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ABSTRACT: The biochar-assisted water electrolysis process for hydrogen gas production is reported. The H, generation is
performed in a divided electrolysis cell in which the hydrogen evolution reaction occurs on a cathode and ferrous iron oxidation on
an anode. Electrochemically produced Fe(III) species are reduced back to ferrous form in a reaction with biochar concentrated in a
packed-bed column through which an acidic anolyte (FeCl;) solution is continuously recirculated. During the operation of the
proposed process with commercial charcoal, the oxidation of carbon resulted in an accumulation of oxygen-containing groups on the
carbon surface that leads to charcoal deactivation. Thermal treatment of the charcoal at 250, 350, and 450 °C in a nitrogen
atmosphere resulted in reactivation of carbon, and the best results (~80% reactivation) were achieved after 3 h of treatment at 450
°C. Nine successful cycles of electrolysis-charcoal regeneration were performed in this study. A 298% current efficiency for hydrogen
production was achieved at a current density of SO mA/cm®. Much higher current densities can be obtained using the proposed
technique as the anodic process of ferrous iron oxidation is decoupled from the carbon oxidation process. The CO, production rate
achieved in this study was up to 98% of a stoichiometric value proposed for the iron-mediated carbon-assisted water electrolysis
process.

2H"
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1. INTRODUCTION

Hydrogen gas is a “clean” fuel because the major product of its
reaction with oxygen in internal combustion engines and fuel

accumulation in the atmosphere. Another disadvantage is the
low purity of produced hydrogen gas. For example, in steam
reforming of natural gas, 7.05 kg of CO, is produced per

cells is water. Hydrogen gas is also highly attractive for the
conversion and storage of renewable energy due to its high
gravimetric energy density. The higher heating value (HHV) of
hydrogen is about 39.405S Wh/kg, which is higher than the
HHVs of gasoline and methane (13.19 and 15.42 Wh/kg,
respectively)."”” The annual production of hydrogen is ~65
million metric tons, and its consumption increases by 6%
annually.' > Today, over 90% of hydrogen gas is produced
from fossil fuels by natural gas reforming and coal gasification
processes. The largest consumers of H, are artificial fertilizer
and petroleum industries (47 and 37%, respectively)."” The
H, gas is also used in metal production, methanol production,
food processing, and electronics.

The substantial drawback in hydrogen production from
fossil fuels is the co-current production of CO, and its
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kilogram of hydrogen.’

High-quality hydrogen can be produced by electrochemical
conversion of water into hydrogen and oxygen via the water
%5 An important advantage of WE
technologies is that they can be integrated into renewable
energy production and storage processes. Unfortunately, today
only ~4% of the overall hydrogen is produced using the WE

electrolysis (WE) process.
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techniques due to their intensive energy consumption."** The
cost of distributed electrolytic hydrogen was 3.90 USD/kg H,
in 2015, and the targeted 2020 cost is 2.3 USD/kg H,.° The
state-of-the-art energy consumption for electrochemical hydro-
gen production is 57—60 kWh/kg H,, and the targeted values
for years 2020 and 2023 are 52 and 50 kWh/kg H,,
respectively.” The energy requirement of water electrolysis
(enthalpy change, AH) comprises the electric energy (AG,
that corresponds to the Gibbs' free energy change) and
thermal energy (Q, the product of the process temperature (T)
and the entropy change (AS)) (eq 1)

AG = AH - Q = AH — T-AS (1)

Figure 1 shows the variation of AH, T-AS, and AG with
temperature. The total energy demand for the process (AH) is
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Figure 1. Reversible potential (V,), thermoneutral potential (Vy,), and
heat energy (T-AS) at varied temperatures of (i) water electrolysis;
(ii) carbon-assisted water electrolysis; and (iii) carbon-assisted iron-
mediated water electrolysis.

almost independent of temperature. However, the values of
T-AS and AG increase and decrease at higher temperatures,
respectively.”® At standard temperature (298.15 K) and
pressure (1 atm), the values of AG, AS, and AH for water
electrolysis are 237.21 kJ/mol, 0.1631 kJ/(mol.K), and 285.84
kJ/mol, respectively.” The lowest cell potential required for the
WE is known as the reversible potential (V,) (eq 2)

AG
V=22
" zF ()

where z is the number of electrons transferred per mole of H,
(z = 2 for WE) and F is the Faraday constant (96 485 C/mol
e”).

The thermoneutral voltage (V) is defined as the minimum
voltage required for WE to occur at adiabatic conditions, where
all of the reaction enthalpy is provided by electricity"*

Ve = Vou = AH

th AH 2F (3)
At standard conditions, the V, and Vy, values for WE are 1.229
and 1.481 V, respectively."® When the electrolysis cell is
operated between V, and Vj, the process is endothermic.
When the cell potential is greater than Vy, the process is
exothermic."*

1.1. Chemical-Assisted Water Electrolysis. The goal of
the chemical-assisted water electrolysis processes is to decrease
the energy consumption of the “conventional” WE process.
One of the promising ways to decrease energy requirements of
water electrolysis is to replace the oxygen evolution reaction

with less energy demanding anodic processes. Electrochemical
oxidation of aqueous sulfur dioxide (SO,) is an electrolytic
process where sulfur dioxide is oxidized to sulfuric acid on the
anode instead of water oxidation.”'® The V; of the SO,-assisted
water electrolysis process is lower than in the un-assisted WE
process (0.158 V vs 123 V, respectively). Currently, the
process is still under development and suffers from several
limitations and drawbacks: (1) a lack of fundamental
understanding of the mechanism behind the electrochemical
oxidation of sulfur dioxide; (2) crossover of the electrolyte
(SO,) through the cell membrane; (3) high costs and
instability of reactor materials and catal?rsts; and (4) relatively
low current densities (~200 mA/cm?).”’

