Co-published by
Institute of Fluid-Flow Machinery
Polish Academy of Sciences

@,

ARCHIVES

Committee on Thermodynamics and Combustion
Polish Academy of Sciences

Copyright©2024 by the Authors under license CC BY 4.0

P http://www.imp.gda.pl/archives-of-thermodynamics,

Experimental study of the potential of concentrated NaCl
solutions for use in pressure-retarded osmosis process

Fabian Dietrich?”, Lukasz Cieélikiewicz?, Piotr Furmanski?, Piotr Lapka?

aWarsaw University of Technology, Faculty of Power and Aeronautical Engineering, 21/25 Nowowiejska St., 00-665 Warsaw, Poland
*Corresponding author email: fabian.dietrich.dokt@pw.edu.pl

Received: 17.01.2024; revised: 07.03.2024; accepted: 15.03.2024

Abstract

Pressure retarded osmosis is a process that enables useful work generation from the salinity difference of solutions. The
literature most often considers using pressure retarded osmosis with natural sodium chloride (NaCl) solutions, such as
seawater, dedicated for open systems. To explore the full potential of this process, however, optimized, highly concentrated
solutions of various compounds can be used. The presented research is focused on evaluating the impact of increasing draw
solution temperature and concentration on the permeate flow in the osmotic process. The permeate flow is directly related
to achievable work in this process, therefore, it is important to find feed and draw solution parameters that maximize it. An
experimental setup developed in this study provides full control over the process parameters. Furthermore, the performance
characteristics of the membrane over process time were investigated, as it became evident during preliminary experiments
that the membrane impact is significant. The studies were conducted without back-pressure, in a configuration typical of
the forward osmosis process, with solution circulation on both sides of the membrane. The obtained results show a clear
positive impact of both the temperature and concentration increase on the potential output of a pressure retarded osmosis
system. The membrane behaviour study allowed for correct interpretation of the results, by establishing the dynamics of
the membrane degradation process.
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OF THERMODYNAMICS

1. Introduction

World energy use is still largely based on fossil fuels, which are
closely linked to emissions of pollutants and carbon dioxide, af-
fecting the state of the ecosystem. As the world's energy demand
continues to grow, energy conversion methods previously not
used on a large scale are gaining interest. One of these methods
is extracting useful power from the difference of concentrations

in solutions based on thermodynamic potential (i.e., Gibbs free
energy). There are two most promising basic ways of utilization
of this potential, i.e., pressure-retarded osmosis (PRO) and re-
verse electrodialysis (RED), which can be used to generate use-
ful power from salinity difference.

The RED uses membranes for the ions, but not water,
transport. Two types of ion-selective cation-exchange mem-
brane (CEM) and anion-exchange membrane (AEM) are used
[1]. A number of these membranes are arranged in a variable
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pattern between a cathode and an anode. The channels between
the membranes are alternately filled with highly concentrated
salt solution and diluted salt solution, which flow along the
membranes. The difference in electrochemical potential result-
ing from the difference in salinity causes the transport of ions
through the membrane from the concentrated solution to the di-
luted solution. In a sodium chloride solution, sodium ions per-
meate through CEMs towards the cathode, and chloride ions
permeate through AEMs toward the anode. Electro-neutrality of
the solution in the anode cell is maintained by oxidation on the
surface of the anode. Electro-neutrality of the solution in the
cathode cell is maintained by reduction on the cathode surface.
The electric potential difference builds up between two neigh-
boring electrodes. This potential difference allows an electron
transfer from the anode to the cathode via an external electrical
circuit when the external load is connected to the circuit. The
main advantage of using the RED system for obtaining useful
energy is that electricity is generated directly from salinity dif-
ferences between neighboring channel streams. Each pair of
membranes generates a voltage of around 0.1-0.2 V from typi-
cal river and sea water [1]. It was found that in order to over-
come energy losses at the electrodes, at least 20 pairs of mem-
branes are needed. Substantial advances are being made to in-
crease RED power density and energy efficiencies by improving
membrane materials, spacing and architecture. The highest
power density that was attained for the RED stack with 50 cell
pairs was 0.93 W/m? at about 3 V, neglecting electrode and
pumping losses (based on each type of ion-exchange membrane
having a 0.5 m? total surface area, or 93 W/m? based on the pla-
nar cross-sectional area between the electrodes [1]). The main
challenge for the commercialization of RED is the cost of ion-
exchange membranes, but a global increase in demand leads to
a price decrease. Over the past two decades, new materials, im-
proved fabrication methods and increased production of mem-
branes have resulted in a decrease in their costs. But they are
still very high, and the RED technology is quite expensive.

