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In attempt to compare the removal efficiency and yield of the activated carbon prepared using the conventional and
microwave-assisted heating is the focus of this work. Toward this olive stone (a biomass precursor) is activated using
the popular activating agent potassium hydroxide. The process optimization exercise is carried out by using the stand-
ard full factorial statistical design of experiments (response surface methodology). The activated carbons prepared
under the optimized conditions are compared based on the adsorption capacity and yield. The adsorption capacity was
found higher using microwave heating as compared with conventional heating. The microwave heating requires signifi-
cantly lesser holding time as compared to conventional heating method to produce activated carbon of comparable
quality, with higher yield. The BET surface area of carbon using microwave heating is significantly higher than the con-
ventional heating. Although the mesopore surface area of carbon is not vary significantly, the activation time, power,
and nitrogen gas consumption are significantly lower than the conventional heating rendering that the activation pro-
cess via microwave is more economical than that via conventional heating. The adsorption isotherm data fitted the
Langmuir isotherm well and the monolayer adsorption capacity was found to be 12.0 and 8.42 mg/g for microwave and
thermally heated activated carbon, respectively. Regeneration studies showed that microwave-irradiated and thermally
heated olive stone could be used several times by desorption with an HCI reagent. Both carbons can be used for the
efficient removal of Ni** (>99%) from contaminated wastewater. © 2013 American Institute of Chemical Engineers
AIChE J, 60: 237-250, 2014

Keywords: activated carbon, nickel adsorption, microwave and thermal heating, olive stone, response surface
methodology

nervous disabilities, chest pain, cancer in lungs, nose, and
bones are among the major human health issues caused by
long-term Ni* exposure; thus, this toxic metal must be

Introduction

Heavy metals appear in wastewater discharged from hos-

pitals’ and various industries, including smelting, metal plat-
ing, Cd-Ni batteries, and alloy manufacturing.2 In the field
of water pollution, toxic metal removal from wastewater is a
matter of great interest because such metals cause serious
environmental degradation.’ Heavy metals present ecological
and human health issues because they do not undergo bio-
logical degradation, unlike certain organic pollutants.* Head-
ache, dermatitis, dizziness, dry cough, nausea, vomiting, and
cyanosis leading to capillary, hepatic, and renal damage,
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removed from wastewater to protect humans and the envi-
ronment.> Due to the toxicity of the metal, the World Health
Organization has set the international standard for Ni** dis-
charged into surface waters at 0.02 mg/L.

The thermal heating method is usually adopted for the
preparation of activated carbon; in this method, energy is
produced by an electrical furnace. The method requires high
energy consumption and long processing times, thereby
prompting researchers to study the preparation of activated
carbon using microwave technology.® During microwave
heating, a tremendous thermal gradient from the interior of
the char particle to its cool surface allows the microwave-
induced reaction to proceed quickly and effectively at a low
bulk temperature; energy savings and a shortened processing
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Figure 1. Schematic diagram of the preparation of activated carbon from OSs with KOH activation by microwave
irradiation.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

time are the key advantages of microwave heating.” Micro-
wave heating technology was recently applied to fabricate
activated carbon for dye removal using aigriculture by-
products such as bamboo was‘[e,g’9 waste tea, 0 tice husk,11
oil palm ﬁber,12 pistachio nut shells,13 cotton stalk,14 date
stones,'”” and mangosteen peel,'® However, no studies on
heavy metal removal using activated carbon prepared by
microwave technology have been done yet.”’18 Furthermore,
the use of olive stone (OS) for activated carbon preparation
via microwave technology has not been reported and studies
concerning the olz)timization of activated carbon preparation
conditions for Ni*" removal using response surface method-
ology (RSM) are limited. The optimization of RSM is partic-
ularly useful when all of the independent variables and their
levels and responses are not clearly known.'” A standard
RSM technique called a central composite design (CCD) is
suitable for creating a quadratic surface and can help analyze
interactions between parameters and optimize the effective
parameters within a small number of experiments.2°

The main objectives of this study include the following:

1. To investigate the efficiency of microwave-irradiated
0S (MIOS) for removing Ni** from synthetic waste-
water and compared to thermally heated OS (THOS)
activated carbon.

2. To build equations of Ni** removal efficiency from
synthetic wastewater and carbon yield with respect to
MIOS and THOS preparation conditions.

3. To compare the optimized MIOS and THOS activated
carbon in terms of the preparation conditions, charac-
teristics, materials consumption, and adsorption
capacities.

Material and Methods
Aqueous solution

A stock solution of Ni*" was prepared by dissolving an
appropriate amount of NiCl,.6H,O (s) in deionized water.
The stock solution was diluted with deionized water to
obtain the desired concentration of 20 mg/L.

Preparation of activated carbon

OS waste was obtained from Gaza, Palestine. The OS
waste was rinsed thrice with hot water and thrice with cold
water and then dried in an oven at 105°C for 24 h to remove
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moisture. The samples were ground and sieved to a particle
size of 2.0-4.75 mm.*' Carbonization was carried out by
loading 500 g of dried precursor into a stainless steel vertical
tube reactor placed in a tube furnace at 600°C for 1 h under
purified nitrogen (99.99%) flow. Potassium hydroxide (KOH)
was used to activate the char via the chemical activation
method. The amount of KOH used was adjusted to yield a
certain impregnation ratio 0.5, 1.25, and 2, as calculated
using Eq. (1):
__ dry weight of KOH pellets

Impregnation ratio (IR )= dry weight of char (1

Deionized water was then added to the KOH to dissolve
all of the pellets. Impregnation was performed for 24 h at
room temperature, thereby incorporating all of the chemicals
into the core of the particles. After impregnation, the solu-
tion was filtered to obtain the residual char. First activation
of impregnated char was carried out using a modified com-
mercial microwave furnace with a frequency of 2.45 GHz at
different power level ranging from 264 to 616 W and vari-
ous radiation time ranging from 4 to 8 min under a nitrogen
flow of 300 cm®/min, as shown in Figure 1. For comparison,
activated carbons were also prepared by conventional ther-
mal method in an electrical furnace at different temperature
level ranging from 400 to 800°C and various times ranging
from 1 to 3 h under a nitrogen flow of 150 cm’/min. The
chosen conditions of nitrogen flow rates in microwave and
conventional thermal methods are common in activation pro-
cess.'>!? The samples were then cooled to room temperature
under nitrogen flow and washed with hot deionized water
and 0.1 M HCI until the pH of the washed solution ranged
from 6.5 to 7.

