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Abstract: The recycling and recovery of value-added secondary raw materials such as spent Zn/C
batteries is crucial to reduce the environmental impact of wastes and to achieve cost-effective and
sustainable processing technologies. The aim of this work is to fabricate reduced graphene oxide
(rGO)-based sorbents with a desulfurization capability using recycled graphite from spent Zn/C
batteries as raw material. Recycled graphite was obtained from a black mass recovered from the

check for dismantling of spent batteries by a hydrometallurgical process. Graphene oxide (GO) obtained
updates by the Tour’s method was comparable to that obtained from pure graphite. rGO-based sorbents
Citation: Fernandez-Martinez, R; were prepared by doping obtained GO with NiO and ZnO precursors by a hydrothermal route
Ortiz, L.; Gomez-Mancebo, M.B.; with a final annealing step. Recycled graphite along with the obtained GO, intermediate (rGO-
Alcaraz, L; Ferndndez, M.; Lépez, NiO-ZnO) and final composites (rGO-NiO-ZnO-400) were characterized by Wavelength Dispersive
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X-ray Fluorescence (WDXRF) and X-ray diffraction (XRD) that corroborated the removal of metal
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Published: 29 July 2024 The global production and demand for graphite has increased in recent years, largely

because of the use of graphite for producing batteries of electric vehicles. In 2022, the
global consumption of graphite reached 3.8 million tons, compared to 3.6 million tons in
2021 [1]. Actually, mining continues to be the main source of graphite with 1.6 million tons
in 2023 [2]. It is essential to preserve carbonaceous natural resources by the application of
This article is an open access article  SUstainable approaches for graphite production whilst reducing the environmental impact.
distributed under the terms and  According to the principles of a circular economy, recycling graphite from devices where it
conditions of the Creative Commons 15 present may contribute to the key challenge for achieving the objective of closed-loop
Attribution (CC BY) license (https://  System materials and sustainability [3].

creativecommons.org/ licenses /by / Cathodes from Zn/C batteries are made of graphite carbon. The recycling process is
40/). based on a hydrometallurgical process in a preliminary step of the dismantling of batteries
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followed by acidic leaching [4]. This yields a black mass consisting of a mixture of graphite
and metallic oxides. In spite of the presence of metallic impurities, recovered graphite can
be used as a precursor to prepare high-added-value products such as graphene-related
materials and graphene-based composites [5-7].

Graphene is a 2D material that has recently received an enormous amount of attention
due to their exceptional physicochemical properties. It is constituted of a single-atom-thick
layer of conjugated sp2 carbon atoms arranged in a honeycomb structure. The top-down
approach based on chemical exfoliation constitutes the most standardized method to
synthesize graphene-related materials, such as graphene oxide (GO) or reduced graphene
oxide (rGO) [8,9]. Among its strengths is its versatility, scalability and tunability in terms
of the surface area, size and functionality while its weaknesses lie in the presence of defects
and remaining functional groups due to the incomplete reduction of oxygen groups [10].
To date, chemical exfoliation represents the most suitable route to produce large amounts of
graphene at a reasonable cost from graphite oxide [11]. Graphene oxide (GO) is synthesized
from graphite under strong oxidative conditions and subsequent exfoliation. Afterwards,
GO may be converted to reduced graphene oxide (rGO) by a reduction process where the
oxygen-containing groups are partially removed.

rGO presents characteristics that make it an ideal support to prepare hybrid sorbents.
Among them, the most crucial in order to prepare rGO-based composites are the high
surface-to-volume ratio, owing to its 2D nature, its porous structure as well as its remaining
oxygenated groups, which act as anchoring sites to active groups, and the presence of
vacancies that serve as a trap for incoming atoms and nanoclusters [12]. This allows the
possibility of incorporating a wide variety of groups that determine the functionality of the
resulting composites. Potential applications of rGO-based sorbents include the retention
and removal of pollutants and energy storage [13-17]. In a recent study, the suitability
of rGO-NiO-ZnO-based sorbents for hydrogen sulfide removal from syngas has been
demonstrated [18].

Gasification is a thermochemical process that under sub-stoichiometric oxygen con-
verts biomass or waste into a gaseous chemical energy carrier, known as synthesis gas,
which can be used to produce bioenergy or further transformed into a variety of gaseous
and liquids fuels such as hydrogen, synthetic natural gas (SNG), jet fuels, or chemicals, e.g.,
methanol or dimethyl ether (DME) [19].

One issue of concern is the presence of sulfur species in the raw syngas since all the
above transformation processes rely on the use of catalysts, which are extremely sensitive to
deactivation by sulfur compounds. Zinc oxide-based sorbents have been demonstrated to
achieve gas desulfurization targets. In addition to that, sulfur removal with such sorbents
can be nicely coupled with thermochemical biofuel catalytic production given that they
work in similar temperature windows. Their main drawback is their cost. There is a clear
need for the development of cheaper materials and their synthesis from recovered materials
is a good way [20].

