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bstract

Artichoke peels were used to produce activated carbon using chemical activation methods. Two activation protocols were com-
ared: a two-step method A and a one-step method B. As newly used activating agents, KCl, CrCl3 and TiCl4 were compared. The
esults show that method B is superior to A. KOH with method B had an area of 2321 m2/g and a total pore volume 1.0071 cm3/g, of
hich 0.9794 cm3/g was confined to micropores. The corresponding values for KCl are 1731, 0.6925 and 0.6718. TiCl4 had lower
ut comparable values with those of KCl. CrCl3 appeared to be the least successful among the three newly used activating agents.

he post-activation washing step strongly affects the characteristics of the final product. The differences among the effects of Zn,
r and Ti are discussed in terms of the differences in polarizing power.

 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction

Plant-based adsorbents require a simple alkali and/or
cid treatment to remove lignin before the application to
ncrease their efficiency. Non-conventional adsorbents
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require less maintenance and supervision. For activated
carbon (AC), the production costs can be reduced by
either choosing a cheap raw material or applying a
proper production method. Nevertheless, the prepara-
tion of AC with notably specific characteristics using
low-cost raw materials at low temperature (less energy
costs) remains challenging. The use of non-conventional
wastes as sources to produce ACs may be an efficient
alternative for both effective waste management prac-
tices and low-cost AC production. A revision of the
literature shows that there are a considerable number
 as a non-conventional precursor for activated carbon: Role
rg/10.1016/j.jtusci.2016.04.006

behalf of Taibah University. This is an open access article under the

of studies dedicated to the valorization of such wastes
to produce AC. In recent years, various investigations
focused on testing new cheap and renewable raw mate-
rials to produce activated carbon, mainly agricultural

dx.doi.org/10.1016/j.jtusci.2016.04.006
dx.doi.org/10.1016/j.jtusci.2016.04.006
http://www.sciencedirect.com/science/journal/16583655
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:elshafei_gamal57@yahoo.com
dx.doi.org/10.1016/j.jtusci.2016.04.006
http://creativecommons.org/licenses/by-nc-nd/4.0/


 IN+Model

ah Uni
ARTICLEJTUSCI-302; No. of Pages 12

2 G.M.S. ElShafei et al. / Journal of Taib

byproducts such as fruit stones [1], cherry stones [2],
agricultural waste biomass [3], seed hulls [4] (cotton
seed, peanut, sunflower, soybean, lupine), straws and
stalks [5] (corn, rice, cotton, wheat), wastes of the wood
industry [6], bamboo fibres [7], coconut shell [8], peels of
orange [9,10], banana and mandarin [10] and other low-
cost lignocellulosic materials that offer an inexpensive
source of carbon. It has been found that lignocellulose
materials account for approximately 47 wt.% of the total
raw material for commercial production. Many studies
have used non-conventional, municipal and industrial
wastes as AC precursors, such as plastic waste [11]
(PET), waste of tires [12], coal tar pitch [13], sewage
sludge [14], newspaper waste [15], waste from the alco-
holic beverage industry [16], tea industry waste [17],
palmyra waste of the coastal regions [18], and other
low-cost adsorbents. There are two main manufacturing
methods to produce AC: the physical (thermal) activation
method and chemical activation method. Physical activa-
tion implies two different and separate stages: pyrolysis
or carbonization of the precursor at 400–600 ◦C and
controlled gasification of the resulting char by an oxi-
dizing agent at 800–1100 ◦C. Chemical activation is a
single-step process, where the pyrolysis and activation
steps are simultaneously performed at temperatures of
400–800 ◦C. The most commonly used chemical agents
are ZnCl2, NaOH, KOH, and H3PO4, and the least com-
monly used are NaHCO3 and K2CO3. To the best of our
knowledge, no reports on KCl, CrCl3 or TiCl4 as an acti-
vating agent to produce ACs could be found in related
works. In selecting the agents, we aimed at comparing a
commonly used agent with new one(s) of its relative(s).
The corrosive nature of ZnCl2 enables it to act as a cel-
lulose destructor, which explains the wide-spread use
as an activating agent. In our study, ZnCl2 is used as a
representative of transition metal chlorides to compare
with the newly used chlorides. Thus, for alkali metal
hydroxides, we selected KCl, and CrCl3 and TiCl4 for the
transition metal chlorides. We included H3PO4, which
has been extensively used, to extend the scope of the
comparison. The activation process was conducted via
a two-step method A or a one-step method B. Different
products were characterized by determining the percent-
age yield, FTIR, XRD, SEM, N2 adsorption, determining
the PZC, surface oxygen groups and iodine number.

2.  Experimental
Please cite this article in press as: G.M.S. ElShafei, et al. Artichok
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.