In the liquid-hydrocarbon-assisted water electrolysis process,
the hydrocarbon solution is recirculated through the anodic
compartment of the electrolysis cell where it is oxidized on the
anode to carbon dioxide (CO,)." A variety of alcohols and
liquid hydrocarbons (e.g, methanol, ethanol/bioalcohol,
formic acid, glycerol, ethylene glycol, and biomass/high-
molecular-weight hydrocarbon) can be used as energy sources
in electrolysis processes for hydrogen production.’ Every type
of hydrocarbon has a different V, value. For example, the V,
values of methanol, glycerol, and ethanol are 0.02, 0.08, and
0.24 V, respectively." Although relatively high current densities
at relatively low potentials have been reported in the literature
(0.2—1 A/cm? at 0.8—1.2 V), the process still has some serious
drawbacks, such as the availability and cost of alcohol and
organic solutions, high costs and instability of cell materials
and catalysts, degradation of membranes, incomplete con-
version of hydrocarbons to CO,, and evolution of toxic
byproducts."

1.2. Carbon-Assisted Water Electrolysis (CAWE). First
investigations of CAWE were done in 1932 by C.S. Lynch and
AR. Collett who performed electrolytic oxidation of Pittsburg
coal in 3 N NaOH solution with copper, nickel, lead and
platinum electrodes.'”'> Later, many studies on coal
electrolysis in alkaline and acidic media were performed to
study the performance of the process at different temperatures
and with different catalysts and carbon types (e.g, coal,
graphite, anthracite, and peat).lz_16 In these studies, carbon
dioxide and carbon monoxide were identified as the major
products of coal oxidation on the Pt anode, and hydrogen was
always a major cathodic product. Coughlin and Farooque'*™"¢
postulated the half-cell reaction of carbon in coal-assisted water
electrolysis (eq 4) and the overall reaction of this process (eq

5)

C + 2H,0p = CO, \ + 4H" + 4e” @

2(g)

C(s) + ZHZO(]) - COZ(g) + 2H2(g) (5)
The reversible (V,) and thermoneutral (Vy) potentials of
CAWE are 0.21 and 0.421 V (vs standard hydrogen electrode
(SHE)) respectively, which are significantly lower than the
corresponding potentials of water electrolysis (ie, 1.23 and
0.148 V vs SHE, respectively).'®"” For this reason, the energy
demand of CAWE is expected to be significantly lower than
that of other WE technologies.'"”"* ™"

The exact mechanisms of CAWE are unknown. Dhooge et
al.”” observed that ferric ions act as a catalyst in CAWE. In
accordance with the mechanism proposed by Dhooge et al.,*’
the coal is oxidized by ferric ions, producing ferrous ions and
carbon dioxide (eq 6). The ferrous ions, in turn, are oxidized
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back to the ferric form by anodic oxidation as described by eq
720

4Fe** + C + 2H,0 — 4Fe*" + CO, + 4H" (6)

Fe?*) - Fe®) 4 ¢, EJ = 0.77 (Vvs SHE) (7)

Figure 1 shows the V, and Vy, for (i) water electrolysis, (ii)
carbon-assisted water electrolysis, and (iii) iron-mediated
water electrolysis at varied temperatures. The values were
calculated using eqs 1—3 and 8—14.

To calculate the values of enthalpy of reactions at varied
temperatures, eq 8 was used.”!

dH = deT (8)

where C, is the heat capacity of the reactant or product at
constant pressure. The dependency of C, on temperature is

described by eq 9 *'

c
Cp—a+bT+T2 ©)
where g, b, and ¢ coeflicients have specific values for oxygen,
CO,, and hydrogen gases, and their values can be found in
Atkins et al.*!

Integration of eq 8 between the initial and the final
temperature results in eq 10

1 11
Hipy = Hipy + a(T; = T) + Eb(sz -T) - C(Ff - ;]

1

(10)
To calculate the entropy values at varied temperatures, eq 11
was used.

C
dS = —dT

T (11)
Integration of eq 11 between the initial and the final
temperature results in eq 12

1

T; cf 1 1
Spy=Sp+a XIn—=|+WTL-T) -~ - =
(= St (TJ (T - T) Z[sz Tiz]
(12)
Since the AS and AH are the state functions, it is possible to
calculate the AH and AS for reactions of interest using eqs 13
and 14

cooling(reactants)

(T to T) + AH(T)
+ AHheating(products)(’Ti’ to ’1}) (13)
ASR(Tf) = AScooling(reactants)(T% to T;) + ASR(T;)

+ Asheating(products)(’l—; to Tf) (14)

It was assumed in calculations of V, and Vy, for the iron-
assisted water electrolysis that the heat capacity of iron species
is negligible.

According to Figure 1, the iron-mediated CAWE, with the
thermodynamic minimum potential for operation of V, = 0.77
V, can be 50% more energy efficient than the conventional
water electrolysis for which the thermodynamic minimum
potential for adiabatic operation is Vi, = 1.481 V.

