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ABSTRACT

This work investigated the utilization of carob shell biomass as a precursor for the preparation of
activated carbons by potassium hydroxide activation and their use for heavy metals removal from
aqueous solutions. Experimental design approach was adopted for the optimization of preparation
conditions and cobalt and cadmium removal efficiency. A Box-Behnken surface statistical design with
three factors and three-level combining with response surface modeling and quadratic programming
was employed for maximizing cadmium and cobalt ions removal from aqueous solution. Three dif-
ferent factors including impregnation ratio, activation time, and activation temperature were used.
Experimental results showed that the activation temperature was the most significant factor with a
negative impact for iodine number, methylene blue index, and the removal of cadmium and cobalt
ions. Furthermore, the impregnation ratio showed a negative impact for iodine number and methy-
lene blue index. The activation time presented a positive effect for methylene blue index. Moreover,
the interaction between activation time and activation temperature had a negative impact for cad-
mium and cobalt ions removal. Optimal conditions for cadmium removal were achieved with an
impregnation ratio of 0.3 g/g, activation time of 1.5 h, and an activation temperature at 400°C. Sorption
capacities were determined with equilibrium isotherms. Greater sorption efficiencies acquiring via
Langmuir isotherm model were 90.58 mg/g for cadmium removal and 77.24 mg/g for cobalt sorption.
These major values were obtained for the activated carbons prepared with an impregnation ratio of
0.3 g/g, activation time of 1.5 h and an activation temperature at 400°C and an impregnation ratio of
0.1 g/g, activation time of 1.5 h and an activation temperature at 400°C, respectively.

Keywords: Carob shells biomass; Activated carbon; Cadmium; Cobalt; Potassium hydroxide; Box—
Behnken design.

1. Introduction humanity, science, and technology, the world achieved
to new horizons but the cost that we will pay in the near
future will surely be too high. Among the effect of this
rapid growth is the environmental mess with a big pollu-
tion problem. The demand for water has increased tremen-
dously with the consumption of agricultural, industrial,

The economy of the water is very necessary to save the
planet and to the future of humanity. With the growth of
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and domestic sectors and this resulted in the generation
of large amounts of wastewater containing many pollut-
ants [1]. Among the most dangerous pollutants, heavy
metals may constitute risk factors for our health and nui-
sance to our environment [2]. Therefore, it is necessary to
limit these pollutants as far as possible by establishing a
suitable treatment process [3]. There are several physical,
chemical, and biological methods to treat polluted effluents
such as: filtration [4], solvent extraction [5], electrochemical
treatment [6], chemical precipitation [7], ion exchange [8],
reverse osmosis [9], and adsorption [10,11]. Among these
processes, adsorption is one of the most favorable methods
for the removal of heavy metals due to its effectiveness and
its simplicity in using [12,13]. The principle of adsorption
treatment is to trap metals with a solid adsorbent material.
In the literature, several solid materials including zeolite,
clay [14], nanotubes [15], graphene oxide [16], nanocompos-
ites [17], sericite [18], biomasses, and activated carbon were
used in wastewater treatment processes. Because of their
extensive porous structure, their high surface area and high
adsorption capacity, the activated carbon is mostly used for
treating wastewaters [19]. In the recent years, many low-
cost materials which are available locally and biodegrad-
able have been widely used in the production of activated
carbons. To preserve the environment natural materials
including apple shell [20], olive pits [21], flamboyant pods
[22], apricot stones [23], coconut shell [24], hazelnut shell
[25], rice straw [26], Diplotaxis harra [27], and Glebionis cor-
onaria L. [28] have been developed as precursors for the
production of activated carbon.

In this way, chemical activation processes is widely used
due to its lower activation temperature (usually around
400°C-600°C) and its high product yield as compared with
physical process which requires high temperatures (>850°C).
Well-known chemical agents, ZnCl,, H,PO, H,SO, HNO,,
H,O,, KMnO,, NaOH, KOH, and K,CO,, are used to activate
carbons, resulting in a high surface area and appropriate
porous structure. Among these chemical activating agents, it
has been reported that KOH activation shows improvement
in specific surface area and capacitive performance [29]. In
order to optimize experimental conditions, experimental
designs have been used to control the different factors which
influence and interfere in the preparation and the treatment
of results [30-32].

This study focused on the potassium hydroxide acti-
vation of de-oiled carob shells obtained after hydrodistil-
lation. Preparation conditions, cadmium and cobalt ions
removal were optimized using Box-Behnken experimental
design. Factors included in this model were the activation
temperature, activation time, and impregnation ratio. Four
responses were analyzed, which are iodine number (IN),
methylene blue index (MB index), cadmium and cobalt
ions removal (Cd(II), Co(Il)). The activated carbon (AC)
produced at the optimal conditions was characterized by
the Fourier transform infrared spectroscopy (FTIR) and
the point of zero charge (pH,,.). Functional groups were
quantified by Boehm titration. As well, for the optimized
activated carbons, the equilibrium data of heavy metal ions
sorption were analyzed by Langmuir and Freundlich
isotherm models.

2. Material and methods
2.1. Materials

All the chemicals used in this study were of analytical
grade. Cd(NQO,),-4H,0 (98%), Co(NO,),:6H,O (98%), potas-
sium hydroxide (KOH) (98%), NaCl (99.5%), iodine (L),
sodium thiosulfate (Na,S,0,-5H,0), Na,CO,, NaHCO,, and
HCl (37%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). HNO, (65%) was provided from Scharlau
(Scharlab, Barcelona, Spain). NaOH was from Merck
(Darmstadt, Germany), potassium iodide (KI) was obtained
from Pharmac (St. new Pharmac, Casablanca, Morocco) and
MB was purchased from Panreac (Quimica SLU - Castellar
Del Valles, Spain).

