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Abstract

Surface structure and chemical properties of adsorbents are important factors required to understand the mechanism
of adsorption. The purpose of this study was to produce hydrochars from biomass using hydrothermal carbonisation
(HTC) and to analyse their sorption capacities. The biomass used in this study were coco-peat (CP), coconut shell (CS),
eggshell (ES), rice husk (RH) and lemon peel (LP). The operating conditions for HTC were 200 °C and 20 h residence time.
The characterisation methods consisted of Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy
(EDS), Fourier Transform Infrared Ray (FTIR) Spectroscopy, and Brunauer, Emmett and Teller (BET). The results showed
that HTC improved the sorption capacities of the biomass wastes. It was found that hydrochars were crispy and flaky
with more micro- and meso-porous structures, indicating that lignin and other components were denatured due to
carbonisation. This led to the creation of more active sites for sorption and pollutant binding. The hydrochars showed
a percentage increase in carbon content and a decrease in oxygen content with traces of other elements, compared
to their corresponding raw biomass. The major functional groups identified were —-OH and —~COOH. The surface area of
the hydrochars which include CP (2.14 m?/g), CS (14.04 m?/g), ES (0.50 m%/g), RH (15.74 m?/g), and LP (6.89 m?/g) were
significantly improved compared with those of the raw biomass. The study showed that the hydrochars produced from
the biomass wastes have the potential to be used as adsorbents.
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1 Introduction

Micro and macro structural properties, elemental com-
position, functional groups and surface area, pore vol-
ume as well as pore size are important factors required in
order to understand the intrinsic properties that under-
pin adsorption of organic and inorganic pollutants onto
material surface. Utilising hydrochars of biomass waste
for the removal of environmental contaminants such as
heavy metals from industrial wastewater has become a
technology with huge research potentials in recent years
[1]. This research provides a simple, efficient, sustainable,

and affordable technique for producing adsorbents from
biomass waste through a thermochemical process called
hydrothermal carbonisation (HTC).

Over the years, conventional wastewater treatment
technologies have been used for the removal of con-
taminants from wastewaters. Typical examples include
chemical precipitation, ion-exchange, coagulation and
membrane filtration [2]. However, these technologies
have proven to be more inimical than being beneficial
[3, 4]. Apart from adsorption, most of these technologies
require complex designs, high procurement, operational
and maintenance costs, as well as generating secondary
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toxic wastes which require additional costs for treatment
[5].

The search for a sustainable and cost-effective tech-
nology for wastewater treatment has gained scientific
interest in recent times; with particular attention being
attributed to the application of sustainable and low-
cost sorbents due to their abundance and ease of avail-
ability [2, 6]. However, a common disadvantage for raw
adsorbents is the release of organic components that
may cause secondary pollution and oxygen reduction in
water [7]. Carbonisation or charring has been proposed
as the technique to overcome these problems [8].

Over the years, pyrolysis has been the most com-
mon conventional thermal method for charring natu-
ral resources and biomass wastes [9, 10]. The process
requires elevated temperatures above 400 °C in the
absence of oxygen, to produce biochar, which is mostly
followed by an activation stage at temperatures above
800 °C to change the physical and chemical phase of
the organic material in order to produce ‘activated car-
bon’[11]. For decades, activated carbon has proven to
be very effective in the removal of organic and inorganic
contaminants in the food industry and wastewater treat-
ment plants. They are also used in the purification of
sugar; decolouration of syrups, wine, vinegar, removal
of methylene blue and other types of dyes [9]. However,
the application of activated carbon is limited by the high
production cost partly due to the pyrolysis process and
the treatment to obtain the activated carbon [12]. This
limitation has led into research for a simpler and cost-
effective technique to carbonise biomass waste.

One process that transforms biomass waste into pos-
sible low-cost adsorbents is hydrothermal carbonisation
(HTC). HTC is a thermochemical pathway, in which biomass
is heated between 180 and 250 °C in a closed vessel at a
self-increasing pressure to produce a deep brown carbo-
naceous solid, called ‘hydrochar’[8, 13]. The advantage of
HTC over a conventional pyrolysis process is that; it is oper-
ated at relatively moderate temperatures. Also, in HTC, the
feedstock does not require pre-drying, which reduces the
production costs compared to pyrolysis [8]. Furthermore,
apart from the solid (hydrochar), HTC also generates water
and fewer volatile organics in the gaseous phase [13, 14].
Unlike raw biomass, majority of the organic components
are transferred to the liquid phase [14].

