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ABSTRACT

Activated carbons of various physico-chemical characteristics were prepared from singly apricot,
loquat or date stones, and from binary mixtures of them (50/50 mass %) by phosphoric acid activa-
tion. The content in each of the three biopolymers was quantified by chemical and thermogravimet-
ric analyses. The surface chemistry of the activated carbons was characterized by elemental analysis,
Boehm titrations, point of zero charge measurements and infrared spectroscopy, and their porous
texture by adsorption of N, at 77 K and of CO, at 273 K. In the studied conditions of impregnation,
precursors bearing high hemicellulose contents, such as loquat stones, have afforded highly mes-
oporous activated carbons, whereas activated carbons stemming from precursors richer in lignin
and cellulose (i.e. apricot and date stones) have been found mainly microporous. The adsorption
properties of methylene blue on the prepared activated carbons have been compared and tentatively
correlated to their porosity and surface chemistry characteristics.

Keywords: Mesoporous materials; Microporous materials; Activated carbon; Adsorption; Surface
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1. Introduction

Despite the numerous studies dealing with the purifi-
cation of wastewater, the topic is still of great concern, as
human and industrial activities continually release new pol-
luting molecules in the environment. Many processes, such
as flocculation, coagulation, chlorination, ozonation and
adsorption, are commonly used with more or less satisfying
efficiency to improve water quality [1]. Among the different
techniques, adsorption is one of the most widespread meth-
ods, due to its low cost and easy implementation [2,3]. Even
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if a wide range of adsorbents have been developed by the
scientific community, this research area is still a burgeoning
one with the challenge of finding the most suitable adsor-
bent for a given adsorbate. Indeed, the efficiency of a depol-
lution process is directly linked to the adsorbent/adsorbate
interactions and to the adsorbent’s porosity [4,5].

Activated carbons (ACs) are among the most used adsor-
bents for water quality improvement thanks to their high
adsorption efficiencies, especially toward organic pollutants
[6]. These adsorbents can be produced by chemical or physi-
cal activation of a wide range of precursors [7]. The literature
reports the elaboration of ACs by activation of a styrene-
divinylbenzene copolymer [8], polyacrylonitrile fibers [9],
phenolic resins [10], oil sludge [11] and animal bones [12] etc.
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Many ACs have been prepared by phosphoric acid acti-
vation of local biomass (wood, straw, cotton stalk, etc.), as
this method is easy to perform and can generate, depending
on the experimental conditions, high surface area micropo-
rous/mesoporous adsorbents [13-17]. One key parameter
influencing the development of the porosities of the ACs
produced by phosphoric activation is the impregnation
ratio [18-20]. As for example, Molina-Sabio and Rodri-
guez-Reinoso brought out that the activation of lignocellu-
losic precursors using low phosphoric acid impregnation
ratios generated mainly microporous ACs, whereas an
additional mesoporosity could be developed by increasing
the acid concentration [18]. A second factor influencing the
textural characteristics of the adsorbents is the content in
biopolymers, such as cellulose, hemicellulose and lignin,
which are the main components but in different percentages
according to considered biomass precursors [21,22].

Typically, Rodriguez Correa et al. [23] have shown
that, by KOH activation of various biopolymers, cellulose
afforded ACs of highest surface areas and porous volumes,
closely followed by lignin, whereas hemicellulose resulted
in lowest surface areas and microporosities.

Jagtoyen and Derbishire [24] reported that the mech-
anism of phosphoric activation of wood consists in the
addition or insertion of phosphate groups in the biopoly-
mer matrix, yielding to a dilation process, resulting after
removal of the acid in an expanded state with an accessible
pore structure. They also stated that this acidic activation of
the amorphous hemicellulose and lignin produced mostly
micropores, while the activation of crystalline cellulose
afforded materials of wider pore size distributions.

Guo and Rockstraw [25] also reported that the devel-
opment of porosity was contributory of the preparation
conditions (H,PO,/precursor impregnation ratio and final
activation temperature) and of the nature of the polymeric
precursor. According to these authors, hemicellulose, which
is the most reactive polymer towards H,PO,, developed the
greatest mesoporosity at a relatively low impregnation ratio
(<1.1) and mild temperatures (<400°C).

Agro-food industry generates large quantities of bio-
mass which constitute interesting precursors of ACs due to
their contents in lignocellulosic biopolymers, in particular
by-products such as seed hulls, fruit stones, vegetable peels,
crustacean shells, etc. The valorization of these natural
resources is of great concern as their elimination/disposal
represents non-negligible additional operating costs. Over
the last two decades, many studies explored the elabora-
tion of low cost materials for specific applications from var-
ious by-products [26,27] and particularly from fruit stones.
Using sulfuric acid as an activating agent, Mouni et al.
have developed an AC of ~400 m*g surface area that was
tested for Pb(II) adsorption at low concentration [28]. More
recently, Marzbali et al. prepared an AC by phosphoric acti-
vation of apricot nut shells but their experimental condi-
tions did not allow them to develop specific surface areas
(BET) higher than ~300 m*g™[29]. ACs were also obtained
by a one-step physical activation of apricot stones (water
vapor, 700°C) by Sentorun-Shalaby et al., yielding to surface
areas below 500 m*g™[30]. Through the physical activation
with carbon dioxide, Sekirifa et al. have produced micropo-
rous activated carbons of BET specific surface area of about
500 m*g™', possessing high adsorption uptakes of 4-chloro-

phenol from aqueous solutions [31]. Loquat stones chem-
ically activated by NaOH and KOH [32] have given high
specific surface area ACs (1590-2900 m*g™). Very recently,
Plaza-Recobert et al. have prepared some super activated
carbons by CO, activation of loquat stones [33] with very
high surface areas reaching 3500 m*g.