The PRO process enables the generation of useful work from
the concentration difference of solutions separated by a semiper-
meable membrane. In the osmosis process, the system tends to
equilibrate by equalizing the concentrations on both sides of the
membrane. The only way to reach this goal is for the solvent to
flow toward the highly concentrated solution, resulting in its di-
lution. The governing variable of this process is osmotic pres-
sure. It is defined as the minimum pressure needed to stop the
osmotic process completely. By applying pressure lower than
the osmotic pressure to the concentrated side, one may partially
retard the flow of solvent, but in effect, the permeating solvent
now has the potential to perform useful work [2], i.e., when pass-
ing through the membrane, it increases its pressure to that ap-
plied on the concentrated side. There are two other well-known
osmotic processes that have elements in common with PRO, i.e.,
forward osmosis (FO) for wastewater treatment [3] and reverse
osmosis (RO) for water purification [4], but these processes are
implemented differently and have different objectives than
PRO.

The literature most often considers using PRO with natural
sodium chloride (NaCl) solutions, such as seawater and river

water, or industrial solutions, e.g., seawater desalination concen-
trate [5]. With the average salinity of seawater in the range of
35 g/kg and the assumption of negligible salinity of clean water,
such a system can provide approximately 0.6 kWh of energy per
cubic meter of freshwater used. The osmotic pressure of stand-
ard seawater is at the level of 0.27 MPa [6]. Moreover, in the
vast majority of the papers, only open systems are analyzed de-
pending on the available source of streams feeding the system.
The schematic of such a system is shown in Fig. 1a. In these
systems, the full potential of PRO as a power generation method
cannot be explored due to existing parameter limitations of nat-
ural and industrial NaCl solutions.

The second approach, which is less common in scientific
publications, is a closed PRO system, shown in Fig. 1b, that al-
lows more extensive manipulation of the parameters of the feed
and draw streams, as well as the use of optimized synthetic so-
lutions [7].
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Fig. 1. Schematic of open (a) and closed (b) PRO system.
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Alternative engineered solutions have more advantageous
properties, such as high solubility and high osmaotic pressure, al-
lowing for greater flow of the solvent through the membrane,
i.e., producing much higher power densities [8]. To maximize
the osmotic pressure, the molecular mass of the solvent should
be as low as possible. The selected solutions should also mini-
mize separation energy requirements during the regeneration
process, i.e., they should have a high recovery rate using low-
grade heat. The considered solutions are, among others, inor-
ganic and organic salts, aqueous solutions of very soluble am-
monia salts, diluted ammonia-carbon dioxide solution in water,
and aqueous solutions of ammonia hydrocarbons [8—10]. There-
fore, the application of a closed PRO system allows optimization
of the process depending on the intended applications. Moreo-
ver, such systems operate without any inflow of freshwater and
require the draw solution regeneration. Methods of regeneration
may be divided into thermal and mechanical. Thermal methods
use external heat sources to separate components of the solution.
A few such methods of solution regeneration have been pro-
posed, e.g., distillation, separation using critical temperatures
(over which some liquid vapours become miscible or immisci-
ble), and separation using differences in solubility of dissolved
species in a solvent for different temperatures. In essence, the
external heat input, required for solution regeneration, can be
converted to mechanical energy, resulting in an osmotic heat en-
gine (OHE) [10]. Such an engine may utilize low-grade renew-
able energy heat sources, such as solar [11] and geothermal en-
ergy [12] or waste heat, for solution regeneration and heating of
solutions in the PRO cycle, which may also increase the process
performance [9]. Additionally, a closed PRO system does not
require access to saltwater and freshwater in close proximity,
and therefore, its environmental impact and constraints are lim-
ited.