2.1.  Materials

Artichoke peels were collected from Egyptian mar-
kets. They were sieved to remove impurities, cut into
 PRESS
versity for Science xxx (2016) xxx–xxx

smaller pieces, washed with water many times to elimi-
nate dirt, and dried at 90 ◦C for 24 h. KOH, KCl, ZnCl2,
CrCl3, TiCl4, H3PO4, NaOH, HCl, Na2CO3, NaHCO3,
KNO3, KOH, HNO3 and sublimed iodine were pur-
chased from Sigma.

2.2.  Sample  preparation

2.2.1.  Method  A:  a  two-stage  process
Pyrolysis: The dried peels were introduced into a hor-

izontal tubular furnace and carbonized at 500 ◦C for 1 h
under a flow of nitrogen (100 cm3/min). After cooling to
room temperature, the carbonized sample was ground to
form a powder. This powdered form of carbonized char
was divided into six groups; each group was impregnated
in an aqueous solution of one of the following activating
agents: KOH, KCl, ZnCl2, CrCl3, TiCl4, and H3PO4. In
each case, the impregnation was at 60 ◦C for 24 h with
a weight ratio of 1.5:1 (activating agent:precursor), and
identical amounts of water were added for all cases to
obtain slurries.

Activation: The treated groups were filtered, washed
with distilled water several times to remove the excess
activating agents, and dried at 110 ◦C for 24 h. Then, they
were again placed in the tubular furnace and heated at
800 ◦C for 1 h under a flow of nitrogen (100 cm3/min).
After cooling to room temperature, the obtained carbon
was washed with 7 N aqueous solution of HCl and subse-
quently hot distilled water until pH �  6.5 to eliminate the
activating agent residues and other mineral species that
formed during the process. Finally, the resulting acti-
vated carbon was dried at 110 ◦C for 24 h and stored
in tightly closed glass bottles in a desiccator for the
analysis.

2.2.2. Method  B:  a  single-stage  process
Carbonization and activation: The dried raw material

was divided into six equivalent groups, and each group
was impregnated in an aqueous solution of one of the
following activating agents: KOH, KCl, ZnCl2, CrCl3,
TiCl4, and H3PO4. The impregnation of all groups was
at 60 ◦C for 24 h with a weight ratio of 1.5:1 (activat-
ing agent:precursor), and identical amounts of water
were added to obtain slurries. The treated groups were
filtered, washed with distilled water several times and
dried at 110 ◦C for 24 h. Then, they were placed in a
horizontal tubular furnace and heated at 800 ◦C for 1 h
under a flow of nitrogen (100 cm3/min). Subsequently,
e as a non-conventional precursor for activated carbon: Role
org/10.1016/j.jtusci.2016.04.006

the washing and drying steps were identical to those in
method A.

For comparison, untreated activated carbons (ref-
erences) were prepared by similarly pyrolysing and

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Table 1
(%) Yields of Artichoke-based activated carbons using methods A and
B.

Carbon sample Method A Method B

Untreated Carbon 22.93 ± 0.6%
KOH 15.90% 33.20%
KCl 19.03% 36.41%
ZnCl2 18.16% 39.00%
CrCl3 14.60% 34.94%
ARTICLETUSCI-302; No. of Pages 12
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ctivating the dried peels as in A and B without the
ctivating agent, washing and drying as in the case of
he treated samples.

The activated carbon yield was defined as the final
eight of the product after activation, washing, and
rying. The percentage yield was determined from the
ollowing relation:(%) Yield = Wf

Wi
×  100where Wf and

i are the final activated carbon dry weight (g) and
recursor dry weight (g), respectively.

.3.  Characterization  of  activated  carbon  materials

.3.1.  IR  spectroscopy
The chemical function groups in the bulk phase

nd on the carbon surface were characterized using
 Fourier Transform IR spectrophotometer (Nicolet
700 FTIR, Thermo Scientific, USA) in the range of
000–400 cm−1. The samples were examined as KBr
isks.

.3.2. Surface  oxygen  function  groups
This process was conducted with Boehm  titration

19]. The acidic sites were determined under the assump-
ion that NaOH neutralizes the carboxylic, lactonic and
henolic groups, Na2CO3 neutralizes the carboxylic
nd lactonic groups, and NaHCO3 neutralizes only car-
oxylic groups. The basicity was determined via titration
ith HCl.

.3.3.  Point  of  zero  charge
The pHPZC values of different carbons were deter-

ined using the Mass  titration  method  [20]. Six fixed
asses (0.15 g) of each carbon sample were introduced

nto six 100-ml Erlenmeyer flasks, which contained
0 ml of 0.1 M potassium nitrate solution. The initial pH
f these solutions was adjusted to 2, 4, 6, 8, 10, and 12
y adding a few drops of either nitric acid or potassium
ydroxide. The agitated solutions were allowed to equil-
brate while covered for 24 h in an isothermal shaker at
2 ±  1 ◦C. Then, each suspension was filtered, and the
nal pH was measured.

