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Abstract

Agriculture and food processing waste valorization is a sustainable process to protect the environment and to produce high
added—value products. In this context, this study focuses on the conversion of two abundant agrifood residues largely available
in Algeria, namely date pits and olive stones into carbonaceous materials. These biomasses were hydrothermally carbonized
at 220 °C for various residence times ranging between 10 and 48 h. Then, the derived hydrochars were activated at 750 °C for
1 and 3 h under a carbon dioxide (CO,) atmosphere. Several techniques were used to characterize the obtained carbonaceous
materials including gas adsorption, scanning electron microscopy (SEM), Fourier transform infrared (FTIR), Raman, and
X-ray diffraction spectroscopy. Results showed that the obtained hydrochars present high mass yields, important amounts
of oxygen groups, relatively low porosities, and low specific surface area (less than 24 m?/g for all hydrochars). However,
the derived activated carbons (after 1 h of CO, activation) show an increase of specific surface areas to 449 and 562 m*/g
for date pits and olive stones, respectively. Moreover, the hydrochar activation process leads also to the development of both
narrow and large micropores. The increase in the residence time favors the formation of carbon microspheres and increases
the microcrystallites (aromatic rings). This spherical structure development is significantly promoted after the activation
process. Therefore, the produced activated carbons have interesting textural, structural, and chemical properties indicating
their potential for pollutants removal from aqueous and gaseous effluents.
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1 Introduction

According to the Directive 2009/28/EC [1], biomass is des-
ignated as biodegradable products, wastes, and residues of
biological origin from agriculture (plant and animal sub-
stances), forestry, and related industries, including fishing
and aquaculture, as well as the biodegradable fraction of
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industrial and municipal wastes. Biomass is also considered
a clean and abundant renewable resource that could play
several roles in the sustainable development. In particu-
lar, biomass can be used for energy production [2], carbon
sequestration, and also as a major component in the produc-
tion of carbonaceous materials and biofuels [3, 4]. The use
of biomass feedstocks to produce carbonaceous materials
such as biochars and hydrochars is well desired since it could
provide reliable solutions for solid waste management, lower
the cost of raw materials, and allow the finished product
quality to be adjusted for various uses [5].

Algeria has many agro-food factories and farms generat-
ing huge amounts of unexploited agrifood wastes. The total
amount of agricultural wastes generated by the country was
estimated to be around 13.6 million tons per year in 2019
[6]. Basically, biomass is used as animal food or dumped in
nature in a hazardous manner causing severe damage to the
environment. According to recent statistics available from
the Algerian press service and the Directorate of Agricul-
tural Services (DAS), Algeria produced about 1.2 million
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tons of dates and more than 1.0 million tons of olives in
2019 [7].

The biomass conversion into useful products or energy
can be performed by different techniques such as hydrother-
mal carbonization, dry torrefaction, and pyrolysis. Hydro-
thermal carbonization (HTC) is defined as a thermochemi-
cal conversion process of wet precursors into added-value
products such as hydrochars and biofuels [3, 5, 8]. The HTC
method is an exothermic process employing subcritical
water (hot water under pressure) to transform humid biomass
into carbonaceous materials produced by lowering both the
precursor oxygen and hydrogen contents (as measured by the
molecular O/C and H/C percentages) through dehydration
and decarboxylation reactions [3]. The production tempera-
ture is generally between 170 and 280 °C, and the pressure is
autogenously (2-5 MPa). Typically, the reaction pressure is
uncontrolled and autogenic with a saturation vapor pressure
corresponding to the reaction temperature [9, 10]. When
compared with pyrolysis, the HTC process has numerous
benefits such as relatively low operating temperature dur-
ing carbonization, the ability to use biomass having high
moisture contents, and the development of carbonaceous
materials with specific developed surface morphology (for
example, a hollow spherical structure) and chemistry (rich-
ness in oxygen functionalities such as hydroxyl and carboxyl
groups). These properties improve hydrochar chemical reac-
tivity and promote their use in various applications such as
adsorption and catalysis [10—12]. Hydrochar prepared from
biomass can be used as precursors in many fields including
energy production, soil amendment, and gas storage [10,
13—-15]. Moreover, hydrochars have been recently considered
efficient adsorbents. Generally, a carbonaceous adsorbent
can be defined as a material mainly composed of carbon
with appropriate porosity (high surface area and micropore
volume) and chemical surface proprieties improving its abil-
ity to retain molecules onto its surface [10]. Among vari-
ous carbonaceous adosrbents, activated carbons (ACs) have
been distinguished for their large applications. Therefore,
new preparation methods are used in order to get the most-
efficient physical forms and structures. ACs are usually
obtained by physical or chemical activation [16]. Physical
activation is a technique used to improve the porous proper-
ties of carbonaceous materials. The thermal (physical) acti-
vation is usually achieved by using CO,, steam, or a mix-
ture of these oxidizing gases [14] at quite high temperatures,
often between 700 and 900 °C.

