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Highlights

e  Self-produced Hz from electrodialytic treatment of environmental matrices collected
e  Collected Hzaverage purity (% mol/mol) of = 98%
o A fuel cell used to produce electricity from the self-produced Hz (~1 V)

o  Experimental self-generated energy promotes savings on electroremediation (= 7%)

Abstract

Electrodialytic technologies are clean-up processes based on the application of a low-level
electrical current to produce electrolysis reactions and the consequent electrochemically-induced
transport of contaminants. These treatments inherently produce electrolytic hydrogen, an energy
carrier, at the cathode compartment, in addition to other cathode reactions. However, exploring
this by-product for self-energy generation in electroremediation has never been researched. In this
work we present the study of hydrogen production during the electrodialytic treatment of three
different environmental matrices (briny water, effluent and mine tailings), at two current
intensities (50 and 100 mA). In all cases, hydrogen gas was produced with purities between 73%
to 98%, decreasing the electrical costs of the electrodialytic treatment up to ~7%. A proton-
exchange membrane fuel cell was used to evaluate the possibility to generate electrical energy
from the hydrogen production at the cathode, showing a stable output (~1 V) and demonstrating

the proof of concept of the process.
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1. Introduction

Global energy demands from an increasing human population is a major concern for the planet
sustainability. Extensive research and technology development have been focused on renewable
energy sources and other strategies to reduce CO2 emissions [1]. Fuel cell technology, which can
efficiently generate electricity using hydrogen as fuel, has attracted widespread attention in recent
years [2]. The proton-exchange membrane fuel cells success depends on their ability to obtain
optimal fuel to electricity conversion with a high current density, as well as the sustainable and
economical production of the fuel [3]. Pure hydrogen gas is scarce in Earth's atmosphere.
However, it can be produced from different primary-energy sources. For instance, it can be
generated from fossil fuels through steam reforming, partial oxidation or gasification and from
renewable sources through biomass gasification and water electrolysis [4,5]. Generation of Hz via
water electrolysis is still limited by the high cost, namely ~ 3.8 times more expensive than
gasification, and = 5 times more expensive than from methane steam reforming [6]. Hence, steam
reforming, which combines high-temperature steam with natural gas, currently accounts for the
majority of the Hz produced. Hydrogen production via water electrolysis is currently only applied
in combination with renewable energy sources, like solar or wind, and used as an energy storage
system.

Electro-based technologies, such as electrokinetic and electrodialytic processes, have been the
focus of vast environmental remediation research over the last three decades [7,8], both in-situ
[9,10], and ex-situ [11, 12, 13]). Despite such research efforts, the technology readiness level
(TRL) for many of those technologies remains very low; although most are considered promising,
many are far from being introduced as efficient processes into the market. Important barriers need
to be overcome to reach high TRLs [14]. Operational energy costs have to be considered and, are
related not only to the electrolysis reactions but mainly with the stirring, the ohmic losses and the
energy required for the transport of charge through the porous matrix. In fact, the distance between
electrodes (cell size) plays a crucial role in the energy costs of the specific-energy required for
the target contaminants removal [7,15]. To the best of our knowledge, there has been minimal
research conducted related to the reuse of the elemental gases produced in the electrolysis
reactions during electrochemically-induced treatments. The drawbacks found in the current
literature are associated to the reactors' design. Most electrokinetic and electrodialytic (ED) setups
are designed to allow for the produced gases to flow freely into the atmosphere, while aiming to
reduce pressure-related transport mechanisms. Thus, a gas collection strategy during the treatment
is not included in the system, causing gas losses to the atmosphere. As a novel feature, the Hz
produced during the treatment at the cathode compartment may be used as fuel in a proton-
exchange membrane fuel cells to produce electrical energy and reduce the energy costs of
electroremediation. Additionally, as an energy carrier, H2 can be used to accumulate energy
during the electric power demand valleys, and to generate electric power during the peaks.



Therefore, a reservoir can be integrated into the ED system where it can recover and use the Hz
produced for different purposes.

This work evidences the possibility of using the H2 produced during electrochemically-induced
remediation of three different environmental matrices: (1) moderately-salted water - briny water,
(2) secondary effluent from a wastewater treatment plant, and (3) mine tailings. Our proof of
concept demonstrates that the Hz captured and reused from these ED treatments is feasible.
Herein, a three-compartment ED set-up was used to minimize the interactions of the sample and
the contaminants with the electrolysis reactions (Figure 1).

2. Theory

2.1. Proton-exchange fuel cell

A fuel cell is an electrochemical device that converts the chemical energy from a fuel into
electricity through the reaction of the fuel with oxygen or another oxidizing agent. For example,
a proton-exchange membrane fuel cell (PEMFC) combines Hz and Oz to produce electricity and
heat without emitting other products which are different from the water formed in the reaction eq.

(1) [16]:
1
HZ +EOZ—>H20 (1)

A fuel cell, unlike a battery, produces electricity as long as fuel is supplied, never losing its charge.
The pollution-free production of energy and high power density makes the fuel cell technology a
viable approach for future energy industries [2]. Fuel cells show high energy conversion
efficiency, up to 60%, higher than traditional internal combustion engines [17]. This efficiency
can increase up to 80% with heat-recovery systems [18].

