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INTRODUCTION

Activated carbons with high surface area and pore
volumes are produced from a variety of carbonaceous
raw materials. In practice, coal and agricultural by-prod-
ucts or lignocellulosic materials are two main sources
for the production of commercial activated carbons. In
recent years, condensed research has been reported
on the production of low cost activated carbon from
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agricultural residues such as olive-waste cakes[1], corn-
cobs[2], Tamarind wood[3], pecan shell[4], coconut
husk[5], palm shell[6], coffee grounds[7], almond husk[8],
and corn[9]. In principle, the activation methods can be
divided into two categories: chemical and physical acti-
vation. In a chemical activation, the raw material is im-
pregnated with an activating reagent like ZnCl

2
, H

3
PO

4
,

KOH and K
2
CO

3
 or their mixtures[10-12]. In physical

activation, a raw material is first carbonized, and the
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ABSTRACT

Activated carbons were prepared through physical activation of almond
shell precursor, using carbon dioxide as the physical agent. The effects of
the preparation variables, such as activation temperature, carbon dioxide
flow rate and activation time, on the adsorption capacity of iodine and meth-
ylene blue solution were investigated. The activated carbon which had the
highest iodine and methylene blue numbers was obtained by these condi-
tions as follows: 800 °C activation temperature, 100 cm3/min carbon dioxide
flow rate and 120 min activation time. The characterization of carbon materi-
als is performed by scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), 13C (CP/MAS and
MAS) solid-state NMR, nitrogen adsorption (BET) and Boehm�s titration

method. For the determination of the adsorptive capacity of the activated
carbon, removal of total organic carbon from Tunisian industrial phosphoric
acid was carried. Experimental results showed that TOC could be adsorbed
effectively by the oxidized almond shell-activated carbon. The eliminatory
capacity of these activated carbons was comparable with those of some
commercial activated carbons.  2012 Trade Science Inc. - INDIA
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resulting char is secondarily activated under a flow of
suitable gas such as carbon dioxide, steam, air or their
mixtures[13-15]. The physical preparation process using
carbon dioxide was investigated in this study.

The physical properties and the chemical composi-
tion of the precursor, as well as the methods and pro-
cess conditions employed for activation, determine the
final pore size distribution and the adsorption proper-
ties of the activated carbon[16]. This effective adsorbent
is used for the separation and removal of unwanted
matters from industrial effluents. It finds wide applica-
tion in food, pharmaceuticals, solvent recovery, drink-
ing water treatment, fuel cells, chemical and other pro-
cess industries[17]

.

The aims of this work were to utilize almond shells
for the preparation of activated carbon by simple
thermo-physical activation using CO

2
 as an activating

agent. At present, this agricultural waste material is used
principally as a solid fuel and is available in abundance
in Sfax, Tunisia. This prepared activated carbon was
used for the elimination of the total organic carbon con-
tained in Tunisian industrial phosphoric acid manufac-
tured from phosphate rock by the SIAPE society using
wet process[18]. In this study, the effects of activation
temperature, carbon dioxide flow rate and activation
time on iodine and methylene blue numbers of the acti-
vated carbon were studied in order to obtain high ad-
sorption capacity and surface area of the product. Sub-
sequently, the physico-chemical characteristics of the
activated carbon, obtained by optimum conditions, were
also determined.

EXPERIMENTAL

Preparation conditions of activated carbons

Almond shell was obtained from the local market
in Sfax, Tunisia. Almond shell was firstly washed and
subsequently dried at 105 °C for 24 h to remove the

moisture content. The dried samples were ground and
sieved to the size of 1�2 mm. Carbonization of the raw

shells and activation of the resulting chars were both
carried out in a vertical stainless-steel reactor, which
was placed in an electrical furnace Nabertherm. During
the carbonization process, about 15 g of raw material
was used to prepare the chars. Nitrogen gas at a flow
rate of 150 cm3/min was passed through the reactor

right from the beginning of the carbonization process.
The furnace temperature was increased at a rate of 5
°C/min from room temperature to 450 °C and held at

this temperature for 1 h. After pyrolysis, the furnace
was cooled down to room temperature with N

2
 flush-

ing through the sample. The resulting chars were then
activated by a CO

2
 flow to prepare for the final prod-

uct at fixed heating rate at 10 °C/min. For the activation

process, the effects of activation temperature, activa-
tion time and carbon dioxide flow rate were studied to
obtain the optimum conditions for the process.

