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Abstract

In recent years, the use of new technologies based on non-conventional energies such as ultrasound gains increasing importance. Ultras
exhibits several beneficial mechanical effects in solid—liquid systems by means of the cavitations phenomenon. In this study, activated car
adsorbent for removing heavy metals cations such & ffom aqueous solutions has been prepared. For this purpose, hazelnut shells were
impregnated with KOH solution under ultrasound irradiation. After filtration, hazelnut shells have been carbonized undgratmadshhere.

The experiments were planned by fractional factorial design and central composite design. Activated carbons were characterized by their co
adsorption capacity. Optimum process conditions were obtained by using a constrained optimization program as follows: particle size 0.83 n
ultrasound power/volume 19 W/L, impregnation ratio 0.06 g/mL, impregnation time 143 min, activation temperatiu@ea®88activation time

19 min, following with maximum adsorption capacity was found as 40 nfj/Géc. Activated carbon with the maximum adsorption capacity
was further characterized by using scanning electron microscopy and its open pore structure was observed.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Statistical modeling; Hazelnut shell; Ultrasound; Activated carbon; Copper adsorption; Optimization

1. Introduction shells coconut shell, hazelnut shell, olive-waste cakes and corn
cob due to the fact that activated carbon made from conventional
One of the major methods for the removal of pollutants fromraw materials are expensii@-5,7-11] In general, the methods
aqueous effluent is adsorption by using porous solid adsorbent®r production activated carbon consist of two steps: the first step
Adsorption has demonstrated its efficiency and economic feasiavolves a chemical activation step where raw agricultural mate-
bility as a wastewater treatment process compared to the othdels are impregnated with a solution of dehydrating agent (for
purification and separation methods, and has gained importanesample ZnCl, HoSOy) to retard the formation of tars during
in industrial application$1,2], such as removal of heavy met- the carbonization process. Furthermore, in physical activation,
als cations from aqueous solution by adsorption onto activatethey are washed, dried and carbonized in an inert atmosphere to
carbon prepared from agricultural was8k Activated carbon  produce the final activated carbfh6,8,12]
has also found important applications in the field of hydrometal- It is now widely accepted that ultrasound power has great
lurgy, especially in the recovery of gold and silver from cyanidepotential for uses, in addition to conventional applications in
solutions[4]. cleaning and plastic welding, in a wide variety of industrial
Generally, granular activated carbon (GACs) were prepareflelds such as electrochemistry, food technology, nanotech-
by activating either physical (dry) method or a chemical (wet)nology, chemical synthesis, dissolution and extraction, disper-
method various carbonaceous raw materials including peat, coalion of solids, phase separation, water and sewage treatment
lignite [5,6] and from cheaper and readily available agricultural[13]. Ultrasound produces its mechanical and chemical effects
by-products such as grape seeds, palm-tree cobs and various nilitrough the formation and collapse of “cavitations” bublpleg.
A significant amount of research has been published concern-
ing with this “sonochemical effect”, and collected in various
* Tel.: +90 442 2314564 fax: +90 442 2360957. recent bookq15,16] Ultrasound exhibits also several bene-
E-mail address: esayan@atauni.edu.tr. ficial mechanical effects in solid-liquid systems by means of
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the cavitations phenomenon; it enhances mass transfer rateswihere
causes the formation of many micro-cracks on the solid surface, N 5
thus, increases the surface area between the reactants, it cle@s; izxz — F+2p (4)
solid reactant or catalyst particle surfaeg]. N N
The aim of the present paper is to prepare activated carbon .
from hazelnut shells to remove &ufrom aqueous solution. PY defining:

Alkaline impregnation is used as pre-chemical activation and "o
ultrasoundirradiation is especially applied in this step to enhancky = bo — Zbiix;‘z 5)
the diffusion of KOH solution into the pores of the cellulosic i=1

material. After this step, hazelnut shells are washed, dried anfly (3) may be written in usual form as

finally carbonized under inertiNatmosphere. Activated carbons . i o

prepared in this way are characterized by their copper adsorp-

tion capacity, scanning electron microscopy and BET surfac€ = 70 T D _bixi+ Y bixl + 3 > bixix (©)
examination method. Statistical design method is used in the i=1 i=1
experimentation. The particle size, ultrasound power, impregAmong various second order designs, the orthogonal central
nation ratio, impregnation time, activation temperature and actieomposite design is the most popular which requiresixil-
vation time are chosen as process parameters. The regressiary runs conducted at two new factor levelss, +8 [19]. B is
model obtained were used in a constrained optimization to findalculated by the following relation:

optimum process conditions for maximum adsorption capacity.

i=1j>1

QF 1/4
=% @
2. Experimental 5
Q = (N2 - F'?) 8
2.1. Experimental design
N=2n+F +mop (9)

The orthogonal central composite design was widely appliedyherer is the number of experiments in factorial desigyithe
for fitting a seconq order model. These designs_consist of &tal number of experiments angb is the number of central
2" factorial or fractional (coded to the usuall notation) aug-  rgpjicates. In the planning and analysis of experimental designs,
mented by 2 axial points ¢4, 0,0,...,0), (0,45,0,...,0),...,  ¢oded values are usually used instead of absolute values of the

(0, 0,...,+p), andmog center points (0, 0,0, .,0) [18]. Each  \griaples. The relationship between coded vak)aad absolute
variable is investigated at two levels. Meanwhile, as the numbe\yame @) is as follows:

of factors,n, increases, the number of runs for a complete repli-

cate of the design increases rapidly. In this case, by assuming _ 2(Z — Zo) (10)
high-order interactions negligible, main effects and low-order Zy— 71

interactions may be estimated by fractional factorial designsynerez, is the low level Z; the high level and is the medium
Individual second order effects cannot be estimated separatelye| of the variable.

by 2" factorial designs. The first order model is as follows:

2.2. Materials and methods

n n n

y=bot ;b’x' + ;;b”x’x’ @ Hazelnut shells were supplied from the Black Sea Region in
Turkey. They were first dried, crushed and sieved to obtain a par-
ticle size between 0.78 and 1.85 mm. The experimental set-up
5onsisted of an ultrasonic power generator (Meinhardt ultra-
Schalltechnic, K 80-5, 140 W, 850 kHz), a jacketed glass reactor
equipped with a titan probe (E/805/T/solo ultrasonic transducer)
moF (1 — yo)2 which is connected to the bottom of the reactor and fitted with

LOFcurv = o r F (2)  areflux condenser. A typical impregnation experiment (chemi-
0 cal activation) was carried out as follows: specified particle size

whereyyg is the mean of central replicates angis the mean of ~and amounts of hazelnut shells and 10% KOH were loaded into

factorial experiments results. If the variance analysis indicate§1€ glass reactor and chemical activation process maintained
that overall curvature effect is significant, auxiliary experimentsthe desired impregnation time. Ultrasound power (continuous
are carried out to develop a second order model. The secorfgode) is adjusted using the relationship between the intensity

order model is defined as follows so as to facilitate calculations$€tting of the generator, and ultrasound power absorbed by the
reaction medium measured by the calorimetric mef@6#l Ten

n n n n 1 1 i
_ percent of KOH solution was used in all the experimgat$2].
2_=2 . X :
y=bo+ Y bixi+ Y bl —xD)+ )Y bijxix; (3) A constant impregnation temperature of*8was applied by
i=1 i=1 i=1j>1 means of a constant temperature circulator. At the end of the

Meanwhile, it is also possible to test the overall curvature gen
erated by pure second order effects by means of the followin
statistic:
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impregnation experiments, the sample was immediately filterecharameters and response value were showaldte 2 In order to
washed with hot distilled water for removal of its alkalinity, the model experimental results, Matlab statistical toolbox was used.
basic and water-soluble components and dried. The impregnatddhe full second order model relating process response to process
sample was carbonized in a furnace (Carbolite, CWF 1300parameters obtained by regression analysis is as follows:

under N atmosphere (1 kg/cfh at desired carbonization tem- .

