, and
IV for experiments in which we added salts to the multi-ionic
solution (of the composition provided in Table 1) to achieve
different CCR in the feedwater. A discussion on how to
prepare each solution can be found in the Supporting
Information. In all these cases, the feedwater meets all safety
requirements for human consumption, except for the high level
of NH," of 3 mg/L. EU legislation sets the limit for the NH,*
concentration in drinking water at 0.5 mg/L.”* Besides NH,",
one other amphoteric ion in this solution is bicarbonate,
HCO;", and the related species carbonic acid and the divalent
carbonate cation. Their presence makes this solution
interesting for theories and models that include acid—base
equilibria.

Visual MINTEQ, a chemical modeling software, can be used
successfully for the theoretical analysis of aqueous solu-
tions.”"?* In this work, this software was used for three
purposes, first to predict the likely pH of multi-ionic solutions
at different gas compositions, second, to evaluate under which
conditions there is a risk for precipitation, and third, to

determine which species are predicted to be present for each
pH and temperature.

2.2, Method for pH Control by Manipulating the
Carbonate Chemistry. In this paper, precise pH values were
attained in a feedwater solution by adjusting the partial
pressure of CO, in a gas phase in equilibrium with the
feedwater. At a certain partial pressure of CO,, there is a
related concentration of CO, in water according to Henry’s
law.”> Dissolved CO, can form different carbonate species.
They are carbonic acid (H,CO;), bicarbonate (HCO;™), and
carbonate (CO;*”) ions. The partial pressure of CO, will
influence the concentrations of these species and, conse-
quently, will influence pH.”* We used this phenomenon as the
basis of our method. To illustrate, it is useful to analyze two
extreme scenarios. The first extreme is when the CO, partial
pressure is 100% (mol %), which can be achieved with pure
CO, gas bubbling. As a result, CO, will react with water to
create H,CO;, which decreases pH. The second extreme is
when a solution is bubbled with N,, and the partial pressure of
CO, is zero. Now, pH will increase, and the distribution
among the carbonate species will shift toward HCO;™ and
CO;*". In our method, we combine N, and CO, bubbling into
one method, in which we can vary the inflow ratio of these
gases, and as a consequence, we can accurately change the CO,
partial pressure. And, in this way, it is possible to obtain any
pH in solution in between these two mentioned extreme
situations. We call our method N,/CO, gas control, and it is
graphically illustrated in Figure 1.

The N,/CO, gas control apparatus is easy to construct from
readily available laboratory equipment. It consists of tubing
and two mass flow meters (Mass-View, Bronkhorst, The
Netherlands), one for each gas. The flow meters for N, and
CO, are placed between pressurized gas sources and a
connection point, or mixing point, where the two separate
gas streams are mixed by joining the separate tubes for each
gas into one tube. At the end of this common tube that
transports the N,/CO, mixture, there is a gas dispenser (for
instance, a sparging device) that is inserted into water. When
the gases start to flow, the feedwater is bubbled through and
the gas composition in equilibrium with the solution is
changed. By increasing the N, flow or decreasing the CO, flow,
relative to one another, pH increases and vice-versa. Thus, by
tuning the settings of the flow meters, we can easily set the
flow of each gas to achieve the desired pH. Note that the exact
values of the two flows are not decisive in this type of
experiment. Instead, what controls pH is the ratio between the
concentrations of N, and CO, in the gas flow, that is, the gas
composition. The same ratio and composition can be achieved
at different gas flows. For the multi-ionic solution described in
this paper, this ratio was around 10/1 for pH 6.73 to 30/1 for
pH 7.11, with the larger flow rate that of N,. To achieve the
constant pH, bubbling was continued during the entire
experiment, and the solution was open to the atmosphere, so
that the total pressure remained constant.

2.3. RO Experiments. RO experiments were performed
using a cross-flow lab-scale membrane filtration system
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(Convergence Inspector Colossus, Convergence, The Nether-
lands) connected to a homemade stainless steel membrane
cell. The temperature in the system was maintained with a
cooling system. A detailed description of the equipment and a
flowchart of the setup can be found in Supporting Information.
In the experimental work, two different pieces of membrane
(membrane A and B) of a low-pressure thin-film composite
RO membrane (ESPA2-LD-4040, Hydranautics, USA) were
used (area 250 cm?). The pieces were obtained from
membrane sheets by cutting open a RO membrane module.
Each membrane piece was placed in a membrane cell together
with a feed flow spacer cut from the same membrane module
as the membrane. The membrane was then hydrated for 12 h
by running the RO setup with demiwater without applying a
pressure. Finally, the membrane was pressurized at 15 bar for 6
h, again with demiwater, and after that immediately used for
the experiments.