In this study, the production of hydrochars from abundant
wastes (date pits and olive stones) and their corresponding
activated carbons is reported. The preparation of ACs from
hydrochars may be a saving energy method compared to the
pyrolysis process since the used temperature treatment is
usually lower for the case of HTC. The use of hydrochars as
precursors for producing ACs has shown interesting results
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in porosity and chemical surface properties development
[17, 18]. In the available literature, there is no investigation
on the characterization of ACs produced by CO, activation
of hydrochars derived from date pits and olive stones. For
this purpose, textural and chemical structural proprieties of
hydrochars and activated hydrochars are investigated in this
present study. Moreover, the development of the AC porosi-
ties is assessed as a function of the activation degree.

2 Materials and methods
2.1 Feedstock preparation protocol

Date pits and olive stones were used for the production of
hydrochars. Date pits were obtained from a date paste pro-
duction plant in Biskra Province, in the southeast of Algeria.
The olive pomace wastes were collected from an olive oil
mill in Mila Province (Northeast of Algeria). These bio-
masses were washed with water and then dried in an oven
at 105 °C for 12 h and then grounded and sieved to retain
the fractions between 0.5—-1 mm and 1-2 mm, respectively.

2.2 Experimental procedure
2.2.1 Hydrothermal carbonization (HTC)

The HTC experiments were achieved in an autoclave of type
Top Industrie (Vaux le Penil, France) with a capacity of
250 mL (Fig. 1). It consists of two parts: an internal, remov-
able, and inert part made of PTFE (polytetrauoroethylene) in
which the reagents are introduced, and an external part made
of stainless steel allowing to keep the system tight during
the whole experiment.

In this work, around 10 g of biomass (fruit stones) and
30 g of water (corresponding to a solid/liquid ratio of 1:3)
are introduced into the internal part of the PTFE autoclave.

screw rod

Cork

Telfon vessel

Pressure vessel

water or other solvent

» solid (biomass)

lower stainless steel disc

Fig.1 Schematic diagram of the used autoclave
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The system (autoclave with reagents) is then placed in an
oven at temperatures of 220 °C for a given time “t” + 30 min.
This 30-min duration is considered equivalent to the rise in
temperature in the autoclave. During this work, the HTC
was fixed to 220 °C. This parameter value permits to obtain
hydrochars with interesting physico-chemical properties [10,
19]. The effect of the residence times was assessed at 10,
24, and 48 h. At the end of this HTC process, the autoclave
was kept to be naturally cooled to ambient temperature. The
solid phase was then separated from the liquid one by sim-
ple filtration. Then, this solid residue was rinsed four times
with distilled water in order to completely remove tar and
bio-oil and afterward dried at 105 °C in the oven for 12 h.
The synthesized hydrochars were denoted “P-t,” where “P”
represents the precursor (DS, date stones; OS, olive stones),
and “t” is the residence time of carbonization. For example,
DS-24 represents the hydrochar sample issued from date
stones prepared by HTC at a temperature of 220 °C and a
residence time of 24 h.