2.2. Preparation of activated carbons

The carob shells were collected from the region of
Khenifra in Morocco. First, they were washed several times
with distilled water to remove impurities and then crushed
and sieved to the desired particle sizes 1-2 mm. Thereafter,
these shells were hydrodistilled in clevenger apparatus
to extract essential oils. The residual biomass was used
for the preparation of activated carbon. This result prod-
uct was impregnated with potassium hydroxide to carbon
ratio (g KOH/g carbon) of 0.1-0.3 g/g. At first, the residual
biomass and KOH were mixed in 50 mL of distilled water,
and then the mixture is shaken at 500 rpm for 1 h at room
temperature. Second, the impregnated biomass was ther-
mally activated in a furnace at 400°C-600°C during activa-
tion time 1-2 h under nitrogen flux. The obtained activated
carbons were washed with hot distilled water until neutral
pH. Therefore they were dried at 105°C, ground and sieved
at a size lower than 125 pum using a normalized sieve. The
obtained activated carbons were kept in hermetic bottle for
subsequent use.

2.3. Characterization

2.3.1. Surface groups and pH,

pzC

Functional groups on the activated carbons surface
were identified by using a Scotech-SP-1 spectrophotometer
in the range of 4,000-400 cm™. Samples were prepared in
KBr disks. Boehm titrations [33] were used for determining
acidic and basic groups. In this method, about 0.1 g of each
sample was mixed with 50 mL of 0.01 M aqueous reactant
solution (NaOH, Na,CO,, NaHCO,, or HCI). The mixtures
were stirred at 500 rpm for 24 h at room temperature. Then,
the suspensions were filtrated by a 0.45 um membrane filter.
To determine the oxygenated groups content, back titrations
of the filtrate (10 mL) were achieved with standard 0.01 M
HCI solution. Basic groups contents were also determined
by back titration of the filtrate with 0.01 M NaOH solu-
tion. pH,,. of different carbons were determined by “mass
titration method” [34]. Thus, 0.05 g of each biosorbents was
added to 50 mL of solution of NaCl (0.01 M). The initial pH
of the solution was adjusted to defined values from 2.0 to 12.0
using HNO, and NaOH (1 M) solutions. The solutions were
stirred for 6 h and the final pH was measured and plotted
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against the initial pH using a sensION + PH31 pH meter. The

pH,,. was determined at pH,  =pH_. .

2.3.2. lodine number

The IN is a technique employed to determine the adsorp-
tion capacity of activated carbons. IN can be used as an
approximation for surface area and microporosity of active
carbons with good precision. The iodine adsorption was
determined using ASTM D4607-94 method. It is a measure
of activity level (higher number indicates higher degree
of activation), often reported in mg/g (typical range 500-
1,200 mg/g). It is a measure of the micropore content of the
activated carbon (0-20 A, or up to 2 nm) by adsorption of
iodine from solution. It is equivalent to surface area of car-
bon between 900 and 1,100 m?*/g [35]. The IN is defined as the
amount of iodine adsorbed by 1 g of carbon when the iodine
concentration of the filtrate is 0.02 N. So 1 g of each carbon
are treated with 10.0 mL of 5% HCI and boiled for 30 s and
subsequently cooled. 100 mL of 0.1 N iodine solution was
added to the mixture and stirred for 30 min. The resulting
solution was filtered and 50 mL of the filtrate was titrated
with 0.1 N of sodium thiosulfate using starch as indicator.

2.3.3. Methylene blue index

The MB index is the number of milligrams of MB
adsorbed per gram of activated carbon. It gives an idea of
the available surface area for micro- and mesoporous adsor-
bents. To have maximum sorption capacities of MB, the
adsorption isotherms were investigated. Stock solution of
MB was prepared by dissolving desired weight in distilled
water. Sorption experiments were investigated in a series of
beakers containing 100 mL by adding 100 mg of each carbon.
Sorption equilibrium was established for different MB ini-
tial concentration between 20 and 500 mg/L for 12 h at room
temperature. Residual concentrations were determined by
spectrophotometric method at the wavelength of maximum
absorbance of 665 nm.

2.3.4. Heavy metals removal

Metal solutions of cadmium and cobalt ions were pre-
pared by dissolving desired weight of Cd(NO,),4H,O or
Co(NO,),-6H,0 in distilled water. Sorption experiments were
investigated in a series of beakers containing 50 mL of the
metal ions solution with a concentration of 100 mg/L and
50 mg of each activated carbon. The mixtures were stirred for
3 h at 500 rpm. The pH of the solutions was adjusted to 6.50
during the experiment with either 0.1 mol/L of HCl or NaOH
and measured by a sensION + PH31 pH meter.

After each sorption experiment, samples were centri-
fuged at 3,400 rpm for 10 min. Metal ion concentrations were
determined using a Perkin-Elmer atomic absorption spec-
trophotometer (AAnalyst 200). The adsorption capacity of
the heavy metals at equilibrium was defined as the amount
of adsorbate per gram of adsorbent (in mg/g) and was
calculated using following equation:

(Co _Ce)

= M

9. =

where ¢, is the adsorbed quantity (mg/g), C, is the initial
metal concentration (mg/L), C, is the residual metal concen-
tration (mg/L), and R is the mass of activated carbon per liter
of aqueous solution (g/L).