As described above, numerous studies on the elabora-
tion of ACs from one type of fruit waste have already been
published. However and up to our knowledge, the AC
preparation from mixtures of various fruit wastes has never
been described in literature yet.

The aim of this work is to develop low cost ACs by phos-
phoric acid activation of binary mixtures of apricot, date and
loquat stones originating from Algeria. These three lignocel-
lulosic precursors have been selected for their different con-
tents in hemicellulose, cellulose and lignin biopolymers with
the aim of producing highly porous adsorbent materials
with tailored micro/meso porosities. Another objective was
to study the effect of the variation of the biopolymer compo-
sition on the porous volume and pore size of the produced
activated carbons. Prior to the preparation of the ACs, the
selected precursors have been fully characterized and their
contents in biopolymers (cellulose/lignin/hemicellulose)
determined. The textural properties and surface chemistry
of the prepared adsorbents have also been characterized and
correlated to their adsorption capacities of methylene blue.

2.Materials and methods
2.1. Biopolymer analyses of the precursors
2.1.1. Thermogravimetric analyses

The thermal decomposition of each precursor was stud-
ied on a SETARAM LABSYS TG apparatus, under a N, flow
(20 mL-min™), with a heating rate of 4°C-min~". Analyses
were performed using about 25 mg of sample.

2.1.2. Chemical extraction of the biopolymers

Prior to the composition study of the different consti-
tutive biopolymers of stones, the extractable organics (res-
ins, fatty acids, oil, grease, etc.) have been removed using
ASTM D1107-56 method [34], i.e., by heating and stirring
for 8 h under reflux a mixture of 2 g of precursor powder
(Apricot, Date or Loquat) in 100 mL of an ethanol-toluene
mixture (1:2 vol:vol). After filtration, the solid was dried at
100°C and weighed in order to determine the mass % of the
extractable organics.

In a second step, the lignin has been extracted from
the dried solid obtained previously (exempt of extractable
organics) by using boiling sulfuric acid according to ASTM
D1106 — 56 standard method. 1 g of the dried powder was
agitated with 15 mL of sulfuric acid (75 mass %) for 2 h at
room temperature. Then, 560 mL of water were added and
the resulting mixture was let under reflux for 4 h. The solu-
tion was then filtered off and the resulting solid was washed
with distilled water (500 mL) and dried (100°C). The per-
centage of lignin was estimated by difference of weight
between original and treated samples for each precursor.

In a third step, the holocellulose (i.e. both the cellulose
and hemicellulose) was extracted from the dried powder
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exempt of extractable organics. 2 g of powder were mixed
in a flask with 150 mL of distilled water, 0.2 mL of glacial
acetic acid and 1 g of sodium chlorite (NaClO,). The result-
ing mixture was then heated under reflux and stirred at
80°C for a total duration of 5 h. During this heating period,
1 g of NaClO, and 0.2 mL of glacial acetic acid were added
every hour. The mixture was further cooled in an ice bath
and filtrated. The solid was washed with distilled water
(500 mL) and dried at 100°C. The percentage of holocellu-
lose was estimated by difference of weight between original
and treated samples for each precursor.

For the cellulose content, 3 g of the powder obtained
after the third step were poured in 100 mL of a NaOH solu-
tion (17.5 mass %) for 30 min. 50 mL of distilled water were
then added and the dispersion was stirred for 5 min and fil-
trated. The solid was washed firstly with a NaOH solution
(8.3 mass%; 100 mL), secondly with acetic acid (10 mass%;
40 mL), thirdly with distilled water (1 L), and finally dried
(100°C). The percentage of cellulose was estimated by
weight difference of between original and treated samples
for each precursor.

2.2. Preparation of the activated carbons

ACs were prepared from raw lignocellulosic pre-
cursors and from their mixtures. Three precursors orig-
inating from Algerian food industry waste have been
selected: apricot stones (from Relizane), date stones
(from Ghardaia, South Algeria) and loquat stones (“Erio-
botrya japonica” from Blida). The collected stones from a
single variety of fruits and the mixtures of two different
stones (50 mass % each) were washed with boiling dis-
tilled water to eliminate the dust and the water soluble
substances. After drying (105°C, 24 h), they were crushed
in a mortar and sieved (<0.071 mm). The sieved powders
(samples of 40 g) were impregnated by 200 mL of H PO,
(50 mass%, Sigma-Aldrich) under reflux at 110°C for 3
h. The impregnated powders were then filtered, dried
(25°C, 24 h), giving impregnation ratio in the 0.4-1.25
range (defined as the ratio of the weight of H,PO, (g) to
the weight of dried precursor (g)) and further heat-treated
in air (700°C, 3 h). The temperature of heat treatment of
700°C was chosen instead of 500°C or 600°C in order to
optimize the iodine number of the prepared activated
carbons. After heat treatment, the activated carbons were
extensively washed with distilled water until no phos-
phate ions were detected in water by a lead nitrate test
and further dried (170°C, 3 h). The obtained ACs were
sieved to keep particles fractions lower than 0.071 mm.
The mass losses due to activation reached 65 to 77%. The
six prepared ACs from apricot, date, loquat, apricot/
date, apricot/loquat and date/loquat stones have been
labeled A, D,L, A/D, A/L and D/L, respectively.