In the recent literature, there have been several works based on the use of recycled
graphite from spent Zn/C batteries to synthesize graphene-related materials [21]. Compos-
ite materials have been used as a support to energy applications such as supercapacitors [22]
or to fuel hydrogen production [6]. However, to the best of our knowledge, no prior studies
have considered the preparation of rtGO-based sorbent for the removal of sulfur pollutants
from renewable fuels produced by catalytic processes.

In this work, the synthesis of cost-effective and efficient rGO-based sorbents with a
gas desulfurization capability is proposed. The black mass recovered from exhausted Zn/C
battery rods is leveraged as a low-cost and sustainable graphite source to be used as a
precursor of graphene oxides. Previous studies from Zn/C batteries are typically based on
the use of strong leaching conditions that generate waste with difficult management [5].
In the proposed work, a previously assessed process to recovery the metals from Zn/C
batteries, allowing the production of Zn/Mn oxides with varying stoichiometry for various
applications [23], has been performed. This method results in a carbonaceous insoluble
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residue, which is suitable for its use as a raw material to obtain carbon-based materials.
Furthermore, the use of this solid residue allows the achievement of a fully sustainable zero-
waste process. Further functionalization with Ni and Zn reagents allows the obtainment of
rGO-NiO-ZnO composites. The developed composites have been evaluated as sorbents to
remove hydrogen sulfide and compared to other commercially available sorbents. rGO-
based sorbents from recycled graphite may contribute to the circular economy by the
valorization of wastes that are typically scrapped.

2. Results

Starting from graphite previously expanded by treatment with sulfuric acid and
hydrogen peroxide, functionalized reduced graphene oxides have been synthesized, as
described in Section 3.3. The synthesized materials as well as the starting materials have
been chemically and structurally characterized to confirm the presence, in each case, of the
desired material with both the catalytic activity (ZnO and NiO) and support capacity (rGO).

The synthesized materials have been named as set out in Table 1 below:

Table 1. Denomination of the materials involved in this work.

Denomination Type of Material Treatment

Recycled graphite from batteries

GRERV21-MX-SA Recycled graphite treated with sulfuric acid

Graphene oxide obtained using the
GO-17 Graphene oxide Tour method and
ultrasonic exfoliation

Reduced graphene oxide Hydrothermally reduced graphene
rGO-NiO-ZnO functionalized with NiO oxide, pre-functionalized with NiO
and ZnO and ZnO

Graphene oxide reduced by
hydrothermal reduction,
pre-functionalized with NiO and ZnO
and subsequently subjected to 400 °C

NiO and ZnO functionalized
rGO-NiO-ZnO-400 reduced graphene oxide with
calcination at 400 °C.

2.1. Chemical Characterization of the Materials

All the materials were analyzed using the X-ray fluorescence (XRF) technique, which
allows the direct analysis of the solid. The analysis was carried out using helium gas as
a medium and introducing the samples directly into a specific sample holder for pow-
der samples.

The elemental characterization performed by the Wavelength Dispersive X-ray Flu-
orescence (WDXRF) technique is able to determine the elements present in the sample
between oxygen and uranium and in concentrations ranging from a percentage (%) to parts
per million (mg/kg). The semi-quantitative method used in the analysis, developed by
Malvern Panalytical, allows the rapid analysis of the elements in the sample. The results
of the analyses carried out on the materials involved in this work are shown in Table 2,
expressed as a %.

All samples show moderate-to-high C concentrations (Table 2). The GRERV21-MX-SA
sample, recycled graphite, shows the highest percentage (63%). As the oxygenated groups
have been introduced between the graphite sheets upon oxidation, to obtain the graphite
oxide, GO-17 sample, as expected, the concentration of carbon in the GO samples decreases
to around 40%. These C concentrations are significantly lower than those observed in GO
samples obtained by the Tour method from high-purity natural graphite [24,25]. This means
that the oxidation process takes place in a higher extent resulting in a more oxidized product
with a greater abundance of oxygen groups. In the functionalized reduced-graphene oxide
material, the rGO-NiO-ZnO sample, the C concentration has been considerably reduced,
as expected [26]. This result corroborates the tendency of rGO-NiO-ZnO to recover the



Molecules 2024, 29, 3577

40f17

original graphite structure. On the other hand, high concentrations of the elements Ni and
Zn are observed, corresponding to 5 and 37%, respectively, demonstrating the successful
introduction of Ni and Zn into the structure of the rGO material. These two metal oxides
are the active species for hydrogen sulfide removal at an intermediate temperature. In
the thermal reductions of graphene oxides, a violent process of CO and CO; emission
occurs [27] which causes part of the oxygen along with part of the C to be removed as
a gas. This effect along with the introduction of a large proportion of Zn and Ni phases
produces an important reduction of the C concentration in the rGO-NiO-ZnO-400 sample.
The removal of carbon and oxygen in the form of CO and CO, results in a pre-concentration
of the elements Ni and Zn, whose concentrations correspond to 6.2 and 47%, respectively,
which are comparable to those observed for composites synthesized from natural graphite
in the same experimental conditions [18]. However, the C percentage in the composite
(rGO-NiO-Zn0-400) is significantly lower than that obtained from natural graphite (3.9%
vs. 11.0%). The reason might be the presence of remaining unreduced oxygen groups
probably because of the great abundance of oxygen groups in the GO which results in a
lesser degree of reduction.