Sorption equilibrium for the optimized activated carbons
was investigated for different metal concentrations between
20 and 200 mg/L. The experimental results were correlated
to Langmuir and Freundlich isotherm models via nonlinear
fitting using Origin 6.0 software.

2.4. Box—Behnken experimental design

The Box-Behnken design is used to optimize the num-
ber of experiments to be carried out to possible interactions
between parameters studied and their effects on the removal
of heavy metals [36]. It is an experimental design combined
with response surface modeling and quadratic program-
ming. Three factors were used including, impregnation ratio
(X,=0.1,0.2, and 0.3 g/g), activation time (X, =1, 1.5, and 2 h),
and activation temperature (X, = 400°C, 500°C, and 600°C).
These variables with their respective domain are chosen on
the basis of the literature data and preliminary experiments.
Each factor was varied at three different levels -1, 0, and +1
signifying low, medium, and high values. A first-order model
with all possible interactions was chosen to fit the experimen-
tal data (Eq. (2)).

:BU +2Bi ZBU i2 +ZB1X12 +ZZBUXZX] +e (2)

where 3 is the constant, (3, the slope or linear effect of the
input factor X, [3» is the linear by linear interaction effect
between the mput factor X; and X ﬁ is the quadratic effect
of input factor X,

3. Results and discussion
3.1. Process optimization
3.1.1. Experimental results

Table 1 shows preparation conditions and experimental
results for studding responses; IN, MB index, cadmium and
cobalt removal. Values of MB index varied between 36.79 and
208.46 mg/g, were indicated a high mesoporosity for almost
activated carbon samples. It could be seen that the impreg-
nation ratio had a great influence on the adsorption capacity.
For the IN, the high value of 822.5 mg/g was obtained for
the carbon activated at 500°C for 2 h with an impregnation
ratio of 0.1 g/g. A low impregnation ratio was given a best
result. For the removal of cadmium and cobalt ions, it could
be seen that, the maximum sorption capacities were 67.69 and
51.64 mg/g, respectively, for the carbon activated at 400°C for
1.5 h with an impregnation ratio of 0.1 g/g and the carbon acti-
vated at 400°C for 1.5 h with an impregnation ratio of 0.3 g/g.

In fact, the regression analysis was performed to fit
response functions with the experimental data. Values of
regression coefficient obtained are presented in Table 2
According to the table, the impregnation ratio presented a
negative effect on IN, MB index, and cobalt ions removal and
a positive effect on the cadmium ions removal. While, the



156 M. Farnane et al. | Desalination and Water Treatment 133 (2018) 153-166

Table 1

Factorial experimental design matrix coded, real values and experimental results of the responses

Run Coded values Actual values Responses (mg/g)

X, X, X, X, X, X, IN MB index Cd(I) Co(II)
1 -1 0 -1 0.1 1h30 400 640.99 177.66 60.80 51.64
2 0 0 0 0.2 1h30 500 654.95 215.38 41.96 32.43
3 +1 -1 0 0.3 1h 500 557.22 56.90 54.36 45.99
4 0 -1 -1 0.2 1h 400 682.88 154.82 50.23 35.82
5 -1 -1 0 0.1 1h 500 752.69 201.02 38.28 36.95
6 +1 0 -1 0.3 1h30 400 599.11 45.89 67.69 48.81
7 0 0 -1 0.2 1h30 400 668.92 185.25 60.80 49.39
8 0 +1 0 0.2 2h 500 710.08 285.25 43.79 38.07
9 -1 +1 0 0.1 2h 500 822.50 243.35 36.90 35.25
10 0 +1 +1 0.2 2h 600 389.67 129.61 31.39 28.47
11 +1 +1 0 0.3 2h 500 473.44 73.49 41.96 36.94
12 -1 0 +1 0.1 1h30 600 417.59 111.78 29.55 30.73
13 0 +1 -1 0.2 2h 400 724.77 275.13 66.31 40.34
14 0 0 +1 0.2 1h30 600 501.37 117.33 28.63 30.73
15 0 -1 +1 0.2 1h 600 459.48 102.29 37.82 31.30
16 0 -1 0 0.2 1h 500 780.62 188.91 39.20 45.60
17 +1 0 +1 0.3 1h30 600 361.75 73.24 26.79 20.00

Table 2 confidence level of 95%. The effect of a factor is defined as

Values of model coefficients for the four responses

Main coefficients Y, Y, Y, Y,

b, 696.86 232.82 40.83 38.75
b, -91.52 -63.06 2.81 -0.47
b, -11.24 30.30 0.05 -1.66
b, -126.63 -37.21 -16.16 -8.50
b, -56.24 -12.61 -1.76 -0.58
b, -3.49 23.31 241 -1.98
b,, -33.12 -28.17 -3.92 -0.08
b, -62.34 -69.62 0.95 0.78
b,, 19.21 -12.13 1.16 -0.61
b, -139.50 -54.39 4.25 -2.43

@
@

activation time had a negative effect on IN and cobalt ions
removal and positive effects on the MB index and cad-
mium ions removal. Whereas, the activation temperature
had a negative effect on the IN, the MB index, and both the
heavy metals removal. The analysis of the interaction effects
showed a significant interaction with a negative impact
between impregnation ratio and activation time on the IN
(b, =-56.24), and a significant interaction between impregna-
tion ratio and activation temperature on MB index response
with a positive effect (b,, = 23.31). For the heavy metal ions
removal, the interactions of the impregnation ratio showed a
significant effect with a positive sign (b,, = 0.95 for cadmium
removal and b, = 0.78 for cobalt removal).