Optimum conditions for the production of activated
carbon

Some parameters which had effect on the activated
carbon namely impregnation ratio of activation tempera-
ture (600�900 °C), activation time (30 �120 min) and

carbon dioxide flow rate (50�200 cm3/min) were stud-
ied to determine the optimum conditions for producing
this activated carbon. In this work, efficiency and qual-
ity of the activated carbon were preliminarily charac-
terized by measuring both iodine number and methyl-
ene blue number. Iodine number can be used for esti-
mation of the relative surface area and measurement of
porosity, the pores size greater than 1.0 nm in diameter.
Therefore, the iodine number was measured to evalu-
ate the adsorptive capacity of the produced activated
carbon. In case of methylene blue number, it is also one
of the most widely recognized probe molecules for as-
sessing the removal capacity of the specific carbon for
moderate-size pollutant molecules (=1.5 nm)[19].

(A) Adsorption of iodine

The iodine number of activated carbon was ob-
tained on the basis of the Standard Test Method, ASTM
Designation D4607- 86 by titration with sodium
thiosulphate (ASTM, D 4607-86). The concentration
of iodine solution was thus calculated from total volume
of sodium thiosulphate used and volume dilution factor.

(B) Adsorption of methylene blue

Methylene blue adsorption was conducted by mix-
ing 0.2 g of the prepared activated carbon with 100 mL
of 1000 mg/L methylene blue solution[20]. After agita-
tion during 24 h, the suspension was filtered and the
methylene blue residual concentration was measured at
660 nm, using an UV/vis spectrophotometer (Visible
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spectrophotometer 1011, CECIL). A previously estab-
lished linear Beer-Lambert relationship was used for
the concentration determination.

Characterization of the prepared activated carbon

(A) Textural characterization

Textural characteristics were determined by nitro-
gen adsorption at -196 °C with an automatic adsorp-

tion instrument (TriStar 3000 V6.04 A, Micromeritics).
Prior to the measurements, the samples were out gassed
at 300 °C under nitrogen for at least 24 h. The amount
of N

2
 adsorbed at relative pressures near unity (�0.99)

corresponds to the mole number of adsorbed nitrogen
per gram of activated carbon. The surface area of the
sample was calculated by Brunauer-Emmet-Teller
(BET) method in relative pressure (P/P

0
) range of 0.05-

0.30 at -196 °C. In addition, a scanning electron mi-

croscopy (Philips XL30) was used to visualize mor-
phology of the raw material (almond shell) and the ac-
tivated carbon prepared in the optimal conditions.

(B) Chemical characterization

The surface organic functional groups and struc-
ture were studied by FTIR spectroscopy. The FTIR
spectra of the raw material and the resulting activated
carbon were recorded between 500 and 4000 cm-1 in
a NICOET spectrometer.

The well-known Boehm�s method allows modeling

the principal acidic oxygenated functions of the acti-
vated carbon such as carboxylic acids, lactones and
phenols using bases of increasing strength as NaHCO

3
,

Na
2
CO

3
 and NaOH, respectively. Then, the total ba-

sicity is given by titration by HCl. More details are given
in Refs.[21,22].

The NMR spectrum was recorded in a Bruker (300
MHz) spectrometer operating at a carbon resonance
frequency of 75.467 MHz and at 20 °C. 13C cross-
polarization magic-angle spinning (CP/MAS) and
magic-angle spinning (MAS) were used to character-
ize the optimal activated carbon.