2.2.2 Synthesis of activated carbons

This step concerns the synthesis of ACs from the prepared
hydrochars using physical activation with CO,. These
spherical activated carbons were prepared by using N, and
CO, (Fig. 2). During this research work, the temperature
and heating rate of the activation process were fixed to
750 °C and 10 °C/min, respectively. These optimal values
were deduced from previous investigations [14, 20, 21].
Practically, the hydrochars issued from date pits or olive
stones were heated in a horizontal tubular furnace for a con-
stant gradient of 10° C/min and under an inert gas of N,
(40 mL/min). When the activation temperature (750 °C) was
attained, the N, gas was switched to CO, and the activation
continued for a chosen time (1 or 3 h). Then, the activated
carbon was cooled under N, to room temperature.

The obtained spherical activated carbons were labelled
O (olive) or D (date) S (stones); a—b, which represent the

hydrothermal carbonization time and the activation time,
respectively. For example, the activated carbon OS-24-1 is
prepared from the hydrochar OS-24 and activated for 1 h
under CO,.

The burnoff values of the synthetized ACs (BO (%)) were
calculated according to the following expression:

_ Wi —wr

BO
wt0

100

where Wy, and W, are the initial mass of the hydrochar
and the final mass of the corresponding activated carbon,
respectively.

2.3 Characterization of hydrochars and activated
carbons

2.3.1 Elemental composition analysis

The elemental composition in terms of moisture (wt. (%)),
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) of
the raw samples, hydrochars, and the activated carbons was
determined by using an analyzer “Flash EA1112, THERMO
FINNIGAN.”

2.3.2 Textural and surface morphology characterizations

The textural properties of the synthetized hydrochars
and ACs were carried out by using a BET apparatus test
“Micromeritics Smart VacPrep.” This technique is applied
to calculate the specific surface area and pore volumes
of hydrochars and activated carbons from the quantity of
nitrogen (N,) and carbon dioxide (CO,) adsorbed at boil-
ing temperatures of — 196.15 °C and 0 °C, respectively. The
specific surface area N, (Sgpr) was calculated using the BET
equation. The narrow or ultra micropore (< 0.7 nm) volume
“V(CO,)” and the wide or super micropore (0.7-2 nm) vol-
ume “V_;(N,)” were determined from CO, and N, adsorp-
tion isotherms using the Dubinin-Radushkevich equation.

Fig.2 Used hydrochar activa-
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The total volume (V) was deduced at relative pressure equal
to 0.95 and the mesopore volume (V,,,.) was calculated from
the difference between the total and micropore volumes.

Moreover, scanning electron microscopy (SEM) analyses
were used to determine the surface morphology of hydro-
chars and activated carbons. The images were obtained
through JEOL JSM 5800LV apparatus.

2.3.3 Surface chemistry

Fourier transform infrared (FTIR) technique was used to
identify the different chemical groups present in the surface
of the synthetized carbonaceous materials. Hence, hydro-
chars and activated carbons were ground to a fine diameter
and analyzed. Measurements have been made for 32 s in the
range of 400 to 4000 cm™! using the infrared spectrometer
Bruker (VERTEX 70 Fourier).

2.3.4 Structure characterization

In order to study the structure of the prepared hydrochars and
activated carbons, Raman and XRD analyses were carried
out. Raman analysis was performed on a Renishaw InVia
spectrometer with a microscopic setup, using an exciter line
of the Argon laser with wavelength A=514.5 nm. The used
laser is of 2 mW power and is focused on the sample with
a 20 x and 50 X objective having a depth of 8 mm, with a
scan of 100 to 4000 cm™~"'. In addition to Raman, an X-ray
diffraction (XRD) apparatus (SEIFERT Analytical X-ray M2
VIE) was used to identify the crystalline phases present in
the prepared materials. Analyses were carried out using a
Cu-K radiation source operating at a voltage of 40 kV. The
diffraction angle (20) was changed from 2.5 to 10° for the
activated carbons and from 10 to 80° for the hydrochars [22].