Previous studies suggest that hydrochars have abun-
dance of surface oxygenated functional groups (OFGs)
and carbonyl groups [15-19], and have increased surface
reactivity over biochars [20]. However, production and
characterisation of hydrochars for use as adsorbents are
relatively in the developing phase. Also, studies into hydro-
chars from the biomass materials used in this study are
limited; hence, effective utilisation of such hydrochars as
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adsorbents require further study of their surface structure
and chemical properties.

The objective of this study, therefore, is to examine
the sorption characteristics of hydrochars produced from
abundant waste biomass (eggshells, coco-peat, coconut
shell, lemon peels, and rice husk) using: (i) surface mor-
phology; (i) elemental composition; (iii) functional groups;
and (iv) surface area, pore volume and size. The sorption
characteristics of the hydrochars will be compared to their
corresponding raw biomass.

2 Matenals and methods
2.1 Raw materials

The materials used in this study were obtained locally;
the eggshells were from the University kitchen; the lemon
fruits from a street market; the coconuts from a supermar-
ket in Loughborough; the coco-peat was purchased from
Fertile Fibre, Withington Hereford; and rice husks pur-
chased from E-Coco Products, Tewkesbury, all in the UK.

2.1.1 Biomass preparation

The coco-peat and rice husk were shredded and ground
with a kitchen blender before being thoroughly washed
with deionised water until a neutral pH was obtained.
Due to the hardness of coconut shell, a hammer was ini-
tially used to break the shells into pieces which were then
crushed in a cutting mill (Fritsch-Pulverisette-15). A com-
mercial grinder was used to reduce the particle sizes; to
obtain a ground coconut shell which was then washed
with clean tap water and rinsed with deionised water. The
lemons were manually peeled and cut into pieces and
ground; eggshells were initially crushed by hand, then
milled using a blender before being washed with deter-
gent to remove impurities followed by rinsing with tap
and deionsed water. The biomass wastes were initially
dried at 60 °C for 24 h and subjected to further drying at
a temperature of 105 °C before size separation by a set of
3 nested British Standard (B.S.) sieves. The bottom pan col-
lects finer particles of the decreasing diameter openings.
Manual agitation was used to pass sufficient quantity of
the desired particle sizes of 1.18 mm, 850 um and 600 um.
These samples were then stored in labelled airtight plas-
tic containers and stored in a cold room at 4 °C before
the characterisation analysis and hydrochar production.

2.2 Experimental method

Production of the hydrochars using HTC was conducted
by mixing the ground biomass (600 pm average particle



SN Applied Sciences (2021) 3:257 | https://doi.org/10.1007/542452-021-04273-5

Research Article

size) with deionised water in a non-stirred 250 mL polyte-
trafluoroethylene (PTFE) Teflon vessel (suitable for ther-
mal pressure reactions). This was used in a stainless steel
batch temperature/pressure reactor (Berghoff BR-300,
Berghoff GmbH, Germany). The solids concentration var-
ied between 7.0% (wt) and 33.3% (wt) and was up to a
total volume of 200 ml, depending on the biomass type.
The various biomass used had variable weights or den-
sities and thus occupied different volumes in the vessel.
For instance, the dry solids content for coco-peat was 7%,
while rice husk and lemon peel were 20%; eggshell and
coco-shell were 33.3%.

HTC was carried out at a temperature of 200 °C for a
reaction time of 20 h for all types of biomass; it took
approximately 1 h of heating time to reach the reaction
temperature. After carbonisation, the reactor was cooled
to room temperature before uncapping the lid to vent the
gas phase produced during the process. The carbonised
materials were then dewatered from the liquid phase
using a Whatman filter Paper No. 1 (11 um pore size) to
obtain the hydrochar. The hydrochar was washed with
methanol during the filtration to remove the organic com-
ponents followed by deionised water and subsequently
oven-drying. Finally, each dried hydrochar was stored in
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a labelled air-tight plastic bag and stored at 4 °C for fur-
ther analysis. Figure 1 summaries the HTC apparatus and
method.

2.3 Characterisation methods

The analytical techniques included: (i) Scanning Electron
Microscopy (SEM); (ii) Energy Dispersive X-Ray Spectros-
copy (EDS); (iii) Brunauer, Emmett and Teller (BET); and (iv)
Fourier Transformed Infrared Red (FTIR) spectroscopy.