2.3.1. Experimental Conditions and Procedure. All data on
ion passage presented in this paper were obtained at a TMF of
20.3 LMH (LMH for L/m?/h). To achieve this TMF, with the
area of 250 cm?, the permeate flow was 0.507 L/h. This flow
was maintained by controlling the retentate pressure with a
control valve; see the setup flowchart in the Supporting
Information. The feed flow rate was kept constant at 30 L/h,
which means that only 1.67% of water goes through the
membrane (water recovery = 1.67%). All experiments were
done with full recirculation of permeate and retentate back to
the 20 L feed tank.

We performed two types of experiments, and each lasted for
4 days. First, we ran the RO setup with membrane A, for cases
I-IV (which have a different CCR), the same as reported in
the study by Biesheuvel et al. (2020). For information about
these cases I-1IV, see Table S2. Before each new experiment,
we recirculated the system with a solution of similar
composition for 2 h without pressure, at pH ~ 6, as a
precaution to remove scaling that might have happened during
the previous experiment. RO experiments are done at pH 6.73.
This pH was selected because, according to Visual MINTEQ,
at that pH there is no precipitation for case I, while there is
precipitation at pH 7.11, which is an average value of pH
reported by Biesheuvel et al. (2020) for case I. We did not
decrease pH further because the aim was to replicate the earlier
data, and if we would reduce pH, we would deviate even more
from the original condition. However, as shown below, we
discovered later that we could also run robust experiments at
pH 7.11. Samples (feed and permeate) were taken after 12 h of
system operation and a duplicate pair after another 1 h. For
this first set of experiments, feed temperature was not
controlled, and it varied between T = 30—32 °C. For the
permeate flux of 0.507 L/h, all cases were run with a
transmembrane pressure (TMP) = 11.1—11.4 bar. Results of
these experiments are shown in Figures 3 and S2.

After all data on ion passage from experiments on different
cases were obtained, this membrane A experienced a pressure
spike during rinsing (the effect of pressure spikes on
membrane integrity is discussed in section 2.1 in the
Supporting Information). Therefore, we replaced membrane
A by membrane B for a second type of experiment, in which
we investigated the influence of pH and temperature on ion
passage, only for case I. Results of experiments with membrane
B are shown in Figure 4. The experiment was started in the
same way as previously, and after we took samples at pH 6.73,
we changed to pH 7.11. After 2 h, under stationary conditions,
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Figure 2. Dependence of solution pH (of the multi-ionic solution
defined by the composition given in Table 1) on the CO,
concentration in a gas phase in equilibrium with the solution.
Diamonds are experimental data obtained with the N,/CO, control
method, and the line is based on theoretical equilibrium calculations
(Visual MINTEQ) including a small vertical offset (see the main
text).

we took a sample at this increased pH. After that, we changed
conditions to pH ~ 6 to decrease the risk of precipitation, and
then, we changed the temperature of the feedwater with our
temperature control system. Once a new temperature set point
was reached, we changed to pH 6.73. In this way, we repeated
the procedure at different values of pH and temperature. We
obtained data in a temperature range of T = 15—31 °C, and
because at low temperature, the resistance to water flow is
much higher; we had to vary pressure between TMP = 8.0 and
12.8 bar to obtain in all cases the same TMF as in the first
experiment.

2.4. Analysis. 2.4.1. Micro Gas Chromatography. The
composition of the gas phase in contact with the solution was
measured with micro gas chromatography (u-GC) with a
thermal conductivity detector (Varian CP-4900 uGC, Agilent
Technologies, USA). We took one gas sample each time we
collected a feedwater sample for ion composition measure-
ments to measure the N,/CO, ratio. Example results for this
ratio (expressed as CO, mole fraction) for an experiment with
pH of 6.1—6.8 can be found in Figure 2. The line that fits the
data is a theoretical prediction by Visual MINTEQ shifted up
by 0.03 pH point.

2.4.2. Feed and Permeate Sampling. To calculate passage
of each ion, the ion composition of feed and permeate must be
measured. Pairs of samples were taken under stationary
conditions from the feedwater and from the permeate. Samples
from the feedwater were taken directly from the 20 L feed tank,
and for the permeate, samples were taken right after the
membrane cell by briefly diverting the permeate flow to a
sample container. During each sampling, we measured pH of
the feed and permeate and temperature of the feed. Samples
were diluted and prepared for analysis immediately.