3 Results and discussion
3.1 Elemental analysis

Table 1 shows the elemental analysis of the two raw materi-
als (olive stones and date pits), and the synthetized hydro-
chars and activated carbons. For all hydrochars, as expected,
when increasing the residence time, the carbon contents
increase, while the fractions of oxygen decrease, and the
contents of hydrogen remain almost constants. The nitro-
gen contents slightly increase for hydrochars issued from
date pits. However, the percent weight of sulfur is below
the detection limit.

The atomic ratios were determined and evaluated in a
Van Krevelen diagram, to accurately describe how raw mate-
rial hydrochars and activated carbon atomic compositions
change. The change in carbon contents from the biomass to
hydrochar products is more pronounced for date pits than
olive stones (Fig. 3). This behavior can be explained by the
nature composition of the biomass samples. The evolution of
the O/C and H/C ratios shows the degree of deoxygenation
of the biomass, either by decarboxylation or by dehydration.
These processes allow the elimination of oxygen and hydro-
gen in the form of CO, and H,O, which results in less smoke
being generated during the HTC [23]. The Van-Krevelen
diagram (Fig. 3) exhibits that the HTC treatment decreases
the O/C and H/C atomic ratios of date and olive stones. The
evolution of the O/C and H/C atomic ratios of the hydrochars
indicates that the HTC of the date and olive stones occurred
essentially via dehydration reactions by removing oxygen
in the form of water. The obtained results are in agreement
with the literature suggesting that biomass loses hydroxyl,
carboxyl, and carbonyl groups, which lead to the cleavage
of aliphatic side chains that increases the aromaticity of the
carbon materials [24, 25]. The activation of hydrochars leads

Table 1 Elemental analysis of

. Désignation %N %C %H %0* %S H/C o/;c %ash

raw materials, hydrochars, and

activated carbons OS-raw 2.32 47.89 5.64 43.24 <LD 1.41 0.68 0.91
0S-10 0.21 64.17 4.79 30.62 <LD 0.89 0.36 0.26
0S-24 <LQ 67.08 4.86 27.80 <LD 0.87 0.31 0.21
0S-48 <LQ 68.83 4.63 26.34 <LD 0.81 0.29 0.20
0S-24.1 <LQ 88.52 0.90 10.58 <LD 0.12 0.09 LQ
DS-raw 0.81 45.61 6.53 47.05 <LD 1.72 0.77 0.96
DS-10 1.58 69.28 6.08 22.46 <LD 1.05 0.24 0.60
DS-24 1.58 70.07 6.03 21.98 <LD 1.03 0.23 0.34
DS-48 1.71 71.54 5.78 20.86 <LD 0.97 0.22 0.11
DS-24.1 1.92 81.73 0.71 15.64 <LD 0.10 0.14 LQ

(*by difference: O=100—(C+H+N+ash); <LD, below detection limit (LD <0.06% on CHNS-O); <LQ,
below the limit of quantification (LQ <0.2% on CHNS-O)
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to an additional increase in carbon contents and a reduction
of oxygen and hydrogen quantities [26].

3.2 Textural and surface morphology proprieties
3.2.1 Textural properties
Figure 4a—b exhibits the N, adsorption—desorption iso-

therms of the hydrochars derived from date and olive
stones as well as the spherical activated carbons produced

o
1

o
(3,1
1

Quantity Adsorbed (mmol/g)

o
o
1

atomic ratio (O/C)

by CO, activation. Additionally, the related textural
parameters obtained from the N, and CO, adsorption
are reported in Table 2. Figure 4a shows a poor adsorp-
tion behavior at low relative pressures and an important
adsorption increase at P/P,>0.9. All the samples analyzed
have low BET surface areas between 17 and 22 m?.g~! for
the hydrochars issued from olive stones, and between 17
and 24 m?.g™! for the date stones. Moreover, increasing
the time of carbonization, the narrow micropore (Vq,),
and the total pore volume (V) slightly increase. The pore
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Fig. 4 Nitrogen adsorption—desorption isotherms at— 196 °C for a hydrochars and b activated carbons
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Table 2 BET surface area and micro and mesopore volumes of hydrochars and activated carbons issued from the date and olive stones