2.3. Physico-chemical characterization of the activated carbons
2.3.1. Chemical analysis

The carbon, hydrogen, oxygen, nitrogen and sulfur
weight contents of the precursors and of the ACs were mea-
sured using a Thermo scientific CHNS/O — FLASH2000 ele-
mental analyzer (accuracy of + 0.3%).

The ash contents were determined after heating in an
oven under air atmosphere at 650°C for 16 h, according to
the ASTMD2866-70 standard method.

The “yield” of the ACs preparation is defined as the
ratio of the mass of the AC to the one of the dry stone pre-
cursors. The “burn off” is the weight loss percentage due to
the activation step.

2.3.2. Characterization of the surface chemistry

The morphology of the samples was observed by scan-
ning electron microscopy (SEM), using a LEO-Stereoscan
440 microscope. Local chemical compositions were deter-
mined using a Bruker AXS Quantax EBSD spectrometer
coupled to the microscope.

ATR-FTIR measurements were carried out on a Thermo
Scientific Nicolet iS10 spectrometer equipped with a germa-
nium crystal. 64 scans were cumulated for each spectrum,
with a spectral resolution of 4 cm™.

The pH,,. (pH of the point of zero charge) of the ACs
was determined using the pH drift method [35]. Flasks
containing 50 mL of a 0.01 mol-L™ NaCl solution were first
deoxygenated by N, bubbling for 2 h. The pHs of the deox-
ygenated solutions were then adjusted to successive initial
values (pH)) between 2 and 12, by addition of 0.1 mol-L™
HCI or NaOH. 0.15 g of AC was introduced in the flasks
which were maintained stoppered under agitation for 48 h,
time after which final pH values (pH,) were measured. The
pH,,. of a sample was determined graphically by the val-
ues for which pH, was equal to pH,.

“Boehm” titrations were performed to quantify the
basic and oxygenated acidic surface groups on the ACs
[36]. Carboxylic (R-COOH), lactonic (R-OCO), phenolic
(Ar-OH) and basic groups were determined using differ-
ent reactants, assuming that: NaOH reacted with the three
acid groups, Na,CO, did not react with Ar-OH groups
and that NaHCO, only reacted with R-COOH groups.
Basic groups’ contents were determined using HCI. Typ-
ically, 0.15 g of each carbon sample was mixed with 50
mL of a 0.01 mol-L'aqueous reactant solution (NaOH or
Na,CO, or NaHCO, or HCI). The mixtures were stirred at
a constant speed of 650 rpm at room temperature for 48 h.
After that, the suspensions were filtered off through 0.45
pm membrane filters (Durapore®-Millipore). Back titra-
tions of the filtrate (10 mL) were performed with stan-
dardized HCI or NaOH solutions (0.01 mol-L™) in order
to determine the oxygenated and basic groups” contents,
respectively.

2.3.3. Textural characterization

The iodine number of the ACs was measured according
to the ASTM D4607-94 (1999) standard.

To determine the methylene blue (MB) index (mg-g™),
0.1 g of AC was poured in 25 mL of a 1.2 g-L ! aqueous MB
solution and maintained under stirring for 30 min. After
filtration, the residual MB concentration was measured by
UV-visible spectroscopy (at 665 nm) and the methylene blue
index was calculated (mg-g™).

MB was also used as probe molecule to sound the
porosity of the ACs. The methylene blue surface area (SMB
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in m*>g™) was calculated from the adsorption isotherms
according to the following formula [37].

SMB = (b x Na x 5)/M, ,

where b is the maximum adsorption capacity (g-g™'), S is the
surface occupied by one MB molecule (119 x 10 m?), M, ;
is the molecular weight of one MB molecule (319.86 g-mol™)
and Na is the Avogadro number.

N, adsorption—desorption isotherms (at 77K) and CO,
adsorption isotherms (at 273K) of the ACs were measured
using a Micromeritics ASAP 2020 sorptometer. Prior to the
measurements, the samples were degassed under vacuum
(105 mbar) at 250°C for 12 h. The specific surface areas (S;,)
were calculated in the [0.01-0.05] P/P° range, using the
BET (Brunauer-Emmett-Teller) equation by assuming the
area of the nitrogen molecule to be 0.162 nm?[38]. Pore size
distributions (PSD) of the ACs were determined by using
a “carbon finite slitpores” NLDFT (non-local density func-
tional theory) model applied on the N, adsorption-desorp-
tion isotherms. Additionally, the ultramicroporous volumes
(pores of diameters smaller than 0.7 nm) were evaluated by
using a “carbon slit pores” NLDFT model applied on the
CO, adsorption isotherms [39,40]

2.4. Methylene blue adsorption

Adsorption kinetics of methylene blue (MB) were stud-
ied at the initial concentration of 1600 mg-L" for the six pre-
pared ACs (0.1 g of adsorbent in agitated flasks of 25 mL).

