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ab s t r ac t
It is hard to remove malachite green from aquatic environments due to its low degradability and other 
features. Based on the effect of manganese on physical and chemical characteristics of scoria, the aim of 
this study is to evaluate the manganese–coated pumice performance in removing malachite green (MG) 
from aquatic environments. Response surface methodology (RSM) based on the central composite designs 
(CCD) was used to assess the effects of independent variables including pH (3, 5, 7, 9, and 11), adsorbent 
dosage (0.2, 0.5, 0.8, 1.1, and 1.4 g/L), contact time (15, 30, 45, 60, and 75 min), and constant concentration 
of the dye (85 mg/L) on the response function and the best response values were predicted. The results 
indicated that the dye removal increases with increasing the pH value, absorbent dosage and contact time, 
whereas MG concentration has an antagonistic effect on sorption system. Moreover, the optimum dye 
removal efficiency (99.9%) was achieved in pH = 11, adsorbent dose = 1.4 g/L, and contact time = 75 min. The 
adsorption process fitted well with the Langmuir model which, indicated the presence of heterogeneous 
sites for to adsorption MG dye and also this process followed the pseudo-second-order model. According 
to the results, the modified pumice with manganese could be successfully used for MG adsorption in the 
aqueous solution rather than natural scoria due to wide chemical changes of adsorbent structure.
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1. Introduction

A huge pollution problem such as dye pollutants is 
produced from chemical industries (e.g., textile, leather, 
paper, and dye manufacturing industries) [1]. However, 
wide application of dyes are being produced in various 
processes of textile manufacture, which contributes to 
produce the colored wastewater flow which are extremely 
noxious to the aquatic biota and endanger the natural 
water resources balance through reducing the photosyn-
thetic activity. Additionally, previous researches reported 
some adverse effects of dyes on human beings (e.g., 
allergy, dermatitis, skin irritation, and cancer) [2,3]. Textile 
effluent dyes create adverse effects on the surrounding 
environment due to their toxicity and slow decomposition. 
Therefore, removing dyes from wastewater effluents prior 
to mixing up with unpolluted natural water resources is 
significant [4]. Some common techniques such as coagu-
lation, flocculation, oxidation, precipitation, filtration, 
electrochemical treatment, adsorption processes, etc., are 
launched to remove dyes from industrial wastewater [5–7]. 
The mentioned methods require chemical materials and 
large amounts of electrical energy which further poses 
problems to environment. It could be stated that remov-
ing dye from effluent by the mentioned chemical methods 
could create some troubles such as sludge accumulation 
and its disposal [8,9]. Among the above techniques, adsorp-
tion method seems to be the most effective method due to 
easy operation and handling. Adsorption is the most flex-
ible process which was widely used for removing the pol-
lutants from wastewaters [10,11]. The low cost, availability, 
microporous structure, and specific surface area of scoria 
powder make it an appropriate adsorbent material which 
can eliminate the preliminary step of the calcinations 
and the high-energy usage. In addition, it floats in water 
because of its low density. Recently, many researchers 
use scoria to remove cadmium, disinfection byproducts, 
heavy metals, phenol, various dyes, and sulfur dioxide 
from aqueous solutions [12,13]. Malachite green (MG) 
is an organic dye compound which is used as a dyestuff 
and – controversially – as an antimicrobial in aquaculture. 
Traditionally, malachite green was used as materials dye 
such as silk, leather, and paper [14–16]. Although this dye 
was not prepared from the mineral malachite, the name 
just comes from the similarity of color. Malachite green 
is classified in the dyestuff industry as a triarylmethane 
dye and is used in pigment industry [17]. Although the 
term malachite green is used loosely and often just refers 
to the colored cation, malachite green refers to the chlo-
ride salt [C6H5C(C6H4N(CH3)2)2]Cl formally. Also, the oxa-
late salt was marketed and the anions did not affect the 
color. The intense green color of the cation results from a 
strong absorption band at 621 nm (extinction coefficient of 
105 M−1cm−1) [18]. Several studies were done in the field of 
removing malachite dye from aquatic environment so far. 
Ahmad and Alrozi [16] studied on adsorption of malachite 
green dye by date palm shell and found the absorption 
rate to be 19 mg/g and also indicated that by increasing pH 
the absorption rate was increased. Banerjee and Sharma 
[19] showed that the removal efficiency of malachite dye 
from waste wood was 93% in 100 min, adsorbent dose of 

5 g/L, and initial dye concentration of 20 mg/L, and the 
adsorption process was in equilibrium. The aim of present 
study is statistical analysis, modeling, and optimization 
of malachite green removal from aqueous solutions by 
manganese-modified pumice adsorbent by application of 
response surface methodology (RSM).