2.3.1 Scanning electron microscopy (SEM)

The surface morphology of each raw biomass and its cor-
responding hydrochar was determined by an SEM analyser
(LEO1530VP FEG-SEM, Carl Zeiss, Germany), operated
at 5 kV. A thin layer of each specimen was coated with
Au-Pd in a Hummer 6.2 sputtering system purged with
N, gas and operated at 20 millitorrs, 5V and 15 mA for
5 min. A pre-set working distance was adjusted between
15.0-18.5 mm to capture images at 100x, 500%, 1000x,
5000x and 10,000x magnifications. The images with clear-
est features were selected for EDS analysis of the raw bio-
mass and their hydrochars. After the SEM analysis, the
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Fig. 1 A graphicalillustration of the hydrothermal carbonisation process
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surface elemental compositions were analysed using EDS
(X-max. 80 mm? Detector, Oxford Instruments, UK) and
microanalysis software (Aztec EDS/EBSD, Oxford Instru-
ments, UK) having a Truemap capability. The working dis-
tance (WD) used was 8.5 mm, and target voltage (EHT) of
20 kV, at preset aperture of 60 um and beam current of 2.0
nA as recommended by [21]. All EDS measurements were
performed in triplicate.

2.3.2 Elemental composition

Carbon (C), hydrogen (H) and nitrogen (N) contents of the
raw biomass and hydrochars were also analysed in trip-
licate using a CHN Analyser (CE-440 Elemental Analyzer,
Exeter Analytical Inc., UK), according to ASTM method
D5373-08 [22].

2.3.3 Surface area, pore volume and pore size
determination using BET

Measurements of specific surface areas, pore volumes
and pore sizes of the raw materials and hydrochars were
performed using a BET Micrometric analyser (TriStar 3000
V6.05 A, Micromeritics Instrument Corporation, USA). For
the analysis; 1.6546 g (coconut shell), 0.3189 g (coco-peat),
5.8527 g (eggshell), 1.0391 g (lemon peel) and 1.1147 g
(rice husk) were independently weighed and poured into a
sample holder on the analyser and kept under liquid nitro-
gen (N,) at a temperature of 196.15 °C. The samples were
degassed in a vacuum set at a heating rate of 10 °C/min
up to a temperature of 110 °C, and then kept overnight for
16 h by following the method described by Pilon et al. [23].
The duration for degassing was based on works reported
by Pilon et al. [23] and Barrett et al. [24]. The injected gas
used for this analysis had a minimum purity of 99.99%
N, and 99.98% CO,. The gas uptake calculation at equi-
librium pressure values, was corrected for the empty vol-
ume calibration or ‘blank uptake’ measured before or after
each test. Every measurement required about 30 min for
analysis in order to produce highly accurate and reliable
results. The total volume of N, adsorbed V,,, (cm®/g) was
estimated from the volume of adsorbed N, at relative pres-
sure p/p° (equilibrium pressure divided by saturation pres-
sure) which was approximately 0.99. On the other hand,
the pore size (nm) distributions were automatically cal-
culated based on the differential pore volume of Barrett-
Joyner-Halenda (BJH) adsorption-desorption isotherm
[24].

2.3.4 Fourier transform infrared (FTIR) analysis

Functional group in each sample was determined using
an FTIR analyser (Nicolet iS5, Thermo Fisher Scientific,
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USA). The wavenumbers for each sample were measured
in the range 4000 to 500 cm™" using 16 scans. Each sam-
ple was ground in a mortar and pestle to produce a fine
powder. Approximately, 2 mg of each dried sample was
mixed with 300 mg of high purity potassium bromide and
then evenly dispersed on a disk before it was placed in a
hydraulic press (15 Ton PN 51004599, Perkin Elmer, UK). A
load of 10 tons was applied for 1 min to produce approxi-
mately 1 mm thin layer pellet. A background spectrum was
run after wiping the sample platform without a sample
to check how clean the sample platform was. This was
repeated before each sample was analysed.

3 Results and discussion
3.1 SEM of raw biomass and hydrochar
3.1.1 SEM of eggshell

Figure 2(a) and (b) show the surface texture of a raw egg-
shell magnified at 100x and 1000x respectvely; while 2(c)
and (d) show that of its hydrochar at the same magnifica-
tions. The HTC treatment completely changed the struc-
ture of the eggshell. It was concluded that the SEM of raw
eggshell revealed the protein fibre network, covered by
a semi-permeable membrane (albumen). The eggshell is
mainly composed of calcium carbonate (CaCO;) and mag-
nesium carbonate (MgCO;) with some calcium phosphate
[Ca;(PO,),]; but CaCO; predominate the structure which
is about 95-97% [25-27]. The visible and complex struc-
ture of the protein fibres was seen over the entire internal
surface structure of the eggshell. However, this arrange-
ment was denatured in the corresponding hydrochar due
to the application of heat at 200 °C for 20 h. The presence
of protein matrix observed in raw eggshell resulted in the
emission of hydrogen sulphide (H,S) due to decomposi-
tion of the organic components while in solution. These
fibres and albumin covering may have contributed to the
low total surface area of the eggshell. However, denatur-
ing of the fibre network increased the surface area of the
hydrochar (see Sect. 3.3), which could enhance its biosorp-
tion capacity and reusability.