2.2 Electro-based technologies

Electrokinetic and ED strategies are commonly applied to remove organic [19] and/or inorganic
contaminants from soils or other porous matrices, such as sewage sludge, fly ash or construction
materials [20, 21, 22]. The electrochemically-induced transport is based on the application of a
low level direct current which promotes electrolysis reactions at the electrodes [20,23,24],
involving in most cases water oxidation at the anode, eq. (2), and water reduction at the cathode,

eg. (3):

0,(g) + 4H* + 4e~ - 2H,0(1); E2,,p40(25 °C) = 1.23 V )

H,(g) + 20H™ - 2H,0(1) + 2e7; ESnoge (25°C) = 0.83 V 3)



Competing redox reactions may occur as, for example, the production of chlorine at the anode in
systems with high chloride contents [25], eq. (3):

Cly(g) + 2¢™ - 2C1™ ; E%pqe (25°C) = 1.36 V (4)

or the deposition of metals (Me) at the cathode, eq. (3):
Me?* + 2e~ - Me® (5)

The electrochemical-induced transport of chemical species takes place by three main transport
mechanisms: electromigration, electroosmosis, and electrophoresis. Diffusion and advection may
also play an important role [20].In the case of the ED process, electrodialysis also occurs, as ion-
exchange membranes are used to separate the matrix from the electrode compartments (aiming to
control the pH conditions of the electrolytes and the treated matrix while improving the selectivity
on the contaminant removal [20]). Over the years, different electro-based remediation set-ups
have been proposed, where the configuration of the sample and the electrode compartments have
been modified depending on the nature of the contaminant and matrix [26,27].

3. Materials and Methods

3.1 Materials

The briny water solution was prepared with NaCl (PA grade, Merck, Germany) and tap water
(Almada, Portugal). Effluent, the liquid fraction that results from wastewater treatments, was
collected in the secondary clarifier at a wastewater treatment plant (Lisbon, Portugal). Mine
tailings were collected at Panasqueira mine (Covilhd, Portugal, 40°10'11.0604"N,
7°45'23.8752"W). Panasqueira mine produces around 900 t WOs/year [28] and the pond where
the residues are deposited is an open air impoundment that contains rejected ore concentrates with
high metal levels [29]. The matrix used for this study is a rejected fraction from the sludge circuit,
that is directly pumped to the Panasqueira dam.

3.2. Experimental set-up

The ED cell set-up was a 3 compartment acryl XT cell [30] (RIAS A/S, Roskilde, Denmark), as
represented in Figure 1. The internal diameter was 8 cm and the central and electrolyte
compartments length were 5 cm. The two electrode compartments were separated from the central
section by an anion exchange membrane, AR204SZRA, MKIII, Blank (lonics, USA) and a cation
exchange membrane, CR67, MKIII, Blank (lonics, USA). The electrodes were made of Ti/MMO
Permaskand wire: @ = 3 mm, L = 50 mm (Grgnvold & Karnov A/S, Denmark). Ti/MMO anodes
are used to degrade organic contaminants in wastewaters, and Ti/MMO is also applied as cathode



to reduce chlorinated and nitro compounds in groundwater [31]. A power supply E3612A
(Hewlett Packard, Palo Alto, USA) was used to maintain a constant current in the ED cell.

For briny water and effluent experiments, 250 mL of liquid sample was added to the central cell
compartment. For the mine tailings experiments, suspensions were prepared at a liquid/solid (L/S)
ratio of 9, by mixing 22.2 g of solid mine tailings within 200 mL of briny water. The anolyte and
catholyte compartments were set with 250 mL of 0.01M NaNOs.

Twelve ED experiments were carried out in duplicate according to the conditions presented in
Table 1. In experiments 1-6 the gas produced at the cathode, rich in Hz, was collected in a 30 mL
storage cylinder (Horizon Fuel Cell Technologies, USA) (experimental scheme at supplementary
data B.1), where the volume was verified every 10 minutes. In experiments 7-9, the cathode
compartment exhaust was directly connected to the tedlar sample bag, single polypropylene
fitting with 500 mL of capacity (SKC, USA), for purity analysis. In-experiments 10-12, the
cathode compartment exhaust was directly connected to the PEMFC. In all cases, the ED cell
voltage and the fuel cell open circuit voltage were registered every 10 minutes. The fuel cell open
circuit voltage was measured in order to validate the Hz catchment and conversion into power
needs.

The single PEMFC (Horizon Fuel Cell Technologies, USA) was used (32 x 32 x 10 mm), with a
nominal voltage of ~1V. The PEMFC has a cathodic plate, designed as a part of the cell's
membrane electrode assembly that collects Oz directly from the air by natural convection. PEMFC
voltage and resistance were measured and monitored by a multimeter KT1000H (KIOTTO,
Portugal).

3.3 Methods

pH and conductivity were measured at the beginning and at the end of all ED experiments, both
in central and electrode compartments. Briny water, effluent and mine tailings pH were measured
with a Radiometer pH-electrode EDGE (HANNA, USA), and conductivity was measured in a
Radiometer Analytic LAQUA twin (HORIBA Ltd., Japan). The mine tailings pH and
conductivity measurements are referred to the liquid phase resulting from the suspension from a
liquid component (either deionized H20 or briny water), with a L/S ratio of 9.