2. Materials and methods

2.1. Chemicals and instruments

All chemicals used in this work were purchased from 
Merck Company (Germany). Natural pumice stones were 
collected from Tikmeh Dash Reign, East Azerbaijan province, 
Iran. MG (Merck) was used to prepare stock solution using 
deionized water. This was further diluted to the desired con-
centration for practical use. The pH of solutions was adjusted 
and controlled (Jenway, Model 3510) to desired values using 
either NaOH or HCl dilute solutions. Residual concentra-
tions of dye were measured in 665 nm by a spectrophotome-
ter (Cary 50, PerkinElmer Inc., US). 

2.2. Preparation of adsorbents (raw pumice and Mn-modified 
pumice)

Pumice stone was sieved and particles were kept in 1% 
HCl for 24 h and washed several times with deionized water 
in order to remove the impurity of scoria stone. The par-
ticles were then dried in an oven at 105°C for 14 h. These 
fractions were coated with manganese (Mn) as follows: 50 g 
of scoria particles and 150 mL of 0.01 M Mn (NO3)2 solution 
were added to a beaker and pH was adjusted to 12 by adding 
0.5 M NaOH solution. Thereafter, the beaker was placed on 
a shaker at laboratory temperature (25°C ± 1°C) for 72 h and 
then the obtained material was dried at 105°C in the oven 
for 24 h as well. In order to remove the traces of uncoated 
Mn(NO3)2 from the particles, the dried particles were washed 
again with double-distilled water and dried in the oven at 
105°C for 24 h [20].

2.3. Characteristics of adsorbent

Several methods such as Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) were used to characterize the 
adsorbent. The structural analysis and functional groups 
of absorbent were analyzed with a Fourier transform 
infrared spectrometer (WQF-510) with a resolution of 
4 cm–1 in the range of 400–4,000 cm–1 by KBr pellets tech-
nique. The surface morphology of synthesized adsor-
bent was analyzed using SEM (Philips XL30) technique. 
XRD (Shimadzu XRD-6000) was used to determine 
the chemical characteristics and composition of crys-
talline structures. The size and shape of samples were 
observed by transmission electron microscopy (TEM, 
PHILIPS, and EM 208 S 100 kV) at an accelerating volt-
age of 90 kV. Nitrogen adsorption–desorption analy-
sis was used to study the specific surface area and pore 
structure of pumice and Mn-modified pumice samples 
(NOVA 2200 – Quantachrome Instruments, USA).
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2.4. Batch studies

This experimental study was carried out in batch reactor 
and laboratory scale. The stock solution of MG was prepared 
by dissolving MG dye (C23H26N2CL and molecular weight 
of 364.5 g/mol) in deionized water. Operational concentra-
tion of MG solution (85 mg/L) was achieved by diluting the 
prepared stock solution in distilled water and was fixed in 
all experiments. 0.1 M HCl or 0.1 M NaOH solutions were 
used to adjust the pH. The uptake efficiency and maximum 
adsorption capacity of MG were calculated according to the 
following equations. In order to achieve better results, exper-
iments were repeated three times and average values were 
exhibited as final results.

Metal ions removal (%)
( )

=
−

×
C C

C
e0

0

100  (1)

q V
Me eC C= −( )0  (2)

where R: uptake efficiency (%), C0: the initial MG 
concentrations in the solution (mg/L), Ce: equilibrium MG 
concentrations after adsorption (mg/L), qe: the adsorption 
capacity (mg g), V: the volume of solution, and m: Mn-modified 
pumice mass (g).