Aqueous solutions of methylene blue of initial concen-
tration (C,) ranging between 100 and 2000 mg-L™" were pre-
pared and used to study the MB adsorption isotherms of the
six prepared ACs. A mass m of about 0.1 g of adsorbent was
introduced in the MB solutions (V = 25 mL) and stirred for
2 h at room temperature, as it was determined from kinetics
studies that equilibrium was reached after this contact time.
The pH of the suspensions was adjusted by using NaOH
solutions (1 mol-L™") and measured at about pH 5. After fil-
tration, the MB equilibrium concentrations (C)) in solution
were measured by UV-visible spectroscopy (A = 665 nm).
The MB uptake at equilibrium (Q,, mg-L™) was calculated
from the relation: Q= (C_,-C) x V/m.

3. Results and discussion
3.1. Biopolymer quantification
3.1.1. Thermogravimetric analysis (TGA)

TGA curves of the apricot and loquat stones exhibit
three weight losses whereas only two have been observed
on the curve of the date stones (Fig. 1). The first weight loss
below 150°C, attributed to the elimination of physisorbed
water, reaches about 7%, whatever the nature of the pre-
cursor. The second weight loss, starting at ~200°C and also
observed for the three singly samples, can be attributed to
the hemicellulose decomposition, with 14%, 36% and 65%
in apricot, date and loquat stones, respectively (Fig. 1) [41].
This second weight loss is superimposed to a third one,
starting at ~300°C and attributed to the decomposition of
both cellulose and lignin biopolymers [41]. This third loss
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Fig. 1. TGA (a) and dTG (b) curves of the lignocellulosic pre-

cursors.

is the most important for apricot stones (~35%). Date stones
contain about 16% of cellulose and lignin whereas loquat
stones contain very few amounts of them as shown by the
small shoulder at ~320°C observed on the dTG curve of
this precursor (Fig. 1b). The amounts of cellulose and lig-
nin cannot be determined accurately due to the overlapping
of the TGA decomposition signals [42]. However, it can be
clearly concluded from these curves that the three lignocel-
lulosic precursors contain different proportions of the three
biopolymers. Whereas loquat stones are quite exclusively
composed of hemicellulose, date stones mainly contain
hemicellulose and few amounts of cellulose and lignin,
which are both the main constituents of apricot stones.

3.1.2. Biopolymer chemical analysis

The results of biopolymer content in each precursor
(Table 1) show that the lowest content in lignin (8%) and
cellulose (2%) have been obtained for the loquat stones
which is also the softest material compared to apricot and
date stones. The loquat stones are also the richest in hemi-
cellulose (>50%) confirming the TGA results. The apricot
stones display the highest content of cellulose (about 30%)
compared to other precursors.

3.2. Elemental analysis

The elemental analyses of the ground stones have
shown high carbon element content (~65% to 75%, Table 2),
confirming that these biomaterials are interesting precur-
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Table 1
Results of biopolymer and extractable organics contents in the
lignocellulosic precursors

Table 3
Ash content and burn-off of the ACs and corresponding
phosphoric acid impregnation ratio

Stone Extractable Lignin Cellulose Hemicellulose Activated Ash content  Impregnation Burn-off
origin organics % % Y% % carbon (%) ratio (%)
Apricot 84 181 311 39.1 A 1.0 1.20 67.2
Date 17.8 14.9 9.3 414 D 01 1.25 76.7
Loquat 161 8.2 2.5 50.3 L 1.2 0.80 73.9
A/L 3.7 0.65 65.0
A/D 21 1.00 68.4
Table 2 D/L 18 0.40 69.7

Results of the elemental analysis of the lignocellulosic
precursors and the activated carbons produced there from

Sample Element (mass%)

C H N S O
Apricot stones 75.3 9.3 0.73 0.01 14.6
Date stones 719 8.7 1.3 0.14 179
Loquat stones 65.0 9.3 15 0.07 24.2
A 85.6 13 0.74 - 12.3
D 86.3 13 17 - 10.7
L 85.1 17 1.8 - 114
A/L 75 2.1 13 - 21
A/D 65 1.8 0.8 - 24
D/L 68 19 11 - 19

sors for the preparation of ACs. They also contain oxygen
(14-24%), hydrogen (~9%), and small amounts of nitrogen
(<1.5%) and sulfur (<0.14%).

The carbon content of A, D and L AC samples was
almost similar and of about 85%. An oxygen and hydrogen
content decrease was measured concomitant to this carbon
content increase. Whereas the nitrogen content was almost
unchanged after activation, the sulfur content fell below the
detection limit of the apparatus. The absence of this element
can be explained by a decomposition of the sulfur in vol-
atile sulfur oxides during the thermal treatment at 700°C.

The ash contents of the ACs vary between 0.1% and 3.7%
(Table 2). The lowest value was obtained for the D activated
carbon, which is consistent with its highest carbon content
(i.e. 86.3% of C, Table 1). Among the ACs prepared from
mixtures of precursors, those including date stones possess
the lowest ash contents (1.8% and 2.1% for samples D/L
and A/D, respectively). The highest ash content value was
measured for A/L sample (3.7%, Table 1), and is in agree-
ment with the ones of singly A and L samples (=1%) indicat-
ing higher amounts of mineral species in apricot and loquat
stones than in date ones. In any case, the determined ash
content values (<1.2%) make the three lignocellulosic mate-
rials suitable for the preparation of ACs. Energy dispersive
X-ray microanalysis (not shown) of the AC ashes confirmed
the main presence of carbon (~80%) but also the presence of
some metallic elements, namely Na, K, Mg, Ca, Fe, Cu, Zn,
Al and Si. Traces of P and S originating from the precursors
were also evidenced by X-ray microanalysis.