Total concentrations of As, Ca, Cu, K, Mg, Na, P, S, Sn, W, and Zn were determined by
Inductively Coupled Plasma with Optical Emission Spectrometry (ICP-OES) (HORIBA Jobin-
Yvon Ultima, Japan), equipped with generator RF (40.68 MHz), monochromator Czerny-Turner
with 1.00 m (sequential), automatic sampler AS500 and dispositive CMA-Concomitant Metals
Analyser. Cl-and SO42- were analyzed by lon Chromatography (IC) (DIONEX ICS-3000, USA),
equipped with conductivity detector. To quantify the elements in the solid matrix, an acid
extraction was carried out mixing 0.5 g of mine tailings, 3 mL of HCI (37%) and 9 mL of HNO3
(65%) and, placed on a shaking table for 48 hours at 125 rpm. For the IC analysis of the mine
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tailings (Cl-and SO42- content), microwave assisted acid extraction was carried out according to
EPA method 3051 A: 0.5 g of mine tailings were placed in a vessel with 3 mL of HCI (37%), and
9 mL of HNOs (65%) and placed in a microwave Ethos (Milestone S.r.1, Bergamo, Italy). At the
end, all the samples were diluted in deionized water (1:25), filtered by vacuum using 0.45 pm
MFV3 glass microfibre filters (Filter lab, Barcelona, Spain) and analyzed by ICP-OES and IC.

The H:z purity percentage was determined by Gas Chromatography Thermal Conductivity
Detector (GC-TCD) using a Trace GC Ultra (Thermo Electron Corporation, USA), with a
Carboxen 1010 plot column (length: 30 m, diameter: 0,32 mm). The analytical run was performed
in an isothermal mode at 35 °C for 50 minutes. A gastight syringe (vici precision sampling, Baton
Rouge, Lousiana, USA) was used to inject a volume of 250 uL (injector at 200 °C),
detector/transfer line at 120 °C. To calculate the Hz purity two methods were used: (1) internal
linear calibration and response factor (Hz2 peak area/response factor), where the standard deviation
is related to error of these methods, by comparing with the injection of 100% Hz; (2) molar
proportions (mol/mol), were determined assuming air as impurity in the Hz Thus, the Hz2 was
calculated considering the number of H2 mol in 100 mol of air (Hz + air gases).

All sample analysis was carried out in duplicate. The data from the experiments were analyzed
by the software Origin Pro 8.5 and the statistical data obtained by the GraphPad Prism version
7.0e. Statistically significant differences among samples for 95% level of significance were
calculated through ANOVA tests.

4. Results and discussion

4.1. Matrix characterization

Matrices selection is an important step as the matrices’ characteristics will affect Hz purity and
further energy generation. PEMFC, despite the robustness and stability, may be sensitive to
contaminants in'the fuel [32]. The briny water was chosen as a working system blank, where NaCl
was added to emulate the effluent without interferences. Briny water, with sufficient ionic
conductivity to maintain the current applied for the remediation period chosen (1 and 2h), is
typically used in systems for the electrolytic production of Hz. The effluent and mine tailings are,
individually, matrices with high potential to be reused as raw materials in several sectors. For
example, ED treated effluent has recently been tested for cement based construction materials
[33]. Mine tailings are an example of solid matrix that can be successfully treated via ED as stirred
suspensions mixtures [34]. In these cases, H2 production and exploitation is highly attractive,
since it can allow the decrease of energy costs in an industrial scale application.

Table 2 presents the initial characterization of the three studied matrices. The matrices had enough
initial conductivity to allow current passage and facilitate the electrolysis reactions to occur at the
imposed rate. The initial pH of the studied matrices was in the range 4.6 - 7.7. Mine tailings were



slightly acidic (pH =~ 4.57), presenting a high concentration of arsenic (218.57 + 132.31 mg
As/kg), and significant amounts of other metals (76.82 + 39.30 mg Cu/kg, 1.95 + 0.53 mg Sn/kg
and 5.34 = 1.42 mg W/kg), as well as a high sulfur content (240.9 + 4.6 mg/kg).

The ED process was applied to briny water, effluent and mine tailings suspension in briny water.
In all cases, the pH at the anode compartment decreased to ~2 and the pH at the cathode
compartment increased until ~ 12. The pH at the central compartment also decreased in all cases.
This phenomenon was expected as anion exchange membranes are known to have limited perm-
selectivity, which means that only protons (H-+) are able to cross this membrane. The acidification
of the central compartment was more noticeable in the experiments at 100 mA (Figure 2). The
acidification phenomena proved to be influenced by the current intensity. The smallest variation
in the potential applied in the ED cell will increase the H+ production in the media. Thus, not only
the current intensity should be considered to analyze the results, but also the error associated to
the power supplier (£ 3 mA).

Final concentrations of the major concerned elements in the liquid matrices (Cl-and SO42-) and
in the mine tailings suspension (As, Cu, Sn and W) are presented in Tables 3 and 4, respectively.