2.5. Design of experimental setup

The RSM based on central composite design (CCD) was 
used in order to determine the best conditions of experi-
ments, to minimize the number of experiments, and to inves-
tigate the relationship between the measured responses 
(MG removal) and number of independent variables with 
the goal of optimizing the response (Design Expert 8.0, 
Stat-Ease Inc., Minneapolis, MN, USA). Three main inde-
pendent parameters (initial pH (X1), contact time (min) 
(X2), and adsorbent dosage (g/L) (X3)) and the adsorption 
of MG dye by the Mn-modified pumice (response) were 
selected for the experimental design via CCD. In the CCD 
model, the number of experiments (N) was calculated with 
N = 2k + 2k + x0, where k is the number of parameters and x0 
is the number of central points. Therefore, the total number 
of runs was calculated to be 20 considering k = 3 and x0 = 6. 
The actual values of variables (Xi) were coded as xi by:

A
X X
xi

i=
−
∆

0  (3)

where Ai is the coded value of the variable, X0 and ∆x are 
the values of Xi at the center point and the step change, 
respectively. The experimental ranges and levels of the 
independent chosen variables are given in Table 1. The 
relationship between the input variables and response can be 
described by Eq. (4):
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where Y is the response (MG removal efficiency); b0 is the 
constant response when all factors are set at the center point; 

bi, bii and bij represent the linear coefficient, quadratic coef-
ficient, and interaction coefficient, respectively; xi is the 
coded value of the variables; and n is the number of inde-
pendent variables. ANOVA statistics (R2, adjusted R2, F-test, 
and t-test), normal plots and residual analysis were used to 
analyze the results and to check the statistical significance of 
the fitted quadratic models. The significance of the regres-
sion coefficients was tested by F and Student’s t-tests at a 95% 
confidence level.

2.6. Isotherm models study: non-linear regression

In the present study, in order to describe the adsorption 
processes at the equilibrium point the Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich as two-parameter 
isotherm models and Sips, Redlich-Peterson, Toth and 
Khan as three-parameter isotherm models were fitted 
to the experimental data (Tables 2 and 3). The non-linear 
regression analysis was conducted using solver add-ins of 
Microsoft Excel® which minimizes the sum of the resid-
ual error to produce the best fitness of experimental data 
and to estimate the model coefficients. The selected opti-
mum isotherm was goodness of fit (GooF) method. In GooF 
method, eight error functions (RMSE, χ2, ERRSQ, HYBRID, 
MPSD, ARE, EABS, and APE) were selected and used to 
classify isotherms from the best to the worst. Different 
error functions may produce a different set of parameters 
for each isotherm. In this study, the best set of parame-
ters for each isotherm was selected according to normal-
ization/optimization method. In this method, the sum of 
normalized error (SNE) was calculated and used to select 
the best set of parameters.

3. Results and discussion

3.1. Characterization of adsorbent

The SEM images of the raw pumice surface and the Mn 
deposited on pumice showed that the surface of both sor-
bents is irregular and porous with large flakes (Figs. 1(a) 
and (b)). Mn-modified pumice sample shows that Mn (shine 
particle) is distributed non-asymmetrically on the surface of 
pumice. The SEM analysis also clarified the various size of 
Mn nanoparticles existing on surface of pumice.

The XRD patterns of raw and Mn-modified pumice are 
demonstrated in Fig. 2. Both adsorbents revealed similar 
peaks and this confirms that the modification process did 
not have a significant impact on the structural framework 
of the pumice. XRD patterns of natural and modified pum-
ice can be determined by the peaks appeared at 2θ = 12.0°, 

Table 1
Independent variables and their levels used in the experimental 
design

Variables Symbols Level (coded value)
–α(–1.5) –1 0 +1 +α(1.5)

pH A 3 5 7 9 11
Contact time, min B 15 30 45 60 75
Adsorbent, g/L C 0.2 0.5 0.8 1.1 1.4
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26.0°, 32.5°, 33.0°, 33.5°, 34.5°, and 28.0°. XRD dome-shaped 
curve between 2θ of 20° and 40° confirmed that both sam-
ples are amorphous by the halo-shaped diffusion band. 
It also shows that anorthite, calcite, quartz, and dolomite 
were available in the structure of raw and Mn-modified 
pumice [24].