The yields of the ACs syntheses varied between 23% and
35% with associated weight losses ranging between ~65 and

77% (Table 3). The lowest yield was obtained for D sample,
which was the one elaborated with the highest impregna-
tion ratio (1.25). The results of Table 3 suggest that the burn-
off globally increases together with the impregnation ratio
confirming the key role of phosphoric acid in the activation
mechanism.

3.3. Characterization of the surface chemistry of the activated
carbons

3.3.1. Infrared spectroscopy

Infrared spectra of all six prepared ACs are very similar
(Fig. 2) with the presence of characteristic signals of oxygen-
ated surface groups.

The broad peak centered at 1170-1180 cm™, is attributed
to C-O stretching in carboxylic acids, phenolic, ether, ester
and lactonic groups [43]. The shoulder at 1050-1060 cm™
which is a little more pronounced on the A/L spectrum
can be assigned to the P-O stretching in phosphate groups
[44] and to ionized linkage (P*—O") in acid phosphate esters
[8]. The attribution of this signal to phosphorous groups
is strengthened by the phosphorous detection using EDS
(not shown) and the chemical analyses (Table 2) revealing
the highest ash content for A/L sample compared to the
other ones. Peaks at 875 cm™ were also observed confirm-
ing the presence of phosphorous compounds for activated
carbons A/D and D/L (signature of P-OH). The bands at
960 cm™ for A, D, L, and A/D are assigned to C-H aro-
matic links.

The single peak at about 1560 cm™ can be assigned to
C=0 stretching vibrations of ketones, aldehydes [19] and to
C=C stretching modes of aromatic rings [45].

The very low intensity peaks at ~2792 and 2868 cm™
mainly observed on the spectra of D, L and A/L samples
correspond to aliphatic C-H stretching vibration mode
[19].

The broad signal in the 3000-3600 cm™ range corre-
sponds to the O-H stretching vibration mode of surface-ad-
sorbed water molecules and to some hydrogen-bonded
hydroxyl groups from carboxyls, phenols or alcohols.

3.3.2.pH

pzC

All the prepared ACs presented low pH,,. values, vary-
ing between 2 and 4 in the same range than those measured
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Fig. 2. Infrared spectra of the different activated carbons.

by other authors after fruit stone phosphoric activation
[29,46]. The measured pH,,. values are consistent with
the Boehm titration results (section 3.3.3.) showing a large
predominance of acidic group. The plot of the impregna-
tion ration versus pH,,. clearly shows a linear correlation
between both parameters (Fig. 3). The pH_ . decreases as
the impregnation ratio increases.

PZC

3.3.3. Boehm titration

The six ACs all possess significant amounts of car-
boxylic, lactonic and phenolic surface groups and small
amounts of basic ones (Fig. 4). They are all mainly acidic
as the number of basic surface groups is much lower than
the total number of acid groups. These titration results are
in good agreement with the pH,,, . values measured below
3.8 (Fig. 3). They are also consistent with the infrared spec-
troscopy analyses as carboxylic, lactonic and phenolic
groups were identified through C-O, C=O and O-H vibra-
tion modes (Fig. 2).

The most acidic ACs have stemmed from date and
apricot stones (pH,,.~ 2.2 for A and D ACs; pH,,.~ 2.0
for A/D sample). This high acidic character might be the
consequence of the presence of high amounts of carboxylic
groups, i.e., groups with the lowest pKa values (pKa-car-
boxylic ~ 4-5; pKa-lactonic ~ 8.2; pKa-phenolic ~ 10;
pKa-carbonyl ~ 16-20). Compared to ACs prepared from
apricot and/or date stones, the ACs derived from loquat
stones possess lower amounts of carboxylic and lactonic
groups and higher amounts of phenolic ones, conferring
them a less acidic character (Figs. 3 and 4). The D/L sam-
ple prepared from a mixture of date and loquat stones
possesses the highest amount of basic groups (Fig. 4, ~0.8
meq-g™) and lowest amount of carboxylic ones (Fig. 4, ~ 0.3
meq-g”) and consequently, the highest pH, . (Fig. 3, D/L
sample, pH,,. ~ 3.8).

PZC

3.4. Textural properties of the activated carbons
3.4.1. Iodine number and methylene blue index

Iodine number and methylene blue index are closely
linked to the BET surface area determined by N, adsorption
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Fig. 3. Relation between the pH,, . of the activated carbons and
the phosphoric acid impregnation ratio.
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Fig. 4. Acid and basic functional groups determined by Boehm
titration.

and also to the porous volumes obtained from N, and CO,
adsorption isotherms.

As expected, the iodine numbers of the precursors
were rather low, as these biomaterials are not attended to
be porous. The highest iodine number value of 293 mg-g™
has been obtained for the apricot stone powder, compared
to loquat and date stone ones (187 mg-g™ and 11 mg-g”',
respectively). This suggests that this biomaterial can favor-
ably sorb iodine.