Table 2. Results of the chemical characterization (%) carried out by WDXRF on the materials involved
in this work. (-) means the absence of the element.

Element (%) GRERV21-MX-SA GO-17 rGO-NiO-ZnO rGO-NiO-ZnO-400

C 63 39 8.5 3.9
Zn 0.080 - 37 47
Ni - - 5.0 6.2
Mn 9.6 0.31 - -
Ba 1.3 1.2 0.16 0.22
Al 0.14 0.080 0.029 0.039
Br 0.037 0.020 - -
Ca 0.0095 0.0041 - -
Ce - - 0.07 0.12
Cl 0.94 0.31 - 0.022
Fe 0.46 0.020 0.011 0.016

K 0.15 0.15 - -
La 0.054 0.032 - -

p 0.017 0.055 0.0087 0.0089
Pb 0.041 0.043 - -

S 0.66 1.8 0.18 0.26

Si 0.53 0.28 0.091 0.11

Ti 0.20 0.090 0.055 0.062

The results presented in Table 2 show that in the GRERV21-MX-SA sample, the most
abundant element after C is Mn (9.6%), an element coming from the cathode of Zn/C
batteries. A high concentration of Ba is also observed, corresponding to 1.3%. However,
in the GO-17 sample, all the elements, with the exception of C, are in a low concentration,
below 2%. The most abundant element after C is found to be S, which may be partly due
to the oxidation process. Ba, with a concentration of 1.2% in the GO-17 sample, presents
a concentration equivalent to that in the starting graphite (GRERV21-MX-SA). The rest
of the elements, except C, Ni and Zn, appearing in the rGO samples are in a very low
concentration, including Ba. This means that the oxidation process applied to the sample
is able to remove the major elements present in the original sample with the exception
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of barium. The concentration of this element strongly decreases in the rGO samples as a
consequence of thermal annealing.

2.2. Structural and Textural Characterization of the Materials

To determine the crystalline structures present in the materials, X-ray diffraction (XRD)
was performed. Table 3 shows the crystalline phases found in the synthesized materials.

Table 3. The crystalline phases found in the synthesized materials.

Material Compounds
GRERV21-MX-SA C, BaSOy, SiO,
GO-17 BaK,SO4
rGO-NiO-ZnO Zn0O, Zn4(CO3)(OH)¢H,O, Zns(OH)(CO3),, ZnSOy, 3Zn(OH),

rGO-NiO-ZnO-400

ZnO, Nio_7ZI’10.3

As can be seen in Table 3, the starting sample (GRERV21-MX-SA) is mainly composed
of graphite (Figure 1), with a main peak around 26° (20). BaSOj, a rather insoluble
compound, and SiO, phases are also identified. Figure 1 shows that in the GO-17 sample,
a main peak can be seen at approximately 10° (20) corresponding to graphene oxide [28].
This result corroborates the complete transformation of graphite to graphene oxide, with
the disappearance of the peak around 26° (20). This peak is quite broad, with a width at
mid-height corresponding to 1.71° (260) and a low intensity, which indicates that adequate
oxidation and exfoliation of the graphite has occurred [28], corroborating the data obtained
by the WDXREF technique. In addition, a BaK\SO, phase similar to the one found in the
GRERV21-MX-SA sample appears, since it has not been possible to remove the Ba with the
treatment employed, as it corresponds to a rather insoluble compound, which may come
from the starting graphite.
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Figure 1. XRD patterns for the synthesized materials.

The functionalization and reduction process has resulted in the sample labeled rGO-
NiO-ZnO. This sample also shows a poorly crystalline profile with low intensity peaks
(Figure 1). Furthermore, a very broad band between 20 and 30° (20) appears, corresponding
to the reduced graphene oxide (rGO) [27].

The crystalline phases found in rGO-NiO-ZnO correspond, in their totality, to com-
pounds with Zn (Table 3); however, from Table 2 it can be deduced that also 5% Ni has been
introduced in the sample during the hydrothermal treatment. Ni when is introduced into
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graphene structures gives rise to amorphous structures (probably nickel oxyhydroxides),
which could be anchored via covalent bonds to the graphene sheets [26]. The presence of
these partially oxidized phases is typically from composites derived from hydrothermal
routes and it has been previously observed in similar structures [18,29]. The crystalline
Zn compounds that have been identified in this sample (Table 3) correspond to zinc ox-
ide as well as other compounds such as oxyhydroxides formed during the hydrothermal
process [30] that are the ultimate precursors of zinc oxide.