The shape and size of Mn-modified pumice were exam-
ined using TEM micrographs at 100 KeV. Fig. 3 shows that 
the modified pumice contain flake and intertwined struc-
ture. TEM image (Fig. 3 inner) also confirmed that the 
Mn nanoparticles were well dispersed on the pumice sur-
face. This analysis also indicated that the size of pumice is 
approximately between 50 and 84 nm and the Mn nanopar-
ticles size is approximately 9 nm with deviation reliability 
of 95% (α = 5%).

Fig. 4 shows the FTIR analysis of the modified pumice 
before and after the adsorption of MG at wavelengths rang-
ing from 400 to 4,000 cm–1. The absorption bands at 1,043, 
793, and 465 cm–1 can be allocated with symmetric stretching 
vibration of Si–O–Si (silica–oxygen compounds band). The 
broadening peaks at 3,519 and 1,640 cm–1 are related to the 
asymmetric stretching vibration of H–O bond and bending 
vibration of H–O–H bond, respectively. After MG adsorp-
tion, the new peak at 1,633 cm–1 was appeared which could 
be assigned to amide I or C=O amide stretching. The appear-
ance of new peak at 1,633 cm–1 demonstrated that MG was 

adsorbed to the modified pumice with cation exchange and 
surface complexation [24].

The specific surface area, volume, and average pore 
diameter for manganese-coated pumice and raw pumice 
were measured using the BET method, and the results 
are given in Table 1. The results indicated that the surface 
area of the pumice and Mn-modified pumice were 41 and 
49 m2/g, respectively, indicating that the composite pro-
vides a higher adsorption capacity for pollutants compared 
with the raw pumice. As given in Table 4, the surface area, 
mean size, and pore volume of manganese-coated pumice 
were larger than the pumice before modification which can 
be due to the grafting of manganese (Mn) onto pumice. 
The average pore size of pumice before and after modi-
fication was estimated to be 2.9 and 3.4 nm, respectively. 
According to the IUPAC classification, the average sizes 
between 2 and 50 nm (2 nm < size < 50 nm) are classified 
into mesopore groups.

3.2. Regression models and statistical testing

The full factorial CCD with three factors in five lev-
els, along with the maximum observed and predicted 
response are listed in Table 5. According to RSM results, the 
second-order polynomial equation was obtained for MG 
adsorption as shown in Eq. (21):

Table 2
Non-linear form of adsorption isotherm and kinetic models

Model Equation Equation Equation Reference

Two-parameter Langmuir
q

Q K C
K Ce
L e

L e

=
+
0

1

(5) [21]

Freundlich
q K Ce F e

n=
1 (6) [22]

Temkin
q RT

b
A Ce

T
T e= ln

(7) [23]

Dubinin–Radushkevich
q q BRT

Ce S
e

= − +








ln( )1 1

2 (8) [24]

Three-parameter Sips
q

q K C
K Ce

s s e
m

s e
m

s

s
=

+1

(9) [25]

Redlich–Peterson
q

K C
a Ce
R e

R e

=
+1 β

(10) [26]

Toth
q

K C

a C
e

T e

T e
t

=
+( )

1

(11) [27]

Khan
q

q b C
b Ce
s k e

k e
ak

=
+( )1

(12) [28]

Note: KL (L/mg), bT (kJ/mol), KF (mg/g), B (mol2/kJ2), Q0: maximum monolayer coverage capacities (mg/g), n: adsorption intensity, AT: equilibrium 
binding constant (L/g), qs: theoretical isotherm saturation capacity (mg/g), R: gas constant (J/mol K), T: absolute temperature (K), Ce: equilibrium 
concentration (mg/L), and qe: amount of adsorbate in the adsorbent at equilibrium (mg/g).
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Y (MG adsorption) = 64.13 + 32.18A + 3.32B + 6.06C  
                                     – 1.91AB– 2.13AC – 0.33BC – 0.83A2  
                                     – 2.83B2 + 1.17 C2

 (21)

where A, B, and C represents pH, contact time, and adsorbent 
dosage, respectively. Eq. (21) reveals how parameters are 
affected by adsorption of MG dye by modified pumice. 
Negative and positive signs in Eq. (21) describe antago-
nistic and synergistic impacts of studied parameters on 
removal process. According to the obtained equations, all 
the parameters (A, B, and C) have positive effect on MG 
sorption confirming that the response (adsorption effi-
ciency) was improved whenever the pH, contact time, and 
adsorbent dosage level increased. It could be approved that 
the maximum coefficient owned to A (pH) has the highest 
influence on MG dye adsorption process compared with 
the other ones.

