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a b s t r a c t
The present study focused on the evaluation of modified nano-pumice with hexadecyl trimethyl 
ammonium bromide (HDTM.Br) surfactant in adsorption of Cr(VI) from aqueous environments. The 
effects of pH (3–9), contact time (30–120 min), Cr(VI) concentration (0.05–1 mg/L) and adsorbent dose 
(0.1–1 g) on the adsorption rate were designed, modeled and optimized according to central composite 
design-response surface methodology (CCD-RSM). Considering ANOVA and regression analyses, the 
adsorption process better follows the quadratic polynomial model with p-value < 0.005, R2 = 0.9906. 
The model adequacy established based on CCD-RSM is quite clear with regard to the value of lack of 
fit test, which is 0.75. The optimum conditions were obtained at pH 3, Cr(VI) concentration 0.05 mg/L, 
adsorbent dose 1 g/L and contact time 120 min, respectively. The maximum adsorption capacity of 
Cr(VI) was found to be 0.24 mg/g. Kinetic and isotherm studies showed that the  adsorption process 
is better described with pseudo-second kinetics with R2 = 0.9983 and Freundlich isotherm with 
R2 = 0.9971. Given to the highest efficiency of Cr(VI) adsorption (about 96%) by pumice/HDTM.Br 
nano composite, the composite can be proposed as a promising adsorbent for the removal of Cr(VI) in 
water under specific conditions. 

Keywords:  Chromium (VI) adsorption; Modified nano-pumice; Cationic surfactant; Response surface 
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1. Introduction

Chromium (VI) is a very toxic element that has carcino-
genic, mutagenic, and teratogenic properties for living organ-
isms [1]. Cr(VI) basically exists in the forms of chromium and 
dichromate anions in aqueous systems [2]. These compounds 
often are introduced into the aqueous environments through 

discharging wastewater of various industrial processes and 
operations, such as metal smelting, leather tanning, cement 
protection, paint, textile and steel industries [3]. The maxi-
mum concentration of Cr(VI) in surface water and drinking 
water should be in the range of safe concentrations presented 
by health authorities and if its concentration in drinking 
water exceeds safe level, it may cause health disorders such 
as vomiting, skin irritation, lung cancer, kidney hemorrhage 
and damage to the liver and stomach. Several conventional 
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techniques such as precipitation, electrochemical, electro-
coagulation, ion exchange, reverse osmosis and adsorption 
were reported for the removal of heavy metals from aqueous 
environments [4–7]. The adsorption process is widely used 
in water and wastewater treatment operations due to some 
merits such as low cost, simple design and operation, and 
the ability to remove contaminants at low concentrations [8]. 
So far, numerous adsorbents, such as activated carbon, fly 
ash, organic polymers, oxidants and natural adsorbents such 
as zeolite, kaolinite, alumina, wheat bran, corn bran, saw-
dust, hazelnut ash, chitosan, pumice and other cost-effective 
adsorbents, have been investigated in their abilities to adsorb 
chromium (VI) [9]. 

Economic issues and the need to revive the adsorbents 
have led researchers to study and find cheap and afford-
able adsorbents. In recent decades, geometric materials have 
shown to be extensively used in water and wastewater treat-
ment processes because of both good adsorption and cheap 
prices [10].

Pumice stone is one of the most widely used geometric 
compositions in the field of removing contaminants from 
aqueous systems. This stone has been characterized by high 
porosity, light weight and large specific surface area (SSA), 
with respect to that most of its structure consists of SiO2 [11]. 
Application of modified natural adsorbents for adsorption of 
various organic and inorganic anions from aqueous solutions 
has been investigated. Cationic surfactants are used to mod-
ify the external surfaces of different materials and increase 
their ion exchange capacity because these compounds tend 
to be negatively exchanged [12]. Nanotechnology is the engi-
neering of functional systems at the molecular scale, offering 
new products and process alternatives for water purification. 
The advantage of these materials is to have a large surface 
to volume ratio. Various studies have been carried out to 
investigate pumice and nano-pumice capability to remove 
compounds from aqueous solutions such as cadmium [13], 
atrazine [14], chromium [15], arsenic [16], fluoride [17] and 
color [18], during adsorption and catalytic processes. 

On the basis of these facts, the major objective of this 
study was to design, model and optimize experiment con-
ditions using CC-RSM approach, in Cr(VI) adsorption with 
modified nano pumice with hexadecyl trimethyl ammo-
nium bromide (HDTM.Br) surfactant (nano pumice/HDTM.
Br composite). The independent variables evaluated during 
the study included pH, contact time, initial concentration 
of Cr(VI) and adsorbent dose. Finally, isotherm and kinetic 
studies were carried out for the adsorption process. 

2. Materials and methods

2.1. Preparation of adsorbent

2.1.1. Nano-pumice preparation

The pumice stone used in this study was supplied from 
Tekmeh Dash region, East Azerbaijan, Iran. First, pumice 
was crushed using a cone crusher up to ≤3 cm dimensions, 
and then these dimensions was reduced to 100 μm using a 
micronizer (Siebtechnik Co., France). Finally, the obtained 
particles from this stage were converted to a nanometer 
size by a satellite mill (FRITSCH EQ-PC1-12, Germany). 
To remove the primary impurities, the sample obtained from 

the previous step was washed several times with distilled 
water. In order to increase the porosity of the adsorbent, the 
nano-pumice was added into 0.1 N chloride acid solution 
(37%) for 48 h at room temperature. Afterwards, the 
adsorbent was washed with double-distilled water several 
times until the outlet turbidity reaching less than 1 NTU and 
pH to 7. The sample was then dried in a laboratory oven at 
105°C for 8 h.

