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Âli Yurdun Orbak 1 and İlkün Orbak2
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Poisonous heavymetals in air, water, and soil produce global environmental problems that are considerable threats to humankind.
To meet the local and international guidelines for heavy metal release, companies often use different approaches, such as chemical
precipitation, chelating agents, or activated carbon produced by adsorption. One of these heavy and toxic metals is chromium(VI).
Chromium(VI) is commonly used in many applications, such as dye fixation in the textile industry or as an anticorrosive agent in
paints. 1e aim of this paper is to explore the factors affecting the removal of one of these deadly heavy metals, chromium(VI),
from aqueous solutions. For this purpose, activated carbon from Turkish Tunçbilek lignite is prepared with both chemical and
physical activation methods to investigate the adsorption behavior of chromium(VI). 1e effects of initial chromium(VI)
concentration, adsorption temperature, and pH on adsorption are studied using a design of experiments method with a full 24

factorial design with center points. 1e Freundlich and Langmuir adsorption isotherms that are commonly used in chemical
engineering are also applied both for predicting the amount of chromium(VI) adsorbed and confirming the validity and ad-
vantages of the obtained regression model. 1e results indicate that the design of experiments and regression can explain and
support the design of new materials by using linear and physically meaningful equations instead of local nonlinear and empirical
models that are usually insufficient. Additionally, three experiments were carried out in the liquid phase to test the activated
carbon samples: chromium, chromium and sucrose, and chromium-sucrose-ion. A change in adsorption capacities of the
activated carbon samples was observed. Sucrose was chosen for the experiments because it contains six carbon atoms in a slightly
soluble structure. 1e results indicated that Tunçbilek lignite exhibits good adsorption capability.

1. Introduction

Heavy metal pollution is one of the environmental problems
in the world today. 1e mixing of heavy metals with soil and
water is dangerous. Industrial and municipal wastewaters
contain a variety of metal ions that can damage aquatic life
and human health [1–4]. Wastewater containing heavy
metals derives from the chemical industry, metal coating
facilities, mining facilities, cosmetics production, petro-
chemical applications, and cleaning product usage [2, 5].
Heavy metals can be removed from wastewater by chemical
precipitation, membrane filtration, ion exchange, solvent

extraction, and adsorption methods [3, 4, 6]. 1e adsorption
method has been used for water and wastewater for a long
time to remove color, odor, and organic contaminants [3, 7].
In comparison with the other methods, adsorption is the
cheapest and most widely used process [8]. One of the most
effective methods for removing organic and inorganic
pollutants from industrial and urban wastes is liquid phase
adsorption. On the other hand, activated carbon (AC) is an
effective low-cost adsorbent. Physical and chemical sorption
technologies have been used for many years to remove toxic
metals from wastewater. In the literature, low-cost raw
materials, such as leaf mold, peat moss, green algae, activated
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carbon fibers, coconut residues, rubber, wood, lignite, and
rubber, have been studied [2, 3, 8–14]. However, the de-
velopment of new, economical, and readily available effec-
tive absorbent materials is still necessary [15].

Despite having lower adsorption capacities than syn-
thetic ion exchange materials for the removal of heavy metal
ions from wastewater, the use of low-rank grade coals is
widespread due to their lower cost [16, 17]. Recently, the
adsorption of metal ions on active carbon produced by
lignite has been studied extensively [2, 17–22]. Lignite is
abundant in Turkey and contains low ash and high carbon
contents; therefore, it is a good raw material for activated
carbon. Activated carbon is a carbon-based material, with a
high content of carbon, existing in a large reserve and
presenting difficulties in its evaluation. It is easily un-
derstood that our country has significant potential in this
regard. Lignite is fuel, and Turkey’s reserves of lignite are
sufficient. Today, the use of lignite for energy purposes,
especially for heating, has decreased considerably. In the
future, lignite consumption will continue to drop.1erefore,
the most efficient use of lignite reserves is essential. In this
respect, lignite can represent an excellent raw material for
the production of activated carbon and can be brought into
the economy more efficiently. When we examine the
characteristics of Tunçbilek lignite, the fixed carbon content
is 55–70%, volatile matter content is 35–40%, density is
1–1.35 g/cm3, and ash content is 5-6%.