Design of experimental using RSM

RSM is a collection of mathematical and statistical techni-
ques useful for modeling and analysis of problems in which
a response of interest is influenced by several factors. In this
study, RSM was used to assess the relationship between two
responses (Ni** removal and carbon yield, %) and independ-
ent factors, as well as optimize the relevant conditions of
factors to predict the optimal value of responses. Among
other designs under RSM, CCD was used to study the
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Table 1. Independent Factors and Their Coded Levels for

CCD
Coded Variable
Levels
Activation
Method factors Code Units —1 0 1
Microwave Radiation power X (watt) 264 440 616
Radiation time X, (min) 4 6 8
Impregnation ratio X3 - 05 125 2
Thermal Temperature X, [{©) 400 600 800
Time X, (h) 1 2 3
Impregnation ratio X3 - 05 125 2

individual and synergetic effects of the three factors toward
the responses.'® CCD is suitable for fitting a quadratic sur-
face and helps optimize the effective parameters with a mini-
mum number of experiments and analyze the interaction
between parameters.® The factors considered for MIOS
included radiation power (X;), radiation time (X5), and
chemical impregnation ratio (X3). Meanwhile, the factors
considered for THOS included temperature (X;), time (X5),
and chemical impregnation ratio (Xj3). These factors and
their respective ranges were chosen based on the literature
and our preliminary studies. The ranges and the levels of the
factors investigated are given in Table 1.

The performance of the process was evaluated by analyzing
Ni*" removal efficiency and carbon yield by two methods.
Each independent variable varied over three levels between
—1 and +1 at the determined ranges based on several prelimi-
nary experiments. The total number of experiments obtained
for the three factors was 20 (=2F+ 2k + 6), where k is the
number of factors (k=3) as shown in Table 2. Fourteen experi-
ments were enhanced with six replications to assess the pure
error. As each factor only had three levels, the appropriate
model is the quadratic model, expressed as Eq. (2)

k k k—1 k
Y:b0+ Z bixi+ Zb,-,-x?-l— Z Z b,;,«xpc_,--l—e,« (2)
i=1

where Y is the predicted response, by is the constant coeffi-
cient, b; is the linear coefficient, b;; is the interaction coeffi-
cient, b;; is the quadratic coefficient, and X; and X; are the
coded values of the activated carbon preparation variables.
The qualities of the fit of polynomial models were
expressed by the correlation coefficient (R?). The model
F-value (Fisher variation ratio), probability value (Prob > F),
and adequate precision (AP) are the main indicators demon-
strating the significance and adequacy of the used model.*

Activated carbon yield

The yield values of the MIOS and THOS were calculated
based on the following equation:

__dry weight (g) of final activated carbon

Yield (%) X100

3

dry weight (g) of char

Analytical methods

Batch adsorption was performed in 20 flasks of 250-mL
Erlenmeyer flasks. In each flask, we placed 100 mL of the
synthetic wastewater with an initial Ni?* concentration of 20
mg/L. Each of the prepared activated carbon samples 0.3 g
was added to individual flasks as optimum dosage based on
our preliminary experiments, which were then kept in an iso-
thermal shaker at pH 5, 200 rpm, and 30°C until equilibrium
was reached. After agitation, the solid was removed by filtra-
tion through a 0.45-um pore size Whatman membrane filter
paper. The final metal concentrations in the filtrates and in
the initial solution were determined using an inductively
coupled plasma optical emission spectroscopy system (Var-
ian, 715-ES). The sorbed metal concentrations were obtained
from the difference between the initial and final metal con-
centrations in solution. The percentage removal at equilib-
rium was calculated as follows:

i=1 i=1 =i Removal (%)= Co c Ce 100 4)
0
Table 2. Experimental Factors and Responses
MIOS THOS
Factors Responses Factors Responses

X1: power X5: time Ni removal  Yield Y» X: temp. X,: time Ni removal Yield
Run no. Type (W) (min) X3 IR Y, (%) (%) °0) (h) X3 IR Y, (%) Y, (%)
1 Center 440 6 1.25 88.00 88.14 600 2 1.25 99.06 79.10
2 Center 440 6 1.25 88.15 87.56 600 2 1.25 98.54 78.13
3 Center 440 6 1.25 87.91 88.78 600 2 1.25 98.48 78.53
4 Center 440 6 1.25 89.39 88.88 600 2 1.25 99.06 79.03
5 Center 440 6 1.25 88.62 87.86 600 2 1.25 98.92 77.81
6 Center 440 6 1.25 87.78 88.94 600 2 1.25 99.43 78.81
7 Axial 440 6 2.00 91.99 88.26 400 2 2.00 83.76 87.30
8 Axial 440 4 1.25 57.50 89.16 800 2 1.25 98.61 74.74
9 Axial 440 6 0.50 61.32 90.34 600 1 0.50 93.03 80.68
10 Axial 616 6 1.25 92.90 86.70 600 3 1.25 96.12 67.73
11 Axial 264 6 1.25 79.04 89.28 600 2 1.25 47.36 86.26
12 Axial 440 8 1.25 90.41 86.48 600 2 1.25 95.13 72.32
13 Fact 616 4 0.50 38.55 89.22 400 1 0.50 14.97 89.88
14 Fact 264 4 0.50 23.99 91.38 800 1 0.50 61.24 82.87
15 Fact 616 4 2.00 75.55 87.36 400 3 2.00 13.50 87.98
16 Fact 616 8 2.00 98.23 84.64 800 3 2.00 56.22 78.42
17 Fact 616 8 0.50 77.18 85.62 400 1 0.50 97.17 75.71
18 Fact 264 4 2.00 51.55 88.74 800 1 2.00 87.04 63.35
19 Fact 264 8 0.50 48.25 89.38 400 3 0.50 79.76 69.31
20 Fact 264 8 2.00 80.90 88.94 600 3 2.00 86.23 79.10
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where C, and C, are the liquid-phase concentrations at the
initial state and at equilibrium (mg/L), respectively.