2.2.2. Preparation of pumice/HDTM.Br nano composite

In order to modify the adsorbent, 20 g of the nano-pum-
ice prepared in the previous step, was added in 2 L of HDTM.
Br solution (2.5 mmol/L), and the solution pH was adjusted 
to 10. The resulting solution was stirred at 220 rpm at room 
temperature for 10 h and then separated by a Whatman fil-
ter paper. The resulting mixture was dried at 120°C for 2.5 h, 
and then washed using double-distilled water. Again, it was 
dried at 120°C for 6 h. The modified pumice/HDTM.Br nano 
composite was prepared and used in the other stages of the 
study.

2.2. Determination of physicochemical properties of nano  
pumice/HDTM.Br composite

SSA pore diameter and volume of nano-pumice adsor bent 
were determined before and after modification by Brunauer–  
Emmett–Teller (BET) (nitrogen sorption isotherm) method 
(Belsorp mini II, Bel model, Japan). The physicochemical 
and crystalline properties of pumice/HDTM.Br nano 
composite were also studied by X-ray fluorescence analy-
sis (XRF) and X-ray diffraction (XRD) (Xpert Philips PW 
3040/60, Lum Cu, The Netherlands), respectively. The 
pre- and post-modification morphology and surface 
properties of nano-pumice were evaluated by FE-SEM 
analysis (Field Emission Scanning Electron Microscopy, 
S4160 manufactured by HITACHI Co., Japan). To measure 
the particle size of pumice/HDTM.Br nano composite, 
the atomic force microscope (AFM) (Model DS-95-50E) 
was used. The Fourier transform infrared (FTIR) analysis 
(PerkinElmer spectrophotometer device, model Nicolet.760, 
USA) was carried out based on electromagnetic radiation 
adsorption and vibrational mutation analysis of molecules 
and multi-atom ions in nano-pumice adsorbent before and 
after modification. Finally, pHzpc (adsorbent’s point of zero 
charge [pzc] was determined for pumice/HDTM.Br nano 
composite to determine the surface charge.

2.3. RSM-based experiment design

In the present study, to evaluate the linear, quadratic and 
interactive effects of independent variables on the response 
Cr(VI) removal efficiency, as well as to make optimization 
of experiment conditions and statistical analyses, CCD-RSM 
method was used (R software). Affective variables on Cr(VI) 
adsorption were selected based on other studies carried out 
in this field. Accordingly, the effect of four factors, namely 
pH, contact time, initial concentration and adsorbent dose 
has been investigated in five levels, the maximum, minimum 
and mean values of which are presented in Table 1. The num-
ber of experiments was calculated according to the following 
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equation, where k is the number of variables and C represents 
the number of repetitions. 

N = 2k + 2k + C (1)

Finally, a total of 30 experimental tests were obtained as 
given in Table 1.

The effect of the independent studied variables on the 
response rate (Y) was determined based on the quadratic 
model, which is presented in Eq (2):

Y = a0 + Σ ai xi + Σ aii x2
i + Σ aijxixj (2)

where Y value indicates the predicted adsorption, a0 is the 
y-intercept, ai is the line gradient of the xi factor (i = 1, 2, 3, 4), 
aii is the regression coefficient of quadratic effect of xi and aij 
donates the regression coefficient of the combined effect of xi 
and xj variables.

2.4. Batch experiments

All experiments were carried out in a 200-mL batch reac-
tor in a laboratory scale. In order to make the desired concen-
trations in this study, Cr(VI) stock solution was prepared by 
dissolving potassium dichromate (K2Cr2O7) in 100 mL of dou-
ble distilled water. As earlier stated, the variables of time, pH, 
contaminant concentration and adsorbent dose were exam-
ined to reveal their effects on removal efficiency as shown 
in Table 1. All the experiments was conducted in the in the 
200-mL flasks containing 100 mL solution. The samples were 
kept under mixing using a reciprocating shaker at 220 rpm 
until the specified times. At the end of each experiment, the 
solution was centrifuged at 5,000 rpm for 10 min and subse-
quently filtered by means of Whatman 0.45 μm filter paper 
to separate the solid phase from the liquid phase. In order to 
measure the residual concentration of Cr(VI), 25 mL volume 
taken from the sample was adjusted at pH 2 ± 2.5 by adding 
concentrated phosphoric acid. Then, 0.5 mL of diphenylcar-
bazide was added to the solution using an automatic pipette, 
and 5–10 min was taken into account to create a full purple 
color of the solution. Finally, the amount of light adsorption 
at wavelength of 540 nm by the solution was measured using 
UV/VIS Spectrophotometer (PerkinElmer, Lambda 25). 1 N 
NaOH and 1 N H2SO4 solutions were used to adjust pH solu-
tion measured by a pH meter (Metrohm E520, Switzerland). 
All experiments were performed in accordance of standard 
methods for the examination of water and wastewater [19].