perature and time for final activated carbon. The surface areaC¥" — 20,5558~ 0.595(K1 — 0.1441X5 — 0.1553X3

of the activated carbon samples are investigated by using JEOL +0.1902X4 + 1.1670Xs — 0.6848X¢s + O.2882Xf
(JSM) 6400 scanning electron microscopy and the BET surface 4 1.0302¢2 — 0.2687X§ _ 0.0950&21 _ 0.2162X§

area method by a Quantachrome QS-17 model apparatus.
+0.5619%2 + 0.1969X; X» + 0.3053Y1 X3

2.3. Determination of the copper adsorption capacity and +0.6945X1 X4 — 2.1615X1 X5 — 0.5734X1 Xg
adsorption isotherm
—2.1615X>X3 — 1.6740X2 X4 + 0.3053X2 X5
Batch mode adsorption experiments were carried out in a —0.1781X2Xg — 0.1781X3X4 + 0.1969X3 X5
shaker Thermolyne Rosi 1008 (Reciprocating/Orbital Shak-
ing Incubator) Model. Hundred millgram per liter solutions of —1.6740¥3X6 — 0.5734X4 X5 — 2.161X 4 X
Cu?* were prepared by dissolving the solid CuS&H,0 in dis- 1 0.6945X5 X (11)

tilled water. Samples of 200 mg of activated carbon was added

to 100 mL solution of C&* in 250 mL erlenmayer flasks and This model is 27 factors, estimates the experimental data very
shaked at 18C, 170 rpm for a contact time of 6 h which was Well and the correlation coefficient?) of model obtained in
found sufficient to obtain a nearly constant adsorption capacitis case is 0.9999. However, a simpler model with fewer factors
in the light of pre-experiments. The pH of theCsolutionwas ~ and with a high” value may also be established by means of
not adjusted and activated carbon added to th& Golution ~ Vvariance analysis. For this purpose, the model established with
was not changed the pH of the €solution. At the end of the  effective parameters obtained by variance analysis conducted
experimentS, the solutions of é"uNere Separated from the sam- at 90% confidence level was given as follows. The correlation
ples activated carbons by filtering and filtrates were analyzed bgoefficient ¢?) of model obtained in this case is 0.9164:

using a Atomic Absorption/Flame Emission Spectrophotomete\g{cuz+ — 20.7499— 0.5950¥; + 1.1670X5 — 0.6848¥¢

Shimadzu Model AA-670.
+1.0302X3 + 0.6945X1 X4 — 2.1615X1 X5

3. Results and discussion —2.1615X>X3 — 1.6740X> X4 — 1.6740X3X¢g
3.1. Response analysis and interpretation — 21614 X5 + 0.6945Xs X (12)
In this model as a simpler model with fewer factors (I1 factors)
The particle sizeX3), ultrasound powerX>), impregnation  for a well-established, systematic errors are absent, and normal-
ratio (X3), impregnation timeX4), activation temperatureX§)  ized residuals result from experimental errors which exhibit a
and activation timeXg) were chosen as the independent paramnormal distribution according to a widely accepted statistical
eters by taking into account the pre-experiments for modeling ofonvention.Fig. 1 shows the graphical representation of ‘size
CW?* adsorption from aqueous solutions. The parameter levelsffect’ of each parameters upon the activated carbon prepared
and coded values were givenTable 1 from ultrasound-assisted KOH-impregnated hazelnut shell as
The -2 orthogonal fractional factorial and central compos-adsorbents to remove €ifrom aqueous solutions. Frofig. 1,
ite designs were applied to estimate main effects and secoriican be seen that activation temperatuxe) (has a positive
order effects as well as interaction effects. Furthermore, threeffect, while particle sizeX1) and activation timeXs) have a
central replicates were also employed to calculate pure expenegative effect on response, in the way of amount of the adsorbed
imental error. As usual, the experiments were carried out in ang Ci#*/g Ac from aqueous solutions. The second order term
random order to minimize the effect of systematic error. Theand interaction terms in Eq12) affect to process at various
experimental design matrix and the corresponding experimentaatios.