The surface of inorganic components were analyzed
by an X-Ray diffractometer a Philips® PW 1710

diffractometer (Cu Ká, 40 kV/40 mA, scanning rate of
2è per min).

(C) TOC removal test

The industrial acid solution used was a 54% P
2
O

5

(about 9M H
3
PO

4
) solution containing an initial con-

centration of Total Organic Carbon (COT) equalizes
with 578 ppm. The removal of TOC was carried out in
the following manner: a known amount of prepared
activated carbon was placed in Erlenmeyer flasks of
250 ml capacity in contact with 100 g of industrial phos-
phoric acid solutions at a certain temperature (40� 60

°C). A reflux refrigerant is placed on each Erlenmeyer

to avoid water evaporation. After contact desired time,
carbon particles and the supernatant acid were sepa-
rated by filtration on an organic membrane of conve-
nient porosity. TOC was determined by a Shimadzu
TOC-5050 apparatus.

RESULTS AND DISCUSSION

Optimum conditions for the production of activated
carbon

(A) Activation temperature

Activation temperature was shown to have remark-
able effects on both surface area and the nature of po-
rosity. The increase in temperature would release in-
creasing volatiles as a result of intensifying dehydration
and elimination reaction and also increased the C�CO

2

reaction rate[23,24]. Enhance activation temperature sig-
nificantly enhanced of both micro-and mesopore de-
velopments, resulting in the increase of both iodine and
methylene blue adsorptive capacities of the activated
carbon. From the results as shown in Figure 1, it illus-
trated that starting from 800°C the prepared activated

carbon have high iodine and methylene blue numbers at
constant activation time of 2 h and carbon dioxide flow
rate equal to 100 cm3/min. Additionally, the yield of
activated carbon defined as the ratio of the mass of
activated carbon produced upon the mass of the raw
material used, was decreased for the activation tem-
perature increases from 600 to 900°C (TABLE 1). This

is attributed to the removal of volatile matters resulting
from the decomposition of major compounds of almond
shell i.e. cellulose (long polymer of glucose without
branches) and hemicellulose (constituted of various
branched saccharides)[25].

Above 800 °C, the yield becomes constant because

all cellulose and hemicellulose are decomposed. It re-
mains lignin, the third component of almond shell, the
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(B) Activation time

The effect of activation time on iodine and methyl-
ene blue number was studied by varying the time from
30 to 120 min at constant activation temperature of
800°C and carbon dioxide flow rate about to 100 cm3/
min. Figure 2, shows that increasing of activation time
resulting in the increase of the iodine and methylene blue
numbers. The results present that 120 min is the suit-
able length of time for activation because it gave the
highest iodine and methylene blue numbers of product
with a maximum value of 1060.43 mg/g and 414.78
mg/g, respectively. This trend is expected because some
volatile compounds which were in the inner part of par-
ticle could evaporate more with long activation. The
reason is that heat penetrated deeper inside of particles
than at short time, so the porosity development at long
time was higher than at short time resulting in the in-
crease of iodine number[26].

(C) Carbon dioxide flow rate

The effect of carbon dioxide flow rate on the iodine
and methylene blue number is given in Figure 3. In-

creasing the CO
2
 flow rate from 50 to 100 cm3/min

increases the adsorption capacity of the activated car-
bons for the molecules of iodine and methylene blue.
This means that, at a flow rate of 50 cm3/min, the car-
bon burnoff due to carbon�CO

2
 reaction is not suffi-

ciently high to maximize the BET surface area in the
activated carbons. At 50 cm3/min, it is also possible
that the volatiles released from the samples might not
be completely entrained in the low-velocity CO

2
 flow

but be deposited on the sample surface again, thereby
hindering pore development[27]. At a flow rate of 100
cm3/min, the iodine and methylene blue numbers are
maximum values. For flow rates of 150 cm3/min and
greater, the higher flow velocities above that for 100
cm3/min reduce the contact time between the CO

2

molecules and the sample surface and thereby decrease
the diffusion of the molecules into the pore structures
and hence reduced adsorption capacity was obtained.

decomposition of which is more difficult. Thus, at 800
°C was chosen as the optimum activation temperature.