Within the last 2 decades, there has been a renewal of the
intensive research in the field of CAWE, as indicated by the

exponentially increasing number of relevant scientific pub-
lications. The latest studies in CAWE focused mainly on the
development of catalysts, redox mediators, cell architec-
and investigation of the process at varied
operational conditions*® (e.g, types of carbon, applied
potentials, and electrolyte compositions)."”**’ =" In spite of
the intensive research on CAWE, the process still suffers from
many drawbacks and limitations, and the most challenging are
(1) the low current densities and (2) the deactivation of
carbon with the electrolysis duration."*”

The exact reason for the gradual decline of current density
observed in CAWE for all types of investigated carbons is still
unknown, but it was associated with two main phenomena: (1)
depletion of reactive impurities (like FeS,) and (2) changes in
the morphology and chemical structure of the carbon
surface.'”> The first phenomenon is less likely since it is
inconsistent with the results of long-term (~450 h) experi-
ments performed by Coughlin and Farooque.'® The second
phenomenon in CAWE is more complex and still unclear. The
carbon surface may contain many different types of acidic
oxygen groups (e.g,, carboxylic acids, lactones, lactols, phenol,
anhydrides), basic oxygen groups (e.g, quinone, chromene,
pyrone), and neutral oxygen groups (like carbonyl and
ether).” In addition to oxygen-containing functional groups,
nitrogen- (e.g, pyridine, pyrrole, pyridine) and sulfur-
containing groups (e.g,, thioquinone, sulfoxide, thiolactone,
thiophenol) are often present on the carbon surface.””** Some
functional surface groups of carbons are electrochemically
active, and these groups are especially important in electro-
chemical processes. The most known electrochemically active
surface group in carbons is a quinone—hydroquinone couple

(eq 15)™

o OH
@ +2H + 26 «—> © Eor =07V (VS. SHE) (15)
o OH

Fan et al.”> showed that in anodic oxidation of carbons
hydroxyl groups could be reversibly oxidized into ketone
groups and further into carboxylic groups (eq 16)

H+e”
>C — OH «—— >C = O «— COOH
Ht+e” H,0 (16)

Coughlin et al.'® reported on the increasing percentage of
oxygen in the chemical composition of coal during the coal-
assisted water electrolysis. In addition, the authors noted that
treatment of the reacted coal with acetone could restore to
some extent its electrochemical activity and decrease the
weight percentage of oxygen in the coal.'® Unfortunately, the
mechanism of acetone treatment in carbon reactivation was
not explained in this study.

1.3. Biochar for Carbon-Assisted Water Electrolysis.
Charcoal (the most common example of biochar) has been
produced from wood for centuries, but only recently has it
been realized as a highly promising strategy for carbon
mitigation from the earth’s atmosphere via the actual removal
of CO, gas.*™* The concept includes the pyrolysis (or
hydrothermal carbonization) of biomass for biochar produc-
tion and its application to agricultural or forest soils. The
estimated half-life of pyrolytic char in the soil is from 100 to
more than 1000 years.”” If the safety of biochar application to
soils as well as the effectiveness of the biochar approach on the
global CO, mitigation was proven, one would expect the

https://dx.doi.org/10.1021/acsomega.0c04820
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worldwide development of the technology in the next decades.
Consequently, it is envisaged in this strategy that biochar will
become cheap and available material to produce many
chemicals, including hydrogen gas for energy storage
operations and as a raw chemical for many industries. Part
of the biochar can be utilized in CO,-neutral carbon-assisted
water electrolysis for hydrogen production prior to its
application to soil. Production of charcoals is also a sustainable
solution for the utilization of organic fractions of agricultural
and municipal solid wastes (and slurries from wastewater
treatment plants).

In 2019, Chen et al.*’ proposed the utilization of biochar for
carbon-assisted water electrolysis. In this study, powdered
biochar was electrolyzed in a divided electrolysis cell using
H,SO, and H,SO,/NaCl electrolytes. The reactivation of
carbon was done using heat treatment at 850 °C and via the
CO, gasiﬁcation.40

The present study was dedicated to the proof of concept and
investigation of the process for low-cost electrochemical
production of hydrogen gas using a biochar-assisted iron-
mediated water electrolysis process.

1.4. Proposed Process. Figure 2 represents the proposed
electrochemical process that comprises three major units: (1)

Agricultural
wastes

l

Biochar

Carbon Column

Electrolyzer
Fe(ll)

co,
Fe(lll)

Unreacted
Biochar

To Soil

Heater

Anolyte

Catholyte _Q_)

Pumps

Figure 2. Proposed process for iron-mediated biochar-assisted water
electrolysis for hydrogen production.

hydrothermal or pyrolytic biochar production from agricultural
wastes (not in the scope of this study); (2) a packed-bed
column filled with the produced biochar; and (3) a divided
electrolysis cell for hydrogen production.

Hydrogen gas is produced on the cathode in the divided
electrolysis cell shown in Figure 2. A cation or an anion
exchange membrane is required to prevent reduction of Fe(III)
iron to Fe(II) form (and even elemental iron formation*"**)
on the cathode that would result in a loss of current efficiency
for the hydrogen evolution reaction. An acidic aqueous
solution (e.g., hydrochloric acid) is recirculated through the
cathodic compartment of the cell. The anolyte comprises an
aqueous acidic solution of ferrous ions, which are oxidized to
ferric ions on the anode. Ferric ions are reduced back into the
ferrous form via the reaction with biochar granules packed in a
separate column, as shown in Figure 2. Residual biochar
(unreacted in the electrochemical system) is either reactivated
using the thermal treatment in an inert atmosphere or applied
into the agricultural soils to improve crop productivity and for
CO, sequestration from the atmosphere. The energy for
thermal reactivation can be obtained from partial combustion
of biochar or using other sources of heat (if available).