.3.4.  X-ray  diffraction  analysis
The crystallographic structure of the activated carbon

amples was studied using a powder X-ray diffraction
Please cite this article in press as: G.M.S. ElShafei, et al. Artichoke
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.o

nalyser BRUKUR D8 ADVANCE with CuK� X-ray
ource with a secondary monochromator (Germany),
hich operated at 40 kV and 40 mA in the 2θ  range of
–80.
TiCl4 14.20% 31.26%
H3PO4 20.80% 40.76%

2.3.5.  Nitrogen  physisorption
The textural and porous structure of each activated

carbon sample was investigated using the physical
adsorption of N2 at −196 ◦C on an automatic appara-
tus (NOVA 4000e – Quanta chrome instruments). All
samples were degassed at 200 ◦C and 10−5 mmHg in a
vacuum for 6 h.

2.3.6. Iodine  number
The ability of activated carbon to remove contami-

nants was determined based on its adsorption  capacity.
An iodine adsorption test (ASTM D4607-94) was
assessed to measure the adsorption capacity of activated
carbon from the liquid phase.

2.3.7. Surface  morphology
The surface morphology of selected activated carbon

samples was imaged using a scanning electron micro-
scope (ZEISS, EVO HD – USA).

3.  Results  and  discussion

3.1.  (%)  Yield

The percentage yields of the artichoke-based ACs
prepared by both methods are presented in Table 1. Gen-
erally, the (%) yield of method B is nearly twice that of
method A, which indicates the efficiency of method B.
The AC yields of method B are 40.76–31.26%, where
the yields of method A are 20.8–14.2%. Method B gave
comparable AC yields from globe artichoke (40–25%)
[21] and other precursor materials such as coconut shell
(33.8–28.94%) [22] and palm shell (45–20%) [23].

The lower AC yields of method A may be attributed
to the evolution of most of the volatile matter during the
carbonization step in addition to an increase in carbon
 as a non-conventional precursor for activated carbon: Role
rg/10.1016/j.jtusci.2016.04.006

consumption in the reactions with the activating agents
during impregnation and activation at high tempera-
tures. The latter reason may explain the lower yield than
untreated carbon. The higher yields of method B can be

dx.doi.org/10.1016/j.jtusci.2016.04.006
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ke base
Fig. 1. FTIR spectra of Articho

attributed to the efficiency of the chemical activation pro-
cess, where the chemical structure of the precursor was
hardly destroyed, which was predicted to enhance the
chemical interactions and pervasion of the dehydrating
agents through the carbon matrix. Furthermore, method
B gave comparable yields using the newly applied acti-
vating agents KCl, CrCl3, and TiCl4.

3.2.  IR  spectroscopy

The 4000–400 cm−1 infrared spectra are shown in
Figs. 1 and 2. Tables S1 and S2 (see Supporting
information) show different identified groups in differ-
ent samples of methods A and B, respectively, with the
corresponding wave numbers. Fig. 1 shows the FTIR
spectra of artichoke-based ACs prepared by method
A, which indicate variations particularly in the finger-
print region (1300–9000 cm−1) and the region above
3000 cm−1. Hence, it may be concluded that method A
has occurred via different chemical reactions between
char and activating agents, which resulted in ACs of dif-
ferent chemical structures, and the carbonization step
represents a decomposition stage of the lignocellulose
Please cite this article in press as: G.M.S. ElShafei, et al. Artichok
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.

material to a completely different carbon structure Char.
Thus, all ACs appear as if they were not derived from

the same precursor. In addition, the spectra show that
important chemical function groups are absent in many
d AC prepared by method “A”.

carbon samples, particularly hydroxyl groups and phe-
nolic OH (Table S1) (Supporting information). The
functionality of the ACs that were prepared using method
A is clearly qualitatively variable, which differently
affects the surface charge and the adsorption process.

The spectra of all ACs that were prepared using
method B (Fig. 2) show that the samples are almost
homogenous because they expose similar surface groups
in different amounts and have a similar profile to the IR
spectrum of untreated carbon in nature, i.e., the carbon
samples appear to be derived from the same precursor.
Table S2 (Supporting information) shows the IR data that
support this conclusion. In addition, all samples except
untreated and AC/CrCl3/B samples exhibit a small wide
band at approximately 1390 cm−1 that corresponds to
the stretching vibration of C O and bending vibration
of O H in carboxyl carbonates or C C aromatics and
various modes of substituted rings [24]. All carbon sam-
ples exhibit peaks of variable intensity in the region of
840–880 cm−1, all of which are related to the out-of-
plane bending vibrations of C H in aromatic rings with
a large degree of substitution [25]. The intensity variation
implies a variable extent of substitution [26].
e as a non-conventional precursor for activated carbon: Role
org/10.1016/j.jtusci.2016.04.006

All activating agents, including the newly used ones
(KCl, CrCl3 and TiCl4), successfully prepared ACs of
considerable function groups that are of great impor-
tance. Furthermore, the results emphasize the role of

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Fig. 2. FTIR spectra of Articho

ethod B in highlighting the correlation between the
nal picture on processed AC and its precursor.

