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ABSTRACT

The adsorption capacity of a novel adsorbent (Ageratum conyzoide leaf powder) was investi-
gated for Cr(VI) removal from aqueous solution. Experiments were designed with the Box–
Behnken model of the response surface methodology (RSM). Preliminary experiments were
conducted to obtain the optimum range of process variables used for the Box–Behnken
model. Three independent variables (pH, initial concentration, and adsorbent mass) were
examined. The results show that Cr(VI) removal was more favorable at pH 2. Increase in
pH above 2 resulted in negative Cr(VI) removal. Cr(VI) removal increased when adsorbent
mass was increased, but decreased with increase in initial concentration. Cr(VI) removal of
92% was obtained at pH 2 and adsorbent mass of 0.3 g. Experiments were successfully opti-
mized by RSM. Kinetics study correlated with the pseudo-second-order kinetic model,
whereas equilibrium study was best described by the Langmuir isotherm model with maxi-
mum adsorption capacity of 437 mg/g. Thermodynamic parameters indicate a spontaneous,
exothermic, and physiosorption process.

Keywords: Ageratum conyzoide leaf powder; Adsorption; Box–Behnken; Chromium(VI);
Equilibrium; Kinetic; Thermodynamic

1. Introduction

The presence of heavy metal ions in effluent
wastewater can cause severe environmental and health
problems. However, heavy metal ions such as chro-
mium could commonly be present in effluent wastew-
ater due to its wide industrial applications. Chromium
has two major stable forms (hexavalent chromium and

trivalent chromium), although other unstable valence
states exist in biological systems [1]. Chromium have
multifarious industrial applications such as in electro-
plating, leather tanning, textile dyeing, cement mining,
dye manufacturing, aluminum conversion, coating
operations, wood treatment, paints and pigments,
photography industries, fertilizer production, and
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metal cleaning [2]. As a result, industrial effluents of
high chromium concentration are discharged into the
environment and aquatic systems [3].

Hexavalent chromium Cr(VI) is considered the
most toxic form of chromium. In animals, it has a ter-
atogenic effect and considered a potential carcinogen
especially at low solubility. Occupational exposure to
airborne chromium can result in irritative lesions of
the skin and cancers of the respiratory tract [4]. In
plants, chromium toxicity can result in reduced yield,
inhibition of enzymatic activities, and mutagenesis [1].
The permissible limit for Cr(VI) discharge into inland
surface waters is 0.1 and 0.05 mg/L in potable water
[5]. Therefore, effective removal of Cr(VI) from indus-
trial effluents is of paramount importance.

Contemporary treatment methods such as coagula-
tion and flocculation, photocatalytic degradation, pre-
cipitation, solvent extraction, membrane processes,
sonochemical techniques, biological processes, and
integrated treatment processes have been used for Cr
(VI) removal from wastewater [6]. However, some of
their demerits are well documented [7]. Thus, suitable
and cost-effective methods are required for Cr(VI)
removal from industrial effluents.

Adsorption process has been widely used for the
removal of various pollutants. Its comparative advan-
tage over other treatment techniques include availabil-
ity of adsorbent, ease of operation, and low cost.
Commercial adsorbents such as activated alumina [8],
silica gel [9], zeolite [10], and clays [11] were predomi-
nantly used due to their efficiency. However, the cost
of commercial adsorbents hinders its maximum use.
Thus, the shift toward nonconventional low-cost
adsorbents derived from agricultural and solid waste
sources such as groundnut husk [12], sawdust [13],
rice husk ash [14], and olive bagasse [5] intensified.

Recently, adsorbents produced from agricultural
plant leaves and roots have been widely utilized for
adsorption process. Such adsorbents include water
hyacinth plant [15], neem leaf powder [16], gulmohar
plant leaf powder [17], and guava leaf powder [18].
Their advantages include less processing time, low
cost, and high pollutant removal capacity [19].

Ageratum conyzoide is an annual plant of cultivated
fields commonly found in tropical and subtropical
regions. It invades farmlands and reduces the yield of
major staple crops especially in rangeland areas. It
suppresses native grasses and causes scarcity of fod-
der. It has high reproductive, competitive, and
allelopathy potentials [20]. Nonetheless, A. conyzoide is
widely used in traditional medicine for the treatment
of various ailments. In the eastern part of Nigeria, its
leaves are used as first aid for wound treatment. In
India, the roots of A. conyzoides are useful against

fever [21]. The essential oil of A. conyzoides inhibits
afatoxin, a highly toxic and carcinogenic metabolite
[22]. Its flowers and leaves have analgesic and anti-in-
flammatory properties [23]. However, investigation
into its scientific application as adsorbent is still at
infancy. Due to its abundance, it is considered a waste
in most cases and unutilized.