2. RESULTS AND DISCUSSION

2.1. Batch-Mode Experiments of Fe(lll) Reduction by
Charcoal. Figure 3 and Table 1 show the results of the Fe(III)

St HCLOOIN o ____a
LK e B -
4 IrSetert
a7 HCI 1.00 N
%"
=7 e X mmmm e m ) X
3 ,—::’% o

L L ST, PR ...
HCI5.00N @

Fe(ll) concentration (g/l)

1 1 I I 3

50 75 100 125 150
Time (h)

Figure 3. Fe(Ill) reduction by 150 g/L biochar at varied HCI
concentrations. [FeCl;], = 20 g/kg H,O, volume = 100 mlL,
temperature = 25 °C, shaking speed = 125 rpm.

Table 1. Ferrous Ion Production in the Presence of 150 g/L
of Charcoal at Varied Electrolyte Compositions®

electrolyte composition Fe(ll) concentration after 21 h (g/L)

HCI S N 1.823
HCl 2.5 N 2.475
HCI 1N 2207
HCl 0.1 N 2.302
HCI 0.01 N 2234
HCI 0.01 N, NaCl 1 M 2515
H,SO, 0.01 N 0416
H,S0, 1 N 0.388

“Initial ferric ions concentration = 20 g/kg H,O, slurry volume = 100
mL, temperature = 25 °C.

reduction experiments performed at varied concentrations of
HCI and H,SO, acids in FeCl; and Fe,(SO,); solutions
([Fe(IlI)], = 20 g Fe/L), respectively. The reaction of
charcoal with ferric ions in hydrochloric acid was much faster
than in sulfuric acid. In fact, no difference was observed in
experiments conducted at H,SO, concentrations of 0.01 and
1.0 N, and in both experiments, only x2% of ferric iron was
reduced into the ferrous form after 21 h. In contrast, more than
10% of Fe(IIl) was reduced in HCI solutions. No significant
difference was observed in Fe(IlI) reduction rates in
experiments conducted with HCl concentrations in the range
0f 0.01—2.5 N. The faster reaction of carbon with ferric species
in HCI acid than in a H,SO, solution can be attributed to
different complexation of Fe?* and Fe** ions by Cl~ and SO}~
species. However, the exact reason is unknown and requires
detailed investigation.

In all experiments shown in Figure 3, the concentration of
ferrous iron reached the maximum, which indicates carbon
deactivation. Higher concentrations of HCI resulted in lower
final concentrations of ferrous iron. This can be explained by
the fact that carbon oxidation results in generation of protons
(eqs 4 and 6) and higher acidity leads to inhibition of the
process. The decrease in Fe** concentration obtained in the
experiment conducted with 5 N of HCl is probably due to the
precipitation of iron chloride species.

The reduction rate observed at S N of HCl was significantly
lower than at other HCI concentrations. Consequently, it was

https://dx.doi.org/10.1021/acsomega.0c04820
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decided to operate the continuous CAWE system with the HCI
concentration of 1 M.

2.2. Preparation of Deactivated Biochar. Figure 4
shows the results of the two-stage operation of a larger biochar

8 First stage Second stage  _ 60
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Figure 4. Experimental results of the biochar-assisted iron-mediated
electrolysis process.

column in the process shown in Figures 2 and 8 (see Section
4). During the first stage of the process, the system succeeded
to convert around 40% of ferric ions into the ferrous iron form.
Relatively high current densities (~52 mA/cm?) were
observed at the beginning of the electrochemical stage (Figure
4), but after 20 h of operation, the current densitydecreased to
~5.0 mA/cm* due to gradual biochar deactivation.

The current density obtained in this study is significantly
higher than the current density of 12.3—7.3 mA/cm” reported
by Chen et al.** for continuous biochar-assisted WE conducted
at a cell potential of 1.0 V (20 g/L of 37—74 um biochar
particles, [NaCl] = 0.25 M). The difference is due to the iron
mediation of the process applied in this study and because
significantly higher volumetric loadings of carbon can be
obtained in the system with a packed-bed column compared to
suspension electrodes. The kinetics of biochar oxidation by
iron strongly depends on the size of biochar particles.
Operation of the proposed process with smaller biochar
granules is expected to result in significantly higher current
densities of the hydrogen production reaction. During overall
85 h of electrolysis, the charge that passed in the electrolysis
cell was 38.7 (kC), which is equivalent to ~4.4 L of hydrogen
gas at 25 °C, assuming an ideal gas and 90% current efficiency
(see Table 2). Table 2 lists the values of current efficiency for

Table 2. Current Efficiency for the Hydrogen Evolution
Reaction Obtained in CAWE Experiments Conducted in the
System Shown in Figure 8

current density (mA/cm?) current efficiency for H, production (%)

12.5 77.4
2S5 89.8
37.5 97.3
S0 97.8

H, production measured using a water displacement method at
varied applied current densities. Current efficiency as high as
~98% was achieved at a current density of 50 mA/ cm? A
lower current efficiency was obtained for lower current
densities due to the crossover of ferrous iron ions from the
anolyte into the catholyte compartment and a consequent
parasitic Fe(IlI) reduction on the cathode. This unwanted
process can be minimized if the electrolysis cell is divided by
an anion exchanging membrane.

2.3. Thermal Reactivation of Biochar. Figure SA shows
the results of Fe(IlI) reduction experiments conducted on
biochar regenerated for 6 h at 250, 350, and 450 °C in the
nitrogen atmosphere.