In order to determine the adsorption efficiency and 
capacity, Eqs. (2) and (3) were used, respectively, where C0 

is the initial concentration of the contaminant (mg/L), Ce is 
the concentration of contaminants in the equilibrium time 
(mg/L), E is the removal efficiency (%), qe is the adsorption 
capacity (mg/g), V is the sample size (L) and M is the adsor-
bent mass (g): 

q V
M

C Ce e= × −( )0  (3)

Y
C C
C

e%( ) = −
×0

0

100  (4)

2.5. Optimization of factors affecting adsorption rate

The optimization was carried out in the Excel software to 
achieve the conditions ensuring the highest Cr(VI) removal 
percentage. This operation is carried out using a repeatable 
numerical method using the Solver tool in Excel software. 
At the beginning of the experiment, the real coefficients of 
the regression model and then the minimum and maximum 
values of independent variables were introduced into the 
software. The central points of independent variables are 
considered as an initial guess for the variables in question. 
The removal efficiency can be calculated by the regression 
equation according to the model coefficients and the initial 
guess numbers. Finally, the optimal value of each of the four 
variables is determined by defining the removal rate in case 
of maximum efficiency conditions, by changing the values of 
the four variables as well as by considering the constraints 
in such way that the value of central points are less than the 
maximum values and above the minimum values.

2.6. Adsorption isotherms and kinetics

After determining the optimal conditions of the studied 
variables, isotherm studies were used to study the adsorption 
of the contaminant into the adsorbent and maximum 
adsorption capacity of pumice/HDTM.Br nano composite. 
Isotherm studies were performed using the mathematical 
equations of Freundlich, Langmuir and Temkin isotherms 
under optimal conditions in terms of contact time, pH and 
adsorbent dose under different concentrations of Cr(VI). 
Kinetic studies were performed to determine the rate and 
type of adsorption using pseudo-first-order, pseudo-second-
order and intraparticle diffusion in optimal conditions in 
terms of Cr(VI) concentration, adsorbent dose, pH and 
different contact times.

3. Results and discussion

3.1. Nano-pumice analysis

3.1.1. X-ray fluorescence analysis

The purpose of XRF is to carry out an elemental analysis 
and determine the percentage of compounds in the adsorbent, 
and XRD analysis (XRD) is carried out to identify the crystal-
line phases in the adsorbent, both of which are carried out 
using X-ray characteristics [20]. The results of XRF test shown 
in Table 2 indicate that the highest percentages of nano-pum-
ice structure are occupied by SiO2, Al2O3, CaO, Fe2O3, K2O, 

Table 1
Maximum, minimum and average values of each independent 
variables in experiments

AVGMinMaxSymbolVariablez

639X1pH
7530120X2Contact time (min)
0.530.051X3Initial concentration of 

Cr(VI) (mg/L)
0.550.11X4Absorbent dose (g/L)
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Na2O, while MgO, TiO2, Cl2O–, P2O5, SO3 and SrO oxides 
constitute lower percentages of the total adsorbent mass. 
Among them, SiO2 and Al2O3 are considered as the two major 
components. SiO2 alone accounts for about 70.94% of the 
nano-pumice structure. Other studies have referred to SiO2 as 
the main composition of the pumice structure [21]. Therefore, 
the remarkable presence of silicon and aluminum ions in the 
adsorbent is noteworthy, because of acting as adsorption sites. 
Also, the negative charge of the silicate layer is an effective 
factor in absorbing the cationic detergent, HDTM.Br, for the 
synthesis of pumice/HDTM.Br nano composite.

3.1.2. XRD analysis

The XRD pattern shows peaks scattered between 
the diffraction angles of 8.9° and 30°. The largest peaks 
were observed at diffraction angles of 21° and 24°, which 
belonged to SiO2 and Al2O3, respectively (Fig. 1). As for the 

oxide compounds present in the nano-pumice, it can be pre-
dicted how it functions in the adsorption process because 
oxidation compounds in contact with water make hydroxyl 
compounds. For as much as in hydroxyl groups, silicon 
atoms tend to maintain their oxygen orientation. As a result, 
they tend to absorb ions and positive charge compounds 
(cationic detergents) [20]. Finally, Cr(VI) anion adsorption 
is performed by pumice/HDTM.Br nano composite. The 
amount of SiO2 and Al2O3 of the selected nano-pumice in 
this study differs from those of other studies, which can be 
attributed to the difference in the composition of the geo-
logical structure of the pumice source. 