Chromium is widely used in the metallurgy industry as
ferrochrome, ferro-silico-chromium, chromium com-
pounds, exothermic chromium additives, other major
chromium alloys, and chromiummetal and has applications
such as electroplating, water cooling, pulp production, and
ore refinement. Hexavalent chromium (chromium(VI)) is a
toxic substance for both plants and animals and is known to
be carcinogenic. 1erefore, chromium(VI) in wastewater
must be regulated to below 0.1mg/L by the U.S. EPA (see the
web page of United States Environmental Protection Agency
at http://www.epa.gov). In the Marmara Region, almost all
of the surface waters are found to be polluted or very
polluted as a result of the increase in the use of fertilizers and
chemical drugs in the agricultural sector.1ere is substantial
organic matter pollution in Büyük Çekmece and İznik Lakes
located in the Marmara Basin. On the other hand, high
chromium loaded water threatens the basin [23].

1e purpose of this paper is to investigate the extent to
which chromium(VI) ions are removed from aqueous so-
lutions of activated carbon samples produced by physical
and chemical activation methods using Tunçbilek lignite.
1e adsorption study parameters, pH, temperature, and
initial metal concentration, are investigated at various in-
tervals. Langmuir and Freundlich adsorption isotherms are
also used in the evaluation of the experimental data. 1e
experimental tests are carried out according to a full 24
factorial design with center points where the factors chosen
were active carbon type (physical or chemical), temperature,
pH, and concentration. Similar research has been conducted
for copper removal, as seen in the literature [24]. Regression
analysis was applied to investigate the most effective factors
among the examined parameters [24]. Regression analysis

was also used in the study of cadmium ion adsorption [25]. A
comparison with widely used empirical isotherms, such as
Freundlich and Langmuir, is also given in order to confirm
the validity and advantages of the obtained regression
model. Additionally, experiments are conducted to indicate
the capability of the active carbon samples obtained. For this
purpose, the organic matter effect is investigated by adding
sucrose to the adsorption medium.

2. Materials and Experimental Method

2.1. ANOVA and Regression Analysis. As discussed before,
the experimental tests are carried out according to a full two-
level four-factor (24) factorial design with center points, and
the four factors (low and high level in parentheses) chosen
were active carbon type (physical active carbon (PAC);
chemical active carbon (CAC)), ppm (25mg/L; 1200mg/L),
temperature (298K; 323K), and pH (2; 6). Each test was
replicated once. 1e above values are selected from the
values currently used in the industry. 1e analysis of vari-
ance method (ANOVA) is used to examine whether the
effect and the interaction between the examined factors were
significant in relation to the experimental error [26–28].

1e experimental design is used to analyze the effects of
many process parameters. Its usage usually decreases the
number of experiments, in addition to decreasing time and
material resources. Furthermore, the experimental errors are
minimized [26, 27]. It is known that a potential concern in
the use of two-level factorial designs is the linearity as-
sumption in the factor effects [29]. If there are unreplicated
factorial design points in the experiment, one may use
replicated “center points” to create a curvature effect. Al-
though exact linearity is not needed and the experimental
design will be valid when there is approximate linearity, it is
usually better to use center point runs in the design if the
researcher is at all uncertain about the order of the model
that should be utilized [29]. In the present study, it is known
that the relationship may be nonlinear and that curvature
may be present; therefore, center points were consequently
added to the design.

2.2. Experimental Procedure. Chemically and physically
activated carbon samples produced from Tunçbilek lignite
are used in this study. 1e active carbon sample preparation
method and the textural and chemical properties are given in
[29]. Since there are two different types of activated carbon
that may have differing absorbing capacities, it is concluded
that active carbon type can be chosen as a factor in the
experimental design.

1e experimental conditions for the physical and
chemical activation methods described are as follows:

(i) Physical activation process: CO2 is used as activating
gas in the production of physical activated carbon.
1e raw material was subjected to a thermal de-
composition process at 1073K with a heating rate of
30K/min in a nitrogen gas environment. 1en, CO2
gas was supplied to the environment at a rate of
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1223K at the same heating rate, and activation was
carried out at this temperature for 3 hours.