Precursor Sample Yield Burnoff (%)  Sggr (mz.g’l) Vi (cm’. g’l) Vmi (N,) Vme (cm3.g’1) V(CO,) (cm3.g’1)
(em’. g™

HC-olive stones  OS-10 59.3 / 17.0 0.025 0.006 0.019 0.035
0S-24 52.2 / 18.8 0.024 0.006 0.018 0.041
0S-48 50.9 / 22.2 0.033 0.006 0.027 0.050

HC-date stones DS-10 48.9 / 17.6 0.022 0.005 0.017 0.047
DS-24 47.5 / 20.8 0.028 0.007 0.021 0.052
DS-48 43.5 / 24.0 0.030 0.008 0.022 0.052

AC-0S 0S-24.1  / 49.0 562.0 0.261 0.214 0.047 0.161
0S-243  / 51.3 606.0 0.325 0.229 0.096 0.169

AC-DS DS-24.1 / 55.0 448.8 0.243 0.170 0.073 0.156
DS-243 / 57.1 565.5 0.270 0.215 0.055 0.167

volume (V) values are low since they are in the range of
0.025-0.033cm>/g and 0.022-0.030 cm>/g for the hydro-
chars generated from olive stones and date stones, respec-
tively. These results are coherent with those reported in
previous works [27-29]. This low porosity of hydrochars
could be due to pore-clogging caused by volatile materials
that did not reach the liquid phase after the HTC treatment
[29].

On the other hand, activated carbons obtained from the
hydrochars show high N, adsorption (Fig. 4b). The iso-
therms exhibit the same shape which are characteristics of
microporous materials, with the presence of mesopores for
the sample OS-24-3 (presence of the hysteresis loop). The
0S-24-3 shows the highest mesoporous volume (Table 2).

After the hydrochar activation, the surface area and pore
volume of the AC significantly increase with the activation
time. Indeed, by increasing the activation time from 1 to
3 h, the burnoff slightly increases about 2%; while impor-
tant development of porosity is achieved. The BET surface
areas become larger (448.8-565.5 m%.g™!) for date stones
and (562.0-606.0 m’. g~ 1) for olive stones. These results are
larger than the BET surface area of ACs issued from olive
stones, sunflower stem, and walnut shell hydrochars acti-
vated with CO, (850 °C during 30 min). From Table 2, it
can also be observed that the narrow micropore and super
micropore volumes (V (CO,) and V_; (N,)) increase with
the burnoff (activation degree). Thus, the CO, activation of
hydrochars develops micro- and meso-pores. These results
are consistent with the role of this activating agent that usu-
ally creates narrow micropores and broadens the existing
pores in the material [4, 14]. Such results also indicate that
the CO, activation of chars or hydrochars issued from bio-
mass acts in the same way when producing activated car-
bons. Whereas, it is important to note that hydrochars are
more reactive than conventional chars. The hydrochar AC
reached 50% of burnoff rapidly compared to biochar AC
using the same precursor and activation conditions [14].

@ Springer

3.2.2 Surface morphology

The resulting hydrochars of the two precursors are brown
with some black particles, which corresponds to partially
carbonized materials. Analysis using microscopy techniques
(Figs. 5 and 6) showed important changes in the raw mate-
rial. Indeed, for the hydrochars obtained from date stones,
the SEM images show the appearance of spheres from a
carbonization residence time of 10 h. The development of
these spherical carbon continues with the increase of the
carbonization time. While for the synthetized hydrochar at
a duration of 48 h, a bursting of these spheres is clearly
noticed. In general, the particles keep the cellular structure
of the biomass, though they are microspheres on the surface,
which are probably produced from the transformation of the
cellulosic fraction. Similar behavior was noted by Kang Set
al. who revealed that microspheres were generated by the
polymerization reaction in a solution of the hydrolyzed cel-
lulose, such as glucose [30].