The main problem with the PRO and its commercial appli-
cations is the low power density per square meter of the mem-
brane when seawater or low-concentrated solutions are used.
One of the ways to overcome this problem may be the applica-
tion of high-concentrated or saturated solutions as working me-
dia. Several studies in which hypersaline agents were applied,
including the pilot-scale facilities, were described in the work of
Bajraktari et al. [13]. Very high power densities per square meter
of the membrane are obtained for such working media due to the
significant rise in the osmotic pressure and water flux through
the membrane with increasing salt concentration. The power
density was reported to increase at a higher rate than the draw
solution concentration, e.g., by doubling its salinity, power den-
sity rises with factors between 2.5 and 3.75 [13]. However, most
working media that came from natural resources (i.e., hyper-
saline lakes, salt domes, hypersaline geothermal water, etc.) and
technological processes (industrial brines, e.g., from destination
process, brine wastewater, etc.) were considered in the open
PRO systems. These media have a NaCl concentration of up to
3 mol/dm3, which is far below the NaCl saturation point in the
water (c.a. 5.36 mol/dm? at 20°C) [12].

So far, the studies encountered in the literature are mostly
focused on investigating solution concentrations corresponding
to the standard seawater concentration in open PRO systems

[14]. While some laboratory- and pilot-scale studies were con-
ducted on open PRO systems [15], the studies presented to date
regarding closed-loop PRO systems are purely theoretical [16].

To fill the apparent gap in the scope of studies published to
date, the studies presented in this paper have been extended to
include highly concentrated solutions (i.e., at salt concentrations
much higher than those used in the literature), allowing the max-
imum theoretical potential of the reagent to be determined for
future applications in closed PRO systems. The experimental
setup designed for the purpose of this study mimics the layout
and behaviour of a closed-loop PRO system on a laboratory
scale. This enables an investigation of the process in conditions
similar to those encountered in future real systems. In addition,
determining the effect of solution temperature on process dy-
namics will allow better prediction of the behavior of such sys-
tems under varying operating conditions in order to investigate
the possibilities of using low-grade heat to improve the effi-
ciency of PRO systems. The experimental study also makes it
possible to detect potential technical problems resulting from in-
creasing the concentration and temperature of working solu-
tions, which are difficult to predict in theoretical analyses. The
overall novelty of this study is that it undertakes the develop-
ment of a methodology for the investigation of closed-loop PRO
systems, operating on highly concentrated solutions at elevated
temperatures, taking advantage of available heat sources to in-
crease the power density of the setup to the highest possible
level.

The research described in this paper focuses on evaluating
the effects of the concentration and temperature of NaCl solu-
tions on the flux of the solvent (water) flowing through the sem-
ipermeable membrane, which is directly related to the possible
useful work generated in the PRO process. The study was con-
ducted without back pressure (i.e., a configuration typical of the
FO process), forcing only the flow of the media on both sides of
the membrane.

Additionally, the preliminary results of experiments sug-
gested that there is a need to investigate the behavior of the os-
motic membrane. A significant decrease in the permeate flow
between consecutive measurements led to the conclusion that
membrane degradation may play a crucial role in evaluating the
PRO process performance. Therefore, the study was extended to
incorporate a long-term measurement performed in the refer-
ence conditions, designed specifically to investigate the mem-
brane performance itself.

2. Description of the method and materials used

2.1. Test solution

Analytical grade NaCl and deionized water were used to prepare
the draw solution. The salt was previously dried in a vacuum
dryer. A solution with a concentration of 35 g NaCl/kg of the
solution, which corresponds to the standard concentration of
seawater, was chosen as the test baseline (reference solution).
A concentration twice as high was chosen as the next measure-
ment point, since the increase in osmotic pressure of the solution
with its concentration is linear over the assumed measurement
range. To determine the maximum potential of the solution,
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a concentration of 211 g/kg of solution was investigated, corre-
sponding to 80% of the maximum solubility of NaCl salt in wa-
ter at 20°C. The saturated solution was not used since crystalli-
zation of the salt in the system at points of reduced temperature
could lead to the introduction of the solid fraction to the pump
and osmotic module, potentially leading to damage to these
components. The solution was prepared in batches of 10 kg, and
the resulting concentrations were verified by density measure-
ments (METTLER TOLEDO, Densito, accuracy +£0.001 g/cm?®)
and compared with literature values.

