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In an effort of developing hydrogen storage material, the goal of this study was to explore the potential of the
abounding food waste biomass as a precursor for the development of porous carbon materials for remarkable
hydrogen storage. Therefore, in this study, simulated food waste, a mixture of six commonly disposed food items
(apple, bread, green bean, cabbage, cheese, and canned chicken), was hydrothermally carbonized at 220 °C
followed by chemical activation at 800 °C using various activating agent (KOH) to food waste hydrochar ratio (i.
e., 2:1, 3:1 and 4:1). The solid products, hereafter called superactivated hydrochars, were characterized by
proximate and ultimate analyses as well as X-ray diffractometer (XRD) and through nitrogen adsorption iso-
therms at 77 K to analyze the changes in the material including its surface porosity parameters (surface area,
pore volume, and pore size distribution) as the food waste underwent chemical and morphological modifications.
The gravimetric (wt%) hydrogen storage capacity of the superactivated hydrochars were then conducted under
77 K and various pressure of 0-23 bar. Results showed that the surface area and total pore volume in the
superactivated hydrochars were in the range of, as high as, 2070 to 2885 m?/g and 0.98 to 1.93 cm®/g,
respectively. The remarkable hydrogen storage capacity was observed of as high as 6.15 wt% at 23 bar and 77 K
for the superactivated hydrochar produced with a KOH to food waste hydrochar ratio of 4:1. This distinctly
highlights the pertinent upcycling technique of food waste to be effective in developing efficient hydrogen

storage material.

1. Introduction

While hydrogen (H,) and energy have a long shared history from 200
years ago in powering the first internal combustion engines, for the past
two decades there has been an escalating momentum of interest in
hydrogen as it is a zero-emission energy and hence an answer to the
growing concern over increasing carbon emission and energy security
for a prospective clean and secure energy economy [1-3]. With its
favorable characteristics as an energy carrier (non-toxic, sustainable and
the lightest element with the highest energy content of 142 MJ/kg of
higher heating value) [4-8], the escalating demand of hydrogen in the
U.S. can be projected to reach 63 million tons by 2050 which will share
about 14 % of the total energy demand [9]. While significant progress
has been made in producing hydrogen either from natural gas, coal,
water, or biomass [10-19], development of high-performance, low-cost
and environmentally-friendly hydrogen storage medium is one of the
substantial challenges where the key to the solution is design of novel
material and utilization of synthesis processes that allow a precise
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control over the structural characteristics (e.g. surface porosity) of the
developed material [20].

Recently, biomass-derived porous carbon materials have engaged
considerable interest in the emergent application of hydrogen storage
because of their abundance and low cost, superior chemical, mechani-
cal, and thermal stability as well as ease of regeneration and config-
urable pore structure [6,21]. From recent literature, such porous
carbons were developed with the ability of storing hydrogen as high as
8.9 wt% and 1.2 wt% at 77 K and 295 K, respectively, at 30 bar, owing
to the combination of high surface porosity as well as favorable surface
functionality [7]. However, in quest of suitable porous carbon for
hydrogen storage, globally abundant biomass of food waste (FW) would
seem highly desirable to be employed as an inexpensive, sustainable,
and novel next-generation precursor in preparing hydrogen gas adsor-
bent. The purpose can be further explained with words of Prof. Donald
Sadoway from The Missing Link to Renewable Energy: “(...) if you want
to make something dirt cheap, make it out of dirt ... and preferably dirt that’s
locally sourced” [22]. FW is generally defined as the organic waste that is
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discharged from various sources, comprising of food processing plants,
domestic and commercial kitchens, cafeterias and restaurants [23].
Whereas the global volume of FW is estimated as 1.6 billion tons
annually, it is projected to boom to a level of 2.1 billion tons by 2030
[24,25]. According to U.S. Environmental Protection Agency (EPA), U.S.
is one of the global leaders in FW, where almost 40 million tons of food is
discarded every year and this is forecast to reach approximately 66
million tons by 2030 [26,27]. It is therefore admonished to find avenues
of upcycling FW into higher value materials such as hydrogen storage
medium.