3.3. Validity of the model

The significance of the data from MG adsorption was 
evaluated by ANOVA. Quadratic models along with mul-
tiple regression analysis were used to fit and calculate 

the results. The statistical analyses (variance analysis) 
of results for the response surface quadratic models are 
shown in Table 6. The values of determination coeffi-
cient, R2 > 0.99, were obtained for MG dye removal and 
indicated that more than 99% of the total variability could 
be explained by the selected model (quadratic model) 
and only <1% of the total variations cannot be described 
via this model. In this study, the R2-adj value was 0.9814, 
which proposed good correlations between the response 
and variables. The values of R2-adj also proved the high 
significance of the quadratic model for MG adsorption 
process. On the other side, p < 0.0001 (p-value less than 
0.05 revealed that the model terms are significant at confi-
dence level of 95% or more) obtained for quadratic model 
in MG adsorption. This suggests that the model terms 
are significantly well in MG adsorption system. A low 
value of coefficient of variance of the model for MG dye 
removal was obtained to be 4.81% (<10%) indicating the 
precision and reliability of the experiments [35]. The lack-
of-fit describes the variation of the data around the fitted 
model. In this study, the lack-of-fit > 0.05 obtained statis-
tically insignificant for MG dye adsorption and showed 
a significant model correlation between the variables 
and MG dye removal. The model F-values of 112.24 and 

Table 3
Different error functions and equations

Error function Abbreviation Formula Equation Reference

Sum of squares errors ERRSQ/SSE

i

n

e e iq q
=
∑ −

1

2(* ), ,expcalc

(13) [23]

Hybrid fractional error function HYBRID 100
1n p
q q
qi

n
e e

e
i−

−

=
∑( ),exp ,

,exp

calc
(14) [29]

Average relative error ARE
100

1n
q q
qi

n
e e

e=
∑

−,exp ,

,exp

calc
(15) [30]

Sum of absolute error EABS

i

n

e eq q
=
∑ −

1
,exp ,calc

(16) [29]

Marquardt’s percent standard deviation MPSD
100 1

1

2

n p
q q
qi

n
e e

e
i−

−

=
∑( ), ,

,exp

exp calc
(17) [31]

Non-linear chi-square test χ2

i

n
e e

e

q q

q=
∑

−( )
1

2

, ,exp

,exp

calc

(18) [32]

Residual root mean square error RMSE
1

2 1

2

n
q q

i

n

e e i−
−

=
∑( ),exp ,calc

(19) [33]

Average percentage errors APE

i

n e e

e i

q q
q

p

=∑
−

×

,exp ,

,exp

calc

100

(20) [34]

Note: qe,calc: calculated amount of adsorbate in the adsorbent at equilibrium (mg/g), qe,exp: experimental amount of adsorbate in the adsorbent 
at equilibrium (mg/g), n: number of data point, and p: number of parameters within the isotherm equation.
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adequate precision ratio > 38.23 indicate that the models 
for MG dye were significant and had adequate signals for 
the existing model. The ANOVA results also showed that 

the effect of all studied variables on response was signif-
icant (p < 0.05) and pH also affected the MG dye removal 
significantly.

(a) 

(b) 

Fig. 1. Scanning electron microscopy (SEM) related to raw 
pumice (a) and Mn-modified pumice (b).

Fig. 2. XRD patterns of raw pumice (inner) and Mn-modified 
pumice.

Fig. 3. TEM micrographs of synthesized Mn-modified pumice.

Fig. 4. Fourier transform infrared spectroscopy (FTIR) related to 
Mn-modified pumice before (a) and after MG adsorption (b).