Table 1

Parameter levels (coded values) used in the experimental design

Parameter B +1 0 -1 —B
Particle sizeX; (mm) 1.85 1.55 1.29 0.93 0.78
Ultrasound power/volumeXs (W/L) 190 76 19 6 2
Impregnation ratioXs (g/mL) 0.06 0.05 0.038 0.025 0.015
Impregnation timeX, (min) 143 120 90 60 37
Activation temperatureXs (°C) 839 800 750 700 661

Activation time,Xs (min) 72 60 45 30 18
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Table 2
Experimental design matrix and response value
Exp. no. Particle size Ultrasound Impregnation Impregnation Activation Activation Adsorbed
power ratio time temperature time (mg C#*/g Ac)
3 -1 1 -1 -1 1 1 26
4 1 1 -1 -1 -1 1 24
15 -1 1 1 1 -1 1 11
10 1 -1 -1 1 1 1 21
8 1 1 1 -1 1 -1 20
6 1 -1 1 -1 -1 1 16
11 -1 1 -1 1 1 -1 27
5 -1 -1 1 -1 1 1 26
16 1 1 1 1 1 1 22
9 -1 -1 -1 1 -1 1 24
1 -1 -1 -1 -1 -1 -1 15
13 -1 -1 1 1 1 -1 25
14 1 -1 1 1 -1 -1 28
2 1 -1 -1 -1 1 -1 24
12 1 1 -1 1 -1 -1 22
7 -1 1 1 -1 -1 -1 21
31 -1.77 0 0 0 0 0 26
23 1.77 0 0 0 0 0 17
22 0 -1.77 0 0 0 0 24
21 0 1.77 0 0 0 0 24
28 0 0 —1.77 0 0 0 17
25 0 0 1.77 0 0 0 23
29 0 0 0 -1.77 0 0 22
27 0 0 0 1.77 0 0 18
24 0 0 0 0 -1.77 0 21
26 0 0 0 0 1.77 0 19
30 0 0 0 0 0 -1.77 23
20 0 0 0 0 0 1.77 21
10 0 0 0 0 0 0 21
20 0 0 0 0 0 0 20
30 0 0 0 0 0 0 22
Raw, Hazelnut, Shell 2
A 4P 5 O ah b gb b objective of the optimization is decided, which may be either
B e S S e e o ; ; : P
se economic or technical. Secondly and last, the main objective
of this research is to determine the experimental conditions
1,04 required to prepare activated carbon from hazelnut shell, suit-
051 able for their efficient employment as adsorbents to remo¥%é Cu
g from aqueous solutions. Eventually, by using above-mentioned
£ methodology for experimental design, the ranges of the param-
“E', -0,5 eters required to obtain this optimum activated carbon were
.l determined. In this optimization study, amount of the adsorbed
mg Cl#*/g Ac from aqueous solutions were chosen as the objec-
-1.31 tive function. Furthermore, optimum conditions are often calcu-
2,04 lated in the presence of some constraints which ensure them to
be more realistic. If the model used in the optimization study is

an empirical one, high and low levels of the process parameters
in the experimental design are considered, inevitably, as explicit
Fig. 1. Significant main, second order and interaction terms on the activategdonstraints, in order to avoid extrapolation_

carbon prepared from ultrasound-assisted KOH-impregnated hazelnut shell as Thus. the optimization problem is defined as
adsorbents to remove €ufrom aqueous solutions. '

Main, second order and interaction terms

maximize Yg2+ (13)
3.2. Optimization results Constraints on the parametefs
—Bi<Xi<+pi, i=1...,6 (14)

The main objective of the optimization is to determine the
optimum process conditions from the models obtained with—g and 48 values are given iffable 1 The optimization prob-
theoretically or experimentally. For this purpose, firstly, thelem given in Eq(13)is solved using constrained optimization
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Table 3