One of the challenges to upcycle FW is the high moisture content
(typically 70 % by mass) [28-30], which makes most thermochemical
conversion processes not viable, except for hydrothermal carbonization
(HTC), which is energetically more favorable by being advantageous for
wet-biomass (moisture content of 80-90 %) conversion [31,32]. HTC
treatment generally uses the residual moisture of the feedstock as the
reaction medium and usually conducted between 180—260 °C with
pressure above the water’s saturation pressure for a duration of 5 min up
to 8 h [33,34]. HTC is therefore an environmentally-friendly pathway
for generating carbon-dense homogeneous solid product (hydrochar)
with excess oxygen containing functional groups from wet heteroge-
neous organic feedstocks like FW [35-37]. Owing to such suitable
chemical characteristics of hydrochar (carbon-dense, surface function-
ality and low degree of aromatization), several authors pioneered sub-
jecting hydrochar to additional heat treatment for the development of
porous activated carbons for hydrogen storage via controlled chemical
activation as hydrochar has the drawback of possessing very low
porosity [38-41]. However, chemical activation of hydrochar could
significantly increase the porosity and surface area of hydrochar
[41-45]. Traditionally, chemical activation utilizes KOH, NaOH, H3PO4
or ZnCl, at a temperature in the 450-900 °C range [46]. Literature en-
courages KOH as activating agent as it results in the development of
ultra-large surface area (1500-3800 m?/g) from a variety of precursors
(coal, polymers, biomass or hydrochar, graphene, etc.) [7,20,47]. In
addition to surface porosity, although surface functionality is also a
considerable factor of hydrogen uptake capacity, the adsorption ca-
pacity is primarily driven by surface area and pore structure as small
pore size greatly enhance the fundamental property of interaction en-
ergy between hydrogen and the adsorbent [48]. As such, the surface
porosity is essentially tailored by means of varying activating conditions
where activation ratio, compared to activation temperature, has more
influence in terms of porosity development to facilitate hydrogen stor-
age [49-52]. It has been previously demonstrated that the suitable
activation temperature for porosity development was in the range of
750—800 °C, due to higher reactivity of hydrochar at higher tempera-
ture as well as the generation of H;O and CO5 during activation that
enhanced pore evolution by simultaneously promoting physical activa-
tion [50,53,54]. However, with the variation in the biomass precursor
utilized in different studies, the favorable activation ratio showed
discrepancy, thus requiring individual investigation of activation ratio
to analyze its effect on surface porosity development and hence
hydrogen storage capacity [50,53,55-57].

In this study, FW was employed to be developed into a novel and
inexpensive hydrogen storage material which to the best of authors’
knowledge was first to be reported. HTC of the FW was conducted at
220 °C following by the activation at 800 °C in presence of KOH with
various ratio of FW derived hydrochar to KOH (2:1, 3:1 and 4:1) such
that the surface porosity was configured in the goal of developing
hydrogen storage material with remarkable adsorption capacity. The
surface properties of the FW, FW-derived hydrochar, and superactivated
hydrochar were characterized in terms of surface area, pore volume,
pore size, and crystallinity. Finally, the hydrogen gas storage capacity of
the material was studied under cryogenic nitrogen temperature (77 K) at
various pressure up to 23 bar.
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2. Materials and methodology
2.1. Materials

The feedstock used in this study was a mixture representative of FW
that included six commonly disposed food items. These items were
mutually selected based on simulated food waste components previously
used in various literature [58-60]. All the ingredients were purchased
from a local grocery shop at Melbourne, FL and packaging were removed
prior to chopping. All the food waste components were chopped and
randomly mixed in a food processor as done previously in various
literature [60,61]. Solid ingredients as well as the percentage and
moisture content of each ingredient are listed in Table 1.Although
moisture content of individual ingredient varied between 37 — 94 %,
the overall average moisture content of the mixed food waste was 70.5
%. To activate the FW hydrochar, anhydrous potassium hydroxide
(KOH) pellets was used as the activating agent which was purchased
from Fisher Scientific (Fair Lawn, NJ).

2.2. Material synthesis

HTC of FW was carried out in a 300 mL Parr reactor (Moline, IL) for
30 min at 220 °C. As no significant changes in the ultimate and proxi-
mate analyses were found for the hydrochar produced from FW at higher
HTC temperature (> 220 °C) [62], the treatment temperature of this
study was chosen to be 220 °C. Moreover, it was found in literature that
hydrochars produced from higher HTC temperature than 220 °C resul-
ted in a more ordered microstructure and lower amount of oxygen
groups, which are more difficult to activate [50,63]. Consequently, it
was asserted that lower carbonization temperatures generally assist in
porosity development on subsequent activation.