.3.  Oxygen  functional  groups  content  (Boehm)

Depending on the activation method, partial oxida-
ion may occur, and the carbon surface becomes rich in
arious functional groups with a broad range of concen-
rations. The Boehm titration results of artichoke-based
Cs that were prepared using both methods A and B are
resented in Table 2. The values are the average of three
easurements.
Method B leads to more oxygen functional groups

han method A. This result may be attributed to the pro-
ective effect of method B because of the incubation of
he activating agents deep in the precursor structure.
owever, the first stage of method A (carbonization)
roduces a non-porous solid carbon structure that resists
ny pervasion of the activating agents and maintains only
he reactions of surface carbon atoms. The effect of the
Please cite this article in press as: G.M.S. ElShafei, et al. Artichoke
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.o

ctivation process also clearly appears in the comparison
etween these results and those of the untreated sample.
lthough method A resulted in practically equal total
alues to the untreated sample, the values of method B
d AC prepared by method “B”.

are clearly 40% higher. It is worth noting that such a supe-
rior oxidic surface relies on the basic oxygen groups as
inferred from the minute change in total acidic amounts.
Method A appears to decrease the total acidic nature rela-
tive to the untreated sample. The phenolic groups appear
to be strongly dependent on the preparation method.
However, for method B, the activating agents do not
monotonically affect the nature of surface oxides on the
ACs. KCl, KOH and H3PO4 yield carbons with relatively
higher acidic surface oxides, TiCl4 yields carbons with
higher basic surface oxides, whereas CrCl3 and ZnCl2
yield carbons with nearly neutral surfaces.

3.4.  Point  of  zero  charge

The point of zero charge (PZC), as distinguished
from IEP, varies with the net total  (external and inter-
nal) surface charge of the particles [27]. The value of the
untreated carbon reflects the acidic nature because there
are more total acidic oxygen groups than basic groups
 as a non-conventional precursor for activated carbon: Role
rg/10.1016/j.jtusci.2016.04.006

(Table 2).
Except for ZnCl2/A and H3PO4/B, all treated sam-

ples show higher PZC values than the untreated one.
This result is understandable considering that more basic

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Table 2
Results of Boehm titrations in (mmol/g) and Point of Zero Charge (pHpzc) for ACs that were prepared using methods A and B.

Carbon
Sample

Acidic groups (mmol/g) Basic
groups
(mmol/g)

Total
groups
(mmol/g)

pHPZC

Carboxylic groups Lactonic groups Phenolic groups Total

Untreated carbon 2.798 1.965 0.147 4.910 1.989 6.90 5.65
KOH/A 1.301 0.964 1.018 3.283 3.867 7.15 7.10
KOH/B 2.819 1.724 1.459 6.002 4.461 10.46 6.79
KCl/A 1.435 1.921 0.764 4.120 2.980 7.10 6.88
KCl/B 2.787 1.890 1.139 5.816 4.380 10.19 6.88
ZnCl2/A 2.830 2.198 0.003 5.031 1.781 6.81 5.58
ZnCl2/B 2.710 1.212 1.098 5.020 5.060 10.08 7.03
CrCl3/A 2.630 1.988 0.035 4.653 2.130 6.78 6.13
CrCl3/B 1.640 1.837 1.126 4.623 4.860 9.48 7.06
TiCl4/A 1.950 0.740 0.0004 2.691 4.059 6.75 7.45
TiCl4/B 2.463 1.271 1.146 4.880 5.380 10.26 7.48
H3PO4/A 1.490 0.299 1.251 3.040 4.170 7.21 7.56
H3PO4/B 2.960 1.936 1.000 5.896 4.085 9.98 5.18

Table 3
Iodine numbers (mg/g) of artichoke-based activated carbons that were
prepared by both methods A and B (According to ASTM D4607-94).