3.1.2 SEM of raw coco-peat

The SEM images of raw coco-peat, Fig. 3(a) and (b) show
uneven exterior surfaces made up of a series of plates
which according to Rencoret et al. [28] suggests that coco-
nut fibres are made from the fusion of lignin and pectin
compounds. The plate structure was corroborated by the
high surface area, but relatively smaller pore size meas-
ured in the raw sample by the BET. The HTC treatment
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Fig.2 SEMimages of ES at 100x and 1000x: a and b raw; c and d hydrochar

destroyed the smooth organic plate (lignin and pectin)
structures which were converted into the flaky-hollow
tubes shapes shown in Fig. 3(c) and (d). These changes
contributed to an increase in the surface area of the hydro-
char (Sect. 3.3).

3.1.3 SEM of rice husk

Rice husks contain structural plant organics such as hemi-
cellulose, crystalline cellulose and lignin but also storage
compounds such as starch glucose and bio-oil [28, 29].
The presence of these organics affects the husk total sur-
face area. The SEM micrographs of the raw rice husk shown
in Fig. 4(a) and (b) reveals regular symmetrical ridge-like
strands of cells which conform to results reported by Kunal
et al. [30] and Qiang et al. [31]. The regular cellular struc-
ture observed on the exterior husk of the micrographs
makes the appearance of this waste different to other bio-
mass wastes. However, heating at 200 °C for 20 h changed
the organics to produce brittle and flaky hydrochar leaving
residual indented plates as shown in Fig. 4(c) and (d). The
surface area and porosity of the hydrochar were increased
compared to those of the raw husk (Sect. 3.3).

3.1.4 SEM of lemon peel

The scanned images of the raw lemon peel, Fig. 5 (a) and
(b) reveals pitted fragmented surfaces at 100x and smooth
plates at the higher magnification. This confirms an earlier
study by Kamsonlian [32], who reported SEM images of
raw orange peels as smooth and non-porous. Carbonised
lemon peel on the other hand, produced flaky and coral-
like shape structures which clumped together as illus-
trated in Fig. 5(c) and (d). It was concluded that the lipids,
essentials oils and proteins that initially held the structure
together have been destroyed.

3.1.5 SEM of coconut shell

The SEM analysis of the raw coconut shell is shown in
Fig. 6(a) and (b). The surface of the raw coconut shell at
the low magnification was irregular and porous, with a
grooved plate at the higher magnification. The organic
components in raw coconut shell were reported as lignin,
hemicellulose and cellulose [33, 34]; which would have
been modified by the heat to reduce the organics con-
tent. Figure 6(c) and (d) of the coconut hydrochar show
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changed surface characteristics with an increased surface
area and therefore, improved sorption capacity for adsorp-
tion. Generally, the hydrochars have shown an increased
surface area, development of finer pores and reduced pore
size. It was concluded that these changes would increase
the number of actives sites for pollutant binding.
Previous studies have also reported on the changes
that HTC has on the structure of biomass although none of
these studies have linked the results to the sorption poten-
tial of the hydrochars. For instance, Titirici et al. [35] noted
that the sponge-like structure of hydrochar was resistant
to high applied electron fluxes from the SEM, which they
suggested was evidence for a tightly cross-linked carbo-
naceous structure. Similarly, Heilmann et al. [36] observed
that HTC of algae at 200 °C for 2 h increased the rough-
ness of the surface, while that from maize silage showed a
fibrous structure when carbonised at 230 °C within 2-10 h
of retention time [37]. A rougher and porous surface was
also observed for hydrochar from bamboo carbonised at
220 °C for 6 h [38]. The disruption of the colloidal structure
and increase in porosity of the carbonised material were
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found to improve the filterability of sewage sludge hydro-
char slurry [39].

3.2 Elemental composition

The elemental composition of the raw biomass and cor-
responding carbonaceous materials by CHN analysis
are shown in Table 1. Carbon content increased in the
hydrochar with a corresponding decrease in oxygen and
hydrogen contents, except for ES that did not change sig-
nificantly. As temperature increases, cleavage and crack-
ing of weak oxygen and hydrogen bonds occur during
carbonisation, resulting in increasing carbon content of
the hydrochars [40]. The increase in carbon content in the
hydrochar is the result of densification of the biomass dur-
ing HTC [14].