(ii) Chemical activation process: 1e material to be
activated with a zinc chloride solution prepared as 1/
1 by mass ratio was mixed for 2 hours at a speed of
300 rpm. After stirring, the sample was incubated at
298K for 18 hours and then filtered through filter
paper to remove the solution. 1e sample containing
a certain amount of zinc chloride was activated in an
N2 gas atmosphere for 2 hours at a temperature of
1073K with a heating rate of 30K/min. After
chemical activation, the recovered product was
washed with 0.5N HCl solution to remove
remaining zinc chloride. Subsequently, washing was
continued with a large amount of hot distilled water
to remove the HCl solution.1e washed product was
dried for 14 hours at 600mmHg under vacuum at
343K.

1e results of short and elemental analysis of the initial
raw materials and the active carbon samples produced from
them are shown in Table 1. When Table 1 is examined, it is
seen that the amount of fixed carbon, which is essential for
adsorption, increases with the physical activation process.

1e batch adsorption experiments are performed in
acidic medium (pH: 2.0–6.0), and the adsorption temper-
atures selected are 298, 308, and 323K. 1e initial chro-
mium(VI) ion concentration is in the range of 25mg/L to
1200mg/L.

2.3. Mathematical Modeling. 1e experiments are con-
ducted as follows: the controllable factors and their levels are
given in Table 2. In addition, experimental runs and re-
sponses are given in Table 3. After the initial analysis
summarized in Figures 1 and 2, it has been concluded that
the most effective control parameters are B, C, D, and the
interactions between B and C (BC) together with C and D
(CD). 1is result actually indicated that active carbon type
did not play a role as a factor in the current experimental
conditions. In fact, when the results of the experiments are
studied, it is clear that PAC and CAC activated carbon
samples had similar surface functional groups [30]. Prop-
erties of activated carbon samples are analyzed, and it is
observed that PAC and CAC samples were very similar to
each other in terms of Fourier transform infrared spec-
troscopy (FTIR). 1erefore, it is concluded that adsorption
was not affected by the activated carbon type [30].

When active carbon samples are examined, it is noted
that peaks are mostly collected in two ranges. 1ese range
700–1300 cm−1 and 1300–1900 cm−1. Peaks in the range of
1000–1300 cm−1 can result from the ether and phenolic
structures. Peaks in the range of 700–900 cm−1 in samples
indicate aromatic C-H structures. It is clearly seen that PAC
and CAC samples show great similarities in terms of surface
functional groups. 1e peaks contained in the PAC sample
between 2800 and 2980 cm−1 show that there are more al-
iphatic hydrogenated structures in the structure, and the
peaks between 3000 and 3100 cm−1 contained in the CAC

sample have more aromatic hydrogen structures in the
structure (Figures 3 and 4).

Peaks in the range of 2700–3000 cm−1 in PAC-coded
samples indicate the peaks of aliphatic CH, CH2, and CH3.
In the PAC-coded samples, it was found that the peaks in the
range of 900–1300 cm−1 could contain −C-O and −OH
structures of alcohol, phenol, and carboxylic groups. Peaks
in the range of 2700–3000 cm−1 in all CAC-coded samples
indicate the peaks of aliphatic CH, CH2, and CH3.1e peaks
of 2000± 100 cm−1 in the PAC and CAC samples show the
C≡O structure.

After the above analysis, a linear regression correlation
between qe and the experimental parameters is developed
using the Minitab 16 software [24]. 1e equations for both
coded and uncoded units are given below:

qe � +8.519 + 0.826∗B + 7.868∗C− 2.141∗D

+ 0.779∗BC− 2.033∗CD (coded units),
(1)

qe � +0.018 + 0.001∗B− 0.013∗C− 0.011∗D

+ 1.061E
−4 ∗BC− 0.002∗CD (uncoded units).

(2)

1e results and predicted values from equations (1) and
(2) are tabulated in Tables 3 and 4. Table 4 provides the
ANOVA results: these results indicate that the chosen pa-
rameters are indeed most effective and, additionally, that
there is no curvature effect. In addition, R2 is 99.14%, which
indicates that the relationship is almost linear and that we
have obtained a good fit.