Carbon sample Method A Method B

Untreated carbon 205.02
KOH 409.06 1297.54
KCl 430.68 981.71
ZnCl2 98.44 1082.86
CrCl3 304.18 635.22
TiCl4 297.13 938.22
sites developed than acidic ones. Furthermore, among
the acidic groups, most of the improvement is because of
the formation of phenolic groups, which are the weakest
among the three detected types of acidic nature. In addi-
tion, AC/H3PO4/B has the lowest pHpzc (5.18) despite
the considerable amount of basic sites. This acidic nature
may be because there are polyphosphates, which contain
notably acidic surface groups with pKa of 1.6–1.9 and
form as a result of the self-heating effect, which increases
the temperature of the sample to 80–90 ◦C. This effect
can be attributed to the strong exothermal reaction of
P2O5 (formed by dehydration of excess, non-reacted
H3PO4) with water vapour from the ambient atmosphere
before washing [28].

The PZC value depends on the activation method
except in the case of KCl and TiCl4 because for these
two reagents, the increase in number of acidic sites cor-
responds with an increase in number of basic sites. For
ZnCl2 and CrCl3, method B results in more basic sites
without a change in the number of acidic sites. There-
fore, it causes a higher PZC. In contrast, in the case
of KOH and H3PO4, method B causes an increase in
acidic nature, which corresponds with either minute or
no change in basic amounts, and a lower PZC value than
method A.

3.5.  Iodine  number
Please cite this article in press as: G.M.S. ElShafei, et al. Artichok
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.

It has been established that the iodine number meas-
ures the accessibility of pores with dimensions ≥1.0 nm
[29]. The iodine numbers of artichoke-based ACs pre-
pared by both methods A and B are presented in Table 3.
H3PO4 161.5 747.58

The values are the average of two measurements. Method
B significantly enhances the adsorptive capacities of the
ACs. These high iodine numbers are because of the
development of the micropore structure via method B,
whereas the ACs produced via method A have lower
iodine values because they have a heterogeneous pore
system and no extended micropore structure. The vast
difference in the case of ZnCl2 strongly shows the supe-
rior efficiency of method B.

3.6.  Texture  and  structure  characterization

3.6.1.  Nitrogen  physisorption
The isotherms (Supporting information) of all ACs

prepared via method B are typical Type I of the IUPAC
classification, which sharply increase at low relative
pressures of approximately 0.01 and reach a plateau that
e as a non-conventional precursor for activated carbon: Role
org/10.1016/j.jtusci.2016.04.006

is parallel to the relative pressure axis with the complete
absence of hysteresis. The isotherms of the untreated
sample and ACs prepared via method A appear to be a

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Table 4
Textural parameters of artichoke-based activated carbons prepared via both methods A and B.

Carbon sample Surface area (m2/g) External area (m2/g) VTotal (cc/g) Vmicro (cc/g) Vmeso (cc/g) rP (Å)

t-plot αs-plot t-plot α-plot t-plot αs-plot

Untreated carbon 551.9 556.7 36.8 88.5 0.2215 0.1494 0.1456 0.0759 7.95
KOH/A 508.7 533.3 17.6 36.4 0.2536 0.2186 0.2170 0.0366 9.50
KOH/B 2262.7 2321.3 10.4 68.3 1.0071 0.9794 0.9640 0.0431 8.67
KCl/A 597.0 605.7 26.4 64.7 0.3208 0.2486 0.2494 0.0714 10.59
KCl/B 1742.4 1731.6 14.1 63.6 0.6925 0.6718 0.6510 0.0415 7.99
ZnCl2/A 245.2 255.0 82.8 82.3 0.2549 0.0832 0.0824 0.1725 19.99
ZnCl2/B 1926.1 1917.1 16.4 80.4 0.8515 0.8196 0.7998 0.0517 8.88
CrCl3/A 369.2 370.7 25.5 62.7 0.2126 0.1543 0.1470 0.0656 11.47
CrCl3/B 897.4 909.3 11.1 26.7 0.4334 0.4123 0.4120 0.0214 9.53
TiCl4/A 383.7 392.2 9.4 36.4 0.2129 0.1730 0.1690 0.0439 10.85
TiCl4/B 1565.7 1568.3 21.2 93.1 0.6676 0.6114 0.6104 0.0572 8.51
H3PO4/A 293.8 300.2 9.4 32.6 0.2068 0.1438 0.1410 0.0658 13.77
H3PO4/B 994.8 996.6 15.2 30.1 0.4212 0.3956 0.3950 0.0262 8.45

rtichoke
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Fig. 3. Adsorption–desorption isotherms of N2 at STP for A

ombination of Type I and Type II according to IUPAC,
hich exhibit different degrees of hysteresis of Type H4

nd indicate microporosity in the case of Type-I adsorp-
ion isotherms. The isotherm of AC/ZnCl2/A is mostly
ype II with a Type-H3 hysteresis loop (Fig. 3), which

s observed with solids of plate-like particles that create
lit-shaped pores [30].