Table 4
The BET specific surface areas, average pore size, and pore 
volumes of manganese-coated pumice and raw pumice

Sorbent Pumice Mn-modified 
pumice

Surface area (m2/g) 41.96 49.34
Total pore volume (cm3/g) 0.252 0.224
Average pore diameter (Ao) 2.9 3.4
Pore structure Mesopore Mesopore
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The relationship between experimental and the pre-
dicted values for the MG dye adsorption on modified pum-
ice are shown in Fig. 5. The good correlation between the 
data obtained by experiments and the predicted values by 
the model was observed (R2 > 0.934). Fig. 5(b) shows normal 
probability plot of the studentised residuals for MG dye 
adsorption process. It could be found that the residual behav-
ior follows a normal distribution and linear mode (Fig. 5(b)), 
which is a more essential supposition for checking the sta-
tistical modeling. In this research, the suggestion is to select 
a model for sufficient removal of MG dye using adsorption 
process [36,37].

3.4. Effect of variables on responses

Three dimensional (3D) response surface plots for 
evaluating the effects of three process parameters, that 
is, pH, contact time, and adsorbent dosage on efficiency 
of the adsorption process are depicted in Figs. 6 and 7. 
Fig. 6 represents the response surface plots of the initial 
pH and contact time on MG dye removal efficiency using 
Mn-coated pumice, while initial adsorbent dosage was 
fixed on 0.8 g/L. Fig. 6 shows that the removal efficiency 
of MG dye increases with increasing pH. A maximum 
dye removal was observed at pH = 11 and room tempera-
ture. As the adsorbent surface contains negative charge 
with increasing the pH, actually MG dye is a cationic dye 
and involves two nitrogen atoms that is a methyl factor 
[38]. Therefore, the negative charge of adsorbent surface 

increases in alkaline condition, resulting in the increas-
ing dye adsorption due to the electrostatic attraction even 
in the pH more than 9 and the MG dye comprises more 
chemical changes so its adsorption increases too [39]. Also, 
the results showed that with decreasing the pH, the dye 
adsorption decreases and this could be due to the electro-
static repulsion in acidic condition because of producing 
the proton ions (H+); therefore, the cationic dye adsorp-
tion will be reduced. Also, according to the point that the 
dominant pumice component is SiO2, which is in term of 
decreasing the pH, its component changes to Si+3 which 
causes the electrostatic repulsion as a result of cationic dye 
adsorption reduction. Therefore, the poor dye adsorption 
in acidic condition is because of the dye penetration in 
adsorbent’s pores [40]. Also, the high removal efficiency 
by the modified pumice in comparison with raw pumice 
in acidic pH takes place which could be due to the fact that 
although modifying pumice with manganese caused the 
increase in positive charge on the adsorbent surface, usu-
ally the cationic dye adsorption should be decreased due to 
the more electrostatic repulsion, but the high removal effi-
ciency by the modified pumice occur in acidic pH in com-
parison with raw pumice despite the electrostatic repul-
sion is more. This confirmed that increasing the adsorbent 
efficiency by modifying pumice with manganese happens 
due to increase in the special surface of modified pumice 
in comparison with raw pumice [41]. Modifying pumice 
caused the irregular structure in pumice and this irregu-
lar structure increased the adsorption level [42]. Previous 

Table 5
Response surface CCD design and results

STD Variables Responses (removal of dye, %)
Factor 1 Factor 2 Factor 3 Mn-modified pumice Raw pumice
A: pH B: contact 

time, min
C: adsorbent 
dosage, g/L

Actual Predicted Actual Predicted

1 3 15 0.2 16 15.71 8 7.52
2 11 15 0.2 89.54 88.14 61.155 60.75
3 3 75 0.2 28 26.83 21 20.21
4 11 75 0.2 91.23 91.63 66.4225 66.72
5 3 15 1.4 33 32.74 21.75 21.61
6 11 15 1.4 95.34 96.65 69.505 70.45
7 3 75 1.4 41 42.54 29.75 30.31
8 11 75 1.4 98.4 98.82 71.8 72.44
9 5 45 0.8 48 47.84 32 33.07
10 9 45 0.8 82 80.01 60.5 56.91
11 7 30 0.8 61 61.76 44.75 44.28
12 7 60 0.8 68 65.09 50 47.95
13 7 45 0.5 57 61.40 41.75 43.89
14 7 45 1.1 74 67.45 53.5 48.84
15 7 45 0.8 62.8 63.33 45.1 45.02
16 7 45 0.8 63 64.03 43.25 44.11
17 7 45 0.8 62 61.16 44.5 45.41
18 7 45 0.8 63 65.13 46.25 46.23
19 7 45 0.8 64.1 64.13 44.075 46.01
20 7 45 0.8 64 64.14 46 46.51
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studies also confirmed that studies by Kim et al. [43] and 
Vaughan and Reed [44] showed that the modified zeolite 
and activated carbon with aluminum and iron have more 
special surface in comparison with unmodified form of 
those metals.