According to the linear regression results, the initial
chromium concentration coefficient is the highest among all
of the coefficients. However, it has been observed that the pH
of the activated carbon is adversely affected by chromium
adsorption. As seen from the adsorption temperature co-
efficient, the chromium adsorption has also increased
considerably with increasing temperature. 1is linear re-
gression analysis shows that the experimental results cor-
respond to the analysis results.

3. Results and Discussion

3.1. Temperature Effect on Chromium(VI) Adsorption. 1e
effect of the temperature on chromium(VI) adsorption is
investigated at temperatures of 298, 308, and 323K. When
the initial concentration of 1200mg/L was examined, it was
observed that the adsorption of chromium(VI) ions for both
activated carbon samples increased with escalating ad-
sorption temperature (Table 3), i.e., from 20.593 to
22.964mg/g AC and from 16.780 to 22.062mg/g AC for
PAC and CAC, respectively. Under the experimental con-
ditions, it is seen that the amount of emitted chromium(VI)
ions increases as temperature rises. 1is effect can especially
be observed over 400 ppm concentration values. 1e ad-
sorption differences observed between PAC and CAC
samples at lower temperatures decrease at higher temper-
atures [30]. 1is can also be seen in the main effects plot in
Figure 5. 1e adsorbed amount of chromium(VI) ions
depends on the chemical interaction between carbon surface
groups and adsorbed ions. 1e increase in the chemical
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Table 1: Results of short and elemental analysis of activated carbon samples.

Sample Volatile compound (%) Fixed carbon(a) (%) Ash(a) (%) C(b) (%) H(b) (%) N(b) (%) (S +O)(b) (%)
Raw material 34.01 39.81 26.18 40.00 4.67 3.06 52.27
PAC 5.26 42.61 50.18 89.72 0.10 5.22 4.96
CAC 9.38 63.43 27.19 62.90 0.87 5.37 30.86
(a)Dry; (b)dry-ashless.

Table 2: Controllable factors and their levels.

Factor Description Low level Center point High level
A Active carbon type PAC — CAC
B Temperature (K) 298 310.5 323
C ppm 25 612.5 1200
D pH 2 4 6

Table 3: Experimental runs and their results and predicted values from the regression analysis.

Run no. (actual) Active carbon type (A) Temperature (K) (B) ppm (mg/L) (C) pH (D) qe (mg/g AC) Predicted qe (mg/g AC)
1 (1) PAC 298.0 25.0 2 0.840 0.712
2 (3) PAC 323.0 25.0 2 0.884 0.805
3 (5) PAC 298.0 1200.0 2 20.593 18.957
4 (7) PAC 323.0 1200.0 2 22.964 22.167
5 (9) PAC 298.0 25.0 6 0.549 0.496
6 (11) PAC 323.0 25.0 6 0.732 0.589
7 (13) PAC 298.0 1200.0 6 10.917 10.608
8 (15) PAC 323.0 1200.0 6 12.771 13.818
9 (17) PAC 310.5 612.5 4 8.370 8.519
10 (2) CAC 298.0 25.0 2 0.724 0.712
11 (4) CAC 323.0 25.0 2 0.737 0.805
12 (6) CAC 298.0 1200.0 2 16.780 18.957
13 (8) CAC 323.0 1200.0 2 22.062 22.167
14 (10) CAC 298.0 25.0 6 0.454 0.496
15 (12) CAC 323.0 25.0 6 0.588 0.589
16 (14) CAC 298.0 1200.0 6 10.992 10.608
17 (16) CAC 323.0 1200.0 6 14.324 13.818
18 (18) CAC 310.5 612.5 4 8.060 8.519
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Figure 1: Pie chart of factors a�ecting qe.
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interaction between the sorbate ions and the surface func-
tions of the activated carbons also increases the intraparticle
di�usion of the sorbate ions via changing the amount of
adsorption or the di�usion rate, which are dependent on the
porosity due to the e�ect of temperature, as di�usion is an
endothermic process [31]. �e increase in adsorption

capacity due to temperature may arise either from the be-
havioral properties of surface groups corresponding with
temperature or from the e�ect of newly formed active sites at
the surface due to the interaction of the di�usion, which
occurs between activated carbon and adsorbed ions at high
temperatures [30].