The optimum process conditions to prepare activated carbon from hazelnut shel
Particle size (mm) 0.83

Ultrasound power/volume (WI/L) 19

Impregnation ratio (g/mL) 0.06

Impregnation time (min) 143

Activation temperature’C) 838

Activation time (min) 19

Adsorbed (mg C#'/g Ac) 40

program supplied in the Matlab optimization toolbox. These
results show that ultrasound power is effectively used at its
lower bound, high impregnation ratio and time are sufficient
for optimum activated carbon from hazelnut shell for use as
adsorbents to remove €ufrom aqueous solution, whereas par-

ticle size, carbonization temperature and time have more strong ) - @)
impacts on the optimum yield. The optimum process conditions - .. s—rx e .- v e
Lo L P, et S R e ~f

are given inTable 3by taking into account the model, whichis % , < el e
established with effective parameters obtained by variance anal- bir LR Mi B Sl TN Y
ysis conducted at 90% confidence level. Maximum adsorption __:g-:-g‘-;f".f“;,. :.' __',,3':.43 e S ¥
capacity of activated carbon from alkaline impregnated hazelnut e '.S;!“'_:_.‘ e L

hell d | d i é’ h i =0 f. ‘_‘“ _.:_* t:..':_".,_f ; _ i ¢ o
shell under ultrasound is 40 mg €ig Ac, whereas maximum v 8 o e .o & .
adsorption capacity of activated carbon from alkaline impreg- [ °~ T PR L P

;. . P = “:w‘.. = ~y .

nated hazelnut shell under the same process conditions giver p-«- - - o P T 3 el
in Table 3 but without ultrasound application has been found H»‘ ) St _“,'- we RS S 7 :
as 22mg Cé'/gAc. According to these results, the adsorp- :"-& ;,—;{-; SRR o4 E v
tion capacity of the activated carbon from alkaline impregnated | S T 4 - foo-

hazelnut shell under ultrasound is approximately two times =& ™ < »
greater than that of the adsorption capacity of activated carbon f;‘*—?
from alkaline impregnated hazelnut shell without ultrasound. .
In conclusion, the application of ultrasound irradiation in the
impregnation step is found to be beneficial to prepare with high
adsorption capacity activated carbon for use as adsorbent to (k)

remove C&* from aqgueous solutions. Fig. 2. (a) The surface of the activated carbon with maximum adsorption capac-
ity; (b) the surface of activated carbon adsorbed'Grom aqueous solution.

3.3. Surface characterization of the optimally prepared ] o
activated carbon accurate to describe the €uadsorption isotherm than Lang-

muir equation.

The shapes of adsorption isotherms can provide qualitative 1h€ SEM photographs of the surface appearances of the
information on the adsorption process and the extent of the suctivated carbon are shown fig. 2a and b.Fig. 2a shows
face area available to the adsorbate. Adsorption isotherm fgp€ surface of activated carbon prepared by ultrasound-assisted
copper from aqueous solutions was also determined by corkOH impregnated (chemical activation) and carbonized (phys-
tacting 200 mg of the activated carbon sample with 100 mtical activation) at the experiment conditions in a furnace under
solution of C#* of varying initial concentrations. The Lang- N, atmosphere at desired carbonization temperature and time.
muir and Freundlich isotherms constants were calculated fdf c@n be seen from the photograph that the external surface
adsorption of C& from in different initial concentrations of of this carbon is full of cavities because of mechanical effects
aqueous solutions. The Langmuir and Freundlich isotherms cor@f ultrasound. It seems that the cavities on the surface resulted
stants are listed ifiable 4 Error estimation of the Langmuirand from the evaporation of KOH during carbonization, leaving the