The effect of pH on metals removal was tested by varying
the pH from 2 to 6, with initial metals concentration of 20
mg/L, carbon dosage 0.3 g, and adsorption temperature of
30°C. The initial pH of the metals solution was adjusted by
addition of 0.10-M HCI or NaOH.

Equilibrium studies

In this study, adsorption isotherms were used to describe
media performance and the relationship between adsorbent
(MIOS and THOS) and dissolved adsorbate (Ni*") in solution.
Adsorption experiments were carried out by mixing 100 mL of
the synthetic wastewater with an initial Ni** concentration of
20 mg/L and a specific MIOS and THOS dose, that is, 0.025,
0.05,0.1,0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 1.0, or 2.0 g. A shaking
speed of 200 rpm and equilibrium period of 3 h were applied
to ensure equilibrium conditions. The amount of adsorption at
equilibrium, ¢, (mg/g), was calculated by

q, - ;ch)v ©)

where C, and C, (mg/L) are the liquid-phase concentrations
of Ni** at initial and equilibrium conditions, respectively, V
(L) is the volume of the solution, and W (g) is the mass of
dry MIOS or THOS used.

BET, SEM, and FTIR of the prepared activated carbon

The surface area, pore volume, and average pore diameter
of the samples were determined by using Micromeritics ASAP
2020 volumetric adsorption analyzer. The BET surface area
was measured from the adsorption isotherm using Brunauer-
Emmett-Teller equation. The total pore volume was estimated
to be the liquid volume of nitrogen at a relative pressure of
0.98. The surface morphology of the samples was examined
using a scanning electron microscope (Quanta 450 FEG, Neth-
erland). Chemical characteristics of surface functional group
of the activated carbon was detected by diluting in K-Br pel-
lets were recorded with FTIR spectroscope (IR Prestige 21
Shimadzu, Japan) in the 4004000 cm”~ ' wave number range.

Desorption studies

The prepared carbon was saturated with a Ni?* concentra-
tion of 20 mg/L until equilibrium was achieved. The concen-
tration of adsorbate at the equilibrium C. (mg/L) was
calculated as the difference between the initial and equilib-
rium concentration (Cy— C,). The spent MIOS and THOS
activated carbons were then separated from the solution and
washed with deionized water to remove any unsorbed Ni**.
The samples were dried in an oven and were then agitated
with 0.1 M HCI for desorption studies. After desorption, the
removal efficiencies of the regenerated media were examined
by repeating the adsorption-desorption process five times.
The recovery efficiency was calculated using Eq. (6)

Removal percentage of regenerated media
Recovery (%)=

Removal percentage of fresh media
X100

©6)

Results and Discussion

A total of 20 runs of the CCD experimental design were
conducted. The results are shown in Table 2. The observed
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percent removal efficiencies varied between 23.99 and
98.23% for Ni*" removal and 84.64 and 91.38% for MIOS
yield. Comparing to THOS, the observed percent removal
efficiencies varied between 13.50 and 99.43% for Ni*"
removal and 63.36 and 89.88% for THOS yield.

Analysis of variance

The results of second-order response surface models fitting
in the form of ANOVA and other statistical parameters for
Ni?* removal and carbon yield by the two methods are
given in Table 3. Data given in this table demonstrate that
the two models were significant at the 5% confidence level,
that is, P values < 0.05. The closer the R? to unity and the
smaller the standard deviation, the more accurate the
response could be predicted by the model.

The correlation coefficients obtained for Ni** removal and
carbon yield obtained for the two models close to one dem-
onstrates favorable agreement between the calculated and
observed results within the experimental range. According to
Bashir et al.?? for a model to feature good fit, the correlation
coefficient must be a minimum of 0.80.

The AP ratios of the models were varied between 39.60
and 49.71 for Ni*" removal and 21.25 and 31.59 for carbon
yield, which is an adequate signal for the models. AP values
higher than 4 are desirable and confirm that the predicted
models can be used to navigate the space defined by CccD.?
The coefficient of variance (CV), which is calculated as the
ratio of the standard error of the estimate to the mean value
of the observed response (as a percentage), identifies the
reproducibility of a model. A model is typically considered
reproducible if its CV is not more than 10%.** According to
Table 3, the CV values obtained for Ni*" removal and
MIOS yield were relatively small not exceeding 4.63%. In
this study, four quadratic models were significant model
terms (Table 3). Insignificant model terms, which have lim-
ited influence, were excluded from the study to improve the
models. Based on the statistical results obtained, the afore-
mentioned models were adequate to predict Ni** removal
and carbon yield within the range of variables studied.

The final regression models, in terms of their coded fac-
tors, are expressed by the following second-order polynomial
equations (Table 4).