3.1.3. Field emission scanning electron microscopy

We evaluated morphology, apparent characteristics 
and particle size of the nano-pumice before modification 
(Fig. 2a) and after modification (Fig. 2b), (magnification 20 
kx) using FESEM analysis. As shown in Fig. 2a, nano-pum-
ice has a porous surface with dimensions in the nanometer 
range (<100 nm), which increases the SSA of this adsorbent. 
The large SSA will increase the level of contact between Cr 
and the contaminant, thus increasing the adsorption effi-
ciency. It should be noted that the black background of this 
image is due to the gold coating used on these particles to 
better perform FESEM analysis. A shown in Fig. 2b, it can 
be seen that the morphology of the nano-pumice surface has 
changed after surfactant modification, indicating that the 
modification operation has been well carried out. However, 
the important occurrence observed during the process of 
adsorbent modification by cationic surfactants was the coag-
ulation and enlargement of nano-pumice particles. This 
phenomenon can be explained by referring to the fact that 
surfactant cautions during contact with nano-pumice play an 
effective role in binding these particles because of the elec-
trostatic attraction force between the nano-pumice particles 
(negative charge), and surfactant ions (positive charge). Not 

Table 2
Chemical components of XRF analysis of nano-pumice samples 
from Tekmeh Dash region

Component Percent %

SiO2 70.94
Al2O3 6.86
CaO 6.76
Fe2O3 3.98
K2O 5.41
Na2O 0.97
MgO 0.141
TiO2 0.63
Cl– 0.35
P2O5 1.47
SO3 <0.0005

Fig. 1. XRD pattern of the nano-pumice.
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studies have shown so far these post modification changes in 
surface and particle size of the adsorbent.

3.1.4. AFM analysis

AFM is a microscope that uses ionic force and atomic 
thrust to create a virtual image of the object surface and pro-
vide accurate information about the morphology and sur-
face structure as well as the physiochemical properties of 
the sample considering its high sensitivity to atomic forces, 
such as van der Waals, bonding and electrostatic forces with 
high imaging precision [22]. Therefore, AFM analysis was 
used in this research in order to ensure the nano-adsorption 
structure function and to determine the size of nano-pum-
ice particles. According to the AFM analysis images (Fig. 3),  
the mean particle size of the sample was determined to be 
between 2.62 and 98 nm, which is below 100 nm, and in 
accordance with the observed sizes in the FESEM analysis 
images. The color spectrum suggests surface morphologi-
cal changes, which, in turn, show the adsorption sites on 
the nano-pumice surface and also the high capacity of the 
nano-pumice in the adsorption process. The results of the 
AFM and FESEM analysis showed that the particle size is 
less than 100 nm, which is consistent with the results of the 
previous study [13].

3.1.5. BET analysis

Specific surface area, pore diameter and volume of the 
adsorbent were studied using BET analysis. The values 
of above parameters were 6.4693 m2/g, 26.742 nm and 
4.3 cm3/s for nano-pumice, respectively, and 9.79 m2/g, 
19.6 nm and 4.79 cm3/s for pumice/HDTM.Br nano composite, 
respectively. The results of the BET analysis indicate that 
the SSA of the nano-pumice increased after modification 
but its mean pores diameter and pore volume decreased. 
This post modification elevated SSA can be attributed to 
the removal of impurities from nano-pumice pores. The 
results of the analysis of the BET nano-pumice selected 
in this study differ with the various studies that can be 
attributed to the geological composition of the various 
sources of this adsorbent. The adsorbent pore diameter has 
decreased after modification, which can be likely due to 

the outer surface of nano-pumice coated with the cationic 
surfactant.

3.1.6. FTIR analysis

Infrared spectroscopy is based on the adsorption and 
radiation of the vibrational mutations of molecules and 
multi-atomic ions. This method is used as a powerful method 
developed for determining the structure and measuring 
chemical species. Fig. 4 shows results of FTIR carried out on 
the nano-pumice adsorbent before and after modification. In 
the case of the nano-pumice adsorbent, the peak at the wave-
length of 3,448.63 1/cm can be attributed to the stretching 
vibration of the water molecules (humidity) in the –OH and 
lattice groups (arrangement of atoms in the crystal). The peak 
appeared at the wavelength of 1,635.3 1/cm belongs to the 
stretching vibration of OH groups in the water absorbed from 
the surrounding environment. The peak at the wavelength 
of 1,022.3 1/cm is related to the stretching vibration bands 
produced by Si–O and Al–O, the bending mode of which 
groups formed at wavelengths of 400–500. Additionally, the 
Si–O–Al stretching vibration is observed at the wavelength of 
780.073 1/cm [23]. Generally, the FTIR analysis revealed that 
pre- and post-modification visible peaks are at nearly the 
same wavelengths, indicating that the nano-pumice retains 
its structure after modification.

3.2. Analysis of observations using the surface response curves 
method and model validation

Table 3 shows the results of CCD-based designing Cr(VI) 
removal test to develop the mathematical equation.

The adequacy testing of the fitted model was also exam-
ined through the distribution plots of the residuals. Fig. 5a 
shows the distribution of the residuals on the right line in 
percentage. As shown, the residuals are located on or near 
the line, and the percentage of the residuals increases as 
approaching the center of the line. This type of dispersion 
indicates the normal distribution of the residuals. Fig. 5b 
shows the amount of residuals against the predicted values. 
As can be seen, almost half of the residuals are located above 
the line and the other half at the bottom of the line. This dis-
tribution shows that the mean of these values is close to zero, 

    
(a) (b) 

Fig. 2. FESEM images of the nano-pumice (a) and the pumice/HDTM.Br nano composite (b).



F. Eslami et al. / Desalination and Water Treatment 177 (2020) 139–151144

 

 
Fig. 3. AFM images of nano-pumice.

Fig. 4. FTIR spectra of the nano-pumice (a) and pumice/HDTM.Br nano composite (b).
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and changes in residuals do not follow a particular trend and 
confirm the adequacy of the model [24].

