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ABSTRACT

We report a novel reverse electrodialysis (RED) chemical cell that integrates RED with
acid/base neutralization. This RED neutralization process (REDn) approximately doubled the
power density compared to a conventional RED stack (REDc), thanks to the additional
salinity gradients established by H" and OH" ions as a result of the neutralization reaction.
Detailed analysis shows that the power performance, i.e., the open circuit voltage and power
density, of the REDn cell was greatly limited by concentration polarization and uphill
transport of ions. Addressing these issues could potentially lead to an order of magnitude
improvement in power density as predicted by the Nernst equation. The current study
provides a simple strategy for effectively extracting energy from the neutralization of waste
acid and base solutions. Future studies shall further explore the treatment of acid mine
drainage and landfill leachate with the RED chemical cell as well as its extension with a

wider range of reactions.
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INTRODUCTION

The Gibbs free energy released during mixing solutions of different salinities, widely known
as salinity gradient energy (SGE), can be harvested for useful work.!* The global potential of
SGE is estimated to be approximately 2 TW on the basis of mixing fresh water (e.g., major
rivers) with saline ocean water.">? SGE can be harvested by reverse electrodialysis (RED)
process, in which cations and anions selectively move through ion exchange membranes
(IEMs) under their respective concentration gradients to generate electricity.® > RED can be

10-12 and

highly attractive due to low operation pressure > ° abundant feed water resources
low energy conversion loss" 1>!3. Existing literature has addressed various aspects of RED

ranging from the synthesis of ion exchange materials/membranes'¢"°, development of RED

14, 20-25 5,12,26-29

modules , and design and optimization of RED processes
Major developments have occurred in recent years, extending RED applications far beyond
the simple mixing of freshwater with seawater. For example, Logan and co-workers
formulated the concept of RED osmotic heat engine.3? In this novel approach, a low-grade
heat is used to generate extremely high salinity gradients (e.g., with a salinity ratio of > 800
using ammonia bicarbonate solutions), which can be converted into electricity in a
subsequent RED step.’!** Compared to conventional RED based on freshwater/seawater
mixing, the high salinity gradients engineered in such osmotic heat engines translate into
significantly enhanced power generation.’® *' Similarly, the hybridization of RED and bio-
electrochemical process can be used to oxidize organic matter in waste water, which produces
more electricity at improved efficiency due to the simultaneous recovery of SGE and
bioenergy of biomass and the reduction of overpotential at the electrodes. 3% 3> 3% 3¢ Many
additional promising alternatives have been reported in recent years, such as concentration

37-39

flow cells*”? and reverse osmosis-RED hybridization***,
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An interesting opportunity exists for coupling RED with controlled chemical reactions for
enhanced energy production. For example, industrial wastewaters often contain large
quantities of waste acid/base, and their controlled mixing in an RED process has the potential
to greatly enhance the power generation. Conceptually, one can arrange the acid solution and
the base solution in an alternative manner, separated by a compartment for neutralization
(Figure 1). The neutralization reaction of H" and OH™ greatly reduces their concentration in

this compartment (aN”; -aﬁ'; =K, ), leading to additional salinity gradient caused by these

ions. The total voltage is then contributed by the H™ and OH" gradients, in addition to the Na*

and CI" gradients due to Na* from NaOH and CI" from HCI, respectively (Equation (1)):

Na™* Cl~ H* OH™
£ - NaRT 1{%;}1{6‘@?]+1n[a’;iJ+1n{ag—sH]
ZF aNS aNS aNS aNS (1)

Na® Cr H* OH"
salinity salinity  salinity  salinity
ratio ratio ratio ratio

where N represents the number of the repeating units, « indicates the permselectivity of IEMs,
R is gas constant (8.314 J/mol-K), T indicates the absolute temperature (e.g., 298 K in this
study), z refers to the charge of the salt ions (e.g., z = 1 for Na" and CI'), F is Faraday
constant (96485 C/mol), a is the activity of a solution with the subscript AS, BS and NS
indicating acid, base, and neutral solutions, respectively. According to Equation (1), the total
energy production in an RED neutralization cell originates from two driving forces: the
contribution from salt ions such as Na" and CI in a similar fashion to a conventional RED

process, and that from salinity gradients of H" and OH".
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In the current study, we demonstrate the feasibility of reaction-enhanced RED process using
controlled neutralization of HCl and NaOH. We systematically investigated the critical
factors governing the performance of the RED chemical cell. The mechanistic insights of the
effects of salt ions uphill transport on power generation were gained in this study. These
findings have important implications to the incorporation of chemical reaction with RED for

enhanced power production.