The phosphoric activation of the precursors has led to a
significant increase in iodine number, highlighting the effi-
ciency of the process to produce microporous adsorbents
(Fig. 5). The iodine numbers of the six ACs varied between
~600 and 780 mg-g™'. The highest value was obtained for
the sample prepared from a mixture of apricot and loquat
precursors. Samples L, A/D and D/L had similar iodine
numbers which were among the lowest obtained values
(~600 mg-g™).

The methylene blue indexes of all prepared ACs are
of the same order of magnitude. Values vary between 253
mg-g~and 286 mg-g~!, implying the presence of wide micro-
pores and mesopores for all the six substrates. The ACs
prepared from date or loquat stones, or from the mixture of
both of them, possess the highest MB indexes (Fig. 5), indi-
cating that date and loquat stones might be interesting pre-
cursors to elaborate mesoporous adsorbents. In a previous
study, Mouni et al. prepared some ACs from apricot stones
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Fig. 5. Iodine number and methylene blue index (in mg-g™) of
the activated carbons.

[28] by H SO, (50%) activation at 200°C, followed by a car-
bonization at 650°C. The obtained AC was characterized
by a low iodine number and a low methylene blue index
(154 mg-g™ and 91 mg-g7, respectively) and thus, a low
BET surface area (393 m*g™) associated to a small porous
volume (0.192 cm®g™). According to our measured iodine
numbers and methylene blue indexes, higher surface areas
with significant developed porosities are expected for our
prepared ACs.

3.4.2. BET surface areas and pore size distributions

The N, adsorption-desorption isotherms of the ACs
showed a type IV behavior with H4 hysteresis loops (Fig. 6),
characteristic of mesoporous materials, with hydrophilic
properties [47]. However, the hysteresis loops are more
pronounced for L and D/L samples than for the other ACs.
All samples present significant adsorption at low P/P°
values (~455 to 680 cm®-g™) which is characteristic of the
presence of micropores. These isotherm shapes confirm
the iodine number and MB index results previously dis-
cussed, suggesting that here-prepared ACs are both micro
and mesoporous.

The determined BET specific surface areas (Table 4),
ranging between 846 m*g™ and 1495 m?g™' (Table 4) are
typical of ACs obtained by phosphoric activation of lig-
nocellulosic precursors [48]. The ACs having the highest
surface areas (sample A and D/L) also possess the high-
est microporous volumes (Table 3, 0.58 cm®g™ and 0.49
cm®g™, respectively). On the contrary, sample A/D has
the lowest surface area (816 m*g™) and also the lowest
measured microporous volume (0.31 cm®g™). The sur-
face areas were calculated in the 0.01-0.05 P/P; range,
as usually performed for porous carbons having more
micropores than mesopores. The microporous volumes
determined from the PSDs are higher than the meso-
porous ones for all the samples (Table 4). The super- and
ultra-microporous volumes of all the activated samples
are almost equal (Table 4), except for sample D/L for
which the ultra-microporous volume represents about
40% of the total micro-porosity.

The highest mesoporous volumes have been obtained
for L and D/L samples prepared from loquat stones
(Table 4). They are of 0.65 cm®g™" for the AC obtained from

700 -
— DL
600 1 L
S 500 A
= — AL
=
2 400 - —D
H ——AD
= 300 -
=
3
S 200 -
100
0 , , , . .
0 0.2 0.4 0.6 0.8 1

P/P,

Fig. 6. N, adsorption-desorption isotherms (77 K) of the activat-
ed carbons.

Table 4

Specific surface areas and porous volumes of the activated
carbons. The porous volume occupied by methylene blue (V)
after its adsorption at saturation, is compared to the volume of
pores in the diameter size range 1.3-2 nm (V ) determined
from the pore size distribution.

[1.3-2] nm:

Activated carbon A D L A/D A/L D/L
Sypr (Mm2g™) 1495 1204 1036 816 1128 1345
Viamiao, (€m*g™) 027 024 019 015 020 019

Supermicmb (cm*g?) 031 023 016 016 023 030
Vo (€cm?-g™) 058 047 035 031 043 049
V. ...> (em®g™) 025 018 067 020 024 053
Vi (€m*-g™) 083 065 1.02 051 068 1.02
V,p (cm®-g™) 013 014 011 016 011 0.09
Vi3 mm (cm?-g™) 022 016 016 012 017 018

*from N, adsorption, "from CO, adsorption.

loquat exclusively and of 0.53 cm®.g™ for the one prepared
from a mixture of loquat and date stones (sample D/L,
Table 4). This result is in agreement with the largest hyster-
esis observed on the N, adsorption-desorption isotherms of
these two samples (Fig. 6). The hysteresis observed on the
curve of the sample A/L is narrower (V___ = 0.24 cm®g™).
This might be due to the presence of the apricot precursor
which would have favored the formation of micropores
rather than of mesopores. The pore size distributions (Fig. 7)
also illustrate that L and D/L ACs possess larger mesopores
in the whole 2-25 nm diameter range, contrary to the other
samples having only small mesopores of diameter below
~7 nm. Moreover, L and D/L are the samples having the
highest total porous volumes (Table 4, 1.02 cm®.g™). The less
porous samples are the ACs prepared from the date precur-
sor, i.e., samples A/D and D, for which the total porous vol-
umes are only of 0.51 cm®g™ and 0.65 cm® g, respectively
(Table 4).