2.4.3. lon Detection. Concentrations of Na*, K*, Ca®*, and
Mg** were measured by PerkinElmer inductively coupled
plasma optical emission spectrometry, type Optima 5300 DV
(ICP—-OES) and by Metrohm 930 compact ionic chromatog-
raphy (IC) with a built-in conductivity detector. There was no
significant difference in detected ion concentrations with the
mentioned methods except for Ca’*. The reason for the
difference between the measured values for the concentration
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Figure 3. Data on ion passage, P, for cases I-IV with different Na*/Ca®* concentration ratios (CCR) in feedwater and the permeate pH. In case
CCR = 0.86 (ionic strength, c,, ~ 14 mM), and for cases II-IV, CCR = 0.43, 0.86, and 3.44 (c,, ~ 25 mM). Green squares represent our new data
(pH 6.73, T = 30—32 °C, membrane A), and red circles are data obtained from the study by Biesheuvel et al. (2020) (pH 7.11, unknown

temperature). Passage, P, calculated from data given in Tables S4 and SS.

of Ca** is discussed in the Supporting Information. Cation
concentrations reported in the Supporting Information are
from ICP—OES, except for NH,*, which was only measured by
IC. For anions, CI”~ and SO,*” were also measured with IC.
The quality of analysis was checked with control samples and
with Shewhart control charts, and in these reference experi-
ments, the measured concentrations, presented in the
Supporting Information, were within +5% of the calibration
values. Except for the ions mentioned above, and HCO;™, no
other ionic species were found. We attempted to measure the
concentration of HCO;~ with different analytical techniques,
but the results were always lower than what is expected based
on an overall charge balance (of all ions together in solution).
This may be because the CO,-controlled conditions in our
experiments could not be maintained during sampling and
analysis. Thus, during and after sampling, CO, could evaporate
from the sample. To precisely measure HCO;™ in the system
that uses gas control in the way we describe in this paper, one
would need to use a fast, reliable, and preferably in situ method
for HCO,~ detection.”® Thus, to circumvent this problem,
results on HCO;™ concentration in this paper, for example, as
shown in Figures 3 and 4 and Tables S4—S9, are from the
charge balance method, just as was the case in the study by
Biesheuvel et al. (2020).
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3. RESULTS AND DISCUSSION

3.1. Potential Applications of the N,/CO, Gas Control
Method. An interesting question is which pH values can be
obtained with the method of controlled N,/CO, bubbling.
This actually depends critically on the solution chemistry. For
example, the range is ~pH 4—7 for a NaCl solution as
predicted by the Visual MINTEQ software. Removing all CO,
indeed leads to pH 7, which was confirmed in an experiment in
which NaCl solution was bubbled with N,. This pH value
makes sense because there are no carbonate species present,
and there is nothing that could result in a pH different from
the neutral value of pH 7 (under standard conditions).
Carbonate species can be introduced with CO, bubbling, and
when the NaCl solution is contacted with pure CO, gas, pH
quickly dropped to pH 4. However, if a solution is prepared by
dissolving carbonate salts, similar to preparing synthetic natural
water, then bubbling with N, will not remove all carbonate
species from solution. This is probably because pH strongly
increases and carbonate salts precipitate at high pH. Visual
MINTEQ_predicts that in equilibrium, bubbling multi-ionic
solution with N, results in ~pH 12 and contacting with pure
CO, results in ~pH S5.5. These values were not checked
experimentally, but we did an experiment in the ~pH 6.1-6.7
range to validate the Visual MINTEQ predictions; see the
good fit shown in Figure 2. In this experiment, the N,/CO,
ratio was varied and pH was measured. Experimental results of
the gas composition were measured by u-GC. Theoretical
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Figure 4. Data for ion passage, P, as function of temperature, T, at two different pH values (green squares are results at pH 6.73 and red circles are
at pH 7.11). Data were obtained by desalination of multi-ionic solution (case I; membrane B). Horizontal red lines are average of the results
reported in the study by Biesheuvel et al. (2020) with a solution of similar composition at pH 7.11 and unknown temperature. Passage, P, is

calculated from data that are given in Tables S6—S9.

calculations were obtained with Visual MINTEQ, and as
shown in Figure 2, these calculation results are presented as a
line but shifted up by a 0.03 pH point. This is only a slight
deviation, after which the theoretical line closely describes the
experiments. Thus, we can conclude that Visual MINTEQ is a
reliable tool to accurately predict the required partial pressure
of CO,, that is, mole fraction of CO,, that is, N,/CQO, ratio, to
establish a certain desired pH of a solution.