For a typical HTC, the reactor was loaded with 1:10 dry mass of FW
to deionized (DI) water ratio. The reactor was sealed, and the content
was stirred at 150 + 5 rpm until the end of the HTC process. Reactor
temperature was controlled using a proportional-integral-differentiate
(PID) controller while the heating rate was maintained at 10 °C/min.
When the reactor temperature reached to the desired HTC temperature
of 220 °C, the temperature was kept isothermal for 30 min. The pressure
was not controlled but monitored throughout the HTC treatment, which
was about 650 + 20 psi at the highest reaction temperature (220 °C). At
the end of the HTC reaction time, the heater was turned off and the
reactor was quenched by an ice water bath. It took 15 =+ 5 min to cool
down the reactor below 50 °C. Produced gases were vented in the fume
hood and the process liquid was separated from the solid hydorchar
using Whatman 41 filter paper via a vacuum filtration system. The
hydrochar was first washed with approx. 200 mL DI water to remove the
HTC liquid products adhered to the hydrochar and then dried at 105 °C
for 24 h in an oven and stored in a centrifuge tube for further uses. Dried
samples were labeled as FW—HC, where HC stands for hydrochar.

The dried hydrochar was then activated using KOH at three different
KOH /hydrochar (wt/wt) ratios, such as 2:1, 3:1 and 4:1. The required
proportional amount of KOH was ground using mortar-pestle before
physically mixing with the hydrochar. Each mixture of KOH and

Table 1
List of food ingredients with their composition and moisture contents used in the
simulated food waste feedstock.

Food Item Percentage composition (dry mass Moisture content (%)
basis)
Apple 6.7 £0.5 89.5+0.5
Bread 58.24+ 0.9 37.24+0.9
Green Bean 4.6 +0.4 92.6 + 0.4
Cabbage 26+0.1 941 +0.1
Cheese 21.4+0.1 61.8 £ 0.1
Canned 6.5+0.9 73.6 £ 0.9

Chicken
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hydrochar was placed in an alumina crucible and placed in a horizontal
MTI series tube furnace (OTF-1200X-S-HPCVD) (Richmond, CA). The
mixture was heated at 800 °C for 2 h under a nitrogen flow of 1 L/min.
After activation, the samples were washed with 2 N HCI to remove the
inorganic impurities and then washed with excessive deionized water
until neutral pH was obtained. It was then dried in an oven at 105 °C for
24 h. Dried superactivated hydrochars were labeled as FW-SAH-R,
where SAH stands for superactivated hydrochar, R is for the ratio of
KOH/hydrochar. The dried samples were stored in centrifuge tubes for
further analysis.

2.3. Material characterization

Elemental analysis of samples was carried out with a FLASHEA 1112
Series elemental analyzer (Thermo Scientific, Grand Island, NY) to
determine carbon, hydrogen, nitrogen and sulfur contents (wt%). For
the analysis, 5-tert-butyl-benzoxazol-2-yl thiophene (BBOT) was used as
a calibration standard and vanadium oxide (V20s) as a conditioner for
the samples, which were combusted around 950 °C in ultra-high purity
oxygen with helium carrier gas and passed over copper oxide pellets and
then electrolytic copper. The gases were then analyzed by a thermal
conductivity detector (TCD), with the peak areas of detection being
compared to that of BBOT standards. The oxygen content was found by
the method of difference [64].

Proximate analysis was conducted to determine volatile matter, fixed
carbon, and ash content of samples by thermogravimetric analyzer
(TGA) using a TGA Q500 (TA instruments, New Castle, DE). A nitrogen
atmosphere was used for proximate analysis. Nitrogen gas flowrate and
sample heating rates were set at 40 mL/min and 20 °C/min, respec-
tively. Samples were heated from 25 °C to 105 °C and held at 105 °C for
5 min. Temperature was then increased to 850 °C and then held for
5 min. Air was then introduced for 10 min to combust the remaining
sample left at 850 °C. The mass loss under the nitrogen atmosphere at
105 °C was considered as moisture whereas mass loss between 105 °C
and 850 °C was considered volatile matter. The solid residue at the end
of combustion stage was considered as ash. Fixed carbon was deter-
mined by subtracting moisture, volatile and ash percentages from 100
%.

The crystalline phases of the samples were identified by X-ray
powder diffraction (XRD) using Bruker AXS X-ray diffraction system
(model Dy Phaser SSD160) (Karlsruhe, Germany). The operating voltage
and electric current of the X-ray emitter were 30 kV and 10 mA,
respectively. Data were collected over the angular range 5 — 80 ° in 20
under atmospheric pressure for analysis of the crystalline phases.