The analysis of the rGO-NiO-ZnO-400 material is shown in Figure 1. The profile of
this material is more crystalline with more defined peaks. The phases found (Table 3)
correspond to Zn (ZnO) and Ni (Nig7Zng30) oxides, although the latter is doped with a
small proportion of Zn. This corroborates the results obtained in the WDXRF analysis and
demonstrates the effectiveness of the annealing treatment at 400 °C to effectively complete
the oxidation of oxyhydroxide’s intermediate phases into ZnO and NiO.

Textural characterization was carried out by assessing the specific surface area (SSA),
applying the physical adsorption of nitrogen (N2) at 196 °C, and the results were calculated
according to the Brunauer-Emmett-Teller (BET) method. Also, the pore volume was
calculated by applying t-plot methodology.

This textural characterization has been applied on the rGO-NiO-ZnO-400 sample as
this is the sample used in the proposed application. This sample has a specific surface
area (SSA) of 46.48 m?-g~! and t-Plot micropore volume of 0.003385 cm3-g~!, which is
similar to that obtained with the same treatment on pure graphite [18]. In a previous work,
J. M. Sanchez-Hervas et al. synthesized several materials similar to ZnO-NiO-400 from
pure graphite. In particular, the so-called rGO (5) (Zn-Ni-rGO) had the same synthesis
as rtGO-ZnO-NiO-400. In this case, the SSA corresponded to 46.42 m?-g~! and a t-Plot
micropore volume of 0.0028 cm3-g~ 1.

The BET and t-Plot measurements show the rGO specific surface area and micropore
volume data, which are comparable to those measured in rGO obtained from non-recycled
graphite precursors.

2.3. Sulfidation Tests

The reduced graphene rGO-NiO-ZnO-400 sample has been studied as a desulfuriza-
tion sorbent.

The H,S removal ability of the same type of sorbents synthetized from pure graphite
was demonstrated in a previous study [18]. The reactive adsorption of H,S on rGO/metal
hydroxides occurs via acid-base reactions. Through this mechanism, H;S is effectively
retained on the surface of the adsorbent by the direct replacement of OH groups and the
acid-base reaction with the metal (hydr)oxides, resulting in the formation of sulfites and
sulfates. In this work, the performance of the rGO-NiO-ZnO-400 sorbent in three different
atmospheres is presented. Firstly, a simplified atmosphere with 0.9% (v/v) in nitrogen is
used to compare the performance of this sorbent with the ones studied in our previous
research. Then, two different syngas compositions representative of biomass gasification
processes were employed.

To compare the performance of the new sorbent with those previously evaluated, the
same conditions were studied, namely: 400 °C of temperature, 10 bar of pressure and a gas
space velocity of 3500 h~! with a gas stream containing 9000 ppmv of H,S/Nj.

The gas’ hourly space velocity, GHSV, is the ratio of the volumetric gas-flow-rate in
normal conditions to the bulk sorbent volume loaded into the reactor. The selected values
for the desulfurization operating conditions were set in accordance with previous studies
published by the authors [31].

The performance of the sorbents has been evaluated by the S loading capacity and ac-
tual breakthrough times compared to the theoretical values. To determine these theoretical
values, two sulfidation reactions were considered:

ZnO +H,S — ZnS + H,O (1)
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NiO +H,S — NiS + H,O @)

The theoretical S load capacity (Sp) is, therefore, calculated following the equation:

oy — [ %ozn0 JoNiO
Sol%) = (MWZnO * MWnio MWs )

And the theoretical sorption time, ty, when complete sulfidation is achieved, was
calculated as the ratio between the theoretical amounts of S that each material can adsorb
(g) based on its composition and the S mass flow rate used in each experiment (g/min).
This procedure assumes that S is totally retained by the sorbent and no S escapes in the

gas outlet.
. Sp(%)-Msorb
to(mm) _ 0( ) 7o (g) 4)
MWg - —p=i%

where Msorb is the mass of sorbent used for desulfurization, MW is the molecular weight
of S, P is the absolute pressure in sulfidation conditions, Qpg is the volumetric gas flow
rate of H,S in the process conditions, R is the universal gas constant and T is the absolute
temperature in sulfidation conditions. The sulfidation breakthrough point was set at
0.01% (v/v).

Dimensionless breakthrough curves and the utilization yield for two sample sorbents
obtained from pure graphite (rGO(5)) and from recycled graphite as well as commercial sor-
bents (Z-Sorb IIITM) are depicted in Figures 2 and 3. As can be observed, the sorbent from
recycled graphite shows a lower desulfurization capacity than the sorbents obtained from
pure graphite at the same experimental conditions. This is expected since the lesser reduc-
tion observed in rGO from recycled graphite with respect to the same rGO obtained from
pure graphite should result in a lower degree of recovery of the characteristic 7-conjugated
structure and, therefore, a lower electron mobility [32,33]. However, the desulfurization
capacity remains at the levels of the commercial sorbent, Z-Sorb IIITM, indicating the
suitability of the proposed sorbents for desulfurization applications.