(a)

w01 M AS/BS (REDn)
@== 0.1 MNaCl (REDc)

Concentrations
Voltage (V)
»n

0 10 20 30 40
Current density (Almz)

Figure 1. (a) The schematic diagram of a repeating unit of the RED chemical cell, comprising alternatively profiled
acid and base solutions separated by electrolyte solution for neutralization, the salinity ratios of H*/OH-" over IEMs is
greatly enhanced due to their neutralization reaction in neutral compartment, compared to the salinity ratios of
Na*/Cl- across IEMs in a conventional RED process, (b) the theoretical polarization curves of RED neutralization cell
(REDnN) using 0.1 M HCI/NaOH with a 0.01 M NaCl as the neutral solution. For comparison, a conventional RED

(REDc) is also presented where the acid and base are both replaced by 0.1 M NaCl.

MATERIALS AND METHODS

Chemicals and IEMSs. Unless otherwise stated, all the chemicals and reagents were used as
received in this study. All solutions were prepared using analytical grade chemicals and ultra-
pure water with a resistivity of 18.2 MQ (Milli-Q® water, Millipore Integral 10 Water
Purification System). Hydrochloric acid (37 wt%, VWR, Dorset, U.K.) and sodium hydroxide

(Uni-Chem) solutions were used as model acid and base, respectively. Sodium chloride and
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magnesium sulfate were both purchased from Dieckmann Chemical Industry Co. and used as
neutral solution. The electrode compartments contained a recirculation solution of ferric
chloride/ferrous chloride (Uni-Chem), sodium chloride and hydrochloric acid. 1 % nitric acid
(37 wt%, VWR, Dorset, UK.) was used as the background solution during ionic

concentration characterization.

The commercial IEMs, including conventional cation exchange membrane (CEM,
Selemion™ CMV®) and anion exchange membrane (AEM, Selemion™ AMV®) as well as
monovalent-ion-selective cation exchange membrane (Selemion™ CSO®) and anion
exchange membrane (Selemion™ ASV®), were received from AGC Engineering Co. (Chiba,
Japan). The membranes were thoroughly presoaked in deionized water (DI water) before
testing for at least 24 h at 4 °C. The fundamental parameters of the IEMs used in this study

are presented in Table 1.

Table 1. Fundamental properties of IEMs used in this study

Nominal Nominal Area Thickness
Type Characteristic
Permselectivity? Resistance (Q-cmz) b (um) ©
CMV Standard ~0.92 0.3 120
CSO  Monovalent-ion-selective ~0.94 o 100
AMV Standard ~0.92 2.5 120
ASV  Monovalent-ion-selective ~0.94 3.1 120

2 Membrane permselectivity is provided by the manufacturer.
®Membrane area resistance is provided by the manufacturer (obtained in an electrolyte of 0.5
M HCI solution.

¢Membrane thickness, provided by the manufacturer, was measured in the swollen state.
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RED Chemical Cell Construction and Operation. The RED chemical cell used in this

study was adapted from previously described RED reactor with minor modifications.*® It is
mainly composed of a membrane stack situated between two rectangular poly(methyl
methacrylate) end plates with padded electrodes. The electrodes are made of Ir/Ru oxide
catalyst, used for redox reaction of Fe?'/Fe*,!4 15:45:46 ¢oating on titanium mesh (Sun Wing
Technology Company, Hong Kong) with a dimension of 10 x10 cm?. The membrane stack
comprised 10 pair of CEMs and AEMs (each with an active area of 104 cm?) piled in an
alternating manner, forming 5 repeating unit (Figure 1a). A terminal AEM was added at each
side of the membrane pile to prevent Fe?*/Fe** from entering feed streams. Silicone gaskets
with a rectangular cross-section of 104 cm? were placed in between the adjacent IEMs to seal
water flow channels, within which open mesh fabric with a thickness of 200 um (300-35/71,

Sefar, Switzerland) were applied to enhance mass transport and prevent membrane

deformation. All the compartments have an identical water volume.