The ratio of mesopore volume to the micropore vol-
ume is known from literature to increase together with
the impregnation ratio but in our study the samples
prepared at the highest impregnation ratios (i.e. A and
D prepared at about 1.2 impregnation ratio) are mainly
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Fig. 7. Pore size distributions obtained from N, adsorption-de-
sorption isotherms at 77 K (0.7 nm Opores) and CO, adsorption
isotherms at 273 K (¢_ < 0.7 nm).

pores

microporous while the samples prepared at the lower
impregnation ratios (i.e. D/L and L prepared at 0.4 and
0.8 impregnation ratios, respectively) are mainly mes-
oporous. Thus, no clear correlation of the % of micro-
porous volumes or the % of mesoporous volume (with
respect to the total volume) as a function of the impreg-
nation ratio was found.

The measured porosities can be correlated to the
compositions of the precursors in biopolymers. Indeed,
Guo et al. who studied ACs synthesized from xylan (i.e.
hemicellulose), cellulose, and lignin by H.PO, activation
demonstrated that, for a given impregnation ratio, the
microporous/mesoporous ratio depends on the nature of
the precursor [25]. At impregnation ratio lower than 1.1,
which are almost similar conditions as ours (impregnation
ratio in the 0.4-1.25 range), they showed that hemicellulose
favored the development of mesopores, while cellulose and
lignin promoted the formation of micropores respectively.
Similar trends were observed for our studied precursors as
the most mesoporous ACs were obtained from loquat pre-
cursors (V= 0.67 cm®g™') which are the ones containing
the largest amounts of hemicellulose (Fig. 1, ~65%). More-
over, apricot precursors led to the ACs with larger amounts
of micropores compared to the ones of mesopores (Table 4,
V. w=025cm’gh;V_ =0.58 cm®g™"), in agreement with
their high cellulose content (Fig. 1, ~ 35%). The plot of the
ratio of hemicellulose percentage to the sum of cellulose
and lignin percentages (% hemicellulose/(% cellulose+%
lignin)) versus the mesoporous volume percentage (with
respect to the total pore volume) for the prepared activated
carbons is represented in Fig. 8. This plot confirms a cor-
relation (R?= 0.8289) of the mesoporous volume percentage
with the proportion of hemicellulose with respect to cellu-
lose and lignin.

3.5. Methylene blue adsorption

Adsorption kinetics of methylene blue by the six pre-
pared ACs (Fig. 9) show that equilibrium was reached after
less than 2 h contact time, as previously reported for activated
carbon powders of small size particles in which the diffusion
of MB is very quick [49]. The adsorption kinetics were found
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Fig. 8. Plot of the ratio of Hemicellulose/(Lignin+Cellulose) in
the precursors as a function the activated carbons mesoporous
volume (in % of the total volume of pore).
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Fig. 9. Adsorption kinetics of methylene blue on the different
prepared activated carbons. The dotted lines represent the fit-
ted data using the pseudo first order model.

slightly quicker for the more mesoporous activated carbons
(L and D/L) than for the microporous ones (D, A, A/L and
A/D) and they were well fitted by pseudo first order law.

Adsorption isotherms of methylene blue by the six
prepared ACs (Fig. 10) were well fitted by the Lang-
muir-Freundlich model (0.95 < R?>< 0.99, RMSE < 34).The
Langmuir-Freundlich equation is Q_/Q__ = (K, x C)"/(1 +
(K, x C)") where Q_is the adsorption uptake at equilibrium
(mmol-g™),C_is the concentration at equilibrium (mmol-L™),
K, is the Langmuir-Freundlich constant (L-mmol™), Q__ is
the maximum uptake (mmol-g™) and n is the Langmuir-Fre-
undlich exponent. The Langmuir and Freundlich models
were also tested but gave less satisfying results (R>< 0.95).
The maximum adsorption capacities ranged between ~250
mg-g™ and ~440 mg-g™ for the AC prepared from a mix-
ture of date and loquat stones and the one prepared from
a mixture of apricot and date stones, respectively (Table 5,
samples D/L and A/D).

The determination of the microporous and mesoporous
surfaces from N, adsorption-desorption isotherms suggests
that the surface of all the adsorbents is mainly microporous
(Table 5,S_._ /S >5.3), except for samples obtained from

loquat storn{gg) (samre;;)ple L, S, o/ S ~ 2:3) and from a mix-

micro
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Fig. 10. Adsorption isotherms of methylene blue on the different
prepared activated carbons.

ture of date and loquat stones (sample D/L,S_,_ /S ~0.6).
As concluded from pore size distribution results, loquat stones
appear to be responsible for the mesopore development. The
surface occupied by the methylene blue molecule (calculated
fromQ__ and from the surface area of the molecule, see exper-
imental part) is about one to eight times greater than the meso-
porous surface for all the adsorbents (Table 5), which suggests
that this molecule is adsorbed both on the mesoporous and
microporous surfaces. The most efficient adsorbent for meth-
ylene blue is the AC prepared from a mixture of apricot and
date stones (sample A/D), as confirmed by the maximum
adsorption capacity of 443 mg-g and also by the highest S,/
S, Tatio of 1.26. This high ratio suggests either a multilayer
adsorption or an adsorption on the external surface of the
material. For the other five adsorbents, the S ,,/S, _  ratio is
lower than 1, indicating that the surface is not completely cov-
ered by the MB molecule. For all the microporous carbons (i. e.
samples A, D and A /L), the MB coverage surface is lower than
the microporous surface (Table 5), showing that MB molecules
are possibly adsorbed in the micropores. For the L and D/L
activated carbons, the MB coverage surface is higher than the
microporous surface, showing that MB molecules are possibly
adsorbed both in the micropores and mesopores.