In general, the target contaminants removal from the matrices was higher in the experiments
operated at 100 mA, for the same amount of circulated charge. When ED treatment is performed
at higher current intensities, the electromigration transport is predominant over diffusion or other
transportation phenomena. The amount of salts amount is extremely heterogeneous in the effluent.
The season periods of the sampling procedure affected chemical and physical properties of the
samples collected due to the fluctuations in weather conditions and also the wastewater treatment
plant process efficiency.

The slightly extraction of Sn and W from mine tailings may be related to specific chemical
limitations, such as desorption or dissolution mechanisms. For example, W complexes are quickly
decomposed and stabilized by high concentrations of chloride ions (MT: 5.6 + 2.3 mg/kg; BW:
499.3 £ 8.1 mg/kg), where the most common product of the decomposition is [W2Cls]s-.
Alternatively, the adsorption of sulfate ions on metallic W surface results in the electronic
structure modification. The Oz reduction reaction is blocked during the ED process, which is
already low in cationic dissolution in electrochemical processes [35].

4.2. Hydrogen generation and use

Figure 3 shows the volume of collected gas produced at the cathode compartment during
experiments 1-6. As the volume of the gas deposit was 30 mL, it was filled before the ED process
ended. Experiments at 50 mA showed matrix related differences in the gas flow rate, reaching the
30 mL of H2 production at different rates. There are no statistically significant differences for the
flow rates obtained at 100 mA (Table E at supplementary data). However, the flow rates of Hz are
significantly different (p < 0.001) in the experiments at 50 mA.
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The gas generated at the cathode compartment, in the experimental setup 3, 4 and 6 during 6 h,
was captured and analyzed via GC-TCD, in a tedlar sample bag. Table 5 presents the purity of
the captured gas for these experiments carried out at 100 mA.

The average H: purity (% w/w) of the produced gas was ~ 73% (w/w), where the highest value
observed was in the ED experiment applied to the effluent, that produced a gas with 90.4 + 0.3%
of Hz. Thus, only the Hz purity in the effluent experiment has a statistically significant difference
(p < 0.05) compared to briny water and mine tailings suspension, while briny water and mine
tailings suspension does not have a statistically significant difference between each other (Table
5). In order to validate and make a comparison with the purity results obtained in % w/w, another
approach to determine the Hz purity was carried out. Thus, the calculation of the gas was also
performed considering the molar fraction of the Hz in the air gases. Comparing the two methods,
the % mol/mol of H2 of the produced gas was 19% higher, in average, comparing to the % w/w
(Table 5). In the % mol/mol analysis, the purity of the Hz2 was higher than 97% in all samples,
whereas in the % w/w the Hz purity oscillated between 72% and 90%. The mass and the molar
compositions are different, and it is expected a higher molar purity, as long as the other
components in the gaseous phase are heavier (e.g. Nz, O2).

As mentioned before, the flow rate production for Hz in the ED treatments can be directly related
to the current intensity and the matrix. Assuming the Hz captured at 1 atm and 25 °C, a total of
~45.6 mL of pure dry Hz would be theoretically obtained, at a rate of 0.76 mL/min in the
experiments at 100 mA. The volume of collected gas at the cathode, shown in Figure 3 (Table
B.2 at supplementary data), was clearly higher than the expected during the first few minutes of
treatment, with a change in the production rate after the first 10 to 20 minutes. This may indicate
that competing cathode reactions took place. For example, a possible electrode reaction that could
have taken place is the formation of NO2 (g) from the reduction of the nitrates (Eo = 0.803 V),
shown in eq. (6).

NO,(g) + H,0 - NO5(aq) + 2H* + e~ ; ES thoqe (25°C) = 0.803 V (6)

This reaction produces 1 mol of NO2(g) per circulated electron, twice as much as the Hz reaction
and would increase the pH of the cathode compartment twice as fast. However, the pH changes
at the cathode and the decrease of nitrate concentration in time will promote that the water
reduction electrolysis reaction become predominant after the first several minutes of the reaction.
NO:2 (g) might be in a solution in the form of N20O4 below 21 °C.

4.3. Electrical energy requirements in the ED experiments

Among the ED experiments with Hz capture (experiments 1-6 in Table 1), the ED cell voltage
decreased overtime. The rapid decrease of the cell voltage was more evident in the experiments
at 100 mA (Figure 4).



According to the Ohm’s law, if the current intensity (1) is constant, the voltage (V) and the
resistivity (R, or conductivity) are strongly related, eq. (7):
V =RI(V) ©)

Where | is the current intensity, V the voltage and, R is the resistance.

The decrease of the ED cell voltage is related to a conductivity increase in the electrode
compartments. The initial conductivity of the electrolyte was moderately low, 0.90 + 0.06 mS/cm,
and it increased to values between 3 - 4 mS/cm at the anode, and 2 - 3 mS/cm at the cathode, at
the end of all experiments, which is consistent with the pH changes observed. In the central
compartment, the conductivity changed depending on the matrix (Figure 5). Due to the highly
heterogeneous environmental samples under study, high standard deviations in the ED
experiments’ behavior were observed. Nevertheless, in general, it stayed with values that assure
conductivity. However, the experiment MTBW at 100 mA had a voltage increase after half an
hour and a decrease on the conductivity at the end of the experiment (Figure 5). The treatment at
100 mA produced the reduction of ions (related to the H+ migration through the anion exchange
membrane) in the central compartment, and an energy efficiency decrease of the process due to
an increase of the ohmic losses. In the experiments at 50 mA, the longer running times allowed
diffusion and dissolution/desorption kinetics to replete the ion content in the central cell
compartment. Effluent and mine tailings are matrices with high dependency on the sampling and
weather conditions (effluent high standard deviations in the salts content, in line with the
conductivity values). Mine tailings are a heterogeneous matrix implying different amounts of

metals and salts content, with different variations in the charged species during the sampling.