Response surface methodology (RSM) is a statisti-
cal and mathematical technique used to develop,
improve, and optimize processes. It could be used to
evaluate the significance of several factors [24]. It pro-
poses replicates at the center point to estimate error
and predict model behavior based on results calcu-
lated at various points in the design space [25].

The optimum contact time and pH range for Cr
(VI) have been determined [26]. The characterization
of the adsorbent is reported elsewhere [19,27]. The
objective of this study is therefore to optimize the
adsorption of Cr(VI) from aqueous solution onto A.
conyzoides using RSM, and determine the adsorption
kinetics, isotherms, and thermodynamics.

2. Methodology

2.1. Adsorbent and adsorbate preparation

Fresh leaves of A. conyzoides were collected from
the rural area of Tronoh, Perak, Malaysia as invasive
plants. The leaves were severally washed with dis-
tilled water and dried for 48 h under sunlight. The
dried leaves were rewashed with distilled water to
remove surface impurities or dust and dried in an
oven at 60˚C for 24 h. The leaves were then grounded
with a domestic mixing grinder to yield fine particles
of size 100–125 μm and were severally washed with
distilled water to remove chlorophyll pigments. ACLP
produced was then soaked in 5% HNO3 to improve
its porosity, redried at 60˚C for 24 h, and stored in a
container for use. No further treatment was carried
out on ACLP.

Stock solution (4,000 mg/L) of Cr(VI) was pre-
pared by dissolving 11.31504 g of K2Cr2O7 in 1 L
deionized distilled water. Working concentrations
were prepared by means of dilution. Batch adsorption
experiments were conducted using 250-mL flask con-
taining 100-mL Cr(VI) solution placed on an orbital
shaker at 100 rpm. The ranges of process variables
examined are pH (1–3), initial concentration (50–
150 mg/L), adsorbent mass (0.1–0.3 g) at predeter-
mined contact time (120 min). Initial solution pH was
controlled using 0.1 M H2SO4 and NaOH, respectively.
After each reaction time, the content of the flask was
collected and filtered using 47 mm Whatman filter
paper and analyzed for Cr(VI) residual concentration
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using DR 2000 spectrophotometer (diphenycarbohy-
drazide method) at wavelength of 540 nm.

2.2. Adsorption study

Adsorption study was conducted using 100-mL solu-
tion containing various initial Cr(VI) concentrations.
Adsorption time was varied and the amount of Cr(VI)
adsorbed was calculated using the expression below:

qe ¼ Co � Ceð Þ v
w

(1)

where Co is initial Cr(VI) concentration (mg/L), Ce is
equilibrium Cr(VI) concentration (mg/L), v is volume
of sample (L), w is adsorbent mass (g).

The suitability of the kinetic models was evaluated
using chi-square (χ2) represented as [28]:

v2 ¼ ðqðexpÞe Þ � ðq calð Þ
e Þ2

ðqðcalÞe Þ
(2)

where q
ðexpÞ
e is the experimental adsorption capacity at

equilibrium (mg/g), q
ðcalÞ
e is the calculated adsorption

capacity at equilibrium (mg/g).
A low chi-square (χ2) is desirable and indicates a

low error component for the applicable model.

2.3. Equilibrium study

The equilibrium study was conducted using 100-
mL solution containing different Cr(VI) concentrations.
Adsorbent mass was varied at fixed contact time of
120 min.

2.4. Reaction dynamics

Thermodynamic parameters such as enthalpy
(ΔH˚) and entropy (ΔS˚) were examined. A polyscience
thermostatic warm water bath equipped with a corn-
ing stirrer was used to regulate reaction temperature
and sample mixing. Thermodynamic constants were
examined using the following equations [29]:

DG� ¼ �RT ln Kc (3)

ln K ¼ DS�

R
� DH�

RT
(4)

where Kc is distribution coefficient, R is thermodynamic
gas constant (8.314 J/mol.K), T is temperature (k).