The lower H/C and O/C ratios are caused by dehydra-
tion and decarboxylation reactions during HTC [14]. The
lower H/C and O/C ratios in the hydrochars indicate that
they have relatively high levels of aromaticity and greater
abundance of oxygenated surface functional groups such
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as hydroxyl, carboxylate, and carbonyl groups, which are
explained later in Sect. 3.4 from the FTIR results.

Unlike the other biomass wastes that are predominantly
lignocellulolytic in composition, ES is a complex mixture
of interwoven protein fibers and polysaccharides with at
least 70% of the matrix being proteins [41]. In effect, the
ES may not have carbonised well under the HTC conditions
applied compared to the other biomasses, which was evi-
dent by the fact that the solids produced did not have a
dark colour compared to the other hydrochars.

The elemental analysis by EDS revealed the presence of
several elements (Table 2). Generally, carbon and oxygen
were the major elements in all the samples. Like the CHN
results, the hydrochars showed an increase in the carbon
content with a corresponding decrease in the oxygen con-
tent as results of the deoxygenating and decarboxylation
reactions that occurred during HTC. Calcium was largely
found only in the ES, with the content increasing after car-
bonisation probably due to the rise in activation tempera-
ture and densification. As shown in Table 2, most of the
trace elements present in the raw biomass are removed
from the hydrochars following HTC. This is because most
of the inorganics dissolve in the reaction media during
HTC [8, 14].

3.3 Surface area, pore volume and pore size
characteristics

The BET surface area and pore characteristics of the raw
biomass and hydrochars are summarised in Table 3. The
results showed that HTC at 200 °C for 20 h produced hydro-
chars with a higher surface area and pore volume, whilst
the pore size decreased compared with the correspond-
ing raw biomass. Coconut shell hydrochar has the highest
mesoporous surface area followed by the RH hydrochar,
which is an indication of more active sites for adsorption
of contaminants. Eggshell hydrochar has the least surface
area and pore volume but the highest pore size, which was
due to that fact that the ES may not have carbonised under
the HTC conditions as explained earlier.

The surface areas of CS, CP, RH and LP hydrochars
are within values reported by other studies for hydro-
chars from different biomass. For example, Fang et al.
[17] reported that hydrochars produced from bagasse,
hickory and peanut at 200 °C have higher surface area
and pore volume than the starting biomass. In their
study, the surface area of the hydrochars produced
from bagasse, hickory and peanut were 10.70, 7.80 and
7.10 m?/g respectively. Furthermore, Titirici et al. [35]
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reported a meso-pore surface area (BET) of 0.20 m2/g
for orange peel hydrochar carbonised at 200 °C for
20 h, which is significantly lower than the surface area
of lemon peel hydrochar obtained in this study. Other
surface areas reported in their study were 12.0, 34.0 and
15.5 m?/g for pine needles, pinecone and oak leaves
respectively.

The surface areas of activated carbons are higher than
those found in this work as well as those reported for
other hydrochars. For instance, Alaoui et al. [9] found 83.0
m2/g and 53.0 m?/g as surface areas for activated bone
char pyrolysed at 400 °C and 600 °C respectively. Similarly,
Lima and Marshall [42] reported 253.0-548.0 mz/g surface
area for activated carbon produced from broiler manure
pyrolysed at 700 °C for up to 75 min followed by activation
at 800 °C.

The characterisation by N, adsorption-desorption
plots for the adsorbents are illustrated in Fig. 7. This study
revealed that higher meso-pore was obtained in the range
of 1.0-4.0 ml/g, indicating an onset of the porous structure
with dominating pore diameter at approximately 3.0 ml/g
for the hydrochars of coconut shell, rice husk and lemon
peel; while the remaining hydrochars produced non-
porous or macro-porous materials characterised by weak
affinity between adsorbent and adsorbate and within
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the molecules as well. Practically, neither of these plots
showed hysteresis.

The plots in Fig. 7 except that of raw rice husk correlated
well with type Il isotherm of the BET adsorption theory,
which do not follow the Langmuir adsorption model.
This means that adsorption using these materials will be
monolayer (represented by the flatter region in the mid-
dle part), formation of multilayer at medium pressures and
then capillary condensation at higher pressures [43]. The
middle part, which is flatter represents the formation of
a monolayer, which started at the knee. At medium pres-
sures, multilayer formation occurs, and capillary conden-
sation occurs at the higher pressures [19, 43]. The raw rice
husk plot correlated with type lll isotherm, which indicates
that adsorption will lead to the formation of only a mul-
tilayer. Hence, BET is not applicable because there will be
no monolayer [43].