As it is shown in Figure 5, a higher regeneration temperature
resulted in better regeneration efficiency and the biochar
sample regenerated at 450 °C outperformed the original (as
received) biochar. The regeneration at temperatures higher
than 450 °C might result in faster and better regeneration of
carbons than at 450 °C. On the other hand, the energy
demand of the thermal treatment is higher at higher
temperatures. Consequently, it was decided in this study to
perform biochar regeneration at 450 °C.

Figure 5B shows biochar temperature and accumulation of
CO, inside the NaOH solution vs the biochar regeneration
time obtained at 450 °C. According to Figure 5B, the most
intensive production of CO, occurred once the biochar
temperature reached 450 °C. During the first 3 h of thermal
treatment at 450 °C, almost 90% of overall CO, generated
within 7.5 h was released from the biochar. Consequently, it
was decided to perform 4 h long regeneration steps in
electrolysis-regeneration experiments.

Tables 3 and 4 and Figure 6 show the results of X-ray
photoelectron spectroscopy (XPS) analysis conducted on (i)
as-received biochar, (ii) biochar deactivated in biochar-assisted
iron-mediated water electrolysis, and (iii) biochar regenerated
at 450 °C.

According to Figure 6, and Tables 3, and 4, the oxidation of
biochar by ferric chloride in the electrochemical stage of the
proposed process resulted in the accumulation of oxygen
atoms on the carbon surface. The amount of C—O bonds
increased from 15.60 to 24.48% (Table 3) and the amount of
oxygen from 15.3 to 24.7% (Table 4). This is apparently the
major reason for carbon deactivation because these groups
prevent the reaction of carbon with ferric iron ions. The same
conclusion follows from Table 5 that details the chemical
composition of charcoal before and after the deactivation.
Results concentrated in Table S have been obtained by the
elemental analysis method using the Flash 2000 organic
elemental analyzer (Thermo Scientific).

Oxygen-containing groups can be desorbed from carbon
surfaces using heat treatment in inert atmospheric con-
ditions.>* Therefore, the thermal treatment removes the
oxygen groups from the used biochar surface as can be seen
in Tables 3—S5. This way, the thermal treatment regenerates the
biochar in the proposed process. Similar surface chemistry
processes were observed previously by Chen et al.** in the
carbon-assisted water electrolysis process performed without
an iron mediator in H,SO,/NaCl solutions using a divided
electrochemical cell operated with a powdered biochar-made
slurry anode.

2.4. Cycling CAWE-Regeneration Operations. Figure 7
and Table 6 show the results of nine cycles of electrolysis-
charcoal regeneration operations performed using the system
shown in Figure 8 (see Section 4). As it is shown in Figure 7,
the proposed CAWE process was successfully performed for
nine cycles and a maximal current density of ~#8—20 mA/cm*
was achieved at different cycles. It should be noted that
maximum current density was significantly higher (x52 mA/
cm?®) in experiments that were conducted with the bigger
charcoal column. This is because the current and energy
density of the proposed process are in direct relation to the
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Figure S. Results of batch experiments for ferrous iron production via Fe(III) reduction by the biochar regenerated at varied temperatures (A), and
variation of biochar temperature and accumulation of CO, inside the NaOH solution vs time in biochar regeneration at 450 °C (B).

Table 3. Surface Chemistry of Original, Deactivated, and Regenerated Charcoal Obtained by the XPS Analysis

surface groups/bonds

Charcoal Obtained by the XPS Analysis

parameter/biochar C=C C-C/C-H c-0 C=0 C-0-C*=0 OH-C=0 -0-C-0-10

binding energy (eV) 283.95 285.0 286.2 287.2 288.36 289.39 240.49

as-received biochar (%) 64.4 153 9.1 52 4.1 1.9

deactivated biochar (%) 19.2 45.5 24.7 5.3 2.8 1.95 0.57

regenerated biochar (%) 80.2 13.1 3.5 0.9 1.4 0.9
Table 4. Atomic Concentrations (in %) of C, O, N, and Cl 1 A
Elements in Original, Deactivated, and Regenerated <08 | . — \

] =

atomic concentration (%)

element  as-received biochar  deactivated biochar  regenerated biochar
C 82.59 77.04 86.51
(o] 15.60 20.48 10.26
N 0.67 0.13 0.10
Cl 0.05 0.84 1.60

amount of charcoal in the system, i.e., the current density can
be increased by increasing the mass of charcoal in a column.

The charcoal regeneration efficiency decreased significantly
after the first cycle as becomes evident from the accumulation
rates of Fe(Il) iron obtained within the first stage of the
process (Figure 7A) and the current density obtained within
the electrochemical operations (Figure 7B). However, the
regeneration efficiency was always higher than 45% as appears
from the calculation of charge that was conducted in each
electrochemical cycle within 15 h of electrolysis (Table 6). In
cycles 8 and 9, the regeneration efficiency was as high as
~80%. This is because the regeneration setup was slightly
modified during cycles 8 and 9. To improve the regeneration
efficiency, the inlet and outlet of the tubular furnace were
sealed with the heat-retarding material.