Table 4: Results of the regression analysis.
Analysis of variance for qe (coded units)

Source DF Seq SS Adj SS Adj MS F P
Main e�ects 3 1074.84 1074.84 358.279 432.36 0

Temp 1 10.91 10.91 10.915 13.17 0.003
Ppm 1 990.57 990.57 990.569 1195.4 0
pH 1 73.35 73.35 73.353 88.52 0

2-way interactions 2 75.86 75.86 37.929 45.77 0
Temp∗ ppm 1 9.71 9.71 9.711 11.72 0.005
ppm∗ pH 1 66.15 66.15 66.146 79.82 0

Residual error 12 9.94 9.94 0.829
Curvature 1 0.21 0.21 0.208 0.23 0.637
Lack of ¤t 2 0.77 0.77 0.385 0.39 0.69
Pure error 9 8.97 8.97 0.996

Total 17 1160.64
Estimated e�ects and coe¥cients for qe (coded units)

Term E�ect Coef SE coef T P
Constant 8.519 0.2146 39.7 0
Temp 1.652 0.826 0.2276 3.63 0.003
ppm 15.737 7.868 0.2276 34.57 0
pH −4.282 −2.141 0.2276 −9.41 0
Temp∗ ppm 1.558 0.779 0.2276 3.42 0.005
ppm∗ pH −4.067 −2.033 0.2276 −8.93 0
S 0.910304 PRESS 24.5778
R-Sq 99.14% R-Sq(pred) 97.88% R-Sq(adj) 98.79%
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Figure 3: Pore volume distributions of active carbon samples according to the DFT (density functional theory) method. (a) Physically
activated carbon (PAC). (b) Chemically activated carbon (CAC).
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Figure 4: Pore volume distributions by applyingMonte Carlo simulation to CO2 adsorption data of activated carbon samples. (a) Physically
activated carbon (PAC). (b) Chemically activated carbon (CAC).
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3.2. Initial Concentration E�ect on Chromium(VI)
Adsorption. �e e�ect of the initial concentration on
chromium(VI) adsorption is investigated from 25mg/L to
1200mg/L.When the results of the experiment at 298Kwere
examined, the adsorbed amounts on PAC and CAC in-
creased to 20.593 and 16.780mg/g AC, respectively, from
0.840 to 0.724mg/g AC with an increase in the initial
chromium concentration from 25mg/L to 1200mg/L (Ta-
ble 3). As seen from these results, the adsorption of metal
ions is enhanced by increasing the initial ion concentration
(Figure 5). �e di�erence between the amount of adsorbed
chromium(VI) ions on the activated carbon samples is due
to the surface area and the total pore volume.�e number of
adsorbed ions detected on the activated carbon samples
increased from that predicted by the initial concentration;
this result arises because of the driving force of the initial
metal concentration and the higher C0 values, which, to-
gether, increased the rate of adsorption [30].

3.3. pHE�ect onChromium(VI)Adsorption. �e e�ect of pH
on chromium(VI) adsorption is investigated from pH 2 to 6
at di�erent adsorption temperature and initial concentra-
tions. Upon changing the pH values of the solutions from 25
to 1200mg/L at 298K, the amount of chromium(VI)
adsorbed on PAC and CAC decreased from 0.840 to
0.724mg/g AC to 0.549 and 0.454mg/g AC, respectively
(Table 3). �e reason for this reduction in adsorption ca-
pacity is thought to be that the adsorption sites occupy the
anionic species, such as HCrO4

−, CrO4
−2, and Cr2O7

−2, and
delay the progression of these ions towards the sorbent
surface [30]. It is clear from these results that the removal of
chromium(VI) ions decreases upon increasing the pH of the
solution [32]. �is can also be observed in Figure 5.

3.4. Adsorption Isotherm. Langmuir and Freundlich ad-
sorption isotherms are used to analyze the adsorption data
obtained. �e Freundlich equation has the following form:

qe � KFC
1/n
e (nonlinear form),

log qe � logKF +
1
n
logCe (linear form),

(3)

where qe is the amount of solute adsorbed per unit weight of
adsorbent in mg/g AC, Ce is the equilibrium concentration
of solute in the bulk solution in mg/L, KF is a constant
indicative of the relative adsorption capacity of the adsor-
bent in mg/g AC, and 1/n is a constant indicative of the
intensity of the adsorption [33, 34].