Although the BET equation is most widely used to
valuate the surface area of solids, it is unlikely to yield

 reliable value of the actual surface area if the isotherm
s truly Type I because it does not consider the possibil-
ty of micropore filling or penetration into molecular-size
avities [30]. Indeed, applying the linear form of the BET
quation to our data resulted in lines of low R2, which
Please cite this article in press as: G.M.S. ElShafei, et al. Artichoke
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.o

mplies the inapplicability of the equation. The t-plot
ethod for micropore analysis, which was developed by
e Boer, and the αs-method, which was developed by
ing, have been used to estimate the actual internal and
 based ACs prepared by both methods “A” and “B”(ZnCl2).

external surface areas of the artichoke-based ACs pre-
pared via both methods A and B. Table 4 includes the
complete numerical values for all textural parameters of
artichoke-based ACs. The surface areas of ACs prepared
via method B are clearly 2–4 times those prepared via
method A. Most of the surface area of the activated car-
bon is related to the pores with diameter below 2 nm,
whereas mesopores and macropores have smaller con-
tributions to the total surface area. The relatively low
surface area in the case of H3PO4 can be attributed to
the formation of polyphosphoric acid and/or phosphate
and polyphosphate species, which act as an insulating
layer around the particles during the impregnation step,
partly preventing the penetration of the activating agent
 as a non-conventional precursor for activated carbon: Role
rg/10.1016/j.jtusci.2016.04.006

into the raw material [31] and making some created pores
inaccessible to nitrogen. In the case of AC/CrCl3/B, the
relatively low surface area of 909.35 m2/g is attributable
to the presence of many chromium phases in the carbon

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Table 5
Dubinin–Radushkevich analysis results and the textural parameters of artichoke-based activated carbons prepared using methods A and B.

Carbon sample Vmicro (CC/g) Eo (KJ/mole) L (nm) Amicro (m2/g)

Untreated carbon 0.1690 18.52 1.51 222.9
KOH/A 0.2185 16.69 2.04 214.2
KOH/B 0.9880 21.66 1.01 1874.6
KCl/A 0.2509 16.86 1.97 253.7
KCl/B 0.6760 21.68 1.05 1286.2
ZnCl2/A 0.0870 14.85 3.13 55.6
ZnCl2/B 0.8320 20.47 1.19 1397.4
CrCl3/A 0.1600 16.05 2.32 137.7
CrCl3/B 0.4120 15.06 2.52 279.5
TiCl4/A 0.1736 14.65 3.32 104.5
TiCl4/B 0.6096 20.70 1.02 1191.6
H3PO4/A 0.1446 14.65 3.33 86.9

19.01 
H3PO4/B 0.3980 

matrix after the washing steps, which affect the pore
structure of the product. The existence of these phases
was proven using XRD (will be presented). Chromium
carbides with a high melting point (1895 ◦C) persist dur-
ing the activation step and consequently facilitate the
oxidation to form chromium oxides. The difference in
surface area between AC/KOH/B and AC/KCl/B may
be explained based on the chemical nature of the precur-
sor. The acidic nature of the artichoke peels facilitates
the deep penetration of KOH into the precursor struc-
ture. Hence, it increases the efficiency of the activation
process via KOH instead of KCl. Nonetheless, the value
of the latter case implies that KCl is also an efficient
activating agent.

For activated carbons, the pore volume is an impor-
tant parameter that characterizes their pore structures. In
Type-I isotherms, the amount adsorbed at relative pres-
sure near unity corresponds to the total amount adsorbed
in both micropores (filled at low relative pressure) and
mesopores (filled at pressures above 0.2). Consequently,
the subtraction of micropore volume (�-method) from
the total amount provides the volume of mesopores [32].
The results show that the pore volumes and surface
area follow identical trends and that the pore volume
is mainly confined to micropores. Sample ZnCl2/A con-
comitantly shows a significant fraction of mesoporosity
(Table 4).

An additional analysis was performed by applying the
Dubinin–Radushkevich (DR) equation. Table 5 shows
the numerical values of DR parameters of all AC sam-
ples.
Please cite this article in press as: G.M.S. ElShafei, et al. Artichok
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.

The mean pore width of the ACs prepared using
method B, except AC/CrCl3/B, is below 2 nm, which
confirms the microporous nature of ACs prepared using
method B, whereas its value for ACs prepared using
1.63 487.5

method A is ≥2 nm, which confirms the mesoporous
nature of ACs prepared using method A. The energies
of adsorption Eo of ACs prepared using methods B and
A are approximately 20 kJ/mole and 16 kJ/mole, respec-
tively, which reflects the microporous nature of solids
produced via method B [33]. In contrast, AC/CrCl3/B
has lower adsorption energy than AC/CrCl3/A, which
may be attributed to the presence of Cr2O3 phases as
impurities in AC/CrCl3/B because of the strong reac-
tion of the precursor and activating agent when method
B is used and the difficult complete removal of diff-
used chromium species. AC/CrCl3/A does not have as
much of these species as AC/CrCl3/B because of the
inefficient activation process of method A. Thus, the
presence of impurities so badly affects AC/CrCl3/B
that they reduce the energy of adsorption to a lower
value than that of AC/CrCl3/A. The values of Eo for
KCl and TiCl4 with method B are of special inter-
est because KCl and TiCl4 are newly used activating
agents.