Unfortunately, it was impossible to quantify the amount of
biochar reacted within each cycle shown in Figure 7B. This is
because the maximal theoretical loss of carbon in every
electrolysis-regeneration step was less than 2% (assuming CO,
is the only product of carbon oxidation). In addition, the
biochar becomes filled with iron species and NaCl that
increase the carbon weight. The final weight of the biochar in
the column was 19.33 g, which corresponds to a weight
reduction of 2.5 g. Consequently, the real biochar loss within 9
cycles was at least 64% of the theoretical value (3.9 g)
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Figure 6. Results of (A) XPS spectra of the C 1s region for all types of
biochar and XPS data as obtained for C 1s curve fitting for (B)
original, (C) deactivated, and (D) regenerated charcoal.

calculated from eq 6 for the overall charge of 31 197 C (Table
6).
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Table S. Chemical Composition (wt %) and Ash Content
Obtained from Elemental Analysis (Flash 2000 Organic
Elemental Analyzer, Thermo Scientific) of Commercial
Charcoal Produced from the Apple Tree Wood Before and
After Deactivation in Iron-Mediated Electrochemical
Oxidation

charcoal/ N H ash content
element (%)  C(%) (%) S(%) O (%) (%) Anolyte
FeCly; HCI 1M)
as-received 0.18 78.19 3.52 0.00 13.31 2.8
charcoal
deactivated 0.05 5793 286 000 394 0
charcoal
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B e =~
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15} & e = -
= o L etydens g water electrolysis.
T 05 Wy g S
w '4 o (6] 5
o Table 7. Carboxylic Acids That Were Produced during the
0 S — 0 — Biochar-Assisted Iron-Mediated Water Electrolysis Process
0 6 12 18 24 30 0 27 54 81 108 135
A Time (h) B Time (h) carboxylic acid amount produced in cycle no. 9 (mg)
Figure 7. Concentration of ferrous iron (A) and current densities (B) acen_c afld ) 278
obtained in nine electrolysis-regeneration operations of the biochar- propionic aa‘d 25
assisted iron-mediated water electrolysis process. isobutyric acid 3.05
butyric acid 2.40
isovaleric acid 2.90
valeric acid 8.05
From the stoichiometry of the CAWE process (eqs 4—7), isocaproic acid 0.54
and assuming that C° (carbon with the oxidation state of 0) hexanoic acid 2.64
and CO, are the only reactant and product (respectively) of heptanoic acid 0.21

the process, the charge/CO, ratio (mol e”/mol_CO,, Table
6) should equal 4. Interestingly, a value as high as 4.12 was
obtained in the first cycle (Table 6). The reasons for this result
might be experimental errors and the fact that C—H carbon
(oxidation state —1) might be oxidized in the process. This
hypothesis is supported by the results of elemental analysis of
original and deactivated carbons (Table S5) and the XPS
(Tables 3 and 4 and Figure 6), which show that the amount of
hydrogen and C—C/C—H bonds on the carbon surface
decreased during the electrolysis and increased within the
regeneration steps.

In addition to CO,, many organic compounds were formed
during the process. The results of the gas chromatography-
flame ionization detector (GC-FID) analysis showed the
presence of more than 5000 compounds in the NaOH
solutions applied in the study. Table 7 concentrates the data
for nine carboxylic acids that were determined in the CO,-
absorbing solutions during the electrolysis and regeneration
steps of cycle number 9 of electrolysis-regeneration operations.
It is important to note that all organic acids listed in Table 7

were determined in both CO, absorption units operated in
series.

Consequently, some quantities of all acids were not trapped
in the experiment and actual amounts of carboxylic acids
produced during the process might exceed the values listed in
Table 7. It is also important to note that the formation of
organic compounds could be due to the chemical decom-
position of biochar by an acidic NaCl solution in parallel to
biochar oxidation by Fe(III) species.

3. CONCLUSIONS

The biochar-assisted iron-mediated electrolysis process with
decoupled anodic oxidation of iron and its reduction in the
packed-bed biochar column has been proposed and inves-
tigated in this study. The proposed process utilizes biochar
produced from agricultural wastes in the carbon-assisted water
electrolysis. Deactivation of biochar, previously reported in
many studies, was shown to occur due to the accumulation of

Table 6. Electric Charge and Amounts of Carbon Dioxide Obtained during 15 h of Electrolysis in Nine Cycles of the Biochar-

Assisted Iron-Mediated Water Electrolysis Process

cycle number

1 2 4 S 6 7 8 9
charge passed during 15 h of electrolysis (C) 4972 3574 3577 3307 2380 2644 2751 4064 3928
CO, gas produced during each cycle (mmol) 12.5 13.75 12.5 10 11.25 12.5 13.75 11.25 12.5
charge- to- CO, ratio (mol_e™/mol_CO,) 4.12 2.7 2.92 3.23 2.26 221 2.08 3.93 3.35
31914 https://dx.doi.org/10.1021/acsomega.0c04820
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oxygen-containing groups on the biochar surface. The
reactivation of charcoal was successfully achieved (up to
80%) by the thermal treatment of charcoal in a nitrogen
atmosphere at 450 °C. The energy for reactivation can be
obtained from partial combustion of biochar or using other
heat sources (if available). Current densities obtained in the
proposed process depend on the amount of biochar in the
system. In this study, 298% current efliciency for hydrogen
production was achieved at a current density of ~#55 mA/cm?
using the column filled with 198 g of biochar and an anolyte
volume of 1.45 L. Much higher current densities can be
obtained using the proposed technique as the anodic process
of ferrous iron oxidation is decoupled from the carbon
oxidation process. Nine electrolysis-regeneration cycles were
successfully performed to prove the proposed concept. The
CO, production rate achieved in this study was up to 98% of
the stoichiometric value proposed for the iron-mediated
carbon-assisted water electrolysis.

More than 5000 organic compounds were produced in the
process; however, only carboxylic acids were identified in this
study. Further investigations are required to identify all types
of products formed in biochar-assisted water electrolysis.