2.5. Adsorbent analysis

The microstructural properties of the adsorbent
were characterized using scanning electron microscope

(SEM, Zeiss Supra55 VP). The functional groups on
ACLP were examined using Fourier transform infra-
red spectroscopy (FTIR) 4100. Adsorbent porosity,
chemical composition, morphological characteristics,
and isoelectric point are reported elsewhere [19].

3. Results and discussion

3.1. Adsorbent morphology

The ACLP micrographs obtained before and after
adsorption are shown in Fig. 1a and 1b, respectively.
ACLP consists of large pores on its surface before Cr
(VI) adsorption as shown in Fig. 1a. However, these
pores were reduced or filled after Cr(VI) adsorption as
shown in Fig. 1b. The surface morphology of ACLP
significantly contributed to the adsorption of Cr(VI).

The functional groups in FTIR spectroscopy of raw
ACLP include C–H wag (–CH2X) alkyl halides, N–H
bend amines, C–H stretch alkanes, OH stretch H-
bonded phenols and alcohols as shown in Fig. 2. The
shift in the position of the functional groups of Cr(VI)-
loaded ACLP in Fig. 2 could be attributed to the
adsorption process.

3.2. Statistical design of experiment

Box–Behnken model of the RSM was used for
model design. The independent process variables used
were: pH (A), initial concentration (B), and adsorbent
mass (C) across three levels as shown in Table 1. A
total of 17 experiments was conducted with 5

Fig. 1a. SEM micrograph of ACLP before use.
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replicates at the center for estimation of error. All
results were triplicates of experimental runs.

The experimental data obtained from the model
could be fitted to the second-order polynomial model
in Eq. (5):

Y ¼ b0 þ
Xk

j¼1

bjXj þ
Xk

j¼1

bjj X
2
j þ

X

i

X

\j¼2

bjj Xi Xj þ ei

(5)

where Y is the response, Χi and Χj are variables, β0 is a
constant coefficient, βj, βjj, and βij are interaction coeffi-
cients of linear, quadratic, and the second-order terms,
respectively, k is the number of studied factors, and ei
is the error.

The coded values of the process parameters in Eq.
(5) could be determined by Eq. (6):

Xi ¼ Xi � X0

DXi
(6)

Fig. 1b. SEM micrograph of Cr(VI)-loaded ACLP.

Fig. 2. FTIR Spectra of ACLP and Cr(VI)-loaded ACLP.
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where Χi is the uncoded value of the ith independent
variable, Χ0 is the uncoded ith independent variable at
the center point, and ΔΧi is the step change value
between low level (–1) and high level (+1).

The interactive effects between the independent
variables and responses were analyzed by ANOVA.
Statistical significance was examined by the F-test and
correlation coefficient (R2). Model terms were evalu-
ated by the p-value (probability) with 95% confidence
level. Three-dimensional plots were obtained for Cr
(VI) removal. The experimental plan and the
responses are presented in Table 2.

3.3. Analysis of variance

The analysis of variance (ANOVA) for the pre-
dicted response surface quadratic model was exam-
ined by Design Expert Software (8.0) and presented
in Table 3 after exclusion of non-significant model
terms. The model F-value of 111.62 and a low prob-
ability value (Prob. > F < 0.0001) confirm that the
model is significant. Values of Prob. > F less than
0.0500 indicate that model terms are significant.

Adequate precision evaluates the range of the pre-
dicted values at the design points and a value
greater than 4 is desirable for a good model [30].
The adequate precision obtained in this study was
34.050. The correlation coefficient (R2) of 0.9931 rep-
resents a sufficient signal for the model. The lack of
fit test compares residual and pure errors at repli-
cated design point. A significant lack of fit is unde-
sirable and implies that the hypothesized model
consist of unaccounted systematic variations [31].
The lack of fit in this study is not significant. Signif-
icant model terms in this study are A (pH), B (ini-
tial conc.), C (adsorbent mass), A2 (pH)2, B2 (initial
conc.)2, C2 (adsorbent mass)2, AB (pH × initial conc.),
and AC (pH × adsorbent mass). Based on the
ANOVA analysis, the RSM model in this study was
considered adequate. Table 3 indicates that pH has
a more interactive effect than other variables. The
probability F-values were higher for the interaction
term BC (initial conc. × adsorbent mass). Thus, the
final regression equation after the exclusion of BC
(initial conc. × adsorbent mass) is expressed by the
following second-order polynomial equation:

Table 1
Independent variables of the Box–Behnken design

Level of value pH (A) Concentration (mg/L) (B) Adsorbent mass (g) (C)

−1 1 50 0.1
0 2 100 0.2
+1 3 150 0.3

Table 2
Response and predicted values for different experimental conditions

S/N A: pH B: Cr(VI) conc. (mg/L) C: Adsorbent dosage (g) Response Cr(VI) (%) Predicted values

1 1.00 50.00 0.20 42 43.98
2 3.00 150.00 0.20 56 75.40
3 3.00 100.00 0.10 69 35.47
4 1.00 100.00 0.30 59 54.02
5 3.00 100.00 0.30 72 33.12
6 2.00 100.00 0.20 81 69.31
7 2.00 100.00 0.20 78.7 58.69
8 1.00 150.00 0.20 36.6 72.47
9 2.00 100.00 0.20 81.3 77.49
10 2.00 50.00 0.10 79 61.01
11 3.00 50.00 0.20 74.2 90.32
12 1.00 100.00 0.10 33.6 76.91
13 2.00 50.00 0.30 92 81.36
14 2.00 100.00 0.20 83.1 81.36
15 2.00 100.00 0.20 82.7 81.36
16 2.00 150.00 0.30 75.4 81.36
17 2.00 150.00 0.10 59.3 81.36
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Cr(VI) removal ð%Þ ¼ þ81:36 þ 12:49 ðpHÞ
þ 7:47 ðinitial conc.Þ
þ 7:18 ðmass of adsorbentÞ
� 23:59 ðpHÞ2
� 5:56 ðinitial conc.Þ2
� 6:63 ðmass of adsorbentÞ2
� 3:32 ðpHÞ ðinital conc.Þ
� 5:60 ðpHÞ ðmass of adsorbentÞ

(7)

The adequacy of the model was evaluated by the
diagnostic plots in Fig. 3(a) and (b). The normal prob-
ability plot was approximately linear, whereas the pre-
dicted vs. actual value plot was close to each other.
Thus, the diagnostic plots are in good agreement with
the model.

3.4. Hexavalent chromium Cr(VI) removal

Three process variables were investigated for Cr(VI)
adsorption onto ACLP. Two process variables were var-
ied, whereas one parameter was fixed. Fig. 4a repre-
sents the plot of pH vs. initial concentration at fixed
adsorbent mass of 0.2 g. pH was varied in the range 1–3
to ascertain the optimum point at close range. pH has a
significant effect on Cr(VI) adsorption. Results show
that when pH was raised from 1 to 2, Cr(VI) adsorption
increased but decreased at pH 3. Cr(VI) adsorption was
more favorable at pH 2 with removal of 92%. The effect
of pH on Cr(VI) removal could be explained from the
isoelectric point of ACLP. The isoelectric point of ACLP
is 5.1 [19]. The adsorbent is positively charged below

5.1 and negatively charged above 5.1. It is well known
that different species of Cr(VI) found in aqueous solu-
tion are highly pH dependent. According to the loga-
rithmic concentration diagram of chromium, HCrO is
the dominant form of Cr(VI) at low pH, whereas other
forms of Cr(VI) such as CrO2�

4 and CrO2�
7 are dominant

at higher pH (>5) [32–34].
Therefore, the effective removal of Cr(VI) at low

pH values could be attributed to the dissociation of
the functional groups (OH and CH) on the surface of
ACLP active sites. At acidic pH, the functional groups
protonates, attracting more Cr(VI) molecules. How-
ever, high Cr(VI) removal at pH 2 could be attributed
to strong chemical interaction and electrostatic attrac-
tion with equal preference for molecular Cr(VI) ions
(HCrO) between the charged adsorbent surface and
the adsorbate. This observation is in agreement with
other authors [35,36].

The effect of adsorbent mass is presented in
Fig. 4a. Adsorbent mass was varied in the range 0.1–
0.3 g. Cr(VI) adsorption increased with increase in
adsorbent mass. Cr(VI) adsorption increased from 59.3
to 75.4% when adsorbent mass was raised from 0.1 to
0.3 g at pH 2 and initial Cr(VI) concentration of
150 mg/L. This could be due to the availability of
more active sites at higher adsorbent mass. Similar
observation is reported in the literature [13].