A hysteresis loop at pore size of about 5.0 nm for
pinecone hydrochar carbonised at 200 °C for 20 h was
reported by Titirici et al. [35]. According to their study, gas
sorption measurements are sensitive only to pore sizes of
up to 30.0 nm. This means that the macro-pore structure
of the hydrochars and the biomass was not indicated in
these measurements. As shown in Table 3, average pore
diameter of the hydrochars from the BJH method was in
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Fig.6 SEM images of CS at 100x and 1000x: a and b raw; c and d hydrochar

Table1 Elemental

o . Element Raw biomass Hydrochar
composition by CHN analysis (% wt)
ES RH LP CcpP cs ES RH LP CcP (@
C 12.74 3888 42.07 36.66 48.07 1218 4866 4866 63.21 58.55
H 0.23 5.39 5.99 3.95 5.59 0.20 4.27 5.63 4.63 5.40
N 0.37 0.76 1.61 0.48 0.22 0.16 0.62 2.25 0.72 0.41
o? 86.66 5498 5032 5891 46.12 8746 4645 3047 3145 35.64
H/C 0.02 0.14 0.14 0.11 0.12 0.02 0.09 0.09 0.07 0.09
0o/C 6.80 1.41 1.20 1.61 0.96 7.18 0.95 0.49 0.50 0.61
C/N 3444 5115 2613 7691 21524 7777 7891 2744 8841 143.98

3Calculated as difference between 100 and total of C/H/N

the range 14.02 to 18.89 nm, with ES hydrochar having
the largest pore diameter of sorption effective pores of
18.89 nm, but the smallest absolute surface area of 0.5
m?/g for only the meso-pores. Raw rice husk has the larg-
est pore diameter of sorption effectiveness of 40.98 nm
and an absolute surface area of 0.46 m?/g. This revealed
that the hydrochars contain no micro-pores (at<2 nm
diameter). However, in conventional activated carbons
which are produced at high temperatures; the BET method
suggests presence of micro-pores (<2 nm diameter) at
higher surface area of over 2000 m?/g [44].

3.4 FTIR of raw biomass and hydrochars
3.4.1 FTIR of coco-peat

Figure 8(a) illustrates that strong absorptions were
observed at 3333.81 cm™' (hydroxyl! stretching vibra-
tion), 2917.39 cm™' (methylene stretching vibration),
and 1029.88 cm™' (1,4-glycosidic band), which were the
characteristic bands in the cellulose structure in raw CP.
Besides, the wave number at 1606.85 cm™' was ascribed
to the skeletal C=C stretching vibration in the aromatic
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Table 2 Elemental

. Element Raw biomass Hydrochar
composition by EDS (% wt.)

ES RH LP CcpP (&) ES RH LP CcpP (&)
C 28.2 53.7 49.3 54.6 62.2 28.6 714 72.5 67.8 85.9
(0] 394 43.8 48.4 41.2 355 299 284 26.0 315 13.9
Ca 26.3 0.7 0.5 0.2 - 36.1 - 1.0 0.1 -
P 3.5 - - - - 44 - - - -
S 0.4 - - - - 0.3 - - - 0.1
Si - 1.1 - 0.2 - - - - 0.2 -
Cl - 0.2 - 0.9 - - - - - -
K 0.1 0.2 1.0 1.6 0.1 - - - - -
Na - - 0.1 0.4 0.1 - - 0.1 - -
Mg 1.1 - 0.1 0.1 - 0.7 - 0.1 - 0.8
Pb 0.2 - 0.2 0.2 - - - - - 0.5
Fe 0.1 0.1 0.1 0.1 0.1 - 0.1 0.1 0.2 -
Al 0.1 - 0.1 0.1 - - 0.1 - 0.1 -
Mn - 0.1 - - - - - - - -
Cu - 0.1 0.1 0.2 0.1 - 0.1 0.2 0.1 -

rings’' bands of lignin. Also, the appearance of an absorp-
tion band at 1420.68 cm™' was related to the stretching
vibration of C-O-C group ring vibrations of carbohydrates.
The strong band at 1424.22 cm™' was a characteristic of a
weak vibration of the aliphatic N-O group. The stretched
absorption peak at 512.87 cm™' could be assigned to the
presence of alkyl halide (C-X) and disulphide groups.
Peak 1235.42 cm™’ corresponds to C-O, which indicates
the presence of carboxylic acid groups. However, Fig. 8(b)
is the hydrochar of CP which shows a slight shift in the
absorptions observed at 3341.97 and 2937.81 cm™' com-
pared to the raw CP. Carbonisation leads to dehydration
and deoxygenation of the material forming more carbon