It is also important to identify and investigate other possible
methods of carbon reactivation (e.g, chemical or mechano-
chemical) with low energy consumption or/and to optimize
the thermal reactivation to reduce its energy demand.

4. EXPERIMENTAL SECTION

4.1. Reagents. FeCl;, FeCl,, H,SO, (98%), HCI (37%),
NaOH, and other analytical reagents were used as received
from Merck and Sigma-Aldrich. Commercial apple-tree
biochar was ground, sieved to obtain particles of 2—4 mm
size, washed using the deionized water, and dried overnight at
60 °C. The chemical composition of charcoal used in this
study is shown in Table S.

4.2, Batch-Mode Experiments of Fe(lll) Reduction by
Charcoal. Reduction of ferrous iron by apple-tree biochar was
studied first using batch-mode experiments. The purpose of
this part of the study was to obtain the composition of the
anolyte solution optimal for the process shown in Figure 2.
The batch-mode experiments were performed in 250 mL
stoppered glass bottles in a temperature-regulated shaking
water bath (MRC BT-350) to keep the temperature constant
at 25 + 0.1 °C (shaking rate of 125 rpm). The volume of the
ferric iron solution in each test was 100 mL, and the biochar
loading was 150 g/L. The Fe(III) reduction was studied at an
initial ferric chloride concentration of 20 g Fe/kg H,0O at
varied HCI and H,SO, concentrations (5, 2.5, 1, 0.1 M HCJ;
0.01 and 1.0 M H,SO,). Samples of electrolyte solutions were
withdrawn periodically during each test and analyzed for the
concentration of ferrous iron.

4.3. Experimental System for Biochar-Assisted Iron-
Mediated Water Electrolysis. The electrochemical system
schematically shown in Figure 2 was constructed and operated
in this study. The catholyte solution (1 L) comprised
hydrochloric acid (1 M) and sodium chloride (63.2 g/L).
The anolyte solution (1.45 L) comprised hydrochloric acid (1
M) and ferric chloride at an initial concentration of 20 g Fe/kg
H,O. The temperature of the anolyte solution was controlled
using a heating mantle controlled by the thermocouple
installed in a glass pocket of the anolyte holding vessel.
During the operation, the electrolyte solution was recirculated
between the holding vessels, the biochar column (anolyte

only), and the electrolysis cell using a two-channel peristaltic
pump (36 mL/min, Masterflex 6—600 rpm, 16” L/S Norprene
tubing). Figure 8 shows the photo image of the laboratory
setup.

To determine the amount of CO, gas produced during the
electrolysis process, the headspace of the anolyte holding vessel
was continuously flushed with pure nitrogen gas (N, 99.999%,
Maxima) that was subsequently bubbled into the 0.2 M NaOH
solution (1.25 L) using the sintered glass gas diffuser. In
addition, the peristaltic pump recirculated the NaOH solution
between the holding vessel and a condenser column installed
on top of the NaOH vessel to enhance the gas absorption
efficiency. To ensure complete CO, absorption, the gas outlet
of the first CO,-absorption unit was bubbled through the 0.2
M NaOH solution (0.5 L) in another vessel (not shown in
Figure 8) connected in series to the first unit.

The current efficiency for hydrogen gas production was
studied in a separate set of short experiments conducted using
the large biochar column at constant current (12.5, 25, 37.5,
and 50 mA/cm?) operations. The volume of the electrochemi-
cally produced H, gas was measured using the water
displacement method. The current efficiency for the hydrogen
evolution reaction (CEyy, %) was calculated from a duration of

the electrolysis process (t, s), current (I, A), and the volume of
generated H, gas (Vy, L) using Faraday’s law of electrolysis

(eq 17) assuming an ideal gas behavior of the H, ®

Vi, (L) -
i -2( mol e ]~96 485(—C _)-
22.4< L ) mol H, mol e

mol H,

CEy, =

1@ a7)

A custom-made divided flow-through electrochemical cell was
applied in the system shown in Figures 2 and 8. The active area
of parallel rectangular electrodes was 20 cm’, and they were
separated by a Nafion 117 proton exchange membrane. The
current collector of the anodic side was a platinum-coated
titanium plate (thickness: 3 mm, area 90 cm?®) with an
engraved flow channel (depth 2 mm, width 3 mm, and 36 cm
overall length). The anode located on top of the Pt/Ti plate
was a titanium felt (Bekaert, fiber diameter 22 yum, thickness
0.9 mm, porosity 77%, area 20 cm*) coated with a platinum
catalyst. The current collector of the cathodic side was an
epoxy-impregnated graphite plate (thickness: 10 mm, area 90
cm?) with an engraved flow channel (depth 2 mm, width 3
mm, and 36 cm overall length). The cathode was a carbon
paper (Teflon-treated Toray TGP-60, thickness 0.15 mm, and
area 20 cm?) loaded with a platinum black catalyst (catalyst
loading: 0.6 mg/cm?). Graphite felt (AvCarb Material
Solutions, thickness 3.2 mm, area 20 cm?) was inserted
between the graphite current collector and the electrode to
ensure low contact resistance.

Two Pyrex glass-made biochar columns were used in this
study. The larger column had an external diameter of 38.1 mm
and a length of 53 cm. The external diameter and length of the
smaller column were 22.1 mm and 25 cm, respectively. To
prevent an escape of charcoal particles from columns, their
both sides were closed by adapters equipped with porous
sintered glass discs (pore size 100—160 ym).