Cr(VI) adsorption decreased with increasing initial
Cr(VI) concentration. Initial Cr(VI) concentration was
varied in the range 50–150 mg/L. At all initial Cr(VI)
elevation, residual Cr(VI) increased. Cr(VI) adsorption
decreased from 74.2 to 56% when initial concentration
was raised from 50 to 150 mg/L at pH 3 and adsor-
bent mass of 0.2 g. This could be attributed to insuffi-

Table 3
ANOVA result for response surface quadratic model and significant model terms

Sum of squares DF Mean square F-value Prob. > F

Model 4,819.29 9 535.48 111.62 <0.0001 Significant
A 1,248.33 1 1,248.33 260.21 <0.0001 Significant
B 447.00 1 447.00 93.18 <0.0001 Significant
C 412.80 1 412.80 86.05 <0.0001 Significant
A2 2,342.78 1 2,342.78 488.34 <0.0001 Significant
B2 129.93 1 129.93 27.08 0.0012 Significant
C2 166 1 166 35 0.0006 Significant
AB 41.39 1 41.39 8.63 0.0218 Significant
AC 125.44 1 125.44 26.15 0.0014 Significant
BC 2.35 1 2.35 0.49 0.5065
Residual 33.58 7 4.80
Lack of Fit 21.55 3 7.18 2.39 0.2097 Not significant

Notes: Std Dev. 2.19; R2 = 0.9931; R2 adj. = 0.9842; Pred. R2 = 0.9251; Adeq. Prec. = 34.050; Press = 363.60.
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cient active sites on the surface of ACLP at higher con-
centration. This is consistent with the report of other
authors [13].

3.5. Process optimization

Numerical conditions for optimization of Cr(VI)
adsorption onto ACLP were conducted using RSM.

The goal for each process variable (pH, initial concen-
tration, and adsorbent mass) was selected within
range whereas the response Cr(VI) was defined as
maximum to achieve the highest optimum perfor-
mance. The model in Table 4 predicts a Cr(VI)
removal of 91.03% from initial concentration of
66.51 mg/L. Experiments conducted under these con-
ditions yielded a Cr(VI) removal of 91.9%. This con-
firms that the model was successfully optimized.

Fig. 3. (a) and (b) Diagnostics plots.

Fig. 4a. Contact time 120 min; volume of sample 100 mL
(a) effect of pH and Cr(VI).

Fig. 4b. Effect of concentration.
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4. Adsorption kinetics

Adsorption kinetics were evaluated by the pseudo-
first-order kinetic model, pseudo-second-order kinetic
model, intraparticle diffusion, and Elovich model,
respectively. The linearized forms of these models are
represented below [37–40]:

First order model ¼ log qe � qtð Þ ¼ logðqeÞ � k1t

2:303
(8)

Second order model ¼ t

qt
¼ 1

k2q2e
þ t

qe
(9)

Intraparticle diffusion ¼ qt ¼ Kidt
0:5 þ Ci (10)

Elovich model ¼ qt ¼ 1

b
ln abð Þ þ 1

b
ln t (11)

where qe is amount adsorbed at equilibrium (mg/g),
qt is amount adsorbed at any time (t) (mg/g), k1 (min)
is the calculated pseudo-first-order rate constant, k2 is
the calculated pseudo-second-order rate constant (g/
mg min), Kid (mg/g min0.5) is a measure of the diffu-
sion coefficient, Ci is the intraparticle diffusion con-
stant (mg/g), α is the initial adsorption rate (mg/
g.min), and β is the surface coverage (g/mg) during
any experiment.

4.1. Pseudo-first-order kinetics

Kinetic constants for the pseudo-first-order model
are presented in Table 5. Adsorption capacity (qe) and
rate constants (k1) were calculated from the intercept
and slope of the plot of log(qe – qt) vs. (t). The
obtained correlation coefficient (R2) was high (>0.870)
for all concentration examined. However, the experi-
mental adsorption capacity (qexpe ) was not in agreement
with the calculated adsorption capacity (qcale ). The chi-
square (χ2) was found to be high. This suggests that
the pseudo-first-order kinetic model did not signifi-
cantly describe adsorption of Cr(VI) onto ACLP.