2.2. Test stand

The bench was mostly made of AISI 316 stainless steel to min-
imize the risk of component degradation when using highly con-
centrated salt solutions. The main component of the system was
a specially designed and manufactured module consisting of two
parts, which, when divided by a semipermeable membrane
(Dupont, FilmTec XUS1203) and assembled, form two channels
allowing the flow of feed and draw solutions. The parallel flow
configuration of the module was used. The working area of the
module was 100 x 250 mm?, and the height of the channels was
2.2 mm. Special support inserts (i.e., spacers) printed using the
Fused Deposition Modeling (FDM) method were installed on
both sides to avoid membrane deformation and flow restriction.
The module with the support insert installed is presented in
Fig. 2.

Fig. 2. Half of the membrane module with membrane support insert.

Fluid flow in the system was induced using two FOTTON
FTL-222 diaphragm pumps with a maximum flow rate of
4 1/min each, powered by a 24-volt DC power supply and con-
trolled using the method of Pulse Width Modulation (PWM).
Keller PAA-33X pressure transmitters with a measurement
range of 0.8-1.2 bar and an accuracy of 0.1% of the range were
used to measure pressure on both sides of the module, communi-
cating with the system via Modbus RTU RS485 protocol.

The control system, based on pressure measurement at the
module outlets, ensures a zero pressure differential on both sides
of the membrane (FO configuration operation) by adjusting the
flow rate on the draw solution pump. Temperature control in the
system was carried out by two complementary elements, i.e.,
a spiral heat exchanger made of a silicone hose immersed in a
water bath connected to a chiller and an electric heater to facili-
tate the basic control and stabilization of medium temperature,
and electric heaters of 300 W each placed in the flow of both

media and allowing precise control of the temperature of the so-
lutions using the PWM method. Temperature measurements
were carried out using PT100 resistance sensors connected to
MAX31865 transmitters communicating with the system using
the SPI protocol. The solution temperature was maintained
within the range of + 0.5°C from the set value for the experiment
duration.

For medium storage, two 2 | polypropylene vessels were
used. Mass changes in the tanks were measured using two RAD-
WAG 3000.X2 precision balances (accuracy + 7.5 mg, calcu-
lated as the sum of max repeatability and linearity errors), com-
municating over the VISA protocol. The proprietary control and
data acquisition system was integrated using a Raspberry
Pi 4 8GB single-board computer with a dedicated application
written in Python. A diagram of the test stand is shown in
Fig. 3.

Single-speed Feed solution

diaphragm pump,

Precision
balance

Heat exchanger

Variable-speed

Precision diaphragm pump

balance
Draw solution

Heat exchanger

Fig. 3. Test stand schematic.

2.3. Experiment methodology

Nine cases were analyzed during the study, considering different
draw solution concentrations and variable temperatures in the
PRO system, as shown in Table 1. During testing, the tempera-
ture was kept equal for draw and feed solutions. The result ob-
tained for a 35 g/kg NacCl solution at 20°C was used as the ref-
erence.

Table 1. Investigated cases.

Solution concentra-
tion (g/kg)

Temperature (°C)

35 70 211

20 40 60 20 40 60 20 40 60

All measurements were carried out in the same configura-
tion, using equal volumes of solutions. Before the experiment
was performed, the system temperature was stabilized, and the
concentration of the circulated solutions was verified by meas-
uring their densities. Once the temperatures and pressures on
both sides of the membrane were stabilized, the measurement
was started and stopped automatically after a preset time of
80 minutes, identical for every case. At the end of the experi-
ment, for a given point, the density of the feed solution was
measured — to determine any salt backflow — and that of the draw
solution — to determine the dilution during the process. Then, by
analyzing the data, the mass fluxes of the solutions were deter-
mined. To reduce the effect of evaporation and hygroscopicity
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of the draw solution, the result was calculated as the average of
these fluxes. After taking into account the density of water at the
measurement temperature and the membrane active area, the
mass flux was converted to unit volume flux.