3.1.2. Analysis of variance

The analysis of variance (ANOVA) is used to deter-
mine the significance of the curvature in the responses at a

the change in response produced by a change in the level of
the factor. This is frequently called a main effect because it
refers to the primary factors of interest in the experiment. The
model and model terms are considered to be significant only
when the values of (Prob > F) are less than 0.05 and terms with
Fisher’s statistical test (F-test). According to these conditions,
several studies were analyzed [37]. The ANOVA assessed the
significance fitting of the quadratic model for four responses
with results indicated in Table 3. ANOVA results showed
that equations adequately represented the actual relationship
between each response and significant variables.

3.1.2.1. Iodine number

According to the ANOVA analysis for the IN, signifi-
cant effects are the impregnation ratio (X,), activation tem-
perature (X,), and the interaction between impregnation
ratio x impregnation ratio (X,,) and activation tempera-
ture x activation temperature (X,,). These factors and interac-
tion showed anegative effect on the IN. So, IN increased as the
impregnation ratio and activation temperature decreased. In
contrast, an increase in the micropores was occurred for low
level of the impregnation ratio (0.1 g/g) and the activation
temperature of 400°C. The final equation in terms of coded
factors was described as follows:

Y, =716.07 - 91.53X, — 9.40X, — 126.63X, - 56.24X X, -
33.12X,X, - 66.19X? — 147.20X? ®)

3.1.2.2. Methylene blue index

For the MB index, most significant effects are impreg-
nation ratio, activation time, activation temperature, and
the interaction of impregnation ratio x impregnation ratio
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Table 3
Analysis of variance for the four responses
Source Sum of squares Df Mean square F-Value p-Value Prob > F
Todine number
Model 303,411.56 7 43,344.51 14.12 0.0003 Significant
X, 62,398.40 1 62,398.39 20.32 0.0015
X, 925.17 1 925.17 0.30 0.5964
X, 141,731.16 1 141,731.16 46.16 <0.0001
XX, 13,663.35 1 13,663.35 4.45 0.0641
XX, 4,809.78 1 4,809.78 147 0.2423
X2 17,955.46 1 17,955.46 5.85 0.0387
X2 85,365.58 1 85,365.58 27.80 0.0005
Residual 27,633.47 9 3,070.39
Cor total 331,045.03 16
R?=0.9165; Ridj =0.8516
Methylene blue index
Model 81,088.77 7 11,584.11 12.93 0.0005 Significant
X, 29,317.10 1 29,317.10 32.73 0.0003
X, 8,897.46 1 8,897.46 9.93 0.0117
X, 12,238.20 1 12,238.20 13.66 0.0049
XX, 2,172.96 1 2,172.96 243 0.1538
XX, 3,478.51 1 3,478.51 3.88 0.0802
X2 18,499.42 1 18,499.42 20.65 0.0014
X} 9,663.53 1 9,663.53 10.79 0.0095
Residual 8,061.20 9 895.69
Cor total 89,149.96 16
R*=0.9165; Ridi =0.8516
Cd(II) removal
Model 2,470.40 6 411.73 11.83 0.0005 Significant
X, 79.82 1 79.82 2.29 0.1608
X, 0.19 1 0.19 0.01 0.9430
X, 2,292.62 1 2,292.62 65.89 <0.0001
XX, 23.28 1 23.28 0.67 0.4324
XX, 67.31 1 67.31 1.93 0.1944
X2 0.02 1 0.02 0.001 0.9891
Residual 347.92 10 34.79
Cor total 2,818.33 16
R*=0.8765; Ridj =0.8025
Co(II) removal
Model 769.12 6 128.17 3.22 0.0499 Significant
X, 1.00 1 1.00 0.03 0.8772
X, 25.69 1 25.69 0.64 0.4406
X, 637.96 1 637.96 16.02 0.0025
XX, 15.60 1 15.60 0.39 0.5454
XX, 0.03 1 0.03 0.001 0.9798
X2 6.92 1 6.92 0.17 0.6856
Residual 398.34 10 39.83
Cor total 1,167.36 16

R = 0.6588; R, = 0.4540
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and the activation temperature x activation temperature. The
impregnation ratio, activation temperature, and the interac-
tions X, and X, showed a negative effect on the MB index
response. In contrast, activation time had a positive effect.
Therefore, the MB index increased when the activation time
was in the high level (2 h). Therefore, the preparation of an
activated carbon with a high mesoporosity suggested to
use a low impregnation ratio (0.1 g/g) and a less activation
temperature (400°C).

Y, =220.69 - 60.54X, + 29.14X, - 37.21X, + 23.31X X, -
28.17X,X, - 67.19X 2 - 49X? 4)

3.1.2.3. Heavy metals removal

Basis on the ANOVA analysis, both responses of cad-
mium and cobalt ions removal showed that the most sig-
nificant factor was the activation temperature (X,). It had
a negative impact on cadmium and cobalt ions removal. In
fact, the elimination efficiency of heavy metals increased
if the activation temperature was 400°C. Therefore, it was
observed that the models of cadmium and cobalt ions
removal are similar. This result suggested that the cadmium
and cobalt ions were adsorbed in the same kind of pores.