The morphology of the superactivated hydrochars were observed
using a JEOL JSM 6380 LV Scanning Electron Microscope (SEM)
(Tokyo, Japan) at magnification of 1200, operating at spot size of 50 at
an accelerating voltage of 5 and 10 kV. The samples were observed using
SEM as well as characterized elementally using an EDX analyzer (Octane
plus, EDAX, USA). Prior to observing under the SEM, all the samples
were gold coated in vacuum sputter equipment Denton Vacuum Desk IIT
(Moorestown, NJ).

Ny adsorption was carried out using High Pressure Volumetric
Analyzer (HPVA II, Norcross, GA) to estimate the Brunauer, Emmett,
and Teller (BET) surface area, porosity, pore volume. The relative
pressure (p/po) for Ny adsorption ranged from 0.009 to 0.995 and a
constant temperature of 77 K was maintained using liquid nitrogen. On
the other hand, micropore volume and hence micropore area were
determined by Dubinin-Astakhov (DA) theory that used CO3 adsorption
isotherms performed in the HPVA II within the pressure range of
0.005-1.11 bar and temperature of 273.15 K. Ultra-high pure nitrogen
gas and industrial grade carbon dioxide was used as the adsorption gases
in HPVA II Prior to gas adsorption, the samples were degassed under
vacuum at 393 K until the pressure stabilized around 0.6-0.7 Pa to
eliminate the eventual fraction of water weakly bound inside the sam-
ples. Adsorption data were evaluated using the Microactive software
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from Micromeritics Instrument Corporation (Norcross, GA). The surface
area was calculated using BET method which was applied to adsorption
isotherm in the relative pressure range (P/P,) of 0.05—0.35. Total pore
volume was determined using nitrogen adsorption data at close to
saturation pressure (P/P, ~ 0.99). Furthermore, the pore size distribu-
tion (PSD) was estimated by applying Non-Local Density Functional
Theory (NLDFT) to nitrogen adsorption isotherm. Elaboration on
determination of micropore structure by applying DA theory on CO5
adsorption data can be found elsewhere [65].

2.4. Hydrogen adsorption

Hydrogen adsorption experiments were carried out at 77 K of ultra-
high purity hydrogen (99.9990 %) using HPVA II automatic adsorption
apparatus (Norcross, GA). A 1 cm® cell was used as the sample holder in
the adsorption experiment. After placing the weighed sample in the
holder, the sample was degassed prior to each isothermal measurement
in order to remove moisture and adsorbed gases from the surface, as
mentioned in material characterization subsection. Sample holder con-
taining the degassed sample was then placed in the liquid-nitrogen-
containing dewar (maintaining a temperature of 77 K) and connected
to the analysis port of the HPVA II automatic adsorption apparatus. The
HPVA II software was used to set pressure steps for adsorption in the
range 0.05-2.3 MPa while those for desorption in the range of 2.3 to
0.05 MPa. The generated hydrogen adsorption data were evaluated
using Microactive software. The contribution of the empty cell was
measured earlier and systematically subtracted to all the generated data
in order to improve the accuracy. The Microactive software required
packing density as an input value for the total hydrogen uptake deter-
mination. Packing density (dcarbon) was found using Eq. (1)

1
dcarbon = (—+ VT) —1 (¢}

s

Where, p; is the skeletal density (g/cm®) and V1 (cm®/g) is the total pore
volume that was found from nitrogen adsorption isotherm. Before
starting each adsorption test, skeletal density (p,) was determined by
using helium adsorption at one pressure point (P = 1 bar). The unit of
total hydrogen adsorption (n) measured by HPVA I was in mmol/g. This
was then converted to N (wt%) by using Eq. (2). A detailed experimental
procedure of hydrogen adsorption can be found elsewhere [66,67].

S x2
N (wi%) = | 100 x 100% @

14+ 2-x2

1000

3. Results and discussion

3.1. Physiochemical properties of FW, hydrochar, and superactivated
hydrochars

In order to probe the effect of HTC and KOH activation on the
transformation of FW into suitable porous hydrogen adsorbent mate-
rials, physiochemical properties of the samples were investigated in
terms of elemental and proximate analyses. The elemental compositions
of the studied materials are shown in Table 2. The sulfur content in all
the samples were below detection level (0.024 mg). From the same
table, the carbon content data clearly shows that the hydrothermal
carbonization step of food waste was a means of enriching the carbon
prior to activation [41]. Moreover, carbon-rich transformation was also
reflected by the decrease of H/C and O/C ratio of FW-Raw while un-
dergoing conversion the HTC process due to dehydration, decarboxyl-
ation, and demethanation reactions taking place [68]. On conversion
from hydrochar to superactivated hydrochar, dominance of aromatic
structure was signified by the overall increase in carbon content while
the use of excess KOH eliminated nitrogenous compounds, signified by
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Table 2