0.20

rGO (5)
——Z-Sorb lll
0.16 1 ——rGO-NiO-Zn0O-400

0.14

0.18

0.12
0.10

Ha2S/ H2S,

0.08 i
0.06 i
0.04 ]
0.02 ]

0.00 T T T T
0.0 0.2 0.4

t/t,

Figure 2. Dimensionless sulfidation breakthrough curves.
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rGO (5) Z-sorb lll rGO-NiO-Zn0O-400

Figure 3. Comparison of the sorbents in terms of utilization yield.

As many gasifiers operate at atmospheric pressure and because of the difficulties
of compressing a dirty syngas, the performance of the rGO-NiO-ZnO-400 sorbent was
evaluated at 1 bar in a simplified atmosphere with 0.9% (v/v) in nitrogen.

The breakthrough curves for both operating pressures are shown in Figure 4. A closer
value to the theoretical time is achieved at atmospheric pressure. Unlike the commercial
sorbent which exhibits a better performance at high pressure values (2MPa) [34], the
desulfurization capacity of the rGO-NiO-ZnO sorbent increases from 17.8% to 24.1% when
the pressure decreases from 10 bar to 1 bar. This result is clearly advantageous since it
means that in the case of the commercial application of this technology, there would be no
need for gas compression upstream to the desulfurization reactor.

0.2

— 10 bar
— 1 bar

H,S/H,S,
o
(=Y

|

EES B e . L e e . L
0.0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2

t/t,

Figure 4. Dimensionless sulfidation breakthrough curves at different pressures.

Since better results were obtained when a lower pressure was applied, it was decided
to study the sorbent performance with synthetic syngas mixtures at 1 bar. The operating
conditions, including the atmosphere composition, of the three different types of experiment
carried out to determine the desulfurization capacity of the sample are summarized in
Table 4.
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Table 4. Experimental conditions.

N° 1 2 3
Reactor temperature (°C) 400 400 400
Pressure (bar) 1 1 1
Gas hourly space velocity GHSV (h™1) 3500 3500 3500
Sufidation gas composition (% v/v)

H,S 0.9 0.3 0.3
N, 99.1 39.8 33.0
H, - 26.1 22.7
Cco - 13.6 249
CO, - 7.4 8.5
CHy - 2.8 0.6
H,0O - 10 10

Table 5 summarizes the results obtained. The actual S loading capacity and the
breakthrough times determined in the experiment (in test 2) were close to the theoretical
ones. Therefore, the utilization of the sorbent at a breakthrough time provides a very high
value (efficiency).

Table 5. Summary of experimental results and comparison of desulfurization performance.

N° 1 2 3
Theoretical Sulfur load capacity Sg (%) 26.4 26.4 26.4
Real Sulfur load capacity St (%) 241 27.1 22.8
Theoretical sorption time, ty (min) 466 1389 1200
Breakthrough time (min) 414 1385 1008
Efficiency (S¢/Sp) (%) 91 102 86

Regarding the syngas composition, some components of the gas can interfere with sor-
bent sulfidation. Many examples of CO; interference can be found in the literature [35-39]
as well as CO, CHy and H,O [35,40-43]. In this work, different composition of CO, CO,
and CHy were used while the water content was kept constant.

By analyzing the effect of the gas atmosphere, no significant differences were observed
between the sorbent performances in tests under nitrogen and syngas atmospheres. Under
a full syngas atmosphere, the sorbent did not lose its S retention capacity very significantly,
which means that there is no strong competitive adsorption of or deactivation by any of the
syngas components and, therefore, it does not interfere in the desulfurization process.

The mixture with a low quantity of CO and CO, and higher CHy (test N°2: 13.6%, 7.4%
and 2.8%, respectively) exhibited a good sorbent performance. However, when a syngas
composition with a higher content of CO and CO, and lower CHy (test N°3: 24.9%, 8.5%
and 0.6%) was used, a slight decrease in the S loading capacity was observed. The S loading
capacity decreased from 27% to 23%. This can be attributed to the reducing power of the
gas for the second mixture which was a little bit higher. The reducing power is expressed
as the ratio of reducing compounds in the syngas (sum of H, + CO + CHy) to oxidized
compounds (CO; + HyO). For the syngas mixture, denoted as number 2, the reducing
power is 2.44, whereas for the syngas mixture, number 3, it is 2.6. Moreover, in a previous
study [34], the authors also observed that for rich CO syngas, the Boudouard reaction, CO
disproportionation, occurred under a specific gas velocity, leading to a poor desulfurization
performance. Coking due to methane cracking would also decrease the S removal capacity
due to hindering access to zinc oxide and nickel oxide desulfurization sites.