As the ED experiments are carried out at a constant current, the electrical energy required during
the process, accounting only for the energy applied by the DC power source, can be calculated
from eq. (8):

t
E = If Vcell (t) dt (8)

0

Using a numerical chained-trapezoidal integration, the estimated electrical energy is presented in
Figure 6. As expected, the electrical energy required increases as the electrical current increases,
for the same amount of circulated charge. These results are consistent with the conductivity of
those matrices. According to the results presented in the Figure 6, the experiments carried out at
100 mA required ~ 8.7 £ 0.8 kJ of electrical energy, while the experiments carried out at 50 mA
required an average of ~ 4.8 £ 0.7 kJ.

4.4 Energy Savings



Considering a faradaic efficiency of 100% and no competition to the water reduction as the
cathode electrolysis reaction, ~ 1.86 mmol of Hz2 would be produced in experiments 1-6 at the end
of the ED experiment, either at 50 mA in 2 h or at 100 mA in 1 h. Using a fuel cell at low
temperatures and considering the higher heat of combustion of Hz as 141.8 MJ kg-1, a total of
0.53 kJ may have been recovered from the process. The efficiency of the chemical energy
conversion to electrical energy at the fuel cell depends on the quality of the H2 gas produced,
where a maximum of 98% (mol/mol) hydrogen average purity was achieved during the ED
treatments. Considering that current fuel cell has energy conversion efficiencies of around 60%,
a total of 0.32 kJ could have been transformed into electrical energy. This translates to ~ 3.1% of
the electrical energy required in experiment 4 (EF 100 mA, the worst case), and ~ 6.9% of the
electrical energy required in experiment 5 (MTBW 50 mA, the best case). Reducing the electrical
energy dependency, mainly due to stirring needs (for solid fine matrices), transport of charge
through the porous matrix, and to feed a power supply for the electrode’s reactions, may also have
impact in the total variable costs of the overall ED process (~7%).

As expected, the higher the current intensity used in the ED treatment, the higher the electrical
energy requirements for the same amount of circulated charge. In the experiments presented, those
carried out at 50 mA during 2 h required almost half of the electrical energy to produce the
electrolysis reactions than those carried out at 100 mA during 1 h. On the other hand, higher
applied currents obtain better removal efficiencies, provided that there are no phase-transfer
kinetic limitations, such as dissolution or desorption processes.

In general, one of the main advantages of the ED treatment applied to liquid matrices compared
to ED treatments applied solid porous matrices is that the energy requirements for the electrolysis
reactions are considerably smaller, due to the higher conductivity of the matrices. Thus, in solid
porous matrices, the ED treatment would reach higher voltage gradients due to the lower
conductivity and will require long-lasting treatments. The ED treatments presented show
requirements of electrical power for the electrolysis in the range of 1 to 5 W. However, ED
treatments carried out for the mine tailings suspension required additional energy for the stirring
system at the sample central cell compartment. A 10 W stirrer system was used, meaning that the
electrical energy required for the stirring system could be up to ten-fold compared to the energy
required for the electrolysis reactions. For the purpose of energy optimization in ED treatments
applied to suspensions, the reduction of stirring costs is critical. In this sense, PEMFC could be
an important factor in ED energy savings by reducing the operation costs by powering a low-
energy stirring system.

To evaluate the possibility of reducing energy requirements from the ED treatments by the in-
operando production of electricity from Hz gas formed at the cathode, a PEMFC was connected
directly to the exhaust pipe of the cathode compartment in experiments 7-9, corresponding to the
same matrices under ED treatment at 100 mA during 1 h.
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The initial open circuit voltage of the PEMFC was, in all cases, near 1.4 V, and it decreased and
stabilized at a value of ~ 1V (Figure 7), as expected for a single PEMFC [32]. To obtain higher
voltages, a stack of FCs connected in series could be used. Comparing the voltage generated by
PEMFC in the different cases, there are no statistically significant differences (p < 0.05) (see
Table C at supplementary data). The data supported the statement that the production of electricity
by a PEMFC is independent of environmental matrices used in the ED treatments presented,
despite the fluctuation observed for the case of effluent.

The data presented in this study indicates that the gas produced at the cathode has a purity between
72.4% and 99.3%. Therefore, in a field scale ED treatment, the produced Hz could also be stored
and sold for transportation or other industrial sectors. The production costs of Hz via electrolysis
vary around 8-11 €/kg, which is higher than that obtained via steam methane reforming using
natural gas or biogas [36,37]. The Hz produced during ED treatments, that until now has been an
unexploited byproduct, may be an alternative source of Hz for transportation or energy storage.