Proximate and ultimate analysis of biomass, hydrochar and all superactivated hydrochars.
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Proximate Analysis*

Ultimate Analysis*

Samples Mass Yield (%) Volatile Matter (%) Fixed Carbon (%) Ash (%) N (%) C (%) H (%) S (%) 0 (%) 0/C H/C

FW-Raw 100 + 0.0 69.5+ 1 23.7 £ 0.1 6.8+ 0.5 5.8+ 0.5 47.6 + 0.5 6.7 + 0.0 BD** 33.1+0.5 0.78 0.141
FW-HC 23.2+3 56.4 + 0.1 38.4+0.2 5.2+0.1 6.0 + 0.6 60.9 + 0.9 5.2+0.1 BD** 22.7 +0.1 0.37 0.085
FW-SAH-R2 21.1 +0.6 175+ 0.3 81.6+1 0.9+ 0.4 1.0+0.2 80.1 +2 0.6 + 0.0 BD** 17.4 + 0.4 0.22 0.007
FW-SAH-R3 16.5+ 0.9 16.4 + 0.2 80.7 £ 0.1 29+0.2 1.4+0.6 83.3+1 0.5 £+ 0.0 BD** 119+ 0.4 0.14 0.006
FW-SAH-R4 129+ 1.0 15.5+ 0.5 79.6 +1 49+0.1 1.0+0.3 85.1+1 0.4+ 0.2 BD** 8.6 + 0.5 0.10 0.005

™ Below detection limit.
@ The O content determined by the difference method.

the overall decrease of nitrogen content [69]. On the other hand, while
undergoing the activation process, increasing weight ratios of KOH/
hydrochar from 2 to 4, the carbon content increased from 80.1-85.1%,
whereas the H and O content decreased from 0.6 to 0.4 % and
17.4-8.6%, respectively. This expected change, owing to the activation
process, is also reflected in the minor values of O/C factor. The signifi-
cant decrease in the O/C and H/C value of the superactivated hydro-
chars from the non-activated hydrochar value signifies the aromaticity
development in the superactivated hydrochar due to removing of H and
O from inside the material [70-73].

From Table 2, HTC at 220 °C of FW-raw resulted in small amount of
solid hydrochar yield (23.2 %) which could be because of primary or
secondary decomposition of biomass or solid residue, respectively [74].
Literature reported mass yield for such food waste undergoing HTC at an
alike temperature ranged from 7% to 32.5 % [60,62]. On the other hand,
mass yield of FW—HC undergoing activation decreased from 21.1 %
with the increase of KOH: hydochar ratio which could be attributed to
the larger surface area of the corresponding superactivated hydrochars.
During the chemical activation, with the increase of KOH, more carbon
atoms are oxidized that eventually leads to more pore formation and
hence greater porosity is developed at the expense of char burn off [75,
76]. In fact, several studies revealed a low mass yield for such activating
conditions that vary between 17%-31% [77]. In addition, using proxi-
mate analysis data of Table 2, the volatile matters in the FW—HC (56.4
%) is significantly lower than that in the FW-Raw (69.5 %) which was
due to their loss in the gaseous and liquid phases during the HTC process
[78-81]. In case of superactivated hydrochar, the release of HyO, CO5
and CO during the activation process lead to the development of porous
tunnels which resulted in further decrease of volatile matter [82]. Also
from the same table, the ash content of the samples was in the range of
6.8—4.9%. Undergoing HTC, ash content was reduced by 23.5 % where
a similar transition was observed by Saqib et al. [60] where 29.5 %
reduction of ash took place for food waste undergoing HTC at 200 °C. On
KOH activation of hydrochar, ash content followed an increasing trend
(0.9%-4.9%) with the activating agent ratio as similarly concluded by
Hassen [83]. The increment could be explained by the effect of acti-
vating agent residue during the washing step which was also evident
with the increasing amount of surface potassium content from 15.7 wt%
to 30.6 wt%, as shown in Table S1 (Supplementary document). More-
over, presence of copper, chlorine as well as silica was observed among
the inorganic constituents of the superactivted hydrochars where
appearance of silica in the superactivated hydrochars might be due to
the use of quartz crucible during activation. However, the ash content of
the superactivated hydrochars was within commercially acceptable
value of 5 wt% [84].