�e log (Ce) graph plotted against log (qe) shows KF and
n values, which provide information on adsorption bond
strength and bond distribution [32, 35].

It is known that the larger the values ofKF and 1/n are, the
greater the adsorption capacity is [25, 31]. Values of n between
1 and 3 are usually favorable for chromium(VI) adsorption
[36]. According to the n values, the type of adsorption is
physical [37].

�e Langmuir equation, on the other hand, is given as
below:

Ce

qe
�

1
Q0b
( ) +

1
Q0
( )Ce, (4)

whereQ0 and b are the Langmuir constants determined from
the slope and intercept of the plot, which is indicative of
maximum adsorption capacity in mg/g of adsorbent and
energy of adsorption, respectively [38, 39].

�e graph of Ce versus Ce/qe provides the values ofQ0 and
b using the slope and the intercept point.�e b value indicates
the adsorption energy, which is re©ected by a rapid increase in
adsorption at low concentrations of the adsorbate.

�e results obtained with the application of Freundlich
and Langmuir isotherms at pH 2.0 are given in Figures 6 and
7. Correlation coe¥cients and related Freundlich and
Langmuir parameters have been reported before [9, 25, 32].

It can be seen from Figures 6 and 7 and Table 5 that the
Freundlich model ¤t the results well. In fact, this result was
an expected one because many researchers indicate that
nonlinear isotherm models are better than linear models for
adsorption characteristics [40].

On the other hand, the linear regression model de-
veloped in this paper, although linear, can predict the ad-
sorption characteristics acceptably within the experimental
conditions. To validate this, new experiments are conducted
(Table 4) at the same temperatures, although with di�erent
ppm values, and the chi-square error is calculated according
to the equation below:

chi− square � χ2 �∑
N

1

qe − qem( )2

qe
. (5)

In this equation, qem refers to the values calculated by the
isotherm models. �e experimental and calculated values
and related Freundlich and Langmuir parameters and their
¤t performances are given in Table 5.

4. Application

In this section, the chromium adsorption behavior of ac-
tivated carbon in the presence of organic (such as sucrose)
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and inorganic substances is investigated. Because of the very
di�erent nature of the organic substances that can be used in
industrial production environments and because of the
practical limitations of their respective studies, the organic
matter e�ect is usually investigated by adding sucrose to the
adsorption medium. Adsorption experiments were carried
out in this study with the addition of a solution of sucrose
containing heavy metals and other inorganic ions, so that the
concentration of organic matter in the medium would be
50mg/l, in order to be able to observe the e�ect of the organic
structures on the heavy metal ions under study. Inorganic
structures and concentrations in this solution are Ca+2
(40mg/l), Mg+2 (15mg/l), Na+ (37mg/l), Cl− (58mg/l),
HCO3

− (12mg/l), and SO4
−2 (60mg/l). �e results are

shown comparatively in Figure 8. As can be clearly seen, the
presence of organic matter in the medium signi¤cantly re-
duces the holding capacity of the relevant heavy metal ion of
the active carbon. �is may be because organic constituents

with large molecular structures block the pores in the ad-
sorption result, adsorbing the organic materials more strongly
on active surface groups which are sensitive to heavy metal
ions and not allowing the adsorption of heavy metal ions.�e
magnitudes of these reductions in the presence of sucrose and
additional inorganic material for Cr(VI) ion adsorption are
37–46% and 54–61% for the PAC sample and between 38–
44% and 55–59% for the CAC sample, respectively.

It is possible that organic matter a�ects adsorption pos-
itively, depending on the functional groups on the surface
where it is adsorbed. For this reason, the adsorption of heavy
metal ions on activated carbon should be investigated in detail
in the presence of various organic substances.