Y, =44.44 +3.16X, - 0.13X, - 16.11X, - 241X X,
~3.92X,X, +0.07X 2 ©)

Y, =36.70 - 0.35X, - 1.55X, - 8.50X, - 1.98X X,
- 0.08X,X, +1.28X? ©6)

3.1.3. Diagnostic model

Statistical actual and predicted values for testing signifi-
cant effects of regression coefficients for proposed models as

Table 4

diagnostic are presented in Table 4. Values obtained by the
model (Y predicted) are compared with those of experimen-
tal data (Y experimental). Correlations between theoretical
and experimental responses, calculated by the model, were
satisfactory. Therefore, the “R*” were in reasonable agree-
ment with the “R% dj”. Furthermore, “R*” were greater than
“R’,,;”- 1t can be seen that more than 95% of these responses
can be well predicted by these models, indicating that terms
which were considered in proposed models were signif-
icant enough to make acceptable predictions. The Model
F-value of the IN, MB index, cadmium and cobalt removal
were including 14.12, 12.93, 11.83, and 3.22, respectively,
implies that models are significant. There was only a 0.03%
chance for iodine, 0.05% chance for the MB index and the
cadmium removal, and 5.00% chance for the cobalt removal.
Indeed, the high value of F-ratio confirms the significance of
proposed models.

3.1.4. Response surface analysis

The 3D response surface plot obtained from statistical
processes for different combinations and the desirability
function based on the design are depicted in Figs. 1 and 2.
For the IN, the most significant interactions were activation
time/impregnation ratio and activation temperature/activa-
tion time. For MB index and the removal of cadmium and
cobalt, there were the same as significant interactions includ-
ing activation temperature/impregnation ratio and activation
temperature/activation time.

3.1.4.1. Iodine number

Fig. 1(a) shows that the IN increased with decreasing
of the impregnation ratio and the activation time varied
between 1 and 2 h, when activation temperature was fixed

Factorial design matrix of four variables along with experimental and predicted responses for IN, MB index, Cd(II), and Co(II)

Run IN MB index Cd(II) Co(II)
Actual Predicted Residual Actual Predicted Residual Actual Predicted Residual Actual Predicted Residual

1 641.0 6889 -47.9 177.7  202.1 -24.5 60.8 53.5 7.3 51.6 454 6.2
2 655.0 719.8 -64.9 2154  209.0 6.3 42.0 445 -2.5 324 37.3 -4.9
3 557.2 6239 -66.8 56.9 63.8 -6.9 54.4 47.8 6.6 46.0 39.2 6.8
4 682.9 671.8 11.1 154.8 151.1 3.7 50.2 56.8 -6.5 35.8 46.7 -10.8
5 752.7  694.6 58.1 201.0 184.9 16.1 38.3 41.5 -3.2 36.9 399 -29
6 599.1  550.8 48.3 45.89 34.4 11.5 67.7 64.7 3.0 48.8 48.7 0.1
7 668.9  686.0 -17.1 1853 185.5 -0.2 60.8 59.0 1.8 494 45.8 3.6
8 710.1  706.7 34 2854  249.8 35.6 43.8 443 -0.5 38.1 35.1 2.9
9 8225 7883 34.2 2434 2432 0.17 36.9 41.2 -4.3 35.3 36.8 -1.5
10 389.7 399.7 -10.1 129.6  135.0 -5.3 314 24.3 7.1 28.5 26.6 1.9
11 4734 4927 -19.3 735 1221 -48.6 42.0 47.5 -5.6 37.0 36.07 0.9
12 4176  462.1 -44.5 111.8  103.6 8.2 29.6 29.3 0.3 30.7 325 -1.7
13 7248 7192 5.53 2751  265.7 9.4 66.3 64.3 2.0 40.3 43.7 -34
14 5014 4593 42.1 1173 133.6 -16.2 28.6 30.0 -1.3 30.7 28.9 1.9
15 4595 4848 -25.3 102.3  133.0 -30.7 37.8 324 54 31.3 29.8 1.5
16 780.6 7255 55.2 188.9  191.6 -2.6 39.2 44.6 -5.4 45.6 38.3 7.3
17 361.8 324.0 37.7 73.2 29.2 44.1 26.8 30.1 -4.0 20 27.8 -7.8
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Fig. 1. Surface response plot for iodine number (a, b) and methylene blue index (c, d).

at 400°C. The maximal IN was observed at 0.1 g/g whatever
the activation time is. Fig. 1(b) indicated that the IN increased
with decreasing of the activation temperature and the activa-
tion time varied between 1 and 2 h, when impregnation ratio
is fixed at 0.1 g/g. A maximal value of IN was observed at
400°C whatever the activation time is.

3.1.4.2. Methylene blue index

According to Fig. 1(c), we can see that the MB index
increased with decreasing of activation temperature and
impregnation ratio. A maximal MB index was observed
at activation temperature of 400°C, impregnation ratio of
0.1 g/g with the activation time 2 h. Fig. 1(d) shows that the

MB index increased with decreasing of the activation tem-
perature when the activation time increased. So a maximal
MB index was obtained at 400°C regardless of the activation
time.