In our experimental program, we used the new method of
N,/CO, gas control to set and maintain a constant pH of
synthetic brackish feedwater for RO experiments. These
experiments lasted over several days, and during all this time
constant, pH was easily established. This was the experiment
that we investigated, but of course, our method can also more
generally be used for other studies where setting a precise pH
is desired. For example, a similar method was used in the study
by Legrand et al. (2018) to test the ability of membrane
capacitive deionization to capture CO, from solutions at
different CO, partial pressures.”® Also, in the study by Torres
et al. (2008), different CO,/air mixtures were used in an
experiment with a microbial fuel cell to show that carbonate
species transport OH™ from a cathode to anode compart-
ment.”” Many studies report the influence of carbonate species
on the degradation and fate of toxic components such as
arsenic ions or organic micropollutants.”*>" Carbonate
species are omnipresent in natural waters and will chemically
interact with micropollutants, and these interactions are pH-

19951

dependent. Our pH-adjustment method can be useful to
investigate the effect of pH and carbonate concentration on the
fate of micropollutants in such studies. Another aspect of the
N,/CO, gas control method is that we obtained the anaerobic
conditions required to simulate the groundwater source.
However, for other applications, when aerobic conditions are
desired, O, or air can also be used instead of N, or CO, to
control carbonate concentration and pH. Note that in
experiments that use solutions with no or low buffer capacity,
maintaining a precise pH can be more difficult with our
method. For the experiments in this study, maintaining the
precise pH was not an issue because of the high carbonate
buffer capacity.

3.2. Importance of Theoretical Species in Multi-lonic
Solutions. In the study of the composition of multi-ionic
solutions and ion retention in RO, it is important to realize
that the “form” of the ion as it is measured is not the same as
the ion speciation in solution. Indeed, Table las we will explain
in Section For example, Visual MINTEQ predicts that around
70—90% of the total calcium, magnesium, and sulfate, in cases
I-1V, is present as unassociated divalent ions, with the
remainder in the form of ion pairs. More information about ion
speciation is given in the Supporting Information, which is
especially important for Ca** (and the difference in its
measurement by ICP and by IC), because the multi-ionic
solution is close to CaCO; precipitation, and for some
situations (cases II and III and pH 7.11), Visual MINTEQ
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predicts oversaturation with CaCOj;, increasing when pH or
temperature increases.”> However, during our experiments, no
precipitation or scaling of any kind was observed, nor any
change in experimental conditions that could indicate
precipitation. There was also no report of scaling in the
related study by Biesheuvel et al. (2020).

The ion speciation effects just discussed must also be
considered in the future theoretical work on developing RO
ion transport models. Not only the potential effect of scaling
but also the transport of ions, neutral species, and ion pairs
through the RO membrane must be considered. As an
example, Kimani et al."> (2021) showed the importance of
including the ion pairing equilibrium in the ext-DSP model.

3.3. Experiments with Multi-lonic Solution at Differ-
ent Compositions. Data of ion passage in RO for
experimental cases I-IV with different Na*/Ca** concen-
tration ratios (CCR) are shown in Figure 3. Green squares
describe our new results at a feed conditions of T = 30—32 °C
and pH 6.73. Red circles are the previous data on ion passage
reported in the study by Biesheuvel et al. (2020), at unknown
temperature and an average pH of pH 7.11. Both experiments
were done at a TMF = 20.3 LMH.

Some differences and similarities can be noticed when these
two data sets are compared. The most obvious difference is
that in our new data, for most ions, ion passage is larger than in
the previous data set. One possible reason for this difference is
that our experiments were performed at different pH and
temperature, which—as we will explain in Section 3.3—result
in higher ion passage. To test these effects, we performed an
experiment (for case I) in which we varied pH and
temperature, the result of which we summarize in Figure 4.
Results clearly show that pH and temperature influence ion
passage. Points of similarity between the two data sets
presented in Figure 3 are that the ion passage of the divalent
ions is lower than that of monovalent ions, which also logically
follows the Donnan exclusion theory (because divalent ions are
larger and have a higher charge).33 Also, from both data sets, it
can be observed that CCR in the multi-ionic feedwater
influences ion passage through the membrane. Decreasing the
ratio (as in case II) increases the passage of all cations and
vice-versa when CCR is increased, and the passage of all
cations goes down (as in case IV). At the same time, the
passage of anions does not change as much as the cations when
CCR is changed. Therefore, we also conclude, as in the study
by Biesheuvel et al. (2020), that the feedwater CCR influences
ion transport.