5. Conclusions

In this study it is proved the possibility to produce Hz with average purities between 73% and
98% from electrodialytic treatments and used to generate electrical energy with a proton-
exchange membrane fuel cell. This estimation was performed according to the Hz formed at the
cathode electrolysis reaction, which can reduce the energy costs associated to the electrodialytic
treatments, as well as any other remediation treatment based on electrochemically-induced
transport.

The efficiency of chemical to electrical energy conversion at the fuel cell would depend on the
quality of the H2gas produced. Thus, specific studies on possible competitive cathode reactions
are needed depending on the system. However, in the matrices tested in this study, H2 gas was
produced in all cases. This suggests that Hz purity seems to be more affected by external factors
(experimental errors, nitrate reduction to NO2 or temperature increase) than the matrices
composition. Flowing the produced Hz gas through a single proton-exchange membrane fuel cell,
resulted in a stable open circuit voltage (~1V), that demonstrated the potential to recover energy
from the Hz byproduct, that otherwise would be released to the atmosphere and lost.

This research shows there are new possibilities for energy saving and Hz production for different
purposes in electrodialytic treatment, leading to an increase in the sustainability and applicability

of the electro-remediation, decontamination or degradation contaminants” processes.

Glossary

ED Electrodialytic
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GC-TCD Gas Chromatography with Thermal Conductivity Detector

IC lon Chromatography
ICP-OES Inductively Coupled Plasma with Optical Emission Spectrometry
PEMFC Proton-exchange membrane fuel cell
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Figure captions

Figure 1. Electrodialytic cell with 3 compartments [g = 8 cm, central and electrolyte compartments with L
=5 cm, CEM - cation exchange membrane; AEM — anion exchange membrane, An- - anions, Cat+ -
cations], stirrer (only used for mine tailings suspension) connected to a proton-exchange membrane fuel
cell

Figure 2. pH of the liquid phase at the central cell compartment before and after the electrodialytic
experiments at 50 mA and 100 mA (error bars related to the standard deviation: n=2). BW-Briny Water;
EF-Effluent; MT-Mine Tailings

Figure 3. Gas flow rate generation (mL/min) during the electrodialytic experiments with BW, EF and
MTBW, at 50 mA and100 mA (collected maximum volume 30 mL). BW-Briny Water; EF-Effluent; MT-
Mine Tailings

Figure 4. Cell voltage during the electrodialytic experiments with BW, EF and MTBW, at 50 mA and 100
mA. BW-Briny Water; EF-Effluent; MT-Mine Tailings

Figure 5. Conductivity of the liquid phase at the central cell compartment before and after the electrodialytic
experiments (error bars related to the standard deviation: n=2). BW-Briny Water; EF-Effluent; MT-Mine
Tailings

Figure 6. Estimation of the cumulative electrical energy consumed during the electrodialytic experiments.
BW-Briny Water; EF-Effluent; MT-Mine Tailings

Figure 7. Proton-exchange membrane fuel cell (PEMFC) generated open circuit voltage during the
electrodialytic experiments at 100 mA. BW-Briny Water; EF-Effluent; MT-Mine Tailings
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Table legends

Table 1. Electrodialytic experimental conditions

Table 2. Initial characterization of briny water, effluent and mine tailings

Table 3. Concentration of anions in briny water and effluent, before and after the electrodialytic experiments
at 50 mA (2h) and 100 mA (1h)

Table 4. Concentration of elements in mine tailings before and after the electrodialytic experiments at 50
mA (2h) and 100 mA (1h)

Table 5. Hz purity analysis by GC-TCD
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Supplementary Data

A. Cell voltage during electrodialytic treatments: BW, EF and MTBW experiments at 50 mA or

100 mA
Time  BWH50 BW EF 50 EF 100 MTBW MTBW
(min) mA SD 100 mA SD mA SD mA SD 50 mA SD 100 mA SD
0 16.9 2.4 30.2 0.4 19.1 5.1 317 3.8 18.9 0.2 34.8 0.7
10 14.8 24 26.2 0.4 17.6 6.0 26.4 5.4 15.8 0.2 26.6 1.3
20 13.5 2.3 235 1.0 16.3 5.9 24.3 4.0 14.4 0.1 25.1 1.9
30 12.7 2.1 22.2 0.8 15.6 5.8 23.1 33 13.3 0.0 24.4 2.1
40 12.2 2.1 21.3 0.5 15.3 5.9 224 2.8 13.0 0.0 24.8 2.3
50 11.9 2.2 20.7 0.0 15.2 6.0 21.7 2.0 12.8 0.1 30.2 2.7
60 11.7 2.3 20.5 0.4 15.2 6.0 21.4 1.8 12.6 0.1 41.0 34
70 11.7 2.4 15.3 6.1 12.4 04
80 11.8 25 15.5 6.0 12.3 05
90 12.2 2.9 15.6 6.1 12.3 0.9
100 12.6 34 15.8 5.9 12,5 1.3
110 13.3 39 15.9 5.6 12.9 23
120 13.7 4.0 16.4 5.2 13.2 2.8
BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD — Standard Deviation
B.1 Hz volume collection during electrodialytic treatments; CEM — cation exchange membrane;
AEM - anion exchange membrane
/ ( / Gas collector
B.2 Hz generation (mL) in the electrodialytic treatments: BW, EF and MTBW experiments at 50
mA or 100 mA;
. BW EF MTB MTB
(Tnl:::; B‘n’:' A50 SD 100 SD Eizo SD 100 SD W50 SD  WI00  SD
mA mA mA mA
0 3.0 42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 9.0 1.4 11.0 1.4 10.0 0.0 17.0 1.4 11.0 42 15.0 42
20 12.0 0.0 23.0 1.4 18.0 2.8 25.5 0.7 19.0 5.7 26.0 0.0
30 17.0 1.4 30.0 0.0 25.0 7.1 30.0 0.0 25.0 5.7 30.0 0.0
40 19.0 1.4 26.0 0.0 28.0 6.4
50 22.0 2.8 30.0 0.0 29.0 42
60 26.0 2.8 30.0
70 30.0 0.0

BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD — Standard Deviation
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C. Proton-exchange membrane fuel cell generated open circuit voltage in the electrodialytic
treatments: BW, EF and MTBW experiments at 100 mA,;

Time BW SD EF SD MTBW SD
0 1.35 0.04 1.36 0.06 1.41 0.00
10 1.03 0.71 0.66 0.67 1.05 0.00
20 1.03 0.70 0.60 0.67 1.05 0.02
30 1.00 0.68 0.93 0.17 1.01 0.04
40 0.98 0.69 0.92 0.15 0.99 0.04
50 0.97 0.63 0.94 0.10 0.99 0.01
60 0.96 0.64 0.94 0.08 0.98 0.00
BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD — Standard Deviation
D. Electrodialytic H2 flow - ANOVA with 95% of confidence level
y =a+b*x Matrices
BW 50 BW 100 EF 50 EF 100 MTBW 50 MTBW 100
mA mA mA mA mA mA
Residual SoS 54.74 6.50 68.18 56.11 173.53 40.36
Pearson's r 0.99 1.00 0.99 0.98 0.98 0.99
Adj. R-Square 0.98 0.99 0.97 0.96 0.94 0.97
\ Slope (flow) 0.45a 1.05b 0.68a 1.138c 0.624 1.12ce
Slope standard Error 0.02 0.04 0.05 0.12 0.06 0.10

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data
with lower case letters is statistically significantly different to the ones with the same capital letter.

BW-Briny Water; EF-Effluent; MT-Mine Tailings

E. Comparing electrodialytic experiments statistics on Hz flow - ANOVA with 95% of

confidence level

ANOVA summary ED 50mA

F 13.14

P value 0.0328

P value summary *

Significant diff. among means (P < 0.05)? Yes

R square 0.8975

Combinations Significantly different

BW 50 mA EF 50 mA

ANOVA summary ED 100mA

F 0.4385

P value 0.6807

P value summary ns

Significant diff. among means (P < 0.05)? No
0.2262

R square
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F. pH and conductivity data and statistics: ANOVA with 95% of confidence level

Initial ED Final
pH Conductivity (mS/cm) pH Conductivity (mS/cm)
Electrolyte  6.46 + 0.55 0.90 + 0.06 Anolyte  2.02+0.21 4.40 +0.28
BW 6.89 +0.08 1.81+0.11 BWS0mMA  catholyte 12.29 +0.14 3.00+0.71
EF 7.67 +0.16A 2.41+0.69 Central  6.08 +0.59 1.15+0.33
MTBW  7.03 +0.06 1.82 +0.54 Anolyte  2.18+0.3 2.95+0.49
BW100mA  catholyte 12.13 +0.20 1.23+1.65
Central  3.19 +0.04 1.24+0.45
Anolyte  2.20 % 0.02 2.70 +0.00
EFS0MA  catholyte 12.21+0.01 2.45+0.21
Central 454255 1.80 +0.86
Anolyte  2.21+0.04 2.85+1.06
EF100mA  catholyte 12.11+0.01 1.94+0.23
Central ~ 2.85+0.20 1.49+£0.15
Anolyte  2.02+0.11 3.25+0.21
MTBW 50 mA - catholyte 12.30 + 0.01 2.40+0.14
Central 5.91+0.45 1.41+0.49
Anolyte  1.99 + 0.04 255+ 0.07
MTBW 100 mA  catholyte 12.21 +0.25 2.08 +0.46
Central 4.42+1.33 0.24 £0.16

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data with lower
case letters is statically significantly different to the ones with the same capital letter.

BW-Briny Water; EF-Effluent; MT-Mine Tailings
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Figure 1. Electrodialytic cell with 3 compartments [g = 8 cm, central and electrolyte compartments with L =5 cm, CEM - cation exchange membrane; AEM — anion
exchange membrane, An- - anions, Cat-+ - cations], stirrer (only used for mine tailings suspension) connected to a proton-exchange membrane fuel cell
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Figure 2. pH of the liquid phase at the central cell compartment before and after the electrodialytic
experiments at 50 mA and 100 mA (error bars related to the standard deviation: n=2). BW-Briny
Water; EF-Effluent; MT-Mine Tailings
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Figure 3. Gas flow rate generation (mL/min) during the electrodialytic experiments with BW, EF
and MTBW, at 50 mA and 100 mA (collected maximum volume 30 mL). BW-Briny Water; EF-
Effluent; MT=-Mine Tailings
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Figure 5. Conductivity of the liquid phase at the central cell compartment-before.and after the
electrodialytic experiments (error bars related to the standard deviation: n=2). BW-Briny Water; EF-
Effluent; MT-Mine Tailings