Synthetic acid and base solutions with a series of molarities (i.e., 0.03, 0.1 and 0.3 M)
accompanied with neutral solutions with molarities of 0.001, 0.002, 0.005, 0.01 and 0.02 M
have been tested in the RED chemical cell system. The feed streams of acid, base, and neutral
solutions were continuously supplied to the membrane stack at a fixed flow rate of 70
mL/min (0.6 cm/s) and 140 mL/min (1.2 cm/s), respectively. The electrode rinse solution (i.e.,
0.05 M FeClz and 0.05 M FeCl3 in 0.1 M NaCl and 0.01 M HCI) was recirculated between
the anode and cathode compartments at a constant flow rate of 60 mL/min. This method is

D,!4 1545, 46 gince the reversible reaction of the

commonly practiced in the literature of RE
redox couple (Fe?'/Fe’") maintains a relative constant concentration and composition of the

electrolyte. All the experiments were performed at room temperature (~ 25 °C). In some
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cases, air sparging was applied to the neutral solution compartments to enhance the mass
transfer in the flow channel. An air flow of 1.75 L/min was injected into the neutral solution
stream using an air compressor (ACO-5503, HAILEA®, Guangdong, China), leading to a

gas/liquid ratio of 12.5.

Data Acquisition and Analysis. An electrochemical working station (Zennium,
ZAHNER-Elektrik GmbH & Co. KG, Germany) operated in galvanostatic mode was used to
evaluate the electrical performance of RED chemical cell. At the beginning of each
experiment, the membrane stack was flushed thoroughly with the testing solutions (acid, base,
and neutral solutions in their respective compartments), followed by operation in an open
circuit mode for at least 5 minutes to reach a stable reading of the open circuit voltage (Figure
S1, Supporting Information S1). Subsequently, a series of current steps ranging over 0-17
A/m? with a time interval of at least 180 s were applied and the corresponding voltage outputs
were recorded per 1 S (Figure S2, Supporting Information S1). The voltage outputs were
measured at the end electrodes of the RED stack, which has already accounted for the loss
due to the overpotential as a result of the electrode reactions. The resulted power density
generation and internal resistance of the cell in each operational condition were calculated

according to Ohm’s law.

The ionic uphill transport (e.g., the transportation of Na" against the salinity gradient from
neutral solution to acid solution) was evaluated by determining the concentration changes of
specific ions (e.g., Na* and CI) in the compartment under a defined current step (i.e., 5 A/m?).
Therefore, with a constant current density, the feed streams and outflows of the RED
chemical cell were both sampled. After diluting the samples with nitric acid, the Na*

concentration was determined using ICP-OES (Inductively Coupled Plasma - Optical
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Emission Spectrometry, PE Optima 8300, Perkinelmer, Inc.). The CI° concentration was

determined using an Ion Chromotograph (LC-20 AD SP, Shimadzu, Inc.).