3.2. Surface morphology alteration from FW to superactivated
hydrochars

In context with the above discussion (Section 3.1), metamorphosis of
the physicochemical properties in FW as it underwent HTC and KOH
activation implicated the development of porosity in the superactivated
hydrochars. However, to be useful as hydrogen storage materials, the

substantial development of porosity needs to be quantified and
compared. Hence, porosity of the materials was probed, and surface
morphology of the studied materials were investigated in terms of sur-
face area, pore properties, and crystallinity. The surface area and pore
properties of the materials are shown in Table 3.

The surface area of FW-Raw and FW—HC were 0.24 and 1.32 m%/g,
respectively. Generally, availability of surface porosity values for
biomass is limited due to the lack of considerable pores in it whereas the
surface area of FW—HC was similar to the literature value where food-
waste pyrolyzed char had surface area of 1.9 m?/g [48,85]. Such low
surface area mainly results from interparticle voids [86]. Although,
FW-Raw and FW—HC have low surface areas and insignificant pore
properties, the redox reactions of hydrochar with KOH resulted in a
noteworthy improvement of the BET surface area and the total pore
volume, which ranged from 2068 to 2885 m?/g and 0.98 to 1.93 cm®/g,
respectively. The reaction between the carbonaceous material (hydro-
char) and the activating agent (KOH) results in the reduction of potas-
sium which then intercalates between carbon layers of hydrochar and
expand the carbon lattice to create porosity. The elaborated reaction
mechanism is found in elsewhere [87,88]. Along with the increase of
KOH/ hydrochar mass ratio, more pores are generated as the spacers
that interconnect the carbon nanorods are all etched by KOH which
consequently increases surface area and pore volume [89]. Total pore
volume increased from 0.98 to 1.93 cm®/g with the increase of KOH/
hydrochar ratio also reflecting the increase of micropore volume from
0.95 to 0.60 cm>/g. However, decrease in the micropore volume frac-
tion (a ratio between total pore volume and micropore volume) from
0.95 to 0.60 was observed which could be due to the over-exfoliation
with increasing weight ratios of KOH/ hydrochar that ultimately resul-
ted in overall pore development but the proportion of micropores fell.

Table 3
Pore texture parameters of AC derived from N, adsorption-desorption data.
Sample BET surface Total Micropore Micropore Micropore
Area (m?/g) pore surface area  volume volume
volume (m%/g) (em®/g) fraction”
(ecm®/g)
FW- 0.24 £+ 0.01 a* BD** BD** N/A
RAW
FW-HC 1.32+0.03 b* BD** BD** N/A
FW- 2068 + 60 0.98 1353 0.94 0.95
SAH-
R2
FW- 2791 £ 28 1.71 2109 1.34 0.79
SAH-
R3
FW- 2885 + 17 1.93 1634 1.15 0.60
SAH-
R4
a=0.000338.
b =0.001674.

Micropore volume

# Micropore volume fraction = ——————————,
Total pore volume

* Values rounded off to two decimal place.
" Below detection limit.
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Several authors reported parallel results about the effect of activation
ratio [50,57,90], for example, Wrdbel-Iwaniec et al. derived porous
carbon from chitosan and observed increased surface area and pore
volume from 1926 to 2840 m?/g and 0.82 to 1.25 cm®/g respectively
with the increase of activation ratio from 2 to 4 whereas the micropore
volume ratio decreased by 10.9 % [50].

The development of porosity in the superactivated hydrochars
derived from the food waste could be observedfrom the N, adsorption
isotherms shown in Fig. 1. From Fig. 1(a), the Ny adsorption isotherms
for FW-Raw and FW—HC show very low quantity of Ny adsorbed,
signifying negligible porosity. On the other hand, N adsorption iso-
therms of the superactivated hydrochar- FW-SAH-R2- show a sharp in-
crease in the quantity of Ny adsorbed that occurs at a very low relative
pressures (lower than 0.05), and then plateaus at higher pressures,
indicating isotherm type I according to International Union of Pure and
Applied Chemistry (IUPAC) classification [91] which signifies the pre-
dominance of microporosity in the superactivated hydrochar [92]. As
the KOH/hydrochar ratio is increased from 2:1 to 3:1 and 4:1, there is a
distinct widening of the isotherms for both 3:1 and 4:1 which indicates
the widening of micropore for the development of some mesoporosity,
which is well explained for the activation mechanism [93].