An argumentation on the porosity occupied by adsorbed
MB can be also based on the volume comparison. The vol-
ume occupied by adsorbed MB can be calculated from its
molecular volume of 1.48 x 0.6 x 0.19 nm?, estimated by
Chemsketch, assuming a parallelepipedic molecule. The
volume occupied by adsorbed MB can be compared to the
volume of micropores having pore diameters in the range
1.3-2 nm, in agreement with our previous work showing
the MB adsorption occurred in wide micropores [37] and
the work of Graham [50] who mentioned a minimum pore
size of 1.33 nm required for MB adsorption. Except for A/D
activated carbon, the values of the pore volume of size rang-
ing from 1.3 to 2nm (V ,,,, . reported in Table 4) are higher
than the porous volume occupied by methylene blue (V,,),
demonstrating that MB might be accommodated in the
wide micropores (namely supermicropores) in these acti-
vated carbons (samples A, D, L, A/L, and D/L).

The evolution of the maximum adsorption capac-
ities (Fig. 10) and the pH,,. values (Fig. 3) suggests that
both parameters are closely linked. Indeed, the materials
possessing the lowest pH,,,. values are the ones with the

Table 5
Characteristic surface areas of the prepared ACs and coverage
ratios of the surface accessible to methylene blue.

A D L A/D A/L  D/L
Q. (mgg) 359 401 306 443 319 252
Ss(m>g?) 804 899 686 992 715 252

S, (m>g) 1320 1176 85 787 957 968
S,.(m>g") 157 123 258 118 152 227
Smicro (m*g™) 1163 1053 598 669 805 140
s /S 74 8 23 57 53 06
Sus/Suu 06 076 080 126 075 058
1 *
35
34
L 25
2
3 12 | R =0.772
14
05
0
200 250 300 350 400 450 500
Qads (mg/g)

Fig. 11. Evolution of the methylene blue adsorption capacities

versus pH,,, . values.

highest adsorption capacities (Fig. 11). This correlation
indicates that the adsorption is favored by the electrostatic
interactions between the negatively charged oxygen sur-
face groups (particularly the carboxylate groups at the
studied pH) of the AC and the positively charged methy-
lene blue cation.

4. Conclusion

In this study, ACs of surface areas ranging between 816
and 1500 m*g™ were prepared by chemical activation of
apricot, loquat and date stones, stemming from the Alge-
rian agro-food industry.

Physico-chemical characterization of the different
obtained materials clearly suggests a correlation between
the composition in biopolymer of the natural lignocellulosic
precursor and the porosity size of the resulting AC made
by phosphoric activation. It was found that the precursors
having high hemicellulose contents, such as loquat stones
have generated highly mesoporous ACs while the precur-
sors richer in lignin and cellulose, such as apricot and date
stones have generated mainly microporous ones. Thus,
the preparation of binary mixtures of precursors in equal
weight proportion and their further chemical activation by
phosphoric acid, has allowed obtaining adsorbents with tai-
lored porosities.

Due to their high porosity (porous volumes ranging
between 0.51 cm®*g'and 1.02 cm®g™) and also to the presence
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of high amounts of oxygenated surface groups (~1.5-3 meq-g-
'), the prepared adsorbents showed interesting properties
towards the adsorption of methylene blue. Adsorption iso-
therms were well fitted by the Langmuir-Freundlich model
(with 0.95 < R*< 0.99, RMSE < 34). The maximum adsorption
capacities of this molecule, which is commonly used as refer-
ence to characterize an adsorbent, have been found in the 250—
440 mg-g™ range. Values of the same order of magnitude were
typically obtained for ACs prepared by chemical activation
of biomass of different origins [51]. Adsorption was favored
by the acidity of the AC (pH,,.< 3.8), which is also, as shown
by Boehm titrations, governed by both the impregnation ratio
and type of precursor. The coverage ratios of the ACs’ sur-
faces by methylene blue were between 0.61 and 1.26. It was
evidenced by the N, adsorption-desorption isotherms and the
methylene blue adsorption isotherms that the dye cation was
mainly adsorbed in the wide micropores and partially in the
mesopores. A multilayer adsorption or an adsorption on the
external surface was also suggested for the strongly acidic AC
prepared from a mixture of apricot and date stones.

As agro-food industry generates large quantities of bio-
mass, of varying composition in biopolymers, it might be of
great interest to valorize these wastes by elaborating con-
trolled porosity adsorbents of high adsorption capacities. In
future prospects, the variation of the biopolymer composi-
tion in a mixture of precursors, i.e., the ratio of the precur-
sors rich in hemicellulose (for example loquat) to the ones
rich in lignin and cellulose could allow to prepare a series
of ACs with a controlled microporosity /mesoporosity pro-
portion at a given impregnation ratio.
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