In the future work, theories and ion transport models should
be developed to explain the influence of CCR on ion passage.
For that, both the previous and the new data sets shown in
Figure 3 should be considered. The previous data set was
obtained using a full membrane module, but these data are not
fully satisfactory because feedwater temperature was not
reported, and there were many outliers in measured
concentrations, especially for SO,2~. Also, feedwater pH varied
between experiments. In our new data set, all data were
obtained at a controlled pH with the N,/CO, gas control
method, temperature was accurately measured, and we have
complete and reliable measurements for the concentration of
SO,”". Note that we only tested in this experiment one
membrane piece, but ideally multiple such coupons are tested,
taken from the same or from different modules, as it is known
that there can be up to a 20% difference in TMF for different
membrane pieces, as a result of uneven manufacturing.”* To

reduce this uncertainty, RO experiments can be done with
multiple membrane modules that are put in series or parallel.

3.4. Experiments with Multi-lonic Solution at Differ-
ent pH values and Temperatures. In Figure 4, data on ion
passage for different ions obtained by desalination of multi-
ionic solution (case I) in the temperature range of T = 15—31
°C and at two different pH values are plotted. Selected values
were for pH 6.73 and 7.11 because these are pH values of the
four cases tested in this paper and in the study by Biesheuvel et
al. (2020). Because one goal of this experiment was to
determine if we can obtain under laboratory conditions similar
ion passage for multi-ionic solution as reported in the study by
Biesheuvel et al. (2020), we report in Figure 4 by a red line the
ion passage at pH 7.11 from the 2020 paper. As mentioned,
this work did not report temperature. However, we do know
that experiments were done in the month of December (2013)
at a water treatment plant near the city of Woerden in The
Netherlands. The temperature of groundwater in this part of
Europe is anywhere in between the range T = 5—20 °C for
different aquifers..35 Thus, likely the temperature in the
experiments in the study by Biesheuvel et al. (2020) was less
than in this study, where it was T = 30—32 °C.

Our data clearly show that temperature and pH influence
the ion passage. There is a gradual increase in ion passage as
temperatures increase. In Figure 4, one can observe that this
increase is quite similar for most ions; increasing temperature
from T = 15-31 °C increases ion passage by around 1.5-3
times. Only for NH,*, this increase is possibly larger because
no NH," could be detected at lower temperatures. Temper-
ature also affects the water passage. This can be observed in
Figure S, which shows the required increase in TMP to obtain
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Figure S. Required TMP, at different temperatures, T, to obtain a
constant transmembrane permeate flux of TMF = 20.3 LMH for
results presented in Figure 4. Green squares are results at pH 6.73 and
red circles at pH 7.11. The dashed line is to guide the eye.

constant TMF when temperature is decreased. For the
decrease in temperature from T = 31 °C to T = 15 °C, we
had to increase pressure from TMP = 8.0 bar to TMP = 12.8
bar or else the TMF would decrease.

To understand why an increase in temperature results in a
corresponding increase in ion and water passage, we can look
at how temperature affects the solution and the membrane. An
increase in temperature will decrease the solution viscositz,
increase its osmotic pressure, and increase solute diffusivity.”®
Temperature also affects the solution chemistry. As shown in
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section 4.1 in the Supporting Information, bicarbonate and
ammonium acid—base equilibria are shifted with the temper-
ature and pH change. Also, a higher temperature will affect the
pore size and density of a membrane, and generally, the
membrane becomes more permeable.”” Concentration polar-
ization is another effect that has been reported to be
temperature-dependant, and as temperature increases, it is
expected to decrease.”® As a result of the mentioned effects, ion
passage (see Figure 4) and water passage (see Figure 5)
through the membrane increase at higher temperatures. A
future work that use data from this paper should try to explain
which of the mentioned effects of temperature are more
dominant and if some can be neglected under our operating
conditions. Developers of ion transport models should aim to
include temperature effects in their model, thus help in
understanding temperature-related phenomena.