3.1.4.3. Heavy metals removal

Figs. 2(a) and (c) indicate that the elimination of Cd(II)
and Co(Il) are influenced by same factors and that the
adsorption of these two metals increased with decreasing of
the activation temperature when the impregnation ratio var-
ied between 0.1 and 0.3 g/g, with a fixed activation time at 1 h
for removal of Cd(Il) and at 2 h for removal of Co(I). For that,
a great value of metal removal was obtained at activation
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Fig. 2. Surface response plot for Cd(Il) removal (a, b) and for Co(II) removal (c, d).

temperature of 400°C regardless of the impregnation ratio.
For Figs. 2(b) and (d), it could be seen that cadmium and
cobalt ions sorption increased with the decrease of the activa-
tion temperature, when the activation time is varied between
1 and 2 h, with a fixed impregnation ratio at 0.3 g/g for the
removal of both metals. A high value of metal ions removal
is observed at activation temperature of 400°C regardless of
the activation time.

3.1.5. Normal probability plot of residuals

The normal probability plot of residuals for responses
Y, Y, Y, and Y, are shown in Fig. 3. It can be seen in the

figure that most of the data points were well distributed
near to the straight line, which suggested an excellent rela-
tionship between experimental and predicted values of the
responses [38]. Thus, all these statistical tests showed that
quadratic models developed were proved to be successful
in capturing the correlation between the process of variables
and responses.

3.1.6. Optimization

The optimization of the process for studied responses was
generated by the numerical optimization technique following
desirability function. In this approach, the optimization of
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capacities.

all responses simultaneously is possible by combining them
into a single objective function, which basically represents
the relationship of all responses that are to be optimized [39].
The maximum value of desirability function for these four
responses was 1.000. It was obtained at activation tempera-
ture of 500°C, an activation time of 2 h, and an impregnation
ratio of 0.2 g/g. Under these conditions, predicted values
for IN, MB index, Cd(II) and Co(II) were 716.07 + 55.41,
220.69 + 29.93, 44.44 + 5.90, and 36.70 = 6.31 mg/g, respec-
tively. These optimum values were checked experimentally
which resulted in a deviation lower than 5%. The good cor-
relation between these results indicates that Box-Behnken
design along with desirability function could be successfully
used to optimize the studied process.

Moreover, maximum IN and MB index were 822.5 and
285.4 mg/g, respectively. So, the best sorption of cadmium
and cobalt were 67.69 and 51.64 mg/g, respectively. For the
commercial activated carbon, those characteristics were
1,115.7 mg/g for IN, 288.9 mg/g for MB index, 0.8 mg/g for
cadmium removal, 21.2 mg/g for cobalt removal.

3.2. Characterization of activated carbons prepared under
optimum conditions

3.2.1. FTIR analysis of the adsorbents

The 4,000-400 cm™ infrared spectral regions of cho-
sen AC-KOH samples are presented in Fig. 4. The overall
shapes of the spectra are very similar. The broad peaks
around 3,300-3,400 cm™ in the spectra were due to the
stretching vibrations of the O-H bonds of water molecules
which were adsorbed onto the surface of activated carbon
[40]. The band around 1,710 cm™ is usually caused by the
stretching vibration of C=0O in ketones, aldehydes, lactones,
and carboxyl groups. The appearance of band in the region
between 1,500 and 1,600 cm™ indicate the presence of C=C
bonds of aromatic compounds, this band increases with
increasing impregnation ratio [41]. Moreover, the bands
between 700 and 500 cm™ are attributed to the out of plane
deformation mode of the C-H bond in differently substi-
tuted aromatic rings.
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Fig. 4. FTIR spectra of (a) 0.1 g/g — 1 h 30 —400, (b) 0.3 g/g—1h
30 - 400, (c) 0.2 g/g —1h 30 - 400, (d) 0.1 g/g — 1 h 30 - 600, and
(e) 0.3 g/g —1h 30 - 600 activated carbons.

3.2.2. Boehm titration and point of zero charge of
the adsorbents

The results of Boehm titrations for the chosen activated
carbon samples are shown in Table 5. These results showed
that all types of activated carbons contained significant
amounts of acid groups than basic groups, which indicated
that these activated carbons prepared had an acidic charac-
ter. Then, the one’s with the impregnation ratio of 0.1 g/g
contained mainly phenolic groups followed by lactonic
and carboxylic groups explaining their acidic character.
Increasing the impregnation ratio to 0.3 g/g gave an active
charcoal having a very large amount of lactone groups, car-
boxylic groups, and phenolic groups.

Values of pH,,. presented in Table 1 were compatible
with the conclusion extracted from data of oxygen functional
groups whereby all samples displayed values near neutral
showing little differences. The latter could be attributed to
differences noted between acidic and basic sites.

3.3. Discussion

The use of KOH as activating agent has been shown to be
effective in the production of activated carbon with a narrow
pore distribution and well-developed porosity [42,43]. KOH
was decomposed into potassium during the activation pro-
cess. At higher activation temperature, the vaporized potas-
sium would diffuse into the carbon layer to form pores in
activated carbon. Based on researchers’ results, the formation

Table 5

Chemical groups on the surface and pH,, .

of the activated carbons
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of pores in carbon by KOH activation was related to series
of chemical reactions and K intercalation. The development
of porosity is associated with gasification according to the
following reaction [44]:

6KOH +2C — 2K + 3H, +2K,CO, @)

Correspondingly, K,CO, was reduced by carbon to form
K, K,O, CO, and CO, according to following reactions [45]:

K,CO, +2C — 2K +3CO ®)
K,CO, - K,0+CO, )
K,0+2C — 2K+ CO (10)

It was assumed that metallic potassium formed during
the gasification process would diffuse into the internal struc-
ture of carbon matrix widening existing pores and created
new porosities. Pore widening normally begins, when there
are a number of opened pores in the structure, therefore, it
starts to be significant when the chemical ratio is reasonable.
By increasing the KOH ratio in the low regime, more and
more carbon atoms are oxidized, leading to an increase of
both micropore and mesopore, and the surface area increases
accordingly.