RESULTS AND DISCUSSION

The Role of Neutralization Reaction. Figure 2 compares power performance of the RED
neutralization process (REDn) to that of a traditional RED process (REDc) for the mixing of
0.1 M acid and base (using 0.01 M NacCl as neutral solution). In the latter configuration, the
acid and base solutions were replaced with NaCl solutions of equal molarity. The
conventional REDc had an open circuit voltage (OCV) of 1.06 V (shown as the y-axis
intercept in Figure 2a), which agrees well with the theoretical value obtained using an
average membrane permselectivity (o) of 0.9.*' In comparison, the REDn had appreciably
higher OCV of 1.43 V, which is ascribed to the additional salinity gradient derived from the
acid/base neutralization (Figure 1). Accordingly, the maximum power density was more than
doubled as a result of the additional acid/base neutralization in REDn (from 0.14 W/m? for
REDc to 0.29 W/m? for REDn, Figure 2b). Table SI in the Supporting Information S2
summarizes the extractable amount of electrical energy from the REDn stack. The
combination of 0.1 M HCI, 0.1 M NaOH, and 0.01 M NaCl neutral solution yielded
approximate 69 kJ/mole acid (assuming the output voltage is set at /2 OCV in order to
achieve the maximum power density*’), which corresponds to 16.6 % of the total Gibbs Free
Energy released from the mixing and neutralization reactions. This energy efficiency can be
further enhanced by increasing the output voltage beyond 2 OCV, though it will be at the

expense of reduced power density of the stack.
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Figure 2. The voltage output (a) and power production (b) of REDc and REDn. The empty symbols represent the
REDc using 0.1 M and 0.01 M NacCl solutions as the salinity source. The solid symbols represent the REDn using 0.1
M HCI and 0.1 M NaOH as acid and base solutions, respectively, and 0.01M NacCl solution as neutral solution. For
REDc (empty symbols), the acid and base compartments were both filled by 0.1 M NaCl, and 0.01 M NaCl was used

in the neutral compartment. The error bar represents the standard deviation of three parallel experiments.

It is interesting to note that the measured OCV (1.43 V) and power density (0.29 W/m?) of
the REDn were substantially lower than the respective theoretical values. According to Eq.
(1), a total OCV of 3.72 V is expected, with 0.53 V contributed by the Na* and CI" gradients,
and the balance of 3.19 V from the H" and OH" gradients (assuming o = 0.9 for all cases).
This theoretical OCV would have translated into a theoretical power density as high as 2.25
W/m?. The large difference between the measured and theoretical values can be partially
attributed to non-ideal neutralization in the neutral compartments as well as the limited
membrane selectivity (e.g., H™ over Na" for the CEM and OH™ over CI” for the AEM). Non-
ideal neutralization in the neutral compartments can be possibly caused by concentration
polarization of H" and OH near membrane surfaces*. Increasing mass transfer in the
neutralization compartment can minimize its concentration polarization and thus improve the
power performance. For example, introducing air bubbling to the neutral compartment, a

49, 50

commonly used strategy for increasing mass transfer in membrane systems™” >, resulted in an

improved OCV of 1.73 V (Figure 3). In addition to the concentration polarization effect, the

10
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available voltage and power output are also affected by the uphill transport of ionic species

(e.g., Na" and CI") against the salinity gradient due to the lack of membrane selectivity,?® >!

whose role is discussed in the section the role of neutral solution salinity.

2.5
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Figure 3. The open circuit voltage of the REDn cell with and without air sparging in neutralization solution

compartment.

The Role of Acid and Base Electrolyte Concentrations. To further reveal the
respective contributions of acid/base and NaCl to the power output, we performed two
additional series of experiments (Figure 4): (a) pure acid/base solutions (AS/BS) of various
concentrations (0.03, 0.1, and 0.3 M), and (b) mixture of AS/BS and NaCl solutions (i.e., the
AS/BS + NaCl series) with comparable ionic strength (0.1 or 0.3 M) to the AS/BS series. In
the pure AS/BS series, increasing AS/BS concentrations from 0.03 to 0.1 M led to an increase
of OCV from 0.80 to 1.42 V (represented by the y-axis intercept in Figure 4a) and a reduction
of the stack resistance from 14.2 to 8.6 Q (represented by the slope of the curve in Figure 4a).
Correspondingly, the maximum power density increased from 0.05 to 0.29 W/m? (Figure 4b),
thanks to the combined benefits of greater salinity gradient and increased feed stream
conductivity.>>* Further increasing AS/BS concentration to 0.3 M resulted in a higher OCV

of 1.86 V, but no appreciable further decrease of the stack resistance. It agrees well with

11
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previous reports that the stack resistance decreases exponentially with solution concentrations
before achieving a relatively constant value.’* *> °® Under such circumstances, the further
improvement in maximum power density (0.48 W/m? at 0.3 M AS/BS, Figure 4b) was the

sole result of greater salinity gradient.