Figure 1 : Effect of activation temperature on iodine and me-
thylene blue numbers of optimal activated carbon.

TABLE 1 : Effect of activation temperature on the yield of
activated carbon

Temperature (°C) Yield (%) 

600 29.75 

700 24.61 

800 23.47 

900 23.29 

Figure 2 : Effect of activation time on iodine and methylene
blue numbers of optimal activated carbon.

Figure 3 : Effect of carbon dioxide flow rate on iodine and
methylene blue numbers of optimal activated carbon.
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Note that all experiments were conducted in optimal
conditions of activation temperature and contact time.

Characterization of the optimal activated carbon

According to Section 3.1, optimized conditions
were selected as activation temperature at 800 °C, a

carbon dioxide flow rate of 100 cm3/min and an acti-
vation time equal to 120 min. Figure 4 shows nitrogen
adsorption/desorption isotherm curve onto the acti-
vated carbon prepared at optimized conditions at -
196 °C. The obtained isotherm curve belongs to a
mixed type in the IUPAC classification, type I at low
pressure and type IV at intermediate and high P/Po. In
the initial part, they are type I, with an important up-
take at low relative pressures, the characteristic of
microporous materials. However, the open knee is pre-
sented, no clear plateau is attained and certain slope
can be observed at intermediate and high relative pres-
sures. All these facts indicate the transition from
microporosity to mesoporosity (type IV). Addition-
ally, a desorption hysteresis loop due to adsorbate
condensation in the mesopores is presented. The ad-
sorption isotherm of this material showed a good agree-
ment with those reports in the literatures[28,29].

For this activated carbon prepared under optimized
condition, the X-ray diffraction profiles shown in Fig-
ure 6 exhibit broad peaks and absence of a sharp peak
that revealed predominantly amorphous structure, which
is an advantageous property for well-defined
adsorbents. However, the occurrence of broad peaks
around 25° and 43° showed signs of formation of a

crystalline carbonaceous structure, resulting in better
layer alignment[30]. Similar result reported was proposed
by Pechyen et al.[31].

Figure 4 : Nitrogen adsorption�desorption isotherms of opti-

mal activated carbon.

Microstructure of the resulting activated carbon pre-
pared in the optimal conditions in Figure 5 shows that
the adsorbent gives roughly texture with heterogeneous
surface and a variety of randomly distributed pore size.
Furthermore, it contains an irregular and highly porous
surface, indicating relatively high surface area. This ob-
servation can be supported by BET surface area of the
prepared activated carbon as illustrated in TABLE 2.

Figure 5 : SEM image of resulting activated carbon.

TABLE 2 : Surface area, quantity adsorbed of nitrogen and
pose size.

Parameters Values 

BET surface area, SBET (m2/g) 1310.134 

quantity adsorbed of nitrogen (mmol/g) 13.422 

Average pore diameter (Å) 19.58 

Figure 6 : X-ray diffraction profile of optimal activated
carbon.

The analysis of surface functions covered the car-
bons made it possible to identify the whole of the acid
and basic groupings. Some examples of oxygen con-



.236 Removal of total organic carbon from Tunisian industrial phosphoric acid

Full Paper

ACAIJ, 11(6) 2012

An Indian Journal
Analytical CHEMISTRYAnalytical CHEMISTRY

The solid-state 13C NMR spectrum of produced
activated carbon shows that the lignocellulosic struc-
tures were completely transformed into a polycyclic
material with the preponderance of heteroaromatic
structures, as indicated by the signal observed in the
110-130 ppm region (Figure 8). Aromatic groups
present in the lignin favor re-ordering of elemental car-
bon upon a possible thermal treatment. In addition, the
signal in at 125 ppm indicates the presence of benzene
groups associated with these basal planes.