Confirming whether or not the selected model provides
adequate approximation of the real system is generally
important. The model adequacy can be judged by applying
the diagnostic plots provided by Design Expert 6.0.7 soft-
ware, such as predicted vs. actual values plots. The plots of
predicted vs. actual values for Ni?* removal and carbon
yield via microwave and thermal processes are shown in Fig-
ure 2. These plots show adequate agreement between real
data and data gained from the models. Thus, all predictive
models can be used to navigate the design space defined by
CCD.

The perturbation plot (Figure 3) shows the comparative
effects of all independent factors on Ni?* removal and car-
bon yield by the two methods. In MIOS Figures 3a,b, a cur-
vature in radiation power (X;), radiation time (X,), and
impregnation ratio (X3) shows that the responses of Ni*
removal and MIOS yield are highly sensitive to these three
process factors. For THOS Figure 3c, a curvature in activa-
tion temperature (X;) and impregnation ratio (X3) shows that
the Ni®* removal is highly sensitive to these two process
factors. The relatively semiflat activation time (X;) curve

January 2014 Vol. 60, No. 1 AIChE Journal



Table 3. ANOVA Results and Adequacy of the Quadratic Models for Ni** Removal and Carbon Yield

Activation Source of Sum of Degree of Mean

Method Response Data Squares Freedom Square F-Value Prob. > F Comments

Microwave Ni removal (%) Model 8078.44 5 1615.69 191.48 <0.0001 SD =2.90,
X, 973.64 1 973.64 115.39 <0.0001 CV =3.88,
X, 2185.34 1 2185.34 258.99 <0.0001 R? = 0.9856,
.6 2218.26 1 2218.26 262.89 <0.0001 Adj R* = 0.980;
X3 656.81 1 656.81 77.84 <0.0001 Adeq Precision = 49.71
X% 432.43 1 432.43 51.25 <0.0001
Residual 118.13 14 8.44 - -
Lack of fit 116.31 9 12.92 35.56 -
Pure error 1.82 5 0.36 - -

MIOS yield Model 44.15 7 6.31 26.19 <0.0001 SD = 0.49,

X, 20.11 1 20.11 83.50 <0.0001 CV =0.56,
X5 11.66 1 11.66 48.44 <0.0001 R* = 0.9386,
X5 6.40 1 6.40 26.58 0.0002 Adj R* =0.902;
X2 2.02 1 2.02 8.37 0.0135 Adeq Precision = 21.25
X% 1.51 1 1.51 6.26 0.0278
XX 2.55 1 2.55 10.61 0.0069
XoX5 1.19 1 1.19 4.92 0.0465
Residual 2.89 12 0.24 - -
Lack of fit 1.17 7 0.17 0.48 -
Pure error 1.72 5 0.34 - -

Thermal Ni removal (%) Model 14003.78 6 2333.96 169.44 <0.0001 SD=3.71,
X, 1003.74 1 1003.74 72.87 <0.0001 CV =4.63,
X, 46.75 1 46.75 3.39 0.0884 R*=10.9874,
.6 6352.57 1 6352.57 461.18 <0.0001 Adj R* =0.982,
Xi 201.64 1 201.64 14.64 0.0021 Adeq Precision = 39.60
X3 2486.34 1 2486.34 180.50 <0.0001
X1 X3 1073.14 1 1073.14 77.91 <0.0001
Residual 179.07 13 13.77 - -
Lack of fit 178.43 8 223 173.53 -
Pure error 0.64 5 0.13

THOS yield Model 1123.81 4 280.95 64.81 <0.0001 SD =2.08,

X, 257.65 1 257.65 59.43 <0.0001 CV =2.69,
X5 84.08 1 84.08 19.39 0.0005 R?=0.9453,
X3 717.11 1 717.11 165.41 <0.0001 Adj R*=0.931,
X3 64.97 1 64.97 14.99 0.0015 Adeq Precision = 31.59
Residual 65.03 15 434 - -
Lack of fit 63.71 10 6.37 24.1 -
Pure error 1.32 5 0.26 - -

shows less sensitivity of Ni** removal to alter with respect
to change in activation time. In other words, the activation
time has no important influence in the preparation process
when compared to activation temperature and impregnation
ratio. However, all independent factors have a significant
effect on THOS yield as shown in Figure 3d.

Nickel removal efficiency and carbon yield

To assess the interactive relationships between independ-
ent factors and the responses of certain models, three-
dimensional (3-D) surface response and contour plots utiliz-
ing Design Expert 6.0.7 software were constructed. As
shown in Figures 4-6, in each plot, one variable was kept
constant while the two others were varied within the experi-
mental ranges for the two methods.

For microwave process, Figure 4 shows the 3-D response
surface of the combined effects of radiation power and
impregnation ratio when the radiation time was kept at opti-

mum level (=7 min). The contour plots demonstrate that
the improvement in removal efficiency of Ni*" from 55.05
to 99.99% may be attributed to increases in radiation power
and impregnation ratio (Figure 4a) and that the improvement
in MIOS yields from 85.41 to 90.32% may be attributed to
decreases in radiation power and impregnation ratio (Figure
4b). A possible explanation for this effect is that the reaction
between KOH and the char is greater at higher-radiation
power, thereby facilitating the development of the pore struc-
ture and resulting in the formation of a larger number of
active sites. In addition, the removal of several components
from the activation process, such as tar and volatile matter,
is easier at higher-radiation power, which also promotes the
activation process. Similar results have been obtained by
other researchers.”'**

Figure 5 shows the 3-D response surface of the combined
effect of radiation time and impregnation ratio, while the
radiation power was kept at optimum level (power =565

Table 4. Final Equations in Terms of Coded Factors

Microwave

Thermal

Ni*" removal (%) = +87.84 +9.87 X, +14.78 X, +14.89
X5 —14.33 X3 —11.62 X3

Yield (%) = +88.34 —1.42 X, —1.08 X, —0.80

= +98.09 +10.02 X; —2.16 X, +25.20
X; —7.94 X3 —27.87 X3 —11.58 X, X3
= +79.20 —5.08 X; —2.90 X, —8.47 X5 —3.60 X?