The salinity gradient in the current study is contributed by both Na"/Cl" and H/OH'. In the
AS/BS + NaCl series, we replaced a fraction of the acid/base by NaCl of an equal molarity,
so that the resulting solutions had comparable ionic strength to the corresponding ones in the
AS/BS series. Compared to the AS/BS + NaCl series, their AS/BS counterparts had
significantly better power performance (Figure 4a, b), which can be attributed to the
increased concentration driving force for the movement of H" and OH™ resulting from the

acid/base neutralization, thus allowing for greater current densities.

25
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Figure 4. The voltage output (a) and power production (b) of REDn operating with pure acid/base solutions (AS/BS)
and mixture of AS/BS and NaCl solutions. The solid symbols represent the stack using pure AS/BS of 0.03, 0.1 or 0.3
M, and the empty symbols represent the stack using mixture of AS/BS and NaCl solutions (A: ionic strength of 0.3 M
(0.1 M AS/BS + 0.2 M NaCl); o: ionic strength of 0.1 M (0.03 M AS/BS + 0.07 M NacCl)). The feed streams of neutral

compartments were 0.01 M NaCl for all cases. The error bar represents the standard deviation of three parallel

experiments.
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The Role of Neutral Solution Salinity. We further investigated the role of neutral
solution salinity (Figure 5). Figure 5a plots the OCV of both REDn and REDc as a function
of neutral solution (NaCl) concentration on a semi-log scale. For the REDc cell, its OCV
decreased linearly with the logarithm value of the neutral solution concentration, from 2.03 V
at 0.001 M to 0.75 V at 0.02 M. The slope of this line (0.42 V) agrees well with the Nernst
equation that accounts for the effect of reduced salinity driving force (Figure 5a).*! Compared
to REDc, the REDn cell yielded significantly higher OCV values. Increasing neutral solution
concentration from 0.001 to 0.01 M resulted in a similar rate of reduction in its OCV (slope =
0.42 V). However, further increase of its concentration to 0.02 M led to much more severe
drop in OCV compared to the ideal trend predicted by the Nernst equation. This deviation
from the classical theory can be attributed to the phenomenon of uphill transport?® *®. For a
system with multiple ions (e.g., Na’, H, ClI" and OH"), the higher electrical potential
established by the concentration gradients of H" and OH" can drive the transport of Na“ and
CI" (of lower electrical potential) against their respective concentration gradients (i.e., from
the neutral solution to the acid/base solutions, respectively). This uphill transport offsets part
of the salinity driven force. Uphill transport of Na" and Cl became more severe at a neutral

solution concentration of 0.02 M (Figure 6), which explains its inferior OCV.
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Figure 5. The open circuit voltage (a), power production (b) and internal resistance (c) of the REDc stack (empty
symbol) and REDn stack (solid symbol) as a function of the neutral solution (NS) concentrations (0.001 - 0.02 M
NaCl). Either 0.1 M NacCl (in the case of REDc) or 0.1 M HCI/NaOH (in the case of REDn) was as the feed streams of
acid/base compartments. The dashed lines in Figure (4a) has a constant slope of 0.42 V per log increase in the neutral
solution concentration, as predicted by the Nernst equation. The error bar represents the standard deviation of three

parallel experiments.

REDn had an optimal power density of 0.29 W/m? at a neutral solution concentration of 0.01
M, which can be readily explained by the tradeoff between OCV (Figure 5a) and the stack
resistance (Figure 5¢).2”*' This value was nearly double of that of REDc at 0.01 M neutral
solution. However, the advantage of REDn became less obvious at lower neutral solution
concentrations (0.001 — 0.002 M). At these concentrations, REDn had significantly higher
internal resistance compared to REDc (Figure 5c). In the case of REDc, the neutral solution
conductivity is increased by salt ions transporting to neutral compartments. In contrast, the

neutralization of H" and OH™ in REDn causes a relatively lower ionic conductivity. Therefore,
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the optimization of the REDn power performance requires a careful consideration of the salt
concentration used for the neutral compartment to avoid overly high internal resistance at low
neutral solution concentrations and reduced salinity gradient at high neutral solution

concentrations.