4.1.1. Pseudo-second-order kinetics

The kinetic plot of t/qt vs. t for the pseudo-second-
order kinetic model is presented in Fig. 5. Adsorption
capacity (qe) and rate constants (k1) were calculated
from the slope and intercept. The kinetics constants in
Table 5 shows a high correlation coefficient (R2)
(>0.992) for all concentration examined. The experi-
mental adsorption capacity (qexpe ) was in agreement
with the calculated adsorption capacity (qcale ). The chi-
square (χ2) for all Cr(VI) concentration was low
(<0.048). This suggests that the pseudo-second-order
kinetic model suitably described Cr(VI) adsorption
onto ACLP.

The initial rate of adsorption for the pseudo-sec-
ond-order kinetic model is expressed as:

h ¼ k2q
2
e (12)

where h is the initial adsorption rate (mol g−1 min−1), k2
is the pseudo-second-order rate constant (g mol−1 -
min−1), and qe is the equilibrium adsorption capacity
(mg/g).

The initial adsorption rate (h) increased with
increasing initial Cr(VI) concentration (Table 5). Such
increase could be attributed to the driving force of
mass transfer from solutions of higher Cr(VI) to the
vacant active pores of ACLP [19]. Maximum initial
adsorption rate (h) of 40.49 mol g−1 min−1 was
obtained at Cr(VI) concentration of 150 mg/L.

4.1.2. Intraparticle diffusion

The kinetic constants for the intraparticle diffusion
plot of qt vs. t

0.5 are presented in Table 5. The diffu-
sion coefficient (Kid) and intraparticle rate constants
(Ci) were determined from the slope and intercept,
respectively. A high correlation coefficient (R2) was
obtained for all Cr(VI) concentration examined. The
diffusion coefficient (Kid) and rate constant (Ci)
increased with increasing Cr(VI) concentration. How-
ever, a deviation of the plot from the origin suggests
that more than one transport mechanism was involved
in the transfer of the analyte onto the solid surface.

Table 4
Numerical optimization

Solution no. pH Concentration (mg/L) Adsorbent dose (g) Cr(VI) (%) Desirability

1 2.18 66.51 0.30 91.03 1.000
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4.1.3. Elovich model

The Elovich rate equation is helpful in explaining
predominantly, chemical adsorption on highly
heterogenous adsorbents at initial stage [41]. The
adsorption rate (α) and the surface coverage (b) in
Table 5 were determined from the slope and intercept
of the plot of qt vs. ln t. The adsorption rate (α) and
the surface coverage (b) increased with increasing Cr
(VI) concentration. The correlation coefficient (R2) was
high. However, the pseudo-second-order kinetic have
higher correlation coefficient (R2).

4.2. Equilibrium study

Equilibrium study was investigated using the
Langmuir and Freundlich isotherms. The linearized

Table 5
Kinetic constants

Parameter values: Cr(VI) concentration (mg/L)

Models Parameters 50 100 150

First-order model: log(qe – qt) = log(qe) – (k1t/2.303) K1 0.328 0.422 0.533
q
ðcalÞ
e 10.336 22.711 34.27
R2 0.99 0.871 0.978
X2 14.32 18.36 20.77

Second-order model: t/qt = 1/K2q
2
e + t/qe K2 × 102 0.0358 0.0113 0.0109

q
ðcalÞ
e 21.5 42.7 60.1
R2 0.997 0.993 0.994
H 18.12 21.02 40.49
X2 0.047 0.004 0.012

Intraparticle diffusion: qt = Kidt
0.5 + Ci Ki 11.77 27.75 43.68

Ci 2.227 7.472 13.098
R2 0.978 0.979 0.978

Elovich model: qt ¼ 1
b ln abð Þ þ 1

b ln t α 6.225 15.114 23.111
β 10.95 34.46 62.1
R2 0.933 0.992 0.934

Experimental data q
ðexpÞ
e 22.5 43.13 60.95

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.5 1 1.5 2 2.5 3

t/q
t (

m
g/

g)

Time (Hours)
50 mg/L 100 mg/L 150 mg/L

Fig. 5. Pseudo-second-order kinetics.

Table 6
Langmuir and Freundlich isotherm constants

Langmuir constants
Freundlich
constants

qmax (mg/g) 437 Kf 0.0018
b 0.1 n 1.6
R2 0.988 R2 0.981
RL 0.042 – –

Table 7
Comparison of adsorption capacity of Cr(VI) on various
adsorbents

Adsorbents qmax (mg/g) R2 Refs.