X; —0.79 X3 +0.69 X2 —0.57 X, X, +0.38 X5 X;
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Figure 2. Design-expert plot; predicted vs. actual values plot for (a) Ni>* removal via microwave (b) MIOS yield, (c)
Ni2* removal via thermal heating, and (d) THOS yield.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

W). The contour plots demonstrate that the improvement in
removal efficiency of Ni*" may be attributed to increases in
radiation time and impregnation ratio (Figure 5a) and that
the improvement in MIOS yield may be attributed to
decreases in radiation time and impregnation ratio (Figure
5b). The activation degree significantly depended on radia-
tion time. A possible explanation for this result is that with
increased radiation time, significantly more pores and active
sites develop on the MIOS surface. Therefore, the removal
efficiency of MIOS increases (Figure 5a) and the yield
decreases (Figure 5b) with increasing radiation time. Similar
results were obtained by other researchers.”'42%-26

For thermal process, Figure 6 shows the 3-D response sur-
face of the combined effects of temperature and impregna-
tion ratio when the time was kept at optimum level (t =2 h).
The contour plots demonstrate that the improvement in
removal efficiency of Ni?* may be attributed to increases in
temperature and impregnation ratio (Figure 6a) and that the
improvement in THOS yield may be attributed to decreases

242 DOI 10.1002/aic
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in radiation power and impregnation ratio (Figure 6b). The
maximum observed removal rate of Ni** was 99.99% at a
temperature of 715°C and impregnation ratio of 1.53.
Solution pH also affects adsorption by regulating the
adsorbent surface charge as well as degree of ionization of
the adsorbate molecules. The percentage of Ni?* removal
using OS activated carbon were found to increase signifi-
cantly with the increase in solution pH from 3 to 6 and the
highest metals removals were achieved at pH 5. According
to Bozi¢ et al.”” at low pH < 3 the minimal removal may be
an effect of the higher concentration and high mobility of
the H", which competes with metal ions on the active sites
on the sorbent surface, resulting in its preferential adsorption
rather than the metal ions. Therefore, H" ions react with ani-
onic functional groups on the surface of OS activated carbon
and results in the reduction of the number of binding sites
available for the adsorption of Ni?*. This increase may has
been an effect of the presence of negative charge on the sur-
face of the adsorbent that may has been responsible for the
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Figure 4. Three-dimensional response surface plot: (a) Ni?* removal by MIOS, and (b) MIOS yield (effect of radia-
tion power and chemical impregnation ratio, t = 7 min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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metal binding because solution pH can affect the charge of
OS activated carbon surfaces.”® In addition, at higher pH
values, the lower number of H" and greater number of
ligands with negatives charges result in greater metal adsorp-
tion. The same trend was observed by several researchers
who studied metal sorption by different biomaterials,
namely, copper by sawdust,” lead and cadmium by Garcinia
mangostana,30 cadmium by orange wastes.!

Comparison of the two techniques

An attempt to compare the activated carbon prepared
using the thermal and microwave-assisted heating in terms
of the preparation conditions, characteristics, adsorption
capacities, and removal efficiencies is the focus of this work.

Comparison on optimization conditions

Optimization was carried out to determine the optimum
MIOS and THOS preparation conditions for the optimal
removal of Ni** from synthetic wastewater and carbon yield
using Design Expert 6.0.7 software. According to the soft-
ware optimization step, the desired goal for each operational
condition (radiation power/temperature, time, and impregna-
tion ratio) was selected to be “within” the range. The
responses (Ni>* removal and carbon yield) were defined as
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Figure 6. Three-dimensional response surface plot: (a) Ni>* removal by THOS, and (b) THOS yield (effect of tem-
perature and chemical impregnation ratio, t =2 h).

maximum to achieve the highest performance. The obtained
value of desirability (0.99) showed that the estimated func-
tion represents the experimental model and desired condi-
tions. The predicted results of Ni** removal and carbon
yield obtained at optimum conditions are listed in Table 5.
As shown in Table 5, 99.99% Ni’" removal and 74.79%
THOS yield were predicted according to the model under
optimized preparation conditions (temperature of 715°C,
time of 120 min, and impregnation ratio of 1.53). For micro-
wave process, 99.99% Ni’* removal and 86.05% MIOS
yield were predicted according to the model under optimized
preparation conditions (radiation power of 565 W, radiation
time of 7 min, and impregnation ratio of 1.87). In this study,
a shorter preparation time was applied by microwave com-
pared to thermal and with that used microwave in the
literature.’'>2°

Comparison on characteristics of optimized MIOS and
THOS

The BET surface area, mesopore surface area, total pore
volume, and average pore diameter of the MIOS were
1280.71 m?%/g, 883.49 m%/g, 0.604 cm?/g, and 4.63 nm,
respectively. According to the results in Table 6, the

(b)
90.89
® 84.11 |
D 7734 e i
— - —- S
7057 —
63.80

2.00
163
1.25

0.88 500
= Activation temperature
0.50 ~ 400 ¢c)

" 800
" 700
" 800

Impregnation
ration

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

244 DOI 10.1002/aic

Published on behalf of the AIChE

January 2014 Vol. 60, No. 1 AIChE Journal


wileyonlinelibrary.com
wileyonlinelibrary.com

Table 5. Optimization Results for Maximum Ni** Removal and Carbon Yield Predicted By the Two Methods

Activation Method Power (W)/Temp. (°C) Time (min) Impregnation Ratio Ni?* Removal (%) Carbon Yield (%) Desirability
Microwave 565 7 1.87 99.99 86.05 0.99
Thermal 715 120 1.53 99.99 74.79

microwave-activated carbon exhibited a slightly higher por-
tion of mesopores (833.49 m?/g) than the thermally activated
carbons (740.66 m?/g), probably because the activation reac-
tion under microwave radiation was more intense. A much
shorter activation time was required for microwave activa-
tion, which was one of its advantages as also demonstrated
in previous works.”?® A high temperature, perhaps above
1000°C, could be reached quickly under microwave radia-
tion,>> which enhanced the development of the pore struc-
ture. Another reason should be attributed to the distinct
mechanism of microwave heating. The interior part of the
carbon can be heated more favorably under microwave radi-
ation, creating a temperature gradient reducing from the cen-
ter to the surface. As a consequence, the release of tar or
volatile matter would be promoted.