Additionally information about the chemical struc-
ture and functional groups, infrared spectroscopy of the
prepared activated carbon was studied in this work. It
is noted that the infrared spectroscopy of the raw ma-
terial (almond shell) was analyzed in my preceding

work[32]. The spectrum of the optimal adsorbent pre-
pared is given in Figure 9. The band located at 3447
cm-1 is attributed to í (O�H) vibrations in hydroxyl

groups. The weak and broad peaks that appear at 2254
cm-1 could be assigned to í (C=C) vibrations in alkyne
groups. The skeletal C=C vibrations in aromatic rings
cause the absorptions in 1585 cm-1. The absorptions at
1438 cm-1 could be the result of C�O stretching in car-

boxylate groups. The peaks at 1130 cm-1 are due to
the vibrations of C�O stretching. The C�H out-of-plane

bending in benzene derivative vibrations causes the band
at 890 cm-1[1].

taining functionalities detected on the carbon surface
include the following: carboxylic, lactone, phenol, car-
bonyl, pyrone, chromene, quinone, and ether groups
(Figure 7)[32]. The results of analysis the surface oxygen
functional groups of our activated carbon product car-
ried to the TABLE 3, make it possible to note that the
quantity of the acid functions is much more important
than those of the basic functions. So we can conclude

that the activated carbons are of type acids.

Figure 7 : Acidic and basic surface functionalities on a car-
bon basal plane[32].

TABLE 3 : Concentrations (meq/g) of acidic and basic groups
of the surface in optimal activated carbon

Surface functions Values 
Total of acid functions 2.606 
 Carboxylic (-COOH) 1.604 

 Lactones (-COO-) 0.875 

 Phenol (-OH) 0.127 

Total of basic functions 1.598 

Figure 8 : Solid-state 13C NMR spectrum of produced acti-
vated carbon.

Figure 9 : FT-IR spectra of optimal activated carbon.

APPLICATION OF OPTIMAL ACTIVATED
CARBON TO THE REMOVAL OF TOTAL

ORGANIC CARBON CONTAINED IN
TUNISIAN INDUSTRIAL PHOSPHORIC ACID

Activated carbon prepared from almond shell
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at optimum conditions is characterized by an acidic sur-

face. Considering that the majority of organic matter

contained in industrial phosphoric acid is the acid

type (di-n-bytul phthalate, humic acid and fulvic

acid)[33,34], it is necessary to modify surface of the acti-

vated carbon to make it more alkaline.

Modification of the surface chemistry of carbons

(A) Ammoxidation of the resulting activated carbon

The objective of ammonxidation is to increase the
basicity of activated carbon by introducing basic nitro-
gen functionalities to the carbon surface[35,38]. Apart from
the incorporation of basic nitrogen functionalities dur-
ing heat treatment under ammonia flow, the removal of
oxygen containing functionalities can significantly im-
prove the basicity of ammonia treated carbons[35,39]. In
the reaction with ammonia at elevated temperatures
ether-like oxygen surface groups are easily replaced
by �NH� on the carbon surface that through dehy-

drogenation reaction could readily lead to imine and
pyridine functionalities as shown in Figure 10[40].

TOC removal tests

Figure 12 shows the effects of specific consump-
tion on the removal of TOC contained in industrial phos-
phoric acid at various temperatures onto the
ammoxidated activated carbons prepared at optimal
conditions. The specific consumption was calculated
by using the following equation,

5O2P

AC

m

m
nconsumptioSpecific  (3)

and the removal efficiency of TOC was calculated as
follows:

100
TOC

TOCTOC
TOC of  Removal %

0

r0 


 (4)

Where m
AC

 is the mass of the activated carbon (g),
m

P2O5
 is the mass of P

2
O

5
 contained in industrial phos-

phoric acid (kg), TOC
0
 and TOC

r
 are the concentra-

tions of Total Organic Carbon initial and residual, re-

Figure 10 : Reaction scheme for conversion of chemisorbed
oxygen (ether-like) into imine and pyridine surface groups in
the reaction with ammonia[41].