25
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Figure 6. The increasing molarity of CI- (in the base solution) and Na* (in the acid solution) in an REDn due to their
respective uphill transport from the neutral solution. The experiments were performed at a constant current density
of 4.8 A/m?. 0.1 M HCI/NaOH was as the feed streams of acid/base compartments. The neutral solution was 0.001,

0.002, 0.005, 0.01, or 0.02 M NaCl. The error bar represents the standard deviation of three parallel experiments.

IMPLICATIONS

This study reports a novel REDn cell for enhanced power production by taking advantage of
the additional salinity gradient derived from acid/base neutralization. This technology can be
potentially used to recover energy while treating waste acid/base. Potential environmental
applications include the treatment of the highly acidic solutions of acid mine drainage 7 3
and landfill leachate®- ® (e.g., neutralization with lime or carbonate salts®'%%), provided that
the mass balance of these streams can be justified. In addition, acidic and alkaline chemical

64-66

wastes from a wide range of industries (food processing®%, iron and steel industry®’%, etc.)

can be potentially used. Nevertheless, future studies are needed to further address the

71-73 74-77

challenge of membrane fouling and alkali resistance in such harsh environments.

Whereas ion exchange membranes can withstand strongly acidic conditions, they tend to

15
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have weaker resistance to bases. Luckily, there have been promising progresses on the
fabrication of base-resistant ion exchange membranes.”* 7 Though the current study has
focused on strong acid and base solutions of identical concentrations and equal volumes, it
would be interesting to further explore the use of solutions with different concentrations and
volumes as well as weak acids/bases (e.g., lime instead of NaOH). One may also take
advantage of the different transport rates of H" and OH™ through CEM and AEM to further
optimize the power performance.’”® In addition to the hybridization of the RED technology
with acid/base neutralization, the concept of RED chemical cell can be further extended to
other types of reactions, such as metal-ligand coordination chemistry®. Future studies need to

systematically assess the technical and economic feasibility of such opportunities.

Our study revealed that the theoretical maximum power density was an order of magnitude
higher than our experimental results. The wvast difference can be attributed to the
concentration polarization as well as the uphill transport of ions. These issues need to be
adequately addressed to fully unleash the potential of REDn. With respect to concentration
polarization, much can be learnt from to the literature of pressure-driven membranes (e.g., air

49.30.7 and novel spacers®®®!) to develop effective measures. Varying flow velocity

sparging
may be another simple strategy. Nevertheless, due to the relatively thin channel gap, applying
high flow velocity can cause significant pressure drop across the stack as well as high energy
consumption for pumping.*’ On the other hand, uphill transport of ions is a unique
phenomenon in RED that is known to adversely affect its power performance?® 3!. This
adverse effect can be potentially mitigated by adopting more selective IEMs. In the current
study, we show that the use of monovalent-ion-selective IEMs together with a divalent salt

(MgS04) in the neutral compartment effectively reduced uphill transport (e.g., OCV =238 V

for the monovalent-ion-selective IEMs vs. 0.91 V for the conventional IEMs using 0.1 M

16



306 HCI/NaOH and 0.01 M MgSOs4 as the neutral solution, see Figure 7). This result highlights

307  the critical need of developing high performance IEMs for REDn applications.

308
3.0 0.3
Mono-valent selective
25F
E
20F 40.2 E
S 2
> 15F}F Convention 2
8 3
1.0} 401 O
3
o
05F
309 0.0 OCVPower * OCVPower * 0.0

310 Figure 7. The open circuit voltage (OCV) and maximum power density of REDn with conventional IEMs and REDn

311 with monovalent-ion-selective IEMs using 0.1 M HCI/NaOH together with MgSQa as the neutral solution for all cases.

312
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