Compared to the thermal method, the microwave-induced
activation also brought about higher carbon yield, although
the difference was not so significant. It was possibly because
that in the thermal method long activation time needed that
increased the weight loss of the carbon precursor, while in
the microwave activation due to a shorter activation time the
weight loss was alleviated.

The textural structures of the THOS and MIOS were eval-
uated through SEM, as depicted in Figure 7. The SEM
images indicated good organization and uniform porosity,
large and well distribution of pores, and a series of irregular
cavitation distributed around the surface can be observed on
the sample surface of THOS and MIOS. It can be seen that
conventional and microwave assisted activation transforms
the agricultural derives chars into a well pronounced and
developed pores over the surface, indicating good possibility
for the heavy metals to be adsorbed (Figures 7c,d). The pore
developed over the surface of THOS was composed of a
series of uniform and circular pores, forming an orderly pore
structure (Figure 7c), while the surface of MIOS was hexag-
onal in shape and arranged in an array of honey-comb struc-
ture (Figure 7d).

The obtained FTIR spectrum of MIOS and THOS (Figure
8) revealed the peaks between 3861-3734, 2411-2098,
1905-1886, 1762—1242, and 999-590 cm ™!, which corre-
sponds to the presence of —OH (hydroxyl), C=C (alkynes),
—COOH (carboxylic acids), in-plane —OH, and C—O—C
(esters, ether or phenol) functional groups. Based on experi-
mental results and the speciation of metal ions, Ni*"
removal by MIOS and THOS may has occurred through the
complexation between the negatively charged functional
groups, such as carboxylic groups (—COOH) and hydroxyl
groups (—OH),31’33 and metal cations, such as Me"? and
Me(OH)". At pH higher than 3-5, carboxylic groups are

deprotonated and negatively charged. Accordingly, the
attraction of positively charged metal ions would be
improved.** In other words, the adsorptive characteristic was
influenced by the surface functionalities, which may serve as
the chemical binding sites for the adsorption process.
Besides, the presence of hydroxyl, carbonyl, and alkyl
groups could dissociate as negatively charge sites, and con-
tributing to electrostatic attraction between the activated car-
bons and the positively charge metal ions.>>°

Comparison on materials consumption

Materials consumption (power, nitrogen gas, and chemical)
estimates per kg of activated carbon prepared via microwave
and conventional thermal process were calculated based on the
optimum preparation condition Table 4. The carbonization
step was carried out at 600°C for 1 h for both MIOS and
THOS. The activation step for MIOS was at power level 565
W and time 7 min, while for THOS was at temperature 715°C
and time 2 h. According to Table 7, the calculated total power
consumption of the preparation process was 19.40 KWh/kg for
MIOS and 61.60 KWh/kg for THOS. Thus, power consump-
tion for preparing 1 kg of activated carbon by THOS was three
times higher than MIOS process rendering the process via
microwave more economical for power consumption than the
conventional heating. Furthermore, the gas consumption for
preparing 1 kg of activated carbon by THOS (36 L) was two
times higher than MIOS process (17.5 L) based on 150 and
300 mL/min gas flow rate respectively. Meanwhile, the chemi-
cal (KOH) consumption by MIOS (1.87 kg/kg) was slightly
higher than THOS (1.53 kg/kg) process. This findings implies
the material consumed to prepare 1 Kg of activated carbon by
the MIOS was lower than the THOS, rendering the preparation
process via microwave is more economical compared to con-
ventional heating.

Comparison on adsorption capacities

Adsorption Isotherms. Equilibrium isotherms in this
study were analyzed using Langmuir and Freundlich iso-
therms as the most frequently used models for describing the
adsorption characteristics of the THOS and MIOS that were
used in Ni** synthetic wastewater treatment.

Langmuir isotherm.

=t ™
() 0QbC. Q
Freundlich isotherm.
1
logg.=log K+ —log C, ®)
n

Table 6. Activation Effects of Microwave and Conventional Thermal Processes

Sample  BET Surface Area (mz/g) Mesopore Surface Area (mz/g) Total Pore Volume (cm3/g) Average Pore Diameter (nm)  Yield (%)

MIOS 1280.71 883.49 0.604 4.63 86.05

THOS 886.72 740.66 0.507 4.22 74.79
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where, ¢. (mg/g) is the amount of adsorbed metal ions per
unit weight of adsorbent at equilibrium concentration, C,
(mg/L). The Q (mg/g) and b (L/mg) are the Langmuir con-
stants related to the maximum monolayer capacity and
energy of adsorption, respectively. The K and 1/n are
Freundlich constants related to adsorption capacity and inten-
sity of adsorption respectively.

Table 8 shows that the Langmuir isotherm fits the data
better than the Freundlich isotherm. This result is also con-
firmed by the high R* of the Langmuir model (0.991 and
0.990) compared to that of the Freundlich model (0.894 and
0.905), indicating that Ni* adsorption on MIOS and THOS
occurs as monolayer adsorption on a surface that is homoge-
neous in adsorption affinity.>” Thus, the adsorption isotherm
data were best described by the Langmuir isotherm and the
adsorption capacity was determined to be 12.0 and 8.42 mg/
g for MIOS and THOS, respectively, indicating that MIOS
has a higher adsorption capacity compared to THOS.