The interactive effect of contact time and adsorbent 
dosage on removal efficiency in pH = 11 at 25°C is shown 
in Fig. 7. Dye removal efficiency increased rapidly with 
increasing contact time initially and attains a constant 
value later. It could be due to the adsorption sites occupied 
with adsorbate by increasing contact time and finally sat-
urated adsorbent surface which is proved by Kakavandi 
et al. [45]. Fig. 7 showed that the maximum adsorption 
(95.6%) has been occurred at contact time 75 min and 
initial dosage of 1.4 g/L. Fig. 7 reveals that with increas-
ing the adsorbent dosage from 0.2 to 1.4 g/L the removal 
efficiency increases. As shown in Fig. 7, the maximum 
uptake percentage for the MG dye was obtained at high 
adsorbent dosage (1.4 g/L) and contact time of 75 min. 
According to adsorbent dosage changes, the results 
showed that this change is more evident in comparison 
with contact time because with increasing doses, more 
adsorption sites would be available for adsorbent [46]. In 
fact, vacant active sites in initial time are the main reason 
of rapid sorption.

3.5. Adsorption isotherm

The results of isotherm ranking based on the value of the 
different error analysis are shown in table. The first rank is 
awarded to the isotherm with the least amount of the con-
sidered error function. As can be seen from Table 7, Temkin 
is the most visited isotherm in first ranking and next ranks 
belong to Freundlich and Langmuir, respectively.

As it can be seen from the table, for Langmuir iso-
therm, the modeled adsorption capacity (modeled qe) curve 
obtained by minimizing the ARE error function had the 
most consistency with experimental adsorption capacity 
points (experimental qe). The constants for Freundlich iso-
therm obtained by non-linear regression analysis are shown 
in Table 8. The best error function by which constants can 
be selected is APE. For Temkin isotherm, on the basis of 
SNE, MPSD is the best error function for modeling of data 
and obtaining the constants of the isotherm. Non-linear 
curve obtained by error analysis through applying differ-
ent error functions were shown in Figs. 8–10 for Freundlich, 
Langmuir, and Temkin, respectively.

In order to evaluate the efficiency of the Mn-modified 
pumice in MG removal, a comparative study between 
applied sorbent in the present work and different adsorbents 
previously used for MG removal was done and the results 

Table 6
Analysis of variance (ANOVA) for response surface quadratic model

Source Squares df Square Value Prob > F

Model 9,301.4155 9 1,033.4906 112.24419 <0.0001 Significant
A-pH 8,800.9082 1 8,800.9082 955.83919 <0.0001

B-contact time 93.889706 1 93.889706 10.197068 0.0096

C-adsorbent dosage 311.66599 1 311.66599 33.849071 0.0002

AB 29.070312 1 29.070312 3.157236 0.1060

AC 36.252612 1 36.252612 3.9372832 0.0753

BC 0.8646125 1 0.8646125 0.0939029 0.7656

A2 0.1299814 1 0.1299814 0.0141169 0.9078

B2 1.4994617 1 1.4994617 0.1628519 0.6950

C2 0.2534786 1 0.2534786 0.0275295 0.8715

Residual 92.075198 10 9.2075198

Lack-of-fit 88.960198 5 17.79204 28.558651 0.11 Non-significant

Pure error 3.115 5 0.623

Cor. total 9,393.4907 19

Std. dev. 3.0343895

Mean 63.0705

C.V. % 4.8111074

Press 613.9567

R-squared 0.990198

Adj. R-squared 0.9813762

Pred. R-squared 0.9346402

Adeq. precision 38.735781
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are given in Table 9. Based on the qm obtained by Langmuir 
isotherm, it can be concluded that the synthesized adsorbent 
possesses a suitable sorption capacity, in comparison with 
the other sorbent’s capacities. Differences of the adsorption 
capacities of the listed adsorbents can be due to the difference 
in their structure, surface area, and properties of functional 
groups in each adsorbent.