Besides temperature, pH also influences the ion passage of
multi-ionic solutions. For a small increase in pH from 6.73 to
7.11, we observed that passage of most cations decreases. In
Figure 4, it can be observed that this effect was higher for Na*
and K*, while for Ca** and Mg, the effect was minor. For
NH,", it is the opposite, and an increase in pH decreases NH,*
ion passage. For the anions, Cl~ and SO,*~ change in pH did
not noticeably change ion passage, and the effect for HCO;~
was the same as for Na* and K*. Though there has been much
research on the effect of pH on RO performance, we did not
find a discussion on how pH influences ion passage of
individual ions in multi-ionic solutions. However, our results
clearly show that pH affects ion passage for most of the ions.
The influence of pH on the ion passage for simple solutions
was successfully modeled using an RO ion transport model
that includes Donnan electrostatic exclusion in ref 40. Indeed,
a model used in the study by Coronell et al. (2013) explained
that as pH increases, the charge density of the active layer
becomes more negative, and as a result of that, anions are
better rejected. Because the electroneutrality has to be attained
in the permeate,” the ion passage of the counterion is also
hindered.*’ Hoang et al. (2010) showed that around neutral
pH with an increase in feed pH, the membrane becomes more
negatively charged, bringing about an increase in Na* and CI™
rejection. They concluded that the reason for the more
negative surface charge at higher pH is the deprotonation of
carboxyl groups and adsorption of OH™ on the membrane.*'
Van Wagner et al. (2009) also reported an increase in NaCl
rejection as pH increases.*” In both studies with NaCl solution,
it was emphasized that even though ion passage changed, pH
did not significantly influence the water flux. In Figure 5, it can
be observed that this was also the case in experiments in this
study, that pH did not influence TMP for a certain TMF.

As shown in Figure 4, it is evident that both pH and
temperature have a significant influence on the ion passage and
that by increasing pH and decreasing temperature, we
approached more closely the results in the study by Biesheuvel
et al. (2020), see the corresponding red line, and in the case of
Na*, K*, and HCO;", we even obtained the same results.
Another factor that influences ion passage—shown in our
results—is membrane quality. Data presented in Figure 3 were
obtained with membrane A and, in Figure 4, with membrane B.
Because both membrane pieces are from the same membrane
sheet, they should show very similar performance. However,
careful analysis of Figures 3 and 4 shows that under the same
conditions, ion passage is different, and membrane A has a
performance that is superior to that of membrane B. For
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example, at pH 6.73 and temperature T ~ 31 °C, ion passage
of Na* is ~30% higher with membrane B. One possible
explanation for this difference are the imperfections created in
the membrane structure during membrane manufacturing. A
higher density of such imperfections will lead to a lower
performance.*’ Nevertheless, both membranes A and B have a
very high retention of salts, allowing for the production of
usable water. However, in the development of ion transport
models, a difference of 30% will lead to clear differences in
values of the derived membrane transport parameters. To
avoid that, it is necessary to do experiments on multiple
membranes to gain insights into average membrane perform-
ance.

4. CONCLUSIONS

In this paper, we described a new method of N,/CO, gas
control that can be used to set and maintain pH of a multi-
ionic solution by adjusting the partial pressure of CO, in a gas
phase in contact with the solution, without the need to add
acid or base. Visual MINTEQ or similar software can be used
to evaluate which pH values can be achieved for any type of
solution, as function of gas phase composition. We used this
method in a study of water desalination using RO experiments,
but our method can also be considered for other experiments
in which precise pH control is required.

In our RO study, using the gas control method, we obtained
precise data on ion passage (or ion retention) of individual
ions during the desalination of a multi-ionic solution with 10
different ionic species at precisely tuned pH values (and
precisely set temperatures). We developed a data set with the
aim to replicate a prior data set reported in the study by
Biesheuvel et al. (2020) that specifically studied the influence
of the concentration ratio between the cations Na* and Ca**
(CCR) on ion passage. In many aspects, we obtained similar
trends as in the previous data, though in general, we obtain
higher passages of the ions (lower retention of ions by the
membrane). We closely reproduced the trend in how CCR
influences ion passage. When CCR goes down, passage of
cations increases, while at the same time, anion passage does
not change as much. Temperature decreases ion passage for all
ions, while the effect of pH is different for different ions. Thus,
we can conclude that temperature, pH, and CCR affect ion
passage of ions in the multi-ionic solution in different ways. We
were able to come to this conclusion thanks to precise pH and
temperature control (over prolonged periods) in this
laboratory study. Future conceptual studies can be of aid to
provide concrete answers to some of the trends observed in
this paper. One option is to further develop ion transport
models based on the data reported in this work.
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