Figure 5 shows the sorbent’s dimensionless breakthrough curves of rGO-NiO-ZnO-400
for the three gas mixtures. As can be seen, there is almost no H,S in the exit stream prior to
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the breakthrough point, which is then followed by a sharp increase in the hydrogen sulfide
concentration in the reactor outlet.

HZS/HZS0 Vs t/to
0.30
—_—1
025 — 2
—_—3
0.20 -
%,
I
&, 0.15-
= I
0.10 -
0.05 -
0'00 . I ¥ I L I L I }' ) L T L T . T v T i T )
00 0.2 04 06 08 10 12 14 16 18 2.0 2.2
t/t,

Figure 5. Breakthrough curves of sorbent at different conditions.

2.4. Regeneration and Ciclability of Sorbents

The capability of the sorbent was tested under the three atmospheres evaluated in
order to have a preliminary insight on its performance over repeated sulfidation and
regeneration cycles. To that aim, first, in a nitrogen atmosphere, three sulfidation and
regeneration cycles were performed. Regeneration was carried out using a mixture of
nitrogen with 2% of oxygen at 550 °C. These conditions were maintained until no SO, was
detected in the outlet stream and then another subsequent sulfidation test was conducted.
Then, the same number of cycles was undertaken for the syngas mixture atmospheres.

In Figure 6a-c, breakthrough curves are presented. A slow decrease in the sulfur
retention capacity can be observed when nitrogen and the mixture with a low quantity of
CO and CO; and higher CHy (13.6%, 7.4% and 2.8%, respectively) are used. On the other
hand, when the mixture with a higher CO and CO; and lower CHy content (24.9%, 8.5%
and 0.6%) was used, no significant difference was observed in the sorbent’s performance.
Despite this negligible reduction in the sulfur retention capacity for the first syngas mix-
ture, the efficiency of the sorbent remained high enough (see Table 6) to allow its use in
several cycles.

Table 6. Summary of cyclability experimental results.

N° Test Type 1 2 3

Cyclen® 1 2 3 1 2 3 1 2 3
Theoretical Sulfur load capacity Sy (%) 26.4 26.4 26.4

Real Sulfur load capacity St (%) 241 23.7 22.8 271 24 24 22.8 23.1 23.7
Theoretical sorption time, ty (min) 466 1389 1200
Breakthrough time (min) 414 406 392 1385 1232 1230 1008 1021 1048
Efficiency (S¢/Sg) (%) 91 90 86 102 91 91 86 87 90
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Figure 6. Cyclability of sorbent, (a—c) present breakthrough curves.

3. Materials and Methods
3.1. Chemicals

All reagents used for graphene oxide and rGO-NiO-ZnO synthesis were of analytical
reagent grade, mostly supplied by Fisher Scientific (Hampton, NH, USA). Ultrapure water
(resistivity > 18.2 MQ)-cm) from a Milli-Q system (Millipore Bedford, Bedford, MA, USA)
was used throughout.

3.2. Apparatus and Instruments

Equipment used for the synthesis of graphene oxide and rGO-NiO-ZnO composites
includes a thermostatic bath with heating control (Huber KISS225B, Offenburg, Germany),
a rod stirrer (Selecta SE-100, Barcelona, Spain), a vacuum freeze-dryer (LaboGene Coolsafe
Touch 1110-4, Allered, Denmark), a high-capacity floor centrifuge (Gyrozen 1736R, Daejeon,
Republic of Korea), an ultrasonic probe (Fisherbrand model 505, Pittsburgh, PA, USA),
an automatic mill (Bosch TSM6A011W, Stuttgart, Germany), a magnetic stirrer (Selecta
Multimatic 9N, Barcelona Spain), 250 mL PTFE lined autoclave reactors, a vacuum drying
oven (WITEG WOV 70, Wertheim, Germany) and a gradient tube furnace (CARBOLITE
TZF 1200 °C, Sheffield, United Kingdom).

X-ray diffraction (XRD) measurements were carried out using a X'Pert Pro (Malvern-
Panalytical, Almelo, Netherlands) using Cu K« radiation (A = 1.54056 A). The instrument
was configured with Bragg—Brentano geometry and with the operating parameters of 40 kV
and 45 mA. Diffractograms were acquired in the range 5-120° 20, with scanning steps of
0.02° 26.

Phase composition and structural analyses on the materials were obtained using
HighScore Plus 4.8 software (Malvern-Panalytical). Compound identification was carried
out using information available from the Crystallography Open Database (COD) and the
International Center for Diffraction Data (ICDD).

Chemical characterization (% and mg/kg concentrations) of all samples involved
in this study was performed employing wavelength dispersive X-ray fluorescence (XRF)
instrumentation by using an automated AXIOS Malvern-PANalytical spectrometer with a
Rh tube.
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To assess the C content of the samples, an Elemental analyzer, LECO TruSpec CHN
elemental analyzer (St. Joseph, MI, USA, was employed, which was then heated up to at
least 900 °C in the presence of oxygen gas. Mineral and organic compounds were oxidized
and/or volatilized to carbon dioxide, which was measured by an infrared detection method.

An ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA) was employed to evaluate
the specific surface area and pore volume of graphene material.

3.3. Recovery and Treatment of Graphite from Spent Zn/C Batteries

The recycled graphite used as starting material was obtained following a procedure
described below. The recovered black mass from spent Zn/C batteries was subjected to
acidic leaching using a mixture of 250 mL of milliQ water, 250 mL of H,O; and 500 mL
of HCl at room temperature for 1 h [44]. After that, the final mixture was filtered using a
pressure filter obtaining the carbonaceous material which will be used as a precursor. In
order to remove the possible small quantities of metals that may be present, the non-soluble
residue was subjected to acidic leaching using a sulfuric acid 2 M concentration solution
at 80 °C. Finally, the mixture was filtered and the obtained solid was dried to achieve the
corresponding recycled graphite material precursor.

3.4. Synthesis Methods
3.4.1. Synthesis of Graphene Oxide

Graphene oxide was synthesized following the guidelines provided in the Marcano-
Tour method [45] with slight modifications in order to manage the highly reactive graphite.
Briefly, 3 g of recycled graphite were weighed and a 9:1 mixture of concentrated H,SO4
and H3POy (360:40 mL) was added. In order to avoid an explosive reaction because of the
presence of remaining trace metal from the original black mass, the mixture was cooled
onto crushed ice and then 18 g of KMnO,4 was slowly added in small portions, usually
four portions. The mixture was then heated to 50 °C using a temperature-controlled water
bath and stirred for 18 hours, turning out into a dark purple paste. Afterwards, the content
was cooled down to room temperature by adding 400 mL of ultrapure ice-water to the
mixture to stop the oxidation process. Finally, 10 mL of 30 wt.% H202 was added in order
to reduce residual KMnQOy to soluble MnSQO, in an acidic medium, as described in the
following reaction:

2 KMnO4 +5 HzOz +3 H2804 — 2 MI’ISO4 + KzSO4 + HzO +5 Oz (5)

After HO, addition, bubbling occurred and suspension turned dark yellow, which
is indicative of a high oxidation level. The obtained yellow—brown suspension was then
cooled down to room temperature overnight. After its transfer to two 400 mL centrifuge
tubes, the suspension was centrifuged at 8000 rpm for 1h and the supernatants removed.
The obtained graphite oxide was washed repeatedly with 250 mL 1M HCI and ultrapure
water until the pH of the supernatant achieved 3.5-4. The final sample was placed in a
Petri dish to be deep-frozen at —80 °C for 48 h and subsequently freeze-dried under high
vacuum. Finally, the obtained graphite oxide was ground using an automatic mill.

3.4.2. Synthesis of rGO-NiO-ZnO Composites

rGO-NiO-ZnO composites were prepared according to experiment 5 from Sanchez-
Hervas et al. [18] with several modifications in order to scale up the production. In spite
of not presenting the highest adsorption capacity, the synthesis conditions were selected
as a compromising solution between a high surface area, chemical stability and easiness
to scalability. In a typical synthesis, 1 L of 5 mg/mL homogeneous aqueous dispersion of
graphite oxide was prepared from four batches of 250 mL. Then, each 250 mL dispersion
was successively sonicated in a low-power sonication bath for 1 h and with probe sonication
for 3 h, producing clear graphene oxide (GO) dispersions with no visible particulate matter.
After sonication process was complete, the four dispersions were joined and equally
distributed in five beakers and subjected to magnetic stirring. Corresponding quantities
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of Zn(NOs3),, Ni(NO3), and urea were successively added in small portions across 3 h
to the GO dispersions while stirring. The mass ratio of Zn(NO3),:GO is 12.4:1 while the
mass ratio of Ni(NO3)2:GO is 2:1. The mixture was stirred for 2 more hours. The solutions
of GO and metal oxide precursors were then transferred to 250 mL PTFE-lined stainless
steel autoclaves and subjected to hydrothermal treatment at 120 °C for 48 h. The obtained
greyish precipitates were washed successively two times with ethanol and two times with
ultrapure water and dried at 60 °C under vacuum. Finally, a thermal annealing treatment
at 400 °C under Ar atmosphere was applied to obtain the NiO-ZnO-decorated rGO using a
gradient tube furnace.

3.5. Desulfurization Test
3.5.1. Test Rig

Desulfurization tests were carried out in a Microactivity Pro Unit. A full description
of the system can be found elsewhere [46]. The unit can work at up to 700 °C and 20 bar
with a maximum operating gas flow rate of 4.5 NL/min. Three mass flow controllers and
a HPLC pump (Gilson 307) produce the desired gas mixture composition. Dry gas and
water are preheated separately up to 200 °C in two independent loops, in which water was
vaporized and then mixed before entering the reactor. The sulfur-resistant tubular reactor
of 9.2 mm OD and 30 cm long was placed in one single-zone S5304 oven to heat up the full
gas stream to the operating temperature and controlled by a 1.5 mm thermocouple.