According to the RSM, FO, TWI or SO functions (first-or-
der, first-order interaction and second-order models) are 
used to determine the regression equations. Multiple R2 
and adjusted R2 coefficients are the criteria for determining 
the appropriateness of the polynomial model. Analysis of 
variance (ANOVA) is also used to match the model and to 
determine its significance by considering the value of lack 
of fit test. The criterion for choosing the appropriate model 
for data matching is the lack of fit (p > 0.05). Regardless of 
the limitations for the model order, the best response surface 
model (RSM) for the adsorbent was selected as follows. Since 
the lack of fit test showed a significant first-order model, this 
model is not a suitable model for data matching. Therefore, 

after matching the data with a quadratic model in this 
study, the quadratic model was used to predict the response 
 variable. The results of regression analysis and ANOVA 
derived from the quadratic model matching on the Cr(VI) 
removal by pumice/HDTM.Br nano composite are presented 
in Tables 4 and 5. The final equation is based on the actual 
values of various factors as follows: 

Y (%) = 64.98 - 5X1 + 12.31X2 - 7.67X3 + 11.21X4 +  
2.99X2X4 - 3.52X2

2 + 2.89X3
2 - 3.02X4

2 (5)

As can be seen in Table 4, the significant effect is 
found for first order of all the variables, interaction of 
time and adsorbent dose and second order of time, Cr(VI) 
concentration, and adsorbent dose variables on removal 

Fig. 5. Conformational analysis of the fitted model for chromium (VI) adsorption.

Table 3
CCD designing chromium (VI) removal by pumice/HDTM.Br nanocomposite

Run pH Time  
(min)

Cr(VI) 
(mg/L)

Adsorbent  
dose (g/L)

Y1 Y2 Run pH Time 
(min)

Cr(VI) 
(mg/L)

Adsorbent  
dose (g/L)

Y1 Y2

1 6 75 0.53 0.55 64 64.99 16 7.5 52.5 0.76 0.78 56 56.60
2 7.5 97.5 0.29 0.33 66 65.43 17 4.5 97.5 0.76 0.33 62 62.81
3 4.5 52.5 0.29 0.78 70 69.24 18 4.5 52.5 0.76 0.33 51 51.22
4 4.5 52.5 0.29 0.33 60 60.34 19 6 75 0.53 0.55 65 64.99
5 4.5 97.5 0.76 0.78 76 76.19 20 7.5 97.5 0.76 0.33 58 57.81
6 7.5 52.5 0.76 0.33 46 46.22 21 6 75 0.53 0.55 65 64.99
7 7.5 97.5 0.29 0.78 78 77.33 22 6 75 0.53 0.55 67 64.99
8 7.5 52.5 0.29 0.33 56 55.34 23 6 75 0.05 0.55 75 75.69
9 4.5 52.5 0.76 0.78 62 61.60 24 6 120 0.53 0.55 74 73.79
10 7.5 97.5 0.76 0.78 71 71.19 25 6 75 0.53 1.00 73 73.19
11 6 75 0.53 0.55 65 64.99 26 6 30 0.53 0.55 49 49.14
12 4.5 97.5 0.29 0.78 82 82.33 27 6 75 0.53 0.10 51 50.75
13 6 75 0.53 0.55 65 64.99 28 3 75 0.53 0.55 70 69.99
14 7.5 52.5 0.29 0.78 64 64.24 29 9 75 0.53 0.55 59 59.99
15 4.5 97.5 0.29 0.33 70 70.43 30 6 75 1.00 0.55 61 60.24
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efficiency as the response variable. Considering the ANOVA, 
the model adequacy is quite clear with regard to the p-value 
in the lack of fit test, which is 0.75. According to the adjusted  
R squared value, which is equal to the extreme value of 
0.99, it can be argued that 99.06 of the adsorption efficiency 
changes are described according to the variables presented in 
the proposed model. In other words, the removal of Cr(VI) by 
the pumice/HDTM.Br nano composite is well defined by the 
selected second-order model. Therefore, the insignificance of 
the lack of fit test and the R2 values indicate the adequacy of 
the model for the actual values of responses.

3.3. Effect of different factors on the chromium (VI) removal 
efficiency

To achieve a better understanding of the relationship 
between different parameters and response rates, as well as 
explain the individual effects and interaction of variables, 
two-dimensional (2D) plots can be considered, taking into 
account the performance of two factors and keeping the rest 
of the factors in the central point. Below, 2-D (Fig. 6) and 3-D 
(Fig. 7) plots show the efficiency of Cr(VI) removal by the 
pumice/HDTM.Br nanocomposite.