Moreover, the high mesoporosity of activated carbon
samples was obtained during activation temperature of
500°C with an impregnation ratio of 0.2 g/g during activa-
tion time of 2 h. Nevertheless, the greater microporosity was
obtained at the same conditions during impregnation ratio
of 0.1 g/g. The adsorption capacity of cadmium onto AC
samples was maximal (67.69 mg/g) with an activation tem-
perature of 400°C and impregnation ratio of 0.3 g/g at 1.5 h of
activation. Afterwards, the greater capacity of cobalt removal
was 51.64 mg/g. It was obtained at same conditions during
impregnation ratio of 0.1 g/g. The contour plots indicate that
improvement of removal efficiencies for both heavy metals
can be attributed to the increase of activation temperature and
a lower impregnation ratio (0.1 g/g) for Cd(II) removal and a
higher impregnation ratio (0.3 g/g) for Co(II) removal. The
activation was also dependent on the activation time, which
was best at 1.5 h. While, when the activation temperature and
activation time increased, it could allow the degradation of

Activated carbon Carboxylic Lactonic groups  Phenolic groups  Total acid Total basic pH,,c
groups (meq/g)  (meq/g) (meq/g) groups (meq/g) _ groups (meq/g)
0.1g/g-1h30-400°C  0.4012 0.4017 0.4029 1.2058 0.4008 6.75
0.3 g/g-1h30-400°C  0.4004 0.4007 0.4003 1.2014 0.4016 6.66
0.2 g/g-1h30-400°C  0.4008 0.4016 0.4012 1.2036 0.4025 6.28
0.1g/g-1h30-600°C  0.4017 0.4033 0.4048 1.2098 0.4004 6.81
0.3 g/g-1h30-600°C  0.4010 0.4030 0.4033 1.2073 0.4011 6.93
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the activated carbon sample and consequently, many
pores and active sites were destroyed. It maybe was the
reason of the reduction of both heavy metals removal.

Therefore, the sorption of these cationic metals
could be due to their interactions with acidic functional
groups found on the surface of indicated activated car-
bons. In fact, H* ions reacted with anionic functional
groups on the surface of AC and they were resulted in
the reduction of number of binding sites available for
the adsorption of Cd(II) and Co(Il). This increase could
have been an effect on the presence of negative charge
on the surface of the prepared activated carbon. These
groups could be responsible for the metal binding
because solution pH may also affect the charge of AC
surfaces.

3.4. Sorption isotherm modeling

After the determination of optimal conditions
for the preparation of an activated carbon having a
greater capacity to remove heavy metal ions. Two acti-
vated carbons were chosen, the first one was activated
at 400°C during 1.5 h with an impregnation ratio of
0.3 g/g, and the second one was activated at 400°C
during 1.5 h with an impregnation ratio of 0.1 g/g.
These samples were considered as optimized activated
carbons for studding the isotherm models of cadmium
and cobalt ions sorption.

In this investigation, the Langmuir and Freundlich
isotherm equations were adopted to determine the
equilibrium absorption (g, C) of Cd(Il) and Co(II) on
the optimized activated carbons.

Langmuir isotherm assumes that adsorption is lim-
ited to the formation of monolayer coverage of adsor-
bate on homogeneous adsorbent surface. It is assumed
that once the adsorbent site is covered with the ions
metal no further adsorption occurs at that site. It also
suggests that all the adsorption sites are of equivalent
energy [46]. This model can be applied successfully in
many monolayer adsorption processes. The Langmuir
equation is stated as follows:

— quLCE

11
e 1+K,C, (1

Table 6

where g, (mg/g) is the maximum monolayer biosorp-
tion capacity, K, (L/mg) is the Langmuir equilibrium
constant related to the biosorption affinity, and C, is the
equilibrium concentration.

The Freundlich adsorption isotherm is an empiri-
cal equation employed to describe multilayer adsorp-
tion on a heterogeneous adsorption surface containing
unequally available sites of different adsorption energies
[47]. It is given as follows:

9, =K,C." (12)

where K, (mg'*"/g/L") is the Freundlich constant and n
is the heterogeneity factor. The K, value is related to the
biosorption capacity; while 1/n value is related to the
biosorption intensity.

In general n > 1 illustrates that adsorbate is favor-
ably adsorbed on an adsorbent, and corresponds to a
normal an L-type Langmuir isotherm. The higher the n
value, the stronger the adsorption intensity.

The obtained sorption isotherms parameters are
summarized in Table 6 and Fig. 5. According to the cor-
relation coefficient, the experimental results showed
better correlation at Langmuir isotherm model with
high value of the %, which is in order of 0.99. As shown,
the maximum adsorption capacity (g, ) is 90.58 mg/g for
cadmium removal and 70.16 mg/g for cobalt sorption,
onto carbon activated at 400°C during 1.5 h with an
impregnation ratio of 0.3 g/g and the carbon activated
at 400°C during 1.5 h with an impregnation ratio of
0.1 g/g, respectively. These capacities assume a mono-
layer sorption processes for cobalt and cadmium.