For the tests presented in this work, three different atmospheres were employed: one
simplified atmosphere with H,S and nitrogen and two resembling different gasification
gases. The simplified atmosphere consisted of a mixture of hydrogen sulfide (9000 ppmv)
in nitrogen and no water was fed to the system during this experiment. The gasification
gas composition selected was (1) 5% CHy, 24% CO, 13% CO,, 46% Hj, 12% N3, (2) 1% CHy,
44% CO, 15% CO; and 40% H;. For those experiments, the dry stream mimicking the
gasification gas was mixed with a stream of H,S in nitrogen to produce a final concentration
of H,S of 3000 ppmv. Gas humidity was set at 10% that which was achieved by the liquid
feeding system which feeds water, vaporizes it and mixes it with the dry gas stream before
reaching the reactor.

Gas stream compositions were measured after water removal by gas chromatography
using a CP4900 Varian gas microchromatograph equipped with two columns, a Porapack
HP-PLOT Q and a Molecular Sieve HP-PLOT and with two thermal conductivity detectors.

3.5.2. Experimental Methodology

rGO-NiO-ZnO-400 composites prepared as powder were pelletized, weighed and
sieved to 0.5-1 mm fraction to avoid excessive pressure drop in the reactor. Z-sorb III is
commercially available in pellets with 0.3 cm diameter and 0.6-0.9 cm long, with bulk
density of 0.88 g/cc, but in order to test it in the same conditions, prior to the desulfurization
experiments, Z-sorb III pellets were milled and sieved to obtain the 0.5-1 mm fraction.
Graphene sorbents had a bulk density of approx. 1.1 g/cc. During the tests, no mechanical
degradation was observed during the adsorption or regeneration tests. Briefly, 2.5 g of
this fraction was placed in the reactor and the gas and water feeding systems were set
to the desired values so that gas hourly space velocity was maintained at 3500 h~!. The
reaction system was heated to the desulfurization temperature with a continuous flow of
nitrogen through the reactor. When the desired temperature was reached, the nitrogen flow
was stopped, and switched to the sulfidation atmosphere to start the experiment. Inlet
and outlet gas composition were continuously determined by micro-GC and sulfidation
progressed until a sharp increase in H,S concentration at the reactor outlet was noticed,
which meant that the breakthrough point was achieved. At the end of each run, the used
sorbent was discharged from the reactor, weighed and characterized.
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3.5.3. Regeneration Test
Oxidative regeneration of spent rGO-NiO-ZnO-400 was applied to bring the sorbent

back to its original oxidation state. During regeneration, the following reactions took place
(Equations (6) and (7)):
NiS +3/2 Oy — NiO + SO, (6)
ZnS +3/2 Oy — ZnO + SO, (7)

Regeneration conditions were selected in accordance with previous studies [33] and
are shown in Table 7.

Table 7. Regeneration conditions.

Regeneration Conditions

Reactor temperature (°C) 550
Pressure (bar) 1
Gas hourly space velocity GHSV (h—1) 2000
Regeneration gas composition (% v/v)

N, 98
0O, 2

Sorbent regeneration is maintained until SO, concentration in the regeneration stream
gas is not detected by microGC. At this point, the regeneration gas is switched to nitrogen
to cool down the system. When the reactor reaches 400 °C, a new sulfidation cycle of the
material begins again. The first set of experiments consisted of 3 sulfidations in nitrogen
during 10 cycles while sulfidation in syngas streams were performed during 3 cycles.

4. Conclusions

We have prepared a NiO- and ZnO-doped rGO composite from graphite recovered by
recycling spent Zn/C batteries.

The oxidation and reduction processes of recycled graphite are able to remove impuri-
ties from the recycled graphite, resulting in high-quality and low-cost graphene-related
materials fairly close to those synthesized from pure graphite.

The desulfurization properties of the sorbent were investigated by exposing them
to various operating conditions and atmospheres. Although there was a decrease in the
desulfurization capacity compared to the sorbent prepared from pure graphite because
a weaker reduction occurred, the proposed composite exhibited a capacity similar to the
commercially available sorbents with fairly good response times.

In conclusion, this work demonstrates that rGO-NiO-ZnO composites from recycled
graphite have a great potential as a suitable and sustainable alternative to commercial desul-
furization sorbents that encourages the development of more environmentally sustainable
technologies for the industrial scale-up process. The proposed sorbent exhibited a superior
performance at a low pressure which is clearly favorable, allowing its use without the
need of gas compression upstream to the desulfurization reactor. Furthermore, the cycling
tests showed that the rGO-NiO-ZnO sorbent shows acceptable stability with no drastic
decay in the available capacity. Further studies should focus on the improvement of the
desulfurization capacity and stability of the sorbents by exploring different experimental
conditions for the reduction of GO during the hydrothermal and annealing treatments.
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