3.6. Mn leaching

In order to test whether Mn leach out into the solution 
from the Mn-modified pumice composite or not, the samples 

were analyzed by applying ICP-MS after each reaction cycle. 
Based on the results, the residuals of Mn were not detected 
under acidic, neutral, and basic conditions. It can be noticed 
that tendency of Mn leaching in the range of pH values is 
practically negligible (non-detected) and was less than rec-
ommended Mn standards for drinking water (0.05 mg/L). 
Considering the result of the present study, it can be specu-
lated that Mn-modified pumice has acceptable stability and 
durability to strongly bind the metal to pumice, which can 
be regarded as an advantage for its recycling in continuous 
MG removal.

Fig. 5. Actual and predicted values of response for MG sorption 
(a) and normal probability plot of the studentised residuals for 
the selective dye adsorption process (b).

Fig. 6. Effect of contact time and pH on removal of MG dye by 
Mn-modified pumice (adsorbent dosage = 0.8).

Fig. 7. Effect of contact time and adsorbent dosage on removal of 
MG dye by Mn-modified pumice (in pH = 11).

Table 7
Models ranking from the best to the worst based on GooF method

RMSE X2 ERRSQ HYBRID MPSD APE ARE EABS Most visited
Two-parameter FR TE FR TE TE TE TE TE TE

TE FR TE FR FR FR FR FR FR
LA LA LA LA LA LA LA LA LA
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Table 8
Constants of isotherm models obtained by minimizing different error functions

Isotherm Parameter RMSE χ2 ERRSQ Hybrid MPSD ARE EABS APE

Langmuir Q0 192.66 181.65 192.66 181.65 165.49 165.49 165.49 165.49
b 0.53 0.71 0.53 0.71 1.02 0.84 0.84 0.84
RL 0.015 0.011 0.015 0.011 0.008 0.009 0.009 0.009
R2 0.956 0.963 0.956 0.920 0.923 0.923 0.923 0.963

Freundlich KF 68.12 61.76 68.12 61.76 57.34 52.40 52.40 52.40
n 3.06 2.73 3.06 2.73 2.48 2.46 2.46 2.46
R2 0.982 0.975 0.982 0.975 0.955 0.946 0.946 0.946

Temkin bT 78.89 85.67 78.89 85.67 93.79 91.74 78.98 91.74
AT 13.18 17.14 13.18 17.14 20.11 20.82 11.71 20.82
R2 0.978 0.983 0.978 0.971 0.943 0.956 0.974 0.956
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Fig. 8. Fitted non-linear curve to experimental data for Freun-
dlich isotherm.
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Fig. 9. Fitted non-linear curve to experimental data for Langmuir 
isotherm.
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Fig. 10. Fitted non-linear curve to experimental data for Temkin 
isotherm.

Table 9
Comparison of adsorption capacity of MG between various 
adsorbents found in the literatures

Adsorbent qm (mg/g) Isotherms Reference

Mn-modified pumice 
(25°C)

176.3 L This work

Carboxylate- 
functionalized 
cellulose nanocrystals

243.9 L [47]

Modified cellulose 131.93 L [48]
Modified cellulose by 
anhydride

74 L [49]

Activated carbon from 
corn cob (25°C)

52.63 L [50]

Fe3O4@SiO2–NH2 156.32 F [51]
Rambutan peel-based 
activated carbon

388 L [16]
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4. Conclusion

The results showed that removing of malachite green 
dye was increased by increasing pH, adsorbent dosage, 
and contact time. The highest efficiency (99.9%) obtained in 
pH = 11, adsorbent dose = 1.4 g/L, and contact time = 75 min. 
According to the results, it could be concluded that pumice 
modified with manganese increases the removal efficiency 
rather than raw scoria due to wide chemical changes of 
adsorbent structure.
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