The ammoxidation was performed on a glass sin-
tered inside a glass tube reactor where a flow of air and
ammonia circulates. A mass of activated carbon equal

to 10 g is used to avoid large differences in terms of

ammoxidation degree. The flows of the air and the am-
monia are 6000 and 1200 ml/h, respectively, controlled
with two rotameters. This apparatus is then introduced
in a circular furnace for 6 h at a fixed temperature of
400 °C. The power of heating is controlled with a ther-

mocouple that is in contact with the surface of the
sample. After reaction, the removed sample is mixed
and placed in a dessicator under vacuum at 110 °C. To

complete the elimination of ammonia, the activated car-
bon is washed with 2000 ml of distilled water under
agitation for 24 h and then dried at 110 °C.

(B) Effect of ammoxidation on the surface functions

The distribution of acid groups and the basic

group is detailed in histogram (Figure 11). One can note

first of all, for the ammoxidated samples, an expected
increase in the total basicity occurs. Secondly, the
phenols and the lactones undergo a decrease in their
concentration. The amount of carboxylic acids decreases
also but more slightly. Lactones are cyclic esters, thus
they could react easily with ammonia to give amide
groups. The carboxylic acids could also react with am-
monia giving the same nitrogenated functions according
to the following reaction[41]:

NCNHCONHCOO O2H
2

O2H
4   

 (1)

Moreover, some dihydroxy-phenols became quinones
by both effects of the oxygen and the high tempera-
ture[42]:

OHNHNHOH 223  (2)

Figure 11 : Concentrations of the acid and basic groupings
for the surface of optimal activated carbon.
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spectively. The specific consumption is an important
parameter because this parameter determines the ca-
pacity of adsorbent for a given TOC concentration and
also determines sorbent�sorbate equilibrium of the sys-

tem. The increased removal at high consumption of ac-
tivated carbon is expected, because of the increased
adsorbent surface area and availability of more adsorp-
tion sites[42,43]. The optimum specific consumption was
found to be 16 g AC/kg P

2
O

5
. From the figure 12, the

removal of TOC was increases with temperature, which
indicates the endothermic nature of the adsorption re-
action. At higher temperature, more organic molecules
have sufficient energy to undergo an interaction with
active sites at the surface. In addition, increasing the
temperature was known to increase the rate of diffu-
sion of the adsorbate molecules across the external
boundary layer and in the internal pores of the adsor-
bent particle due to the decrease in the viscosity of the
solution[44]. The maximum percentage removal of TOC
reaches 78 % at 60 ° C.

Figure 12 : Effect of specific consumption on the removal of
TOC contained in Tunisian industrial phosphoric acid.

Comparison to commercially available adsorbent
materials

Figure 13 provides a comparison of removal
capabilitie for optimal activated carbon oxidized rela-
tive to commercial activated carbons designed for TOC
removal. This figure shows that the tested commercial
carbons have lower performance compared to the ac-
tivated carbon oxidized. The removal of TOC onto
three types of the activated carbon increases with time
and then attains equilibrium value at a time of about
150 min.

Figure 13 : A comparison of optimal activated carbon oxidized
and commercial activated carbons

CONCLUSION

The results of this work demonstrate that almond
shell is an attractive source of raw material for preparing
high quality activated carbon by physical activation with
carbon dioxide. The activation temperature and the acti-
vation time were found to have important influences on
the development of the pore structure which caused in-
creasing the iodine and methylene blue numbers of the
activated carbon. The optimum activation temperature is
800 °C for 120 min activation time with under a 100

cm3/ min carbon dioxide flow rate. Under these condi-
tions, the largest BET surface area for the almond shell-
activated carbon was 1310 m2/ g. The optimal activated
carbon was ammoxidated for increase the basicity of their
surface in order to application for the removal of total
organic carbon from Tunisian industrial phosphoric acid.
In addition, adsorption times of 150 min and specific
consumption to 16 g AC/kg P

2
O

5
 assure both steady

state and maximum removal of total organic carbon.
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