8 -
_—
— -
=
S
D 64
v
=]
> J
50
—
2
@ 4]
=
(&) E
=
o S
o 24 —d— MTBW 100mA
[£a) @ EF 100mA
| —#— BW 100mA
~4 EF 50mA
—— MTBW 50 mA
0 — ¥ BW 50mA
T v T v T v T ¥ T v T v T
0 20 40 60 80 100 120

Time (min)

Figure 6. Estimation of the cumulative electrical energy consumed during the electrodialytic
experiments. BW-Briny Water; EF-Effluent; MT-Mine Tailings
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Figure 7. Proton-exchange membrane fuel cell (PEMFC) generated.open circuit voltage during the
electrodialytic experiments at 100 mA. BW-Briny Water; EF-Effluent; MT-Mine Tailings



Table 1. Electrodialytic experimental conditions

) Duration Current
Experiment ED Code . )
(h) intensity (mA)
ED tests with gas capture at the cell cathode compartment (n=2)
1 BW 50 2 50
2 EF 50 2 50
3 BW 100 1 100
4 EF 100 1 100
5 MTBW 50 2 50
6 MTBW 100 1 100
ED tests to Hz purity (n=2)
7 BW 6 100
8 EF 6 100
9 MTBW 6 100
ED tests with direct connection to PEMFC (n=2)
10 BW 1 100
11 EF 1 100
12 MTBW 1 100

BW-Briny Water; EF-Effluent; MT-Mine Tailings; PEMFC — Proton-Exchange Membrane Fuel Cell



Table 2. Initial characterization of briny water, effluent and mine tailings
Matrix
BW* EF** MT*
pH 6.89 £ 0.08 7.67 +0.16 457+1.74
Conductivity (mS/cm) 1.81+0.11 241+212 0.84 £0.52
ICP-OES analysis (mg/L) (mg/L) (mg/kg)
Ca 29.06 = 0.02 51.74 £ 18.34 91.11 £27.08
K 5.33£0.01 47.80 £ 29.10 -
Mg 10.30+0.38 118.00 + 137.17 -
Na 602.5 + 17.68 524.55 * 532.55 -
P 0.07 £0.10 3.21+0.04 36.57 £ 1874
49.04 + 26.07a 84.89 £ 65.27 789.59 £214.13A
As n.d. n.d. 21857 £132.31
Cu 0.09 +£0.01 0.04 £ 0.00 76.82 £39.30
Sn n.d.o n.d. 1.95+0.538
w n.d.c n.d.c 5.34 £ 1.42c
Zn 1.07+0.88 0.07 £ 0.06 -
IC analysis (mg/L) (mg/L) (mg/kg)
Cl- 499.3+8.1 908.1 +1013.7 56+23
SOa2- 66.8 £ 1.5de 14945+ 127.07de 240.9 + 4.6p0

BW-Briny Water; EF-Effluent; MT-Mine Tailings
*collected at 2-09-2018; ** collected at 5-09-2018 and 12-09-2018; nd- not-detected
Statistical analysis: Multiple comparisons were statistically performed-at p<0.05 (95% confidence interval); data
with lower case letters is statistically significantly different to the ones with the same capital letter.



Table 4. Concentration of elements in mine tailings before and after the electrodialytic experiments at 50
mA (2h) and 100 mA (1h)

50 mA 100 mA
Initial Final Final
solid phase solid phase solid phase
(mg/kg) (mg/kg) (mg/kg)
As 218.6 +£132.3 196.2 +50.73 1139+ 19.7
Cu 76.8 + 39.3 38.3+13.9 26.4+35
Sn 20+£05 22+0.2 17+04

W 53+x14 57+04 49+16




Table 3. Concentration of anions in briny water and effluent, before and after the electrodialytic
experiments at 50 mA (2h) and 100 mA (1h)

50 mA 100 mA
Initial Final Final
(mg/L) (mg/L) (mg/L)
BW 499.3+8.1 285.5+40.3 15.7+22.2
Cl- EF1 1624.9 490.5 129.1
EF2 191.3 83.0 20.5
BW 66.8 £1.5 16.8+2.3 14150
SO42- EF1 239.3 114.4 36.1
EF2 59.6 30.0 27.9

BW-Briny Water; EF-Effluent
EF1 - collected at 5-09-2018
EF2 - collected at 12-09-2018



Table 5. Hz purity analysis by GC-TCD

Matrix H2 (% wiw) H2 (% mol/mol)*
BW 74.19 + 0.63a 97.63 £ 0.088
EF 90.43 + 0.25a 99.26 + 0.02»

MTBW  72.39 + 0.68a 97.41+0.09s

*Calculated assuming air as impurity in the Hz; Statistical analysis: Multiple comparisons were statistically
performed at p<0.05 (95% confidence interval); data with lower case letters is statistically significantly different to
the ones with the same capital letter; BW-Briny Water; EF-Effluent; MT-Mine Tailings



= 98.1% (mol/mol) H, average purity

H,

Proton Exchange Membrane Fuel Cell

=>» Open circuit voltage = 1.4V per cell
Electrodialytic reactor > Energy savings of = 7%