Table 3 Surface characteristics of the various biomass adsorbents

Materials Parameters
BET surface Pore volume  BJH pore size
area (m%/q) (cm3/qg) (nm)
Raw biomass
Coconut shell 0.710 0.003 17.860
Coco-peat 1.230 0.004 21.460
Rice husk 0.460 0.003 40.980
Lemon peel 0.310 0.001 20.070
Egg shell 0.090 0.001 21.160
Hydrochar
Coconut shell 21.820 0.090 14.020
Coco-peat 2.140 ND 8.850
Rice husk 15.740 0.031 8.850
Lemon peel 6.890 0.037 13.630
Egg shell 0.500 0.002 18.890

ND =Below detection level due to fewer than 2 data points
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content [14]. This could be the reason for the shift in the
observed absorption.

3.4.2 FTIR of coconut shell

FTIR spectrum of the raw CS and hydrochar after car-
bonisation are shown in Fig. 9. From the result of the raw
CS (Fig. 9a), the band shifting around the broad peak at
3343.69 cm™ indicates the possible involvement of a
hydroxyl group. The peak at 2929.98 cm™' is due to the
CH stretching that causes vibrations of CH, CH, and CH;
groups. The major changes that are seen in the regions
from 3343.69 cm™' and 2929.28 cm ™' t0 3336.98 cm™' and
2938.45 cm™" are due to the presence of hydroxyl group
(OH) and alkyl (CH) stretching, which is greatly decreased.
However, by charring, lignin in the raw CS was decom-
posed via deoxygenating and dehydration resulting in a
hydrochar with high carbon content.

The intensity spectrum of CS hydrochar is shown in
Fig. 9(b), which was lower compared to its raw CS. The
low intensity is an indication that C-H has peaks below
950 cm™". This observation is consistent with the results
obtained from the previous elemental analysis.

3.4.3 FTIR of rice husk

The FTIR spectra of raw RH (Fig. 10 a) shows some domi-
nant peaks at 3333.93cm™',2917.65cm™, 1634.66 cm™',
1032.83 cm™', and 783.68 cm™', which represent O-H
stretching, aliphatic C-H stretching, aldehyde C-H
stretching, C-O-H stretching, and Si-O stretching,
respectively. These peaks changed with the carbonised
rice husk where the O-H stretches at 3398.71 cm™',
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Fig.7 Gas sorption measurements characterising the meso-pore structure of the: a raw biomass; and b hydrochars

aliphatic C-H stretching at 1616.90 cm™' and the C-O-H
stretching at 1030.54 cm™' reduced greatly, but the Si-O
stretching at 788.07 cm™' can be observed as shown in
Fig. 10 (b). From a physical perspective, there was no sig-
nificant variation between the band peaks in the hydro-
char to those observed in the raw biomass. This means
that even after carbonisation, fragments of lignin and
other intermediate structures remained; indicating their
inability to be totally decomposed during deoxygena-
tion and dehydration reactions at the HTC temperature.

3.4.4 FTIR of lemon peel

The FTIR spectra of raw LP (Fig. 11a) shows a peak at
3289.52 cm™!, which represents O-H groups in the
carbohydrate and lignin. The intense peak around
1017.46 cm™' corresponds to the linkage of C-O-H or
C-0O-R (alcohols or esters), while the C-H stretching
is represented in the peak around 2919.26 cm™' and
2851.35 cm™'. Carbonisation of the lemon peel reduced
these peaks Fig. 11(b), but still there were observations
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of the O-H group and C-H stretching with slight inten- ~ 3.4.5 FTIR of eggshell

sity for the linkage of C-O-H or C-O-R (alcohols or

esters). These functional groups are characterised by = The observation described in Sect. 3.2 about the EDS
the presence of protein, pectin, cellulose and pigments.  on eggshell was also demonstrated by the FTIR spectra,
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shown in Fig. 12(a). The intensity of the peaks for the raw
ES were significant at 1393.63, 871.16 and 711.98 cm™,
which is strongly associated with the presence of carbon-
ate minerals alkyl halide within the ES matrix. In Fig. 12(a),
the two notable peaks 3278.58 cm™' and 1645.37 cm™!
associated with -OH and C-H group are missing in the
hydrochar as shown in Fig. 12(b). This may be due to the
in-plane and out-plane deformation modes of the calcium

carbonate during carbonisation. Hence, it can be deduced
that carbonisation via HTC at 200 °C for 20 h did not have a
significant change on the surface functionality.

3.4.6 Summary of the functional groups

Table 4 summarises the intensity of peaks on the IR (infra-
red) absorption spectra and their interpretations. The raw
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biomass has shown to contain constituents such as glu-
cose, lignocellulosic, cellulose, hemicelluloses and lignin.
However, some constituents observed in raw biomass dis-
appeared in the corresponding hydrochar.