3.4. Investigation of the effect of pH on the Cr(VI) removal 
efficiency

Based on the values obtained in the regression model 
(Table 4), the pH coefficient is negative. Considering this 

coefficient and what can be seen in the 2-D (Figs. 6a and 
b) and 3-D (Figs. 7a and b) views of the Cr(VI) removal 
efficiency decrease as pH of the solution increases from 3 to 
9. This phenomenon can be attributed to the change in the 
surface charge of the pumice/HDTM.Br nano composite. 
The solution pH has a significant effect on the adsorption 
process, taking into account pH at the zero charge point of 
the adsorbent. In other words, if the solution pH is less than 
pHpzc of the pumice/HDTM.Br nano composite, then Cr(VI) 
anions will be adsorbed to a positively charged surface of the 
adsorbent. At solution pH higher than pHpzc, adsorptions 
of Cr(VI) anions occur at very low rate due to the negative 
charge of pumice/HDTM.Br nanocomposite. The pHpzc 
value of 6.3 was obtained for pumice composite/HDTM.Br  
nano composite. As a result, the pumice/HDTM.Br nano 
composite surface is negatively charged in aqueous 
solutions with pH higher than pHpzc, and Cr(VI) ion 
is eliminated by this adsorbent, which results in the 
reduction of the removal efficiency. In addition, the fact 
that adsorption of Cr(VI) was reduced in case of increasing 
pH levels can be due to the increase in the formation of 
–OH ions, and the competitive adsorption of Cr(VI) onto 
the available adsorption sites. The adsorption of Cr(VI) 
ions will be higher on the positively charged surface of the 
adsorbent in solutions with pH less than 6.3, which is due 
to the electrostatic attraction between soluble ions and the 
positive charge of the adsorbent surface. Another study 
reports that the removal efficiency will be reduced with 
increasing pH values [25].

Table 4
Results of regression analysis from the matching of the second-order models on the removal of Cr(VI) by pumice/HDTM.Br nano 
composite

Pr (>|t|)t valueStdEstimate

2.2e-16***<220.870.3064.98Intercept
2.544e-12***–14.340.35–5.00pH
2.2e-16***<35.300.3512.31Time
6.722e-16***–21.780.35–7.65Initial concentration 
2.2e-16***<32.140.3511.21Adsorbent dose
0.002**3.500.852.99Time: Adsorbent dose
2.047e-05***–5.450.65–3.52Time2

0.0002***4.470.652.89Initial concentration2

0.0001***–4.670.65–3.02Adsorbent dose2

Table 5
Results of the analysis of variance obtained from the conformance of the second-order model to the removal of Cr(VI) by pumice/
HDTM.Br nano composite

Df Sum Sq Mean Sq F value Pr( > F)

FO (X1, X2, X3, X4) 4 2,163.40 540.85 741.75 <2.2e-16
TWI (X1, X4) 1 9.00 8.98 12.3 0.002
PQ (X2, X3, X4) 3 57.30 19.10 26.18 2.724e-07
Residuals 21 15.31 0.73 – –
Lack of fit 16 10.50 0.65 0.68 0.75
Multiple R-squared 0.99 Adjusted R Squared 0.99
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3.5. Investigation of the effect of chromium (VI) initial concentra-
tion on the Cr(VI) removal efficiency

The initial concentration of the contaminants is one of the 
factors that affect the adsorption process. Regarding the neg-
ative values of the initial concentration coefficients of Cr(VI) 
in the regression model (Table 4) as well as the contour plots 
(Figs. 6d and f) and 3-D plots (Figs. 7e and f), it can be con-
cluded that the Cr(VI) removal efficiency is reduced as the 
concentration of Cr(VI) in the solution increases from 0.05 to 
1 mg/L. In fact, with increasing concentrations of the contam-
inant, the ratio of the available adsorbent to contaminant con-
centration is reduced, and the adsorbent surface has limited 
and specific points for the contaminant. Therefore, the fur-
ther removal of Cr(VI) at lower concentrations is due to the 
availability of free adsorption sites at low concentrations of 
the adsorbent material [26]. Differences between the results 
of this study and those of other studies are probably due to 
differences in the Cr(VI) concentrations.

3.6. Investigation of the effect of adsorbent dose on the removal 
efficiency of Cr(VI)

Determining the effect of adsorbent dose, due to its 
impact on the economy of the adsorption process for 

designing large commercial-industrial systems, is one of the 
most important issues in these systems [27]. As the results 
show, based on regression model coefficients in Eq. (5), 
the adsorbent dose with high regression coefficient has a 
potential effect on the removal of Cr(VI) from aqueous solu-
tions. According to (Figs. 6e and c) and (Figs. 7d and c), the 
removal efficiency increases as the adsorbent dose increases 
from 0.1 to 1 g/L. This process happens due to increasing 
active and effective surface areas during the adsorption pro-
cess. Since the efficiency depends on different factors, the 
appropriate dose for Cr(VI) removal test is 1 g. Although 
increasing adsorbent concentrations lead to an increase in 
the removal efficiency of contaminants, because of the lower 
concentration of the contaminant, the amount of adsorption 
per unit mass of adsorbent is reduced [28]. The results of 
this study show that elevated adsorbent amounts have a sig-
nificant effect on the efficiency of chromate removal. These 
results are also consistent with studies carried out by other 
researchers [29].