Freundlich equations show that Freundlich equations is mor&Pace previously occupied by KOHig. 2o shows the surface
of activated carbon which adsorbed Cdrom aqueous solu-

tion. It seems that the cavities on the surface are occupied full
of copper. BET surface areas of the raw and activated carbon
from hazelnut shell were calculated to be 0.188 and 18/gm
Langmuir constant Freundlich constant  Equilibrium range (Ppm) respectively. Considering BET surface areas, the surface area of
Omax(Mmglg) b (LImg) Kg(Llg) n the activated carbon is 50 times greater than raw hazelnut shell
surface area. In conclusion, it is considered that the surface area
and adsorption capacity can be increased for activated carbon

Table 4
Langmuir and Freundlich constants for the?Cadsorption

39.54 0.125 12.544 4.42 10-198
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prepared from ultrasound-assisted KOH-impregnated hazelnugs] J. Guo, A.C. Lua, Preparation of activated carbons from oil-palm-

shell for use in wastewater treatment. stone chars by microwawe-induced carbon dioxide activation, Carbon

38 (2000) 1985-1993.

[6] G.H. Oh, C.R. Park, Preparation and characteristics of rice—straw-
based porous carbons with high adsorption capacity, Fuel (2002) 327—
336.

The combined chemical and physical activation process wasz] c. Namasivayam, K. Kadirvelu, Activated carbons prepared from Coir
attempted to prepare activated carbon from ultrasound-assisted Pith by physical and chemical activation methods, Bioresour. Technol.
KOH-impregnated hazelnut shell for use in water treatments. 62 (1997) 123-127. _

For this purpose, the experimental parameters, the particle sizd®l W.T- Tsai, C.Y. Chang, S.Y. Wang, C.F. Chang, S.F. Chien, H.F. Sun,

. . L . . . Preparation of activated carbons from corn cob catalyzed by potas-
ultrasound power, impregnation ratio, impregnation time, acti- ;1" s and subsequent gasification withsCioresour. Technol.

vation temperature and activation time have been explored by 7g (2001) 203-208.

statistically designed experiments. Th& 2 orthogonal frac-  [9] S.J. Park, W.Y. Jung, Preparation of activated carbons derived from

tional factorial design and central composite design were applied  KOH-impregnated resin, Carbon 40 (2002) 2021-2040.

to establish second order model relating amount of the adsorb&! K-J- Hu, J.L. Hu, K.p. Ho, K.W. Yeung, Screening of fungi chitosan

mg CLF+/g Ac from aqueous solutions to experimental parame- producers, and copper adsorption capacity of fungal chitosan and chi-

; ; N ) tosanaceus materials, Carbohydrate Polym. 58 (2004) 45-52.

ters and the optimal experimental conditions required to producgi) . Bacoui, A. Yaacoubi, A. Dahbi, C. Bennouna, R.P.T. Luu, F.J.

suitable activated carbon for the use of adsorbents to remove Maldonado-Hodar, J. Rivera-Utrilla, C. Moreno-Castilla, Optimization

CUW* from aqueous solutions were obtained. In conclusion, the  of conditions for the preparation of activated carbons from olive-waste

application of ultrasound irradiation in the impregnation step i% cakes, Carbon 39 (2001) 425-432. - .

. .. . . . [12] J. Guo, A.C. Lua, Textural and chemical characterisations of activated
found quite beneficial to increase adsorption capgcny of. agtl— carbon prepared from oil-palm stone with$0; and KOH impregna-
vated carbon for use as adsorbent. However, detailed optimiza- tjon, Microporous Mesoporous Mater. 32 (1999) 111-117.
tion researches along with cost analysis are needed to assess|tt® T.J. Mason, Sonochemistry and sonoprocessing: the link, the trends, and
profitability of the method. It is expected that the optimization ~ (probably) the future, Ultrason. Sonochem. 10 (2003) 175.

results presented in this paper may provide background infoi—l“] J.G. Price, Current Trends in Sonochemistry. The Royal Society of
Chemistry, Cambridge, 1992.

4. Conclusions

mation for a detailed process improvement research. [15] L.A. Crum, T.J. Mason, J.L. Reisse, K.S. Suslick (Eds.), Sonochemistry
and Sonoluminescence, Kluwer Academic Publishers, Dordrecht, 1990.
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