These microspheres have different diameters (Figs. 5c
and 6¢.), which may mainly represent the transformation
of cellulose and lignin hydrolyzed particles. On the other
hand, most of the spheres are grouped together. This indi-
cates that the conditions of the hydrothermal carbonization
of the biomasses are not optimal. At this stage, the formed
hydrochar spheres have not developed a complete individual
spherical form. This result is similar to previous works [31,
32], which showed that hydrocarbons generated from glu-
cose, starch, and cellulose contain an important quantity of
micro-spherical particles.

For all the syntesized ACs, their surfaces are richer in
microspheres (Fig. 7). This finding may be due to the high
applied heat treatment temperature of the hydrochars and
the CO, activation. Moreover, the AC images show cavities
that may be a result of the volatilization of organic matter at
750 °C. These cavities are responsible for the development
of micropores and mesopores.
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a) Raw.DS
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Fig.5 SEM images of date stone and its derived hydrochars

a) Raw.OS b) 0S.10

r
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Fig.6 SEM images of olive stone and its derived hydrochars

3.3 Structural analysis
3.3.1 Raman spectroscopy

Raman spectroscopy has been used for the carbonaceous
material characterization [33]. The method of curve-fitting
is the easiest technique as it uses only D and G bands [34].

Figure 8 shows the spectra obtained by Raman analy-
ses of hydrochars derived from olive and date stones that
are prepared for residence times of 10, 24, and 48 h. The
Raman spectra of these three hydrochars show the “D” and
“G” bands, as prominent peaks above 1380-1390 cm™!
which are associated to the nanocrystalline carbon and the
peak at 15851610 cm™' that corresponds to amorphous

F——20ym 1109 HT=15kV Mag=1400X

X 8,500 5.007 Lows3l sB

d) 0S.48

F———10pm 1120 HT=15KV Mag=3300X

carbon materials (still sp2 bonded), respectively. It is obvi-
ous that the “G” band has a higher intensity than the “D”
band, indicating the amorphous structure of the materials.
Hydrochar of date stones DS-10, DS-24, and DS-48 and
olive stones OS-10, OS-24, and OS-48 have I,/I; values of
0.70,0.74, and 0.76 and 0.71, 0.72, and 0.74, respectively.
It is worth mentioning that as the carbonization time
increased, the overall Raman intensities decreased. These
results may be due to the loss of sensitive groups like oxy-
genated groups and increasing micro-crystallites (aromatic
rings) in the chars [35]. The quantity of aromatic ring sys-
tems is growing, which may be linked to the increase in the
ID/IG ratios with the increase of the carbonization time. This
finding suggests that more carbon defects may exist [33].
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Fig.7 SEM images of activated carbons
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Fig. 8 Raman Spectra analysis of the hydrochars generated from a olive and b date stones

Furthermore, in the Raman spectra of the activated
carbons (Fig. 9), there are two bands located at approxi-
mately 1350 and 1600 cm™' representing the structures
of amorphous (D-band) and crystalline (G-band) car-
bon, respectively [33, 36]. The Raman intensities of ACs
decreased as compared with the parent hydrochars. This
behavior can be explained by the increase in aromatic-
ity of the ACs due to the high activation temperature
(750 °C). The peak D changed to a sharp form for the
ACs suggesting the increase in their structural order.