5. Conclusion

In this study, active carbons with di�erent textural and
chemical properties were produced, and the chromium(VI)
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to the Langmuir isotherm.
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concentration, adsorption temperature, and pH e�ects of
these activated carbons were investigated. �e results in-
dicated that physical activated carbon obtained from
Tunçbilek lignite is more e�ective than chemical activated
carbon for the removal of chromium(VI) from aqueous
solutions. �e mineral matter structure contained in the
activated carbon samples produced may a�ect the uptake of
chromium ions. It is clear that increasing the initial chro-
mium(VI) concentration from 25 to 1200mg/L also in-
creases the adsorption capacity. �e decreasing e�ect of the
solution pH is apparent. �e adsorption capacity at 323K
represents the maximum level. Increased surface areas and

total pore volumes of the samples were also found to increase
chromium uptake. According to the results obtained from
the statistical design technique, chromium adsorption is
a�ected di�erently by parameters of temperature, pH, and
initial chromium concentration. It can be seen that the
predicted values from the regression model are in good
agreement with the actual values from the experiments.
�erefore, the accuracy of the model in predicting the qe
values is established. It was also found from the adsorption
isotherms that the chromium(VI) adsorption isotherms of
activated carbons can be described by the Freundlich model,
but the regression model provides a simpler and more

Table 5: Freundlich and Langmuir isotherm constants, chromium(VI) adsorption values, and model performances at di�erent tem-
peratures (pH� 2).

ppm
PAC, 298K PAC, 323K CAC, 298K CAC, 323K

Ce (mg/L) qe (mg/g AC) Ce (mg/L) qe (mg/g AC) Ce (mg/L) qe (mg/g AC) Ce (mg/L) qe (mg/g AC)
25 3.775 0.840 3.050 0.880 7.100 0.720 6.142 0.740
50 9.849 1.580 7.551 1.680 16.349 1.310 12.610 1.440
100 23.796 3.160 19.028 3.310 37.728 2.550 28.565 2.950
200 70.785 5.180 61.090 5.620 89.769 4.520 72.402 5.230
300 121.013 6.950 104.855 7.570 152.051 5.710 111.059 7.200
400 177.218 8.560 151.290 9.600 210.195 7.210 165.639 9.100
500 230.679 10.590 211.710 11.480 294.145 8.180 216.393 11.090
900 521.468 15.880 437.564 19.170 582.513 13.320 491.390 16.770
1200 716.433 20.590 676.762 22.960 817.680 16.780 695.273 22.060
Freundlich isotherm
KF 0.415 0.498 0.219 0.244
n 1.690 1.688 1.540 1.427
R2 0.996 0.996 0.996 0.992
χ2 0.150 0.160 0.140 0.590
Langmuir isotherm
Q0 23.923 27.624 21.322 28.986
b 0.005 0.005 0.003 0.003
R2 0.895 0.893 0.898 0.942
χ2 2.220 2.880 1.250 0.810
DOE
R2 0.988 0.988 0.988 0.988
χ2 3.210 2.500 0.990 1.280
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Figure 8: Adsorption behavior of heavy metal ions in the presence of sucrose and various inorganic ions. (a) PAC, pH: 2, T: 298K (b) CAC,
pH: 2, T: 298 K.
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efficient equation which is valid for all of the experimental
condition values within the design limits. As previously (see
Section 2.2) discussed, the active carbons that are produced
from the Tunçbilek lignite have low thermal capability and
low internal area when in the raw state. Although this is the
case, chemical and physical processes have transformed this
lignite into a very useful industrial product. 1is product is
currently utilized for industrial applications, and research is
still ongoing for further improvements.

Data Availability

1e data used to support the findings of this study are
available from the corresponding author upon request.
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removal of copper(II) and zinc(II) from aqueous solutions
with low-rank Turkish coals,” Separation and Purification
Technology, vol. 18, no. 3, pp. 177–184, 2000.

[17] K. Murakami, T. Yamada, K. Fuda, T. Matsunaga, and
Y. Nishiyama, “1e cation exchange properties of the heat-
treated Australian brown coal in the water-organic compounds
mixed solutions,” Fuel, vol. 76, no. 12, pp. 1085–1090, 1997.

[18] C. A. Burns, P. J. Cass, I. H. Harding, and R. J. Crawford,
“Adsorption of aqueous heavy metals onto carbonaceous
substrates,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects, vol. 155, no. 1, pp. 63–68, 1999.
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