The hydrochars contain a larger number of oxygen-
ated functional groups, such as hydroxyl, carboxylate,
aromatic and carbonyl groups than their corresponding
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raw biomass. These functional groups have been found
to yield a greater cation exchange capacity (CEC), which
is beneficial for sorption of positively charged contami-
nants such as heavy metals [15, 17, 18, 45]. This indi-
cates that the hydrochars produced in this study have
the potential for used as sorbents for heavy metals and
other contaminants.
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4 Conclusion

Biomass wastes comprising of coco-peat (CP), coconut
shell (CS), rice husk (RH), lemon peel (LP) and eggshell
(ES) were hydrothermally treated at 200 °C for 20 h in
order to investigate their potential to be used as adsor-
bents and to examine the effect of the carbonisation on
their sorption characteristics. The study demonstrated

that the hydrochars produced from these biomass
wastes have the potential to be used as adsorbents.
Except for raw rice husk that exhibited type Ill isotherm,
all the raw biomass and the hydrochars correlated well
with type Il isotherm. The SEM images showed that
the hydrochars have porous structures, which resulted
from denaturing of biomass structures. The surface area
of the hydrochars were significantly higher than the
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corresponding raw biomass, with CS hydrochar having
the largest surface area (21.82 m?/g), whilst ES hydro-
char the smallest (0.5 m?/g). The enhanced porosity and
surface area of the hydrochars result in more characteris-
tics active sites for sorption of pollutants. The hydrochars
have an increase in the carbon content and a decrease
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in oxygen content with lower H/C and O/C ratios than
the untreated biomass, which indicate that the hydro-
chars have high levels of aromaticity and greater abun-
dances of oxygenated surface functional groups. The
major functional groups identified in the hydrochars
were the hydroxyl (-OH) and carboxylic acids (-COOH),
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Table 4 Summary of IR absorptions in raw biomass and hydrochars

Adsorbent Wavelength (cm™) Functional group Interpretation
Raw biomass Hydrochar
Coco-peat 3333.81 3341.97 O-H Indicates the presence of hydroxyl, water, alcohols due to cellulose, phenols
and lignin
2917.39 2937.81 C-H Indicates the presence of alkane suggesting methyl and methylene groups
1606.85 1605.44 c=C Presence of aromatic rings due to lignin
1235.45 1031.97 c-0 Due to vibration from ethers, phenols, aliphatic alcohols
512.87 — C-Br Alkyl halide
Coconut shell 3343.69 3344.51 O-H Presence of hydroxyl, water, alcohols due to cellulose, phenols and lignin
2929.98 2931.14 C-H Small peaks due to absorption from CH bond of aliphatic carbon, methylene,
and methyl groups
1724.74 1603.93 Cc=0 The vibration due to the esters, carboxylic acids or aldehydes or ketone pre-
sent in the cellulose and lignin
1239.92 1027.45 c-0 Presence of ethers, phenols, aliphatic alcohols
1031.76 — C-O-H Means there is deformation in cellulous
Rice husk 333393 3398.71 N-H Occurrence of OH, carboxyl and amine groups due to high formation of
amide in the hydrochar
2917.65 — C-H Small peaks due to absorption from CH bond of aliphatic carbon, methylene,
and methyl groups
1634.66 1616.90 c=0 Aliphatic C-H stretching
1032.83 1030.54 C-O-H Means there is deformation in cellulose
783.68 788.07 Si-O Indicates the vibration of silica
Lemon peel  3289.52 3338.11 O-H Hydroxyl, carbohydrate and lignin. Indicates the presence of constituents
such as protein, pectin and cellulose
2919.26 2917.57 C-O-R Presence of esters
1606.87 1609.01 Cc=0 Aromatic skeletal vibration
— 600.95 Cc-cCl Alkyl halide
Eggshell 3278.58 — OH Hydroxyl, carbohydrate, and lignin. Indicates the presence of constituents
such as protein, pectin, and cellulose
1793.61 1796.06 c=0 The vibration due to the presence of esters, carboxylic acids or aldehydes and
ketone
1393.63 1393.63 CH; bend Aliphatic C-H stretch in CH;
871.16 871.10 C-F Presence of aromatic ring
711.98 71213 C-Br Presence of aromatic ring

which indicate that the hydrochars have the potential to
be used for inorganic and organic contaminants reme-
diation purposes. Conclusively, the abundance of these
biomass waste materials in developing countries and
the moderate HTC temperature required make these
produced hydrochars suitable for potential practical
applications, especially in developing countries.
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