Clarified sludge 26.31 0.9972 [14]
Rice husk ash 25.64 0.9901 [14]
Activated alumina 25.57 0.9916 [14]
Fuller’s earth 23.58 0.9925 [14]
Fly ash 23.86 0.9917 [14]
Saw dust 20.70 0.9967 [14]
Neem bark 19.60 0.9966 [14]
ACLP 437 0.988 Present study
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forms of these isotherm models are expressed below
[42,43]:

Langmuir isotherm ¼ Ce

qe
¼ 1

qmb
þ Ce

qm
(13)

Freundlich isotherm ¼ log qe ¼ log Kf þ 1

n
log Ce (14)

where qe is amount adsorbed at equilibrium concen-
tration Ce, qm is the Langmuir constant representing
maximum monolayer adsorption capacity and b is the
Langmuir constant related to energy of adsorption, Kf

and n are constants affecting the adsorption capacity
and intensity of adsorption, respectively.

The Langmuir isotherm constants for the plot of 1/
qe vs. 1/Ce are shown in Table 6. Maximum adsorp-
tion capacity (qmax) and the energy of adsorption (b)
were determined from the slope and intercept, respec-
tively. A high correlation coefficient (R2) value of 0.988
was obtained. The adsorption capacity was high
(437 mg/g) with an energy of adsorption (b) of 0.1.
The dimensionless constant was low (0.042). This indi-
cates that the adsorption of Cr(VI) onto ACLP was
monolayer coverage of its surface.

The Freundlich isotherm constants for the plot of
log qe vs. log Ce are presented in Table 6. A high cor-

relation coefficient (R2) value of 0.981 was obtained.
The plot was linear, which suggests that adsorption of
Cr(VI) onto ACLP could be fairly described by the
Freundlich isotherm model.

Several adsorbents have been investigated for Cr
(VI) removal. However, the adsorption capacity of
these adsorbents vary. Table 7 compares the adsorp-
tion capacity of ACLP with other adsorbents. It is sig-
nificantly evident from Table 7 that ACLP has
comparative advantage over other adsorbents.

4.3. Thermodynamics study

The thermodynamic parameters obtained from the
slope and intercept of the plot of ln Kc vs. 1/T (Fig. 6)
are the enthalpy change (ΔH˚) and entropy (ΔS˚). The
free energies were negative and decreased as tempera-
ture was increased. Negative free energies (ΔG˚) indi-
cate that adsorption was spontaneous for the
temperature range evaluated and the degree of spon-
taneity increased as temperature was increased [44].
The negative value of the standard enthalpy change
(ΔH˚ −23.41 kJ/mol) implies that the adsorption pro-
cess was exothermic. The negative value of entropy
change (ΔS˚ –71.8 J/mol) indicates increased random-
ness of the solution interface during adsorption of Cr
(VI) onto ACLP. The thermodynamics constants are
presented in Table 8.

5. Conclusion

Ageratum conyzoide leaf powder (ACLP) was uti-
lized for the adsorption of Cr(VI) from aqueous solu-
tion. Experiments were designed with RSM and
results showed that the removal efficiency exceeded
90% from initial concentration of 50 mg/L. The pre-
dicted model was successfully optimized by RSM.
Solution pH was the most significant variable for Cr
(VI) adsorption. Adsorption kinetics were best
described by the pseudo-second-order kinetic model.
Equilibrium study showed favorable description by
Langmuir isotherm and fair representation by Fre-
undlich isotherm. Thermodynamic parameters indicate

-0.1
0
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0.2
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0.4
0.5
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0.8
0.9

1

0.00295 0.00305 0.00315 0.00325 0.00335

ln
 K

c

1/T

Fig. 6. Thermodynamics plot of ln Kc vs. 1/T.

Table 8
Thermodynamic constants

Temp (K) Kc (ΔG)˚ (kJ/mol) (ΔH)˚ (kJ/mol) (ΔS)˚ (J/mol.K)

297 2.4242 −2.1866
307 1.3440 −1.2752 −23.41 −71.8
317 1.0238 −0.5890
328 0.7850 −0.0386
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that adsorption of Cr(VI) onto ACLP was exothermic
and physiosorption. ACLP being an abundant adsor-
bent could be put to beneficial use in the treatment of
contaminated wastewater.
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