3.7. Investigating the effect of contact time on removal  
of  chromium (VI)

In general, the contact time is an effective factor in dis-
continuous systems. However, these conditions can vary 

Fig. 6. The 2D plots of combined effect of pH, adsorbent dosage (g/L), Cr(VI) concentration (mg/L) and time (min) on removal 
 efficiency of Cr(VI) using pumice absorbent/HDTM.Br nanocomposite.
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depending on the characteristics of the initial solution and 
the type of adsorbent. In the present study, based on a discon-
tinuous system, samples were examined at time intervals of 
30–120 min. Regarding the positive coefficients of the regres-
sion model as well as the 2-D and 3-D plots presented in  
Figs. 6d and e and Figs. 7d and e, it can be concluded that 
this parameter has an incremental effect on the removal of 
the Cr(VI) contaminant from the solution. As can be seen, the 
removal efficiency of Cr(VI) increases as adsorbent contact 
time as well as the amount of adsorbent increases. The results 
of this study were consistent with other previous studies on 
adsorption [30].

3.8. Investigating the optimal values for each of the variables

The results of optimizing the parameters using cross-
numerical methods showed that the maximum removal 
efficiency of Cr(VI) by pumice/HDTM.Br nano composite 
adsorbent was equal to 96.22% at pH = 3 (less than pHpzc 

value). To achieve the maximum removal efficiency, the 
amount of l g/L of 0.05 mg/L of the initial concentration 
of Cr(VI) and contact time of 120 min are required.

3.9. Adsorption kinetic study

For the purpose studying the velocity constant of 
adsorption processes, pseudo-first order, pseudo-second 
order kinetic models and particle diffusion were used. 
The kinetic study was performed according to optimal 
conditions of initial concentration of 0.05 mg/L, contact 
time of 120 min, adsorbent dose of 1 g/L and pH = 3. The 
equations of pseudo-first order, pseudo-second-order 
kinetic models and intraparticle diffusion are presented 
below, respectively:

ln lnq q q k te t e−( ) = − 1  (6)

Fig. 7. The 3D plots of combined effect of pH, adsorbent dosage (g/L), Cr(VI) concentration (mg/L) and time (min) on removal effi-
ciency of Cr(VI) using pumice absorbent/HDTM.Br nanocomposite.
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q k t Ct i= +0 5.  (8)

In these equations, qt (mg/g) is the adsorption capacity 
at equilibrium time (min), k1 is reaction constant of pseudo-
first-order reaction mg/g min, k2 is reaction rate constant of 
pseudo-second-order reaction mg/g min, qe is the amount 
of adsorption capacity on the adsorbent in the equilibrium 
state (mg/g), ki is the intraparticle diffusion kinetic  
(mg of adsorbate per g of adsorbent per min (mg/g min0.5)) 
and (mg/g), C is the adsorption constant. The values of the 
pseudo-first-order kinetic model are obtained by plotting 
the linear plot of ln(qe–qt) against t in such way that k1 and qe 
are obtained from the line gradient and the result of 2.71 to 
the power of y-intercept. The values of the pseudo-second-
order kinetic model are obtained by plotting of the linear 
plot of t/qt against t in such way that line gradient and 
y-intercept values are equal to 1/qe and 1/k2qe

2, respectively. 
Also, the values of the intraparticle diffusion model are 
obtained by plotting the linear plot of qe against t1.2. Table 
6 shows the parameters obtained from the analysis of the 
data obtained from the Cr(VI) adsorption process on the 
pumice/HDTM.Br nano composite adsorbent. According to 
this table, thee correlation coefficients (R2) and the closeness 
of the experimental and computational adsorption capacity 
values of qe (exp) (mg/g) show that the Cr(VI) adsorption 
is highly compatible with the pseudo-second order model.  
According to the foregoing, it can be concluded that the 
rate of Cr(VI) adsorption on pumice/HDTM.Br nanoparticle 
adsorbent depends on the nature of both adsorbent and 
adsorbate agents, hence it can be said that the adsorption is of 
chemical type. Considering the unique physical properties, 
porosities and vacancies of the pumice/HDTM.Br nano 
composite adsorbent, it can be argued that a factor such as 
intraparticle diffusion is an effective factor in controlling 
the adsorption rate. Table 6 shows values calculated for 
intraparticle diffusion equation parameters. Considering 
the correlation coefficients calculated in this table, it can be 
concluded that Cr(VI) adsorption on the pumice/HDTM.Br 
nano composite adsorbent (R2 = 0.96) is highly compatible 
with this model. The results of our study are consistent 

with some studies on the adsorption of Cr(VI) on various 
adsorbents [31].

3.10. Adsorption isotherm study

Isotherm equations show the relationship between 
adsorbate concentration on adsorbent surface in vitro and 
its equilibrium concentration in the liquid phase. Thus, 
by examining the adsorption isotherms, it is possible to 
determine the maximum adsorption capacity and define an 
equation with the aim of designing the adsorption column 
[32]. Therefore, after determining the optimal values of 
time, pH, initial concentration of Cr(VI) and adsorbent dose, 
characteristics of Cr(VI) adsorption isotherm on pumice/
HDTM.Br nano composite were determined. Empirical data 
on adsorption equilibrium were analyzed using Langmuir, 
Freundlich and Temkin isotherm studies. Freundlich 
isotherm is an empirical formula based on adsorption on 
a heterogeneous surface. The linear form of the Freundlich 
isotherm model is expressed as follows:

q K Ce f e
n=
1

 (9)