@ Springer

3.3.2 X-ray diffraction

Figure 10 gives the XRD spectra of the hydrochar OS-24 and
the corresponding activated carbon (OS-24.1). These two
spectra have different intensities and exhibit asymmetric peaks
corresponding to 20 ~25 and 20 ~44. The HTC process has
removed the microcrystalline structure due to the decomposi-
tion of cellulose [37]. A similar finding was reported by Kang
S et al. [30] when investigating the hydrothermal carboniza-
tion of lignin, cellulose, D-xylose, and wood meal.
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3.4 Functional groups analysis of fruits stones,
hydrochars, and activated hydrochars

The functional groups on the surface of biomasses (olive
and date stones) and hydrochars are shown in Fig. 11a. The
surface functional groups of alkene, ester, ketone, hydroxyl,
ether, and carboxyl are present in the raw materials and
hydrochars. The raw materials show broad absorption bands
with a higher intensity as compared to hydrochars. These
results are in agreement with those reported in previous
works [20, 38, 39] and confirm the presence of lignin, cel-
lulose, and hemicellulose in the raw biomasses.

Due to the biological nature of biomass material,
bands were identified in the wavenumber ranges of

26 (degree)

3600-2800 cm™' and 800-1800 cm™! [40]. The spectrum
obtained from FTIR analysis of all samples shows an
absorption band around 3292 cm™! which is attributed to
different -OH (hydroxyl) groups’ tensile vibration present
in carboxylic and hydroxyl groups [41]. The absorption
gaps between 2850 and 2918 cm™! mainly result from the
C-H stretching vibrations of the aliphatic molecules [28].
The peak at 1747 cm™! corresponds to the vibrations of the
C=0 bonds (carboxyl group in cellulose) [39]. The spec-
trum also shows a band at 1625 cm™ that can be imputed
to C=C bond stretching vibrations. The samples represent
also some peaks around 1450-1420, 1364, and 1313 cm™!,
representing respectively: stretching C=N, deformation C-H,
CH, bending in cellulose and hemicellulose, and stretching
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Fig. 11 FTIR analysis of the raw material and its derived hydrochars and activated carbons

—CH,/-CH; of ester [42]. Compressed bands between 927
and 1127 cm™" correspond to C-O bond stretching vibra-
tion in cellulose and hemicellulose whereas bands between
1021 and 1099 cm™! are assigned C-O groups in hydrochar
samples [38]. Finally, the bands at 810 and 865 cm™' are
attributed to the C—H bond out of plane bending of the aro-
matic ring.

On the other hand, the FTIR spectrum of activated car-
bons (Fig. 11b) shows that all the bands of the functional
groups have disappeared, except the absorption bands
between 1000 and 1600 cm™! with a lower intensity than
the hydrochar. This behavior may be attributed to the high
used activation temperature (750 °C). At this temperature,
almost all the surface complexes are eliminated and only
the most stable groups are conserved. The spectra of all
the ACs exhibit a band at 1600 cm™" that can be attributed
to—C=C or -C =0 stretching in aldehydes, ketones, or lac-
tones [43]. Additionally, in all the ACs, there is a peak at
around 1200 cm™. This peak can be assigned to the C-OH
stretching in phenolic groups.

4 Conclusions

Two series of hydrochars were prepared from date pits and
olive stones at 220 °C and residence times of 10, 24, and
48 h. The related generated hydrochars present a high mass
yield, an important amount of acidic and basic functional

@ Springer

groups, and relatively low porosities. The CO, activation
of hydrochars for 1 h shows an increase of surface areas
from 18 to over 449 m?.g~! for the date stones and from
20 to over 562 m%.g~! for the olive stones, with the con-
tinuous development of the micro- and meso-pore volumes,
and important reduction of both acid and basic functional
groups. Hence, it is clearly shown that the CO, activation of
hydrochars proceeds in the same way as for char activation.
Moreover, the increase in the residence time of HTC and the
high activation temperature favors the formation of carbon
microspheres that lead to significant changes in their surface
morphology. Furthermore, the activated carbons prepared
from hydrochars show a highly developed spherical struc-
ture and present a certain order in structure due to the high
activation temperature.

Activated carbons issued from date and olive stone hydro-
chars present interesting textural and chemical surface char-
acterizations which can be tailored for specific applications
such as pollutants removal from aqueous and gaseous efflu-
ents, gas storage, supercapacitors, or catalysis.
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