Fig. 1(b) shows the pore size distribution (PSD) of food waste
biomass, hydrochar and superactivated hydrochars calculated by the
nonlocal density functional theory (NLDFT) model. For the FW-Raw and
FW-HG, it is evident from PSD that despite negligible pore develop-
ment, presumably some voids were detected as pores in the size range of
14 — 16 nm that exist in the volume of 0.0003 and 0.0017 cm®/g
respectively. On the other hand, in case of superactivated hydrochars, a
large proportion of pores lie between 1 — 2 nm (1 nm = 10 A). In cor-
respondence to the broadening of the isotherm knees for superactivated
hydrochars of KOH/ hydrochar ratio 3:1 and 4:1, the PSD shows mes-
opores evolution, significant in pore fraction for the pore size of
2 — 5 nm, as such small mesopores contribute notably in high-pressure
hydrogen storage [50,57,94-96]. Balathanigaimani et al. reported an
increase of average pore width from 1.65 to 2.50 nm on increasing
activation ratio from 2 to 4 [50]. From the transition of food waste’s
surface morphology is more distinctly highlighted in the SEM images.
Food waste, with no pores as seen in Fig. 2(a), underwent hydrothermal
carbonization that might had initiated ‘spores’ like surface development
which still had negligible ‘pores’ in the resulting hydrochar (Fig. 2(b)).
On activation, evolution of numerous pores can be seen on the surface
for all the superactivated hydrochars (Fig. 2(b), (c) and (d)) while
comparatively more number of smaller pores might had evolved in
FW-SAH-R2 whereas more number of pores might be developed in
FW-SAH-R4 as also found corresponding to the total pore volume data in
Table 3.

For further investigation of the surface morphology (e.g., crystal-
linity), XRD of the samples were conducted which is shown in Fig. 3. In
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case of FW-Raw and FW—HGC, a broad diffraction peak at 20 range of
12 — 28 ° was observed, which signifies non-graphitic structure of the
carbon material [97]. The disappearance of 26 peak at 20 ° for FW—HC
attributes to the disappearance of microcrystalline structure of FW-Raw
after HTC [98]. This was expected because the hydrochar, by definition,
has an amorphous structure [99]. The broad reflection at 26 around 20 °
in the hydrochar sample could be due to the interlayer (002) reflections
among irregular polycyclic aromatic sheets of amorphous carbon [100].
The peaks present in the hydrochar can be attributed to the presence of
impurities in the structure [73]. XRD patterns of the superactivated
hydrochar samples presented broad peak at ~24 ° corresponds to (002)
plane and that of at ~44° corresponds to (100/101) plane that are
characteristic of typical amorphous graphite crystal structure with very
low long-range order degree [101]. In addition, the presence of a large
number of microporous structure in the superactivated hydrochar
samples are reflected in the high intensity peaks in the low angle region
(5—-15°9 [101].

3.3. Hydrogen gas storage capacity of FW derived superactivated
hydrochar

The above discussed results of superior surface porosity reassured
the feasibility of implementing the superactivated hydrochars for the
purpose of hydrogen storage. SEM images in Fig. 2 illustrates the surface
appearance of more finely developed pores which support the increasing
hydrogen capacity that is exhibited by the materials with increased
weight ratios of KOH/ hydrochar. The gravimetric (wt%) hydrogen
uptake by the superactivated hydrochars at high pressure was analyzed
and graphically presented in Fig. 4 where hydrogen adsorption iso-
therms of FW-RAW and FW—HC was not included as it demonstrated
negligible hydrogen storage owing to the insignificant surface porosity.
The hydrogen adsorption isotherms at 77 K from 0-23 bar show broad
knee which signifies the gradual increment of hydrogen uptake with
pressure up to 23 bar, without a clear plateau at the low-pressure range
(0-1 bar), signifying more available room for hydrogen adsorption by
the materials. On the other hand, the initial steeper adsorption isotherm
corresponding to KOH/ hydrochar ratio of 2:1 is explained by the higher
proportion of micropore in that superactivated hydrochar material. In
addition, hydrogen storage capacity increased with weight ratios of
KOH/ hydrochar in all the experimental pressure ranges where
hydrogen storage at the maximum pressure of 23 bar also increased
from 4.53 to 6.15 wt% with the increase of KOH/ hydrochar from 2:1 to
4:1, respectively. Inclusive of data from Table 3, it can be observed that
higher BET surface area and total pore volume synergistically played a
positive role in substantially increasing the hydrogen adsorbed quantity
with increase of KOH/ hydrochar which was expected. This was because
hydrogen adsorption capacity is governed by the factors which affect
adsorbate-adsorbent interactions and one of the overriding factors
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Fig. 1. (a) Nitrogen adsorption-desorption isotherms of investigated superactivated hydrochars at 77 K as a function of relative pressure. (b) Pore size distribution