Every experiment conducted in the system shown in Figure
8 had one or two stages. Within a single-stage operation, the
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ACS Omega 2020, 5, 31908—-31917


http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04820?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

anolyte solution was recirculated through the biochar column
with no current flowing in the electrolysis cell. At the second
stage, the electrolyzer was operated at a constant voltage of 1.0
V (provided by Metrohm Autolab, PGSTAT302N). At this
cell potential, no detrimental chlorine evolution reaction® can
occur at the anode because its reversible potential at 80 °C is
1.28 V.

The two-stage operation comprised both operational stages
performed sequentially. Samples of electrolyte solutions were
withdrawn periodically in every experiment using an
autosampler and analyzed for ferrous iron concentration. The
NaOH solutions were periodically sampled as well and
analyzed for inorganic carbon concentration.

4.4. Preparation of Deactivated Biochar. To prepare
deactivated biochar, the larger column was filled with 198 g of
as-recieved biochar, and the two-stage operation was
performed until complete depletion of the biochar ability to
reduce ferric iron (as was indicated by very low electrolysis
current density of <§ mA/cm?). Next, the biochar in the large
column was washed with hydrochloric acid (1 M), acidified
water (HCI, pH = 2.0), and deionized water to remove all iron
species from the biochar. Afterward, the biochar was dried,
removed from the column, and stored dry until further tests.

4.5. Thermal Reactivation of Biochar. Thermal
reactivation of deactivated charcoal in a nitrogen atmosphere
was studied at 250, 350, and 450 °C. In every test, 30 g of
deactivated charcoal was placed into the metal tube (stainless-
sill 316, internal diameter 53 mm, length 18.5 cm) that was
purged with nitrogen gas to remove all oxygen prior to each
experiment. The gauge pressure of the nitrogen gas inside the
tube was maintained constant at 2 bar during the regeneration
of the biochar in the furnace (Thermo Scientific, Thermolyne
Furnace F600). In each test, the heating step, which lasted for
1.5 h, was followed by the 6 h long treatment at the desired
temperature. During an additional experiment conducted at
450 °C for 7.5 h (including 1.5 h of preheating), the effluent
gas was bubbled through the NaOH adsorption unit and the
solution was periodically sampled and analyzed for the
concentration of inorganic carbon.

4.6. Evaluation of Biochar Reactivation Efficiency. To
compare the efficiency of biochar reactivation obtained at
different temperatures, the small column was packed with a
portion of the reactivated biochar (%22 g) and an anolyte
solution (70 °C, HCI 1.0 M, 20 g Fe/kg H,O of ferric chloride,
1.5 L) was recirculated through it until the concentration of
ferrous iron reached the steady state.

4.7. Cycling CAWE-Regeneration Operations. Once
the optimal reactivation temperature (450 °C, see Section 2)
was obtained in reactivation experiments, the overall process
shown in Figure 2 (excluding the preparation of biochar and its
application to soil) was studied in repeated electrolysis-
regeneration operations using the same portion of the biochar
in all cycles. In these experiments, the small column filled with
21.83 g of biochar reactivated at 450 °C was operated at 70 °C
in a two-stage operation mode. First, the anolyte (HCI 1.0 M,
20 g Fe/kg H,O of ferric chloride) was recirculated through
the column (no electric current was applied in the electrolysis
cell within this stage). Next, the electrolysis stage was
performed for at least 15 h at a constant cell potential of 1.0
(V). Afterward, the biochar column was sent to the
regeneration step. Prior to the regeneration, the anolyte was
drained from the column, but no washing of the biochar was
applied. Afterward, the column with biochar was heat-treated
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using the horizontal high-temperature oven (Carbolite Gero
Ltd.). The biochar was first dried in the nitrogen flux (10 mL/
min) at 95 °C for 12 h. Next, the regeneration was performed
at 450 °C (heating to 450 °C—1.5 h, treatment at 450 °C—3
h). The nitrogen gas exiting the biochar column during the
reactivation step was passed through the CO,-absorption
system to determine the CO, production rates. After the
regeneration, the column was cooled to room temperature,
weighted to assess the biochar loss, and reinstalled into the
electrochemical system, and the experiment was repeated.
Opverall, nine electrolysis-reactivation cycles were performed.

4.8. Analytical Methods. The concentration of ferrous
ions was determined using the modified phenanthroline
method.** Total organic carbon (TOC) and inorganic carbon
(IC), were measured using a Sievers M5310 C TOC Analyzer
with detection ranges of 0.04—50 mg/L for TOC and 0.04—
100 mg/L for IC. Ash content was analyzed according to the
standard method.” Elemental analysis was performed using
the Flash 2000 Organic elemental analyzer (Thermo
Scientific). An attempt was made to analyze organic
compounds that were accumulated during the electrolysis-
regeneration cycles in NaOH solutions. For this task, the
solution was analyzed by a VARIAN CP-3800 GC instrument
with an FID detector, autosampler CP-8400, and a Thermo
(TG-WAXMS A) column (length 30 m, ILD. 0.25mm, film
0.25 um).

X-ray photoelectron spectroscopy (XPS) analyses were
performed in UHV (2.5 X 10 ~'° Torr base pressure) using
5600 Multi-Technique System (PHI). The sample was
irradiated with an Al Ka monochromatic source (1486.6
eV), and the outcome electrons were analyzed by a spherical
capacitor analyzer using the slit aperture of 0.8 mm. The
samples were analyzed at the surface only. They were charged
during the measurements, and this charging was compensated
by a charge neutralizer (additional mathematical shifting was
used to reference the C 1s peak to 285 eV energy of
hydrocarbons).
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