The adsorption capacities of MIOS and THOS for other
heavy metal ions which studied elsewhere®®*® were in the
order  Fe’" >Pb*" >Cu’* >7Zn** >Ni** >Cd**.  The
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results obtained agreed with those of the study of Li et al.,*

in which the following order for the sorption of metals onto
sawdust and modified peanut husk was reported:
Pb>" > Cu®" > Cr®". The next, by Xie et al.,*! found a simi-
lar order of affinity: Pb>" >Cu®* >Cd*" onto sewage
sludge activated carbon. Further, by Brown et al.*? examined
peanut hull pellets and found a similar order of affinity:
Pb>" >Zn** > Cu?" > Cd*". Spinti et al.*’ reported a simi-
lar order of affinity for immobilized biomass (peat) beads:
Fe?* > AP > Cu®" > Cd*", Zn®". Another study by Tuzen
et al.* reported that, the affinity order of the metal ions
toward carbon nanotubes was Cu’t >Pb*t >
Zn** > Co?* > Ni?* > Cd*" >Mn*".  Another study by
Reddad et al.*® investigated sugar beet pulp and found a sim-
ilar order of affinity: Pb** > Cu** > Zn** > Cd*" > Ni*™.
According to Lim et al.,*® the heavy metal’s electronega-
tivity and its ionic radius along with other factors such as
solution pH might affect the metal’s affinity to be adsorbed
by activated carbon. Electronegativity represents the metal
ion attraction to the negatively charged sites. The electrone-
gativity of Pb2", Fe?t, Ccu®", Zn?", Nit, and Cd*' are

January 2014 Vol. 60, No. 1 AIChE Journal
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Figure 8. FTIR spectrums; (a) MIOS and (b) THOS.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

2.33, 1.83, 1.9, 1.65, 1.91, and 1.69, respectively. As a gen-
eral trend, higher electronegativity corresponds to a higher
sorption level of the metal ion.** It can be noted that Pb*>*
has the highest electronegativity compared to other metal
jons meanwhile Zn** and Cd>* have the lowest electronega-
tivity. It is also known that the adsorption of any heavy
metal with a smaller ionic radius is greater than that with a
larger ionic radius. This is due to smaller radii metal ions

Table 7. Comparison of the Activated Carbon Power Con-
sumption via Microwave and Conventional Thermal
Processes

Preparation Method

Parameters Thermal Microwave

Electricity consumed (Kw) 18.48 18.48
for carbonize 1 Kg of OS

Electricity consumed (Kw) 43.12 0.917
for activate 1 Kg of char

Total Electricity consumed (Kw) 61.60 19.40
for prepare 1 Kg of activated carbon

AIChE Journal January 2014 Vol. 60, No. 1
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have more accessibility to the surface and pores of the
adsorbents than the bigger ones.*' The ionic radii of the met-
als, namely, Fe2+, Ni2+, Cu2+, Zn2+, Cd2+, and Pb’" are
0.64, 0.69, 0.73, 0.74, 0.97, and 1.19 A°, respectively. It can
be noted that Pb>* and Cd>" have the largest ionic radius
compared to other metal ions meanwhile Fe>* has the small-
est ionic radius. Based on research results, Fe’" has the
highest adsorption affinity compared to other metals due to
combination of small ionic radius and high electronegativity.
Meanwhile, Cd*" has the lowest adsorption affinity com-
pared to other heavy metals due to its large ionic radius and
low electronegativity. As mentioned in effect of initial solu-
tion pH, the pH of the aqueous solution is an important
parameter controlling the adsorption process. The increase in
solution pH leads to the increase in the presence of negative
charge on the activated carbon surface which responsible for
the heavy metals binding.28 Aforementioned, the adsorption
selectivity is a combined action of electronegativity, ionic
radius, pH, and other factors. Thus, the sorption depends not
only on specific surface area, pH, and surface functional
groups but also metal ions to be adsorbed.*®
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Table 8. Langmuir and Freundlich Isotherm Parameters for Ni>* Adsorption onto MIOS and THOS

Langmuir Isotherm Model

Freundlich Isotherm Model

Parameter 0 (mg/g) b (L/mg) R? Ry K (mg/g) (L/mg)"" 1/n R?
MIOS 12.0 3.051 0.991 0.02 8.33 0.144 0.894
THOS 8.42 5.094 0.990 0.01 6.41 0.137 0.905

Table 9 lists the comparison of Ni** adsorption for vari-
ous activated carbons. The results obtained in this work were
comparable to the works reported in the literature. The varia-
tion in the Ni*" adsorption might be due to the different pre-
cursors as well as the activation methods and/or conditions
used to prepare the activated carbons.

Adsorption Kinetics. Adsorption kinetics is highly signif-
icant in evaluating the performance of a certain adsorbent
and understanding the underlying mechanisms of adsorp-
tion.*” In this study, the kinetic modeling of Ni*" adsorption
on MIOS and THOS were investigated using two common
models, namely, the pseudofirst-order and pseudosecond-
order models. The pseudofirst-order model is illustrated as
follows

Kt
log (¢e—g:)=10g (qe) — 2.3103 ©)
A pseudosecond-order model is described as follows.
t 1 t
—=—+— (10)
a kgt qe

where ¢. and ¢, (mg/g) are the amounts of adsorbate
adsorbed at equilibrium and at any time, ¢ (h), respectively,
ki (1/h), and k, (g/mg h) are the equilibrium rate constants
of pseudofirst-order and pseudosecond-order models, respec-
tively, and ¢ (h) is the contact time. The linear plot of log
(ge — qp) vs. t provides a slope of k; and intercept of log g..