3. Analysis of preliminary results

Figure 4 shows the obtained data as a function of solution tem-
perature and concentration. The permeate stream gains, how-
ever, did not match the theoretical expectations. Despite the fact
that doubling the solution concentration doubles the osmotic
pressure in a low-concentration range, the flow increases mar-
ginally. Strong temperature dependency is evident and reasona-
bly consistent, which would follow in line with the expectation,
i.e., the solution temperature variation affected the solution
properties, such as the solution viscosity and solute diffusivity,
which resulted in the rise in permeate flux with the rising system
temperature. The impact of the solution concentration is not as
pronounced.

140%

Solution temperature — —
I 20°C
[ 40°C
[

120%

100% -

80%

60%

40%

Permeate stream increase

20%

0% —
35 70 211
Solution concentration (g/kg)

Fig. 4. Obtained flux increments as a function of draw solution
concentration and process temperature with respect
to the reference case (35 g/kg and 20°C).

The series of measurements was completed with an addi-
tional measurement under reference conditions. This measure-
ment showed a significant decrease in the permeate flux com-
pared to the first reference case. Since all the measurements
were performed using the same membrane coupon, gradual deg-
radation of the membrane in the process was suspected.

For the preliminary result correction, a linear degradation
characteristic was assumed — no data collected at the time sug-
gested a different behavior. The linear character of the degrada-
tion and its dependency on process time were checked for a so-
lution concentrated to 35 g/kg at 20°C in a separate series of
seven measurements.

The measurements in question were conducted using a sin-
gle, new membrane coupon. The experiment duration was set to
80 minutes, to mimic the conditions during the actual measure-
ment series — fixed-length runs separated by breaks for solution
replenishment. Average hourly permeate flows (i.e., solvent
streams through the membrane) were calculated for each exper-
iment and the results in a normalized form (i.e., in relation to the
first measurement) are presented in Fig. 5. The measured stream

of solvent passing through the membrane was converted to
a volumetric rate and divided by the membrane active area, re-
sulting in mass flow rate in liters per square meter of membrane
per hour (LMH), which is the standard permeate flow measure-
ment unit in the membrane processes.

-
A

|-

S ..

P LS

g 0.9 e

[ Y

& e

o \“

Nos

[ “\

E * o

° ~

o7 . ‘ ‘ . ..
1 2 3 4 5 6 7

Consecutive measurements

Fig. 5. Normalized hourly permeate flows for consecutive
calibration experiments.

The results for each experiment run were then normalized to
the flow obtained in the first measurement. It is clear that the
mass flow rate is consistently reduced, and its characteristic over
time is approximately linear. The average permeate flow reduc-
tion was calculated to be in the range of 5% per measurement,
and this value was used as a correction factor in the post-pro-
cessing of preliminary results for other solution concentrations
and temperatures, further described in section 5. This reduction
rate is consistent with the results of the first and last measure-
ments of the main experiment series, conducted in reference
conditions. Thus, an assumption can be made that the rate of
flow reduction is constant in the examined case, and the impact
of temperature and solution concentration is negligible.

4. Membrane behaviour study

A membrane behaviour study was undertaken to complement
the previous step reference measurements and better understand
the degradation process. The principal idea was to perform
a long-term measurement on a single membrane sample and ob-
serve the permeate flux over time. 100 hours was chosen as a
reasonable time scale for such an experiment. The solution used
was kept at reference conditions — a concentration of 35 g/kg
and a temperature of 20°C. Similarly to the first experiment, the
draw solution concentration and deionized water purity were as-
sessed at the beginning and end of each experiment step by den-
sity measurements. Temperature and pressure stabilizations
were achieved before each step.