In Freundlich equation, qe represents the number of 
metal ion adsorbents per unit mass of the adsorbent (mg/g), 
Ce represents the equilibrium concentration of metal ions 
(mg/L), Kf (l/g) and 1/n are Freundlich constants that show 
the adsorption capacity and intensity, respectively. The 
value of n is an indicator for the isotherm desirability, where 
the n values 2–10, 1–2 and less than 1 shows desirability, 
relative desirability, and weakness of the adsorption profile, 
respectively [33]. According to Table 7, the correlation 
coefficient of the Freundlich model with the highest R2 value 
(R2 > 0.99) has the highest compliance with experimental 
data. Accordingly, the type of adsorption process can be 
described as adsorption of Cr(VI) in layers, in which Cr(VI) 
initially reacts with the adsorbent column and subsequently 
with each other, occurs on a heterogeneous surface in terms 
of energy. These findings are consistent with the findings 
from other studies [34]. The n value, as a constant value, 
was reported to be between 1 and 2 in the Freundlich model, 
which indicates the relative desirability of Cr(VI) adsorption 
on the pumice/HDTM.Br nano composite adsorbent in vitro.

Table 6
Results of the adsorption kinetic study of chromium (VI) on the pumice/HDTM.Br nano composite adsorbent

Adsorbent Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe (exp) (mg/g) k1 R2 qe (exp)(mg/g) k2 R2 C (mg/g) ki R2

Pumice/HDTM.Br nano composite 0.0083 0.03 0.98 0.012 3.75 0.99 0.001 0.005 0.96

Table 7
Results of the adsorption isotherm study of chromium (VI) on the pumice/HDTM.Br nano composite adsorbent

Adsorbent Freundlich Langmuir Temkin

Kf n R2 qe (mg/g) b RL R2 kT BT R2

Pumice/HDTM.Br nano composite 0.64 1.5 0.99 0.24 15.46 0.06–0.56 0.80 552 0.033 0.82
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Langmuir isotherm model suggests a single-layer 
adsorption on a homogeneous surface of the adsorbent 
without inducing any reaction between adsorbent molecules 
with uniform adsorption energy [35]. Langmuir isotherm 
model equation is as follows:

C
q

C
q

q
qe

m

e

m

e

mb

1
+ =  (10)

where qm represents the maximum adsorption capacity (mg/g), 
Ce represents the contaminant equilibrium concentration 
(mg/L), qe represents the amount of contaminant per unit 
mass of the adsorbent (mg/g), and b is Langmuir constant  
(l/mg). 

One of the features of the Langmuir equation is the 
dimensionless parameter of the isolation coefficient of RL, 
which is calculated from Eq. (11):

R
bCL = +( )
1

1 0

 (11)

C0 is the initial concentration of Cr(VI) (mg/L). The type 
of adsorption process can be determined using this param-
eter. The values proposed for this parameter are shown in 
Table 8 [36].

According to Table 8, the RL values of the Langmuir iso-
therm ranges between 0 and 1, indicating that the isotherm 
is desirable. Based on this isotherm model, the maximum 
adsorption capacity (qm) for pumice/HDTM.Br nano compos-
ite adsorbent is equal to 0.24 mg/g, the trend of which is con-
sistent with the BET results indicating an increase in the SSA 
values (9.79 m2/g). Temkin isotherm model shows the effects 
of indirect reactions between adsorbent and adsorbate on 
adsorption isotherm. The Temkin isotherm model equation 
is presented below:

BT lnkT + BT lnCe = qe (12)

where R is the gas constant (kJ mol/K), T is temperature (K), 
BT = (RT)/b is Temkin constant, and kT (L/g) is a force constant 
and a criterion for the maximum energy of the bond. The 
high BT value indicates that the adsorption of metal ions is 
faster in the first stage. According to the BT value of 0.0334 
(Table 7), it can be argued that the high adsorption of Cr(VI) 
anions on the nano pumice /HDTM.Br composite adsorbent 
does not occur in the first stage. Similarly, the high value of kT 
represents a strong adsorbate–adsorbent binding. Thus, with 
respect to the kT value of 552 (Table 7), it can be argued that 

there is a strong bond between the Cr(VI) ions and the sur-
faces of nano pumice/HDTM.Br composite particles.

Comparing the maximum adsorption capacities of Cr(VI) 
ions among various adsorbents, the nano pumice/HDTM.
Br composite adsorbent used in this study exhibited a much 
higher adsorption capacity than the other reported adsor-
bents, for example, 0.2 and 0.15 mg/g by clay (treated), and 
riverbed sand, respectively [37,38]. 

4. Conclusion

In this study, nano pumice/HDTM.Br composite was 
tested for the removal of Cr(VI) from aqueous solutions. It 
was also a function of initial concentration, contact time, 
pH, sorbents dose and co-existing anion of the solution. The 
maximum adsorption capacity of Cr(VI) at equilibrium was 
0.24 mg/g at a dose of 1 g/L with initial Cr(VI) concentration 
of 0.05 mg/L at optimum pH of 3. The kinetic study showed 
that the pseudo-second order model is suitable for describing 
the experimental data. The adsorption can be well described 
by Freundlich isotherm model. Therefore, removal of Cr(VI) 
from aqueous solutions by adsorption onto pumice/HDTM.
Br nano composite as alternative low-cost adsorbent appears 
to be feasible given high removal efficiency (about 96%). 
Further studies have to be done using real samples from 
industrial effluents.
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