According to Kaneko [34], Dubinin–Radushkevich
plots are composed of three or four regions with differ-
ent slopes: L, M, H and S. The first three regions are
attributed to micropores, whereas the fourth one signi-
fies the presence of mesoporosity. The previous regions
are observed in the DR plots of all ACs that were pre-
pared using method A, except that region S is absent
for AC/KOH/A. According to the DR plots of ACs pre-
pared by method B, the absence of region S implies the
increase in microporosity and decrease in external area
and number of wider mesopores. In addition, region L′
e as a non-conventional precursor for activated carbon: Role
org/10.1016/j.jtusci.2016.04.006

is observed at low pressure, which corresponds to the
presence of ultramicropores. Fig. 4 shows the DR plots
of ACs/TiCl4. See Supporting information for the plots
of all other samples.

dx.doi.org/10.1016/j.jtusci.2016.04.006
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Fig. 4. Dubinin–Radushkevich plots for artichoke-based AC/TiCl4.
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Fig. 5. XRD of artichoke based ac

.6.2.  X-ray  diffraction  analysis
An increase in disorder of the graphitic sheets of

he activated carbon usually enhances the porosity and
nternal surface area. XRD analysis was performed for
rtichoke-based ACs that were prepared using only
ethod B  to study the effect of the activating agents
n the crystallographic structure of activated carbon and
dentify the purity of the activated carbon (investigate
he metal content) in addition to the metallic and inter-

etallic phases if there are any. The XRD patterns are
hown in Fig. 5. The phase compositions and other XRD
arameters were interpreted as in [35–37]. The amor-
hous nature of the prepared ACs is clear. AC/KOH,
C/ZnCl2 and AC/H3PO4 have nearly complete amor-
hous structures with a high degree of disordering,
Please cite this article in press as: G.M.S. ElShafei, et al. Artichoke
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.o

hich reflects the efficiency of the preparation pro-
ess and washing step and proves the competence of
OH, ZnCl2 and H3PO4 as regular activating agents
carbons prepared by method “B”.

to prepare ACs from our precursor (artichoke peels).
KOH has the strongest amorphous (disordering) effect on
artichoke-peel-based ACs, whereas AC/KCl, AC/CrCl3
and AC/TiCl4 have amorphous structures with different
degrees of crystallinity because there are certain metal-
lic oxide phases as impurities. AC/KCl exhibits two
peaks, which correspond to �-K2O and �-K2O. In addi-
tion, AC/CrCl3 has different peaks, which are assigned
to graphite (002), (004), and different peaks of Cr2O3.
AC/TiCl4 exhibits two peaks that correspond to anatase
(101) and rutile (110) and one peak of graphite (004).
These oxidic phases may appear as impurities in the pre-
pared ACs because of the inefficiency of the washing
step despite the vigorous conditions.

Alternatively, the formation of high-temperature
 as a non-conventional precursor for activated carbon: Role
rg/10.1016/j.jtusci.2016.04.006

metal carbides, which deeply settle in the carbon texture,
becomes unattainable by the leaching reagent. These
metal carbides are likely oxidized after cooling and form

dx.doi.org/10.1016/j.jtusci.2016.04.006
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ted carb
Fig. 6. Scanning electron micrographs of (a) artichoke based untrea
AC/KOH/B.

different metallic oxide phases. AC/CrCl3 has the largest
amount of metallic oxides in addition to certain graphite
phases among all AC samples. The presence of these
crystalline entities induces the build-up of more ordered
graphite layers as inferred from the appearance of well-
defined peaks of the (002) and (004) graphite faces.
Although this result may hint at the failure of CrCl3 to
act as a good activating agent to produce active carbon
from a cellulosic precursor, it may benefit the removal of
organic dyes from aqueous solutions [37]. TiCl4 and KCl
are promising new activating agents for the preparation
of activated carbons.
Please cite this article in press as: G.M.S. ElShafei, et al. Artichok
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.

3.6.3.  Surface  morphology
The surface morphology of some selected artichoke-

based ACs was examined using a scanning electron
on, and (b) artichoke based AC/KOH/A, (c and d) artichoke based

microscope to illustrate the surface changes because of
the preparation method.