Naturally, the draw solution dilution is an important factor
that is changing the permeate flux. To minimize its impact, the
draw solution reservoir was expanded, so that the total mass of
the draw solution in the system was kept over 15 kg at any time
in a 20 | polypropylene vessel. The mass change was measured
only at the feed solution side. Additionally, the measurement
was performed in three distinct steps, between which the solu-
tion was regenerated by salt addition — bringing its concentration
back to the reference values. With these precautions, the dilution
did not exceed 7% at the end of each experiment step.
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Results of the membrane behaviour study are shown in Fig.
6. The divisions between the steps of measurements are clearly
visible. The flow increase at the beginning of each step is be-
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Fig. 6. Hourly average permeate flux values as a function
of experiment time, obtained for reference conditions.

lieved to be caused by the membrane settling after the test rig
was turned off and on again. A diminishing flow trend is evident.
In every measurement, after the initial settling, the trend be-
comes linear. Despite increasing the solution concentration be-
tween steps, the general trend is also negative. Significantly
longer measurements would have to be carried out to confirm or
deny the existence of any plateau, i.e., whether the flow de-
creases consistently to a complete blockage or settles at an ulti-
mate, stable level. However, in the proposed time scale, one
should assume that the characteristic is macroscopically linear.

5. Final results

The linear degradation assumption proposed in section 4 was
applied to the preliminary results shown in section 3. The cor-
rected unit volume fluxes flowing through the membrane were
compared with the flux obtained under reference conditions.
The obtained increments are shown in Fig. 7.

A strong correlation between the solution temperature and
the process dynamics is evident and consistent for individual
concentrations. The impact of concentration on the obtained flux
is less pronounced, but it still seems reasonable to use solutions
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35 70 211
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Fig. 7. Flux increments as a function of draw solution concentration
and process temperature with respect to the reference
case — corrected for membrane degradation

with the highest practically applicable concentration. The per-
formance characteristics obtained also allow for a conclusion
that increasing the temperatures of the working solutions pro-
vides measurable performance benefits in osmotic systems,
while reducing the risk of crystallization occurring at high con-
centrations of the draw solution. In order to verify these assump-
tions, further studies should confirm the independence of mem-
brane degradation characteristics from temperature and solution
concentration. In conclusion, the study showed that the low-
grade heat source can be used not only for solution regeneration
in the closed PRO systems but also for increasing the tempera-
tures of solutions to improve the overall efficiency of the pro-
cess.

6. Conclusions

The experiments, conducted in a lab-scale osmotic system, al-
lowed for establishing the characteristics of permeate flow as
a function of solution concentration and temperature. A highly
concentrated NaCl solution was used without any unforeseen
problems, providing a noticeable increase in the system perfor-
mance. Doubling of the permeate stream was achieved with the
increased draw solution concentration of 211 g/kg, without in-
creasing its temperature. Thus, a viable potential of highly con-
centrated solutions in real conditions was confirmed. The rise in
temperatures of solutions also positively impacted the mem-
brane water flux, showing the potential for using low-grade heat
sources to heat the solutions. The temperature impact is espe-
cially prominent, as in the case of the highest solution concen-
tration, the temperature increase by 20°C provided a flow in-
crease of over 200% compared to the reference case, and a fur-
ther 20°C increase allowed an increase of nearly 300%. Solution
heating may be a viable, low-tech and high-impact way of in-
creasing the power output of PRO systems even without increas-
ing the concentrations, provided that suitable waste or low-grade
heat sources are available on site. Overall, the results show that
the power density of the PRO process can be improved with the
introduction of closed-loop systems utilizing highly concen-
trated solutions. Furthermore, available heat sources can be used
to increase the power density further by increasing the solution
temperature. This is a promising sign for the development of
such systems, as the power density is not dependent only on the
available membrane surface and can be maximized within the
existing space restrictions. However, the membrane degradation
was observed during the measurements and investigated in sep-
arate experiments. The results helped estimate the degradation
dynamics and thus evaluate data from the first experiment set.
The membrane behavior warrants further study to establish the
process dynamics in a broader temperature and concentration
range and to investigate the possible causes of this phenomenon.
So far, the existence and basic characteristics of the effect have
been established. Further studies will be conducted to evaluate
the osmotic potential of other prospective solutions, i.e., organic
salt solutions, using the methodology presented in this work.
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