calculated from the NLDFT model.
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Fig. 2. SEM images of (a) FW-Raw, (b) FW—HC, (c) FW-SAH-R2, (d) FW-SAH-R3, and (e) FW-SAH-R4.
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Fig. 3. XRD pattern of biomass, hydrochar and all superactivated hydrochars. denotes KOH/ hydrochar ratio.
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include surface area and pore volume [48,50,82,95]. The mechanism for
hydrogen storage by means of physisorption is the van der Waals
attraction between the surface of the adsorbent and hydrogen molecules
[102]. As the van der Waals interaction between hydrogen molecules is
weak, to expect a few layers of hydrogen packing on an adsorbent sur-
face is impractical [103]. Therefore, hydrogen adsorption on the
adsorbent is a monolayer and large surface area is found to be beneficial
for higher uptake.

Moreover, along with increase of the pressure, hydrogen adsorbed in
the micropores tends to saturated and the small mesopores between 2
and 5 nm then become the primary hosts for hydrogen uptake that
further facilitates hydrogen adsorption [95,104]. Therefore, from Fig. 4
it can be inferred that better hydrogen storage capacity was reflected for
KOH: HC = 2 in the low pressure range of upto 2 bar than the other
superactivated hydrochars, owing to the former’s higher micropore
volume fraction. Similar observation was equated from Table 3 where
the micropore volume fraction decreased from 0.95 to 0.60 with the
amount of KOH used that corresponds to an increase in the respective
mesopore volume fraction and hence a possible reason behind
increasing hydrogen uptake at high pressure. Hydrogen adsorption ca-
pacity of material with comparable surface area of 1930 and 2835 m?/g
derived from sword-bean shells and wood chips respectively showed
cryogenic hydrogen uptake of 3.8 wt% and 6.4 wt% at relatively higher
pressure of 40 and 80 bar respectively [73,96]. The better hydrogen
adsorption capacity of food waste derived superactivated hydrochar
might be attributed to its superior total pore volume which complies
with findings in literature that ascertains roughly linear correlations of
hydrogen uptake with total pore volume [50,95]. On the other hand, for
model compound of cellulose acetate that underwent analogous HTC
and activation process conditions, Blankenship et al. [7] reported
cryogenic hydrogen uptake capacity of 6.8 wt% at 20 bar. The superior
hydrogen storage capacity could be explained by the combination of
high surface area reported to be as 2864 m?/g in addition to almost 0.9
micropore volume fraction, where ultra-micropores of 6-7 A were
present, which could therefore enhance hydrogen storage capacity at
both high and low pressure respectively [7].

4. Conclusion

It can be concluded from this study that due to the abundance of food
waste as well as possible development of favorable porosity in the food
waste derived superactivated hydrochars, food waste can be considered
as an excellent candidate to synthesize hydrogen gas adsorbent via the
process of hydrothermal carbonization followed by chemical activation
(using KOH). In addition, surface area and total pore volume synergis-
tically enhanced hydrogen uptake capacity of the developed super-
activated hydrochars. Porosity of the developed materials were
significantly improved by increasing the ratio of hydrochar to the acti-
vating agent where the obtained surface area and total pore volume
were maximum of 2885 m?/g and 1.93 cm®/g respectively for the
superactivated hydrochar prepared at KOH/hydrochar ratio of 4:1 and
the corresponding hydrogen adsorbed was noted to be the highest of
6.15 wt% at 23 bar. Therefore, from the results it can be also suggested
that the as-prepared porous carbon material is comparable or better than
those reported in the open literature for hydrogen adsorption purpose
and this demonstrates to be an effective route of developing applicable
hydrogen storage material from food waste. In addition, while the target
of US Department of Energy (DOE) gravimetric hydrogen storage ca-
pacity (2020) was 4.3 wt% at a maximum delivery pressure of 12 bar
and minimum operating temperature of 233 K [105], this study revealed
hydrogen storage capacity of 4.9 wt% at 12 bar and at lower tempera-
ture of 77 K in superactivated hydrochars derived from food waste
which was certainly a step towards achieving DOE’s goal.
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