The values of k; and R? obtained from the plot for Ni*"
adsorption on the adsorbent are shown in Table 10. The R*
values (0.945 and 0.955) obtained for the pseudofirst-order
model were not high and the experimental ¢. did not agree
with the calculated value obtained from the plots. These
findings show that Ni** adsorption on the adsorbent (MIOS
and THOS) does not follow a pseudofirst-order kinetic
model.

Meanwhile, the R? (0.997 and 0.995) values obtained from
the pseudosecond-order model were close to unity, indicating
that Ni** adsorption on MIOS and THOS fits this model
well and that the adsorption process is controlled by
chemisorption.*'

Desorption and Repeated Use. The influence of recy-
cling times or reuse of MIOS and THOS on the recovery

efficiencies of Ni*" was studied. Desorption studies of the
Ni?* were carried out in five cycles with different concen-
trations of HCI solutions, which has been reported to be an
efficient metal desorbent.*® The desorption of metal ions
was found to be more effective by using 0.1 M HCI solu-
tion. The H' from HCI easily displaces metal ions bonded
to the adsorbent during the desorption stage. After five
cycles, recovery efficiency of activated carbon decreased
from 99.74 to 93.47% and 99.98 to 92.90% for Ni*"
removal using MIOS and THOS, respectively. It can be con-
cluded that the MHOS and THOS can be used for several
times without significantly decreasing its recovery efficien-
cies. However, the changes in mesoporous-microporous
structures of the activated carbons during the regeneration
process,*” weight losses for several time of regeneration,”
and the pore blockage as a consequence of the incomplete
adsorption of metals molecules retained in the carbon net-
work>!? might responsible for the decreases in recovery
efficiency.

Conclusions

In this study, conventional and microwave heating systems
for the preparation of activated carbon form OS with KOH
activation agent are compared for removing Ni**, and car-
bon yield and the results are as follows:

i. The optimal activated carbon in conventional heating
was obtained at 715°C, 2 h activation time, and 1.53
impregnation ratio. Meanwhile, the optimum condi-
tions using microwave heating were radiation power
of 565 W, radiation time of 7 min, and impregnation
ratio of 1.87. The carbon yields using both MIOS and
THOS were 86.05 and 74.79% respectively. The
removal efficiency of Ni*" was more than 99% indi-
cating that activated carbon prepared from OS waste
can be used for the treatment of wastewaters contami-
nated with heavy metals.

ii. The activated carbon prepared via microwave not only
required a much shorter activation time compared to
conventional thermal method, but also it resulted in
higher yield and surface area with a better textural
characteristic suggesting that the activation reaction
under microwave radiation was more intense.

Table 9. Comparison of the Biosorption Capacity of Different Biosorbents

Sorbent Activation Method Adsorption Capacity (mg/g) C, pH Ref.
Bagasse fly ash Conventional heating 1.12 12-14 6.0-6.5 37
Turkish fly ashes Conventional heating 0.48 25 6.0 8
Sphagnum Moss Peat Conventional heating 2.15 25 5.0 3
Petiolar felt-sheath of palm Conventional heating 6.89 100 5.0 40
Jute fibers Conventional heating 3.37 75 5.5 4
Clinoptilolite (zeolites) - 0.9 10 4.0-5.0 2
Olive stone Conventional heating 8.42 20 5.0 This work
Rice husk Microwave heating 1.17 6 - 3
Olive stone Microwave heating 12.0 20 5.0 This work

248 DOI 10.1002/aic

Published on behalf of the AIChE

January 2014 Vol. 60, No. 1 AIChE Journal



Table 10. Pseudofirst order and pseudosecond order kinetic model parameters for Ni>* adsorption onto MIOS and THOS at a
concentration of 20 mg/L

PseudoFirst Order Model

PseudoSecond Order Model

Parameter qe, exp (Mg/g) K, (1/h) qe, cal (mg/g) R K, (g/mg h) 4o, cal (mg/g) R
MIOS 7.830 1.730 5.810 0.945 0.378 8.489 0.997
THOS 6.515 1.309 5.443 0.955 0.354 7.179 0.995

iii. For both methods, adsorption equilibrium data were
fitted to the Langmuir isotherm model, with the mono-
layer adsorption capacities of 12.0 and 8.42 mg/g for
MIOS and THOS, respectively, indicating that MIOS
has a higher adsorption capacity compared to THOS
due to higher BET surface area and pore volume espe-
cially for those contributed by the mesopores. Kinetics
data were fitted to the pseudo second-order kinetics
models.

iv. The comparative effects of all preparation factors on
the responses demonstrated that the activation temper-
ature and impregnation ratio were higher significant
factors on Ni** removal for the prepared activated
carbon via conventional thermal compared to activa-
tion time. Meanwhile, radiation power, radiation time,
and impregnation ratio were the decisive factors
affecting on Ni*" removal for the prepared activated
carbon via microwave heating. However, all prepara-
tion factors have a significant effect on carbon yields
via both conventional and microwave heating.

v. Desorption of the metal ions was carried out using 0.1
M HCI and the repeated adsorption-desorption study
showed that the adsorbent MHOS and THOS can be
effectively used as an adsorbent for the removal of
heavy metal ions from contaminated effluents.

vi. In microwave heating, the activation time, power con-
sumption, and nitrogen flow are significantly lower than
the conventional heating rendering the process via micro-
wave more economical than the conventional heating.

Finally, the results proved that activated carbon prepared

from OS waste can be used for the treatment of wastewaters
contaminated with heavy metals. The lower holding time
and better adsorption capacity of the activated carbon using
microwave heating is well suited for commercial manufac-
ture, as it would significantly improve the process economics
due to time saving and low consumption of gas and energy
compared to the conventional heating methods.
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