Fig. 6(a) shows the SEM micrograph of the untreated
carbon sample. Its surface is notably dense with no
pores except some occasional cracks. The SEM micro-
graph of artichoke-based AC/KOH/A (Fig. 6(b)) shows
that its surface is nearly homogenous with some wide
pores. This appearance accounts for its low surface area
and pore volumes and confirms the low efficiency of
method A in preparing ACs from our raw materials.
Fig. 6(c) illustrates the significantly porous nature of the
AC/KOH/B sample. The surface contains honeycomb-
like formations, which consist of a system of adjacent
e as a non-conventional precursor for activated carbon: Role
org/10.1016/j.jtusci.2016.04.006

cavities with an organized network of macropores.
These cavities, macropores, and edges contain micro-
pore colonies (at higher magnification; Fig. 6(d)), which
account for the high internal surface area (�2321 m2/g).

dx.doi.org/10.1016/j.jtusci.2016.04.006
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his texture is notably beneficial for many adsorption
rocesses because the wide pores serve as channels for
he smaller pores. The chemical, surface, and morpho-
ogical characterization results reveal that method B
single-stage method) is the chemical activation method
hat we can select to prepare efficient ACs from our raw

aterials.

.  General  discussion

Cellulose undergoes thermal decomposition without
 melting state, which results in the formation of a
trong carbonaceous residue. In the chemical activation
ethod, the initial step involves the mixing (impregna-

ion) and chemical attack of the biomass by the activating
gent. In the subsequent step of the thermal treatment, the
ctivating agents initiate the bond cleavage, cross-link
he reactions, minimize tar formation, and modify the
urface chemistry of the resulting adsorbent. In addition,
he activation process rearranges the carbon structure and
roduces a more ordered structural skeleton. The chem-
cal reaction between KOH and the carbon material has
een described to proceed through many steps, which
nvolves the formation of K2O, steam and K2CO3 [38].
egarding the mechanism of the KCl activation process,
Cl introduces K+ into carbon materials, which reacts
ith oxygen of the precursor to form �- and �-K2O, as

onfirmed using XRD. K2O can easily infiltrate the pores
nd is subsequently reduced by carbon, which results
n carbon gasification with subsequent CO2 emission,
hich enhances the porous structure.
For the mechanism of the transition metal activa-

ion process, transition metal chlorides are dehydrating
gents and can alter the pyrolysis behaviour of the carbon
recursor. The chemicals that remain after the thermal
rocess are leached in the washing step and leave cavi-
ies that constitute a porous structure. However, the leach
bility will increase when the leachable species more
asily leave the carbon matrix, which depends on the
trength of the interaction between the metal and the car-
on matrix. To compare ZnCl2, CrCl3 and TiCl4 in that
ehaviour, we invoke the concept of the polarizing power
f metal cations. The polarizing power means the abil-
ty to distort the electron distribution in the neighbouring
olecules, atoms or ions [39]. The parameter Z/r2 can be

onsidered a measure of the strength of the charge field of
he cation by which the neighbouring atoms in the matrix
ill be affected. Considering this parameter for Zn, Cr
Please cite this article in press as: G.M.S. ElShafei, et al. Artichoke
of the activation process, J. Taibah Univ. Sci. (2016), http://dx.doi.o

nd Ti cations with their ionic radii (Pauling) as 0.088,
.081 and 0.096 nm, respectively, we obtain the values of
59, 454 and 434, respectively. According to these val-
es, we can arrange the interaction strength of cations
 PRESS
versity for Science xxx (2016) xxx–xxx 11

with the carbon matrix as Zn < Ti < Cr. Therefore, the
leach ability is expected to follow the order: Zn > Ti > Cr,
which explains the order in all reported data that cite Zn
first as a successful activating agent to produce AC from
artichoke peels. The presence of more than one oxidation
state for Cr increases the chance of interaction with the
carbon matrix and consequently decreases the leach abil-
ity of Cr after activation with a consequent AC formation
with lower-grade targeted properties. However, all sam-
ples consisted of acidic and basic sites, which indicates
that the strength instead of the nature of the interaction
is the more important factor in drawing the final picture.

5.  Conclusions

The AC production from a cellulosic precursor (arti-
choke peels) via chemical activation strongly depends
on the activation method. The one-step method appears
to be superior to the method that proceeds in two sep-
arate steps. KOH with method B resulted in an area of
2321 m2/g and a total pore volume of 1.0071 cm3/g, of
which 0.9794 cm3/g was confined to micropores. The
characteristics of the produced AC also strongly depend
on the nature of the used activating agent. Method B
resulted in higher iodine number and total amount of
acidic and basic surface functional groups. The use of
new activating agents such as KCl, CrCl3 and TiCl4
appears tempting in future use with deeper concern for
the conventional activating agents that largely appear in
the literature. The application of these activating agents
with other precursors of different origin is in progress.

Appendix  A.  Supplementary  data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.jtusci.
2016.04.006.
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