While, the AC activated at 400°C during 1.5 h with
an impregnation ratio of 0.3 g/g has a greater sorption
efficiency of cadmium than the AC prepares in the same
condition of the preceding one but with an impregna-
tion ratio of 0.1 g/g. Furthermore, the CA activated
at 400°C during 1.5 h with an impregnation ratio of
0.1 g/g, the activated carbon presents a higher sorption
of cobalt ions. We can conclude that both the optimized
activated carbons are more able to adsorb cadmium
than cobalt ions.

The maximum Langmuir sorption capacities men-
tioned earlier were compared with previous studies onto
various activated carbons with different preparation

Isotherm parameters for the sorption of Cd(II) and Co(II) of AC-0.3 g/g — 1 h 30 — 400°C and AC-0.1 g/g —1 h 30 — 400°C

Isotherms Parameters 0.3 g/g —1h 30 -400°C 0.1 g/g—1h 30 -400°C
cddr) Co(II) Cddrn) Co(II)

Langmuir q, (mg/g) 90.58 74.01 82.08 77.24
K, (L/mg) 0.104 0.035 0.071 0.048

r 0.999 0.997 0.998 0.992

Freundlich n 7.479 4.087 6.225 5.101
K, (mg'~"/g/L") 44.66 18.48 34.19 25.69

7 0.997 0.995 0.996 0.987
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Fig. 5. Experimental points (R =1 g/L, pH = 6.50, t =2 h, T = 25°) and nonlinear fitted curve isotherms: Cd(II) onto AC-0.3 g/g -1 h
30 -400°C (a), Co(II) onto 0.3 g/g — 1 h 30 — 400°C (b), Cd(II) onto 0.1 g/g — 1 h 30 —400°C (c), and Co(II) onto 0.1 g/g — 1 h 30 —400°C (d).

Table 7
Adsorption capacities (mg/g) for activated carbons

Activated carbon Activating agent CddIn) Co(II) References
Activated biochar NaOH 167.3 - [48]
Activated carbon derived from bagasse H,PO, 38.0 - [49]
Silkworms’ feces-based activated carbons TiCl, 62.89 - [50]
Olive stone activated carbon KOH 11.72 - [51]
Olive stone activated carbon ZnCl, 1.85 - [52]
Activated carbon was nut shells H,PO, 104.17 - [53]
Spartina alterniflora activated carbon H,PO, 47.58 - [54]
Apricot stone activated carbon H,PO, - 111.11 [55]
Activated potato peels (PoP400 at 25°C) H,PO, - 373.00 [56]
Activated potato peels (PoP600 at 25°C) H,PO, - 405.00 [56]
Bagasse pith activated carbon H,S + S0, - 153.60 [57]
Leaves of Acacia nilotica H,SO, - 35.46 [58]
Activated Glebionis coronaria L. (AC-500°C/400°C/1 h/2 g/g KOH 115.99 44.85 [28]
Activated Glebionis coronaria L. (AC 600°C/500°C/1 h/2 g/g) KOH 106.93 46.80 [28]
Activated Glebionis coronaria L. (AC-600°C/400°C/1 h/1.5 g/g) H,PO, 118.78 42.86 [59]
Activated Diplotaxis harra (AC-500°C/400°C/1 h/1.5 g/g) H,PO, 62.58 82.55 [60]
Activated Diplotaxis harra (AC-500°C/400°C/1 h/2 g/g) H,PO, 51.83 69.86 [60]
Activated carob shell (AC-0.3 g/g — 1 h 30 — 400°C) KOH 90.58 - This study
Activated carob shell (AC-0.1 g/g —1h 30 - 400°C) KOH - 70.16 This study
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conditions cited in the literature (Table 7). It could be seen
that the experimental data in this study are higher than the
most prepared activated carbons using cadmium and cobalt
sorption in the literature.

4. Conclusion

This work investigated the feasibility of preparing acti-
vated carbons from carob shell biomass for the removal of
heavy metals. The KOH activation was successful, allowed
an effective activated carbon with a high sorption capac-
ity of Cd(Il) and Co(Il). The Box-Behnken design and
response surface methodology were applied to determine
the best preparation conditions and the greater heavy met-
als removal. Three different factors, including impregna-
tion ratio, activation time, and activation temperature, are
chosen. The obtained results indicated that the most influ-
ential factors on the IN are the impregnation ratio, activa-
tion temperature, and the interaction between impregnation
ratio and activation time with negative impact. For MB index
the influential factors are the impregnation ratio, activation
temperature with negative impact, and activation time with
a positive impact. While, the factors influenced the cadmium
and cobalt removal are the activation temperature and the
interaction between activation time and activation tempera-
ture with negative impact. Furthermore, the greater value of
cadmium removal was obtained at an impregnation ratio of
0.3 g/g, activation time of 1.5 h, and an activation tempera-
ture of 400°C. However, the best value for cobalt removal was
obtained at an impregnation ratio of 0.1 g/g, an activation
time of 1.5 h, and activation temperature of 400°C. At these
optimal conditions, the maximum IN and MB index were
822.5 and 285.4 mg/g, respectively. On the other hand, the
maximum sorption capacities obtained with the application
of the Langmuir isotherm model are 90.58 and 82.08 mg/g
for cadmium sorption and 74.01 and 77.24 mg/g for cobalt
sorption.
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