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A B S T R A C T

The nickel oxide nanoparticles-modified diatomite (NONMD) as a low-cost adsorbent was investigated

for the removal of C.I. Basic Red 46 (BR46) from aqueous solution. Various physico-chemical parameters

were studied such as solution pH, adsorbent dosage, adsorbent size, initial dye concentration,

temperature, contact time and salt (NaCl, NaHCO3 and Na2SO4). The mean size and the surface

morphology of the adsorbent were characterized by SEM, BET, FTIR, XRD, EDX and elemental analysis.

The maximum percentage of BR46 dye removal from aqueous solution was 99.48% (124.35 mg/g) when

0.005 g of NONMD was applied at pH 8, temperature 25 � 1 8C, agitation speed of 200 rpm, initial dye

concentration of 25 mg/L, and a mixing time of 60 min. Furthermore, under the same conditions, the

maximum adsorption of dye on raw diatomite was 84.49% (105.61 mg/g). The experimental data showed

that the adsorption of dye on raw diatomite follows the Langmuir model, but its adsorption on modified

diatomite followed the BET model. The kinetics results were found to conform well to pseudo-second order

kinetics model with good correlation. Thus, this study demonstrated that the NONMD could be used as a low-

cost natural adsorbent for removal of BR46 from aqueous solution.

� 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic dyes have increasingly been used in the textile and
dyeing industries because of their ease and cost-effectiveness in
synthesis as well as high stability to light, temperature, detergent
and microbial attack which can lead to the discharge of highly
polluted effluents [1]. More than 10,000 chemically different dyes
are being manufactured, and the world dyestuff and dye
intermediates production are estimated to be around 7 � 108 kg
per annum [2,3]. Colour as one of the effluent characteristics affects
the nature of the water, inhibits sunlight penetration into the
stream and reduces the photosynthetic activity [4,5]. Moreover,
some dyes are carcinogenic and mutagenic which are generally
stable to biological degradation [4,6]. Hence, their removal from
aqueous solution, before discharging them into the environment is
extremely important [7]. Therefore, the development of efficient,
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low-cost and environmentally friendly technologies to reduce dye
content in wastewater is extremely necessary.

New economical, locally available and highly effective biosor-
bents are still under development. Furthermore, many treatment
systems have been proposed for the removal of synthetic dyes
from aqueous solutions. Coagulation [8], flocculation [9], photo-
catalytic degradation [10–12], membrane filtration [13], microbi-
ological decomposition [14], electrochemical oxidation [15],
fungus biosorbent [16] and adsorption [17–25] are the most
commonly used methods for removing dyes from waste and
effluent systems. The microbiological, photocatalytic and electro-
chemical decomposition procedures are not efficient because
many dyes cannot be easily decomposed [15]. Adsorption is
considered to be particularly competitive, economically efficient
and cost-effective process for the removal of dyes, heavy metals
and other organic and inorganic hazardous impurities from
aqueous solutions. Although activated carbon is the most efficient
and popular adsorbent and has been used with great success, the
high cost of activated carbon sometimes restricts its application
with regard to dye removal [26–33]. Recently, many researchers
have attempted to use alternative low-cost sorbents to replace
All rights reserved.
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Symbols used

C0 [mg/L] initial concentration of BR46

Ce [mg/L] residual concentration at equilibrium

Cs [mg/L] saturation concentration of BR46

K1,ad [1/min] rate constant of Pseudo-first-order

K2,ad [1/min] rate constant of Pseudo-second-order

kF [–] Freundlich constant

kL [–] Langmuir constant

kb [–] BET constant

m [g] mass of adsorbent used

n [–] parameter indicating the intensity of adsorp-

tion

qe [mg/g] residual amount adsorbed at equilibrium

qe,exp [mg/g] experimental residual amount adsorbed at

equilibrium

qp [mg/g] predicted sorption capacity

qo [mg/g] observed sorption capacity

Qo [mg/g] maximum sorption capacity

r2 or R2[–] correlative coefficient for all models

T [K] absolute temperature

t [min] contact time

V [L] volume of BR46 solution

Table 1
The comparison between different kinds of adsorbent for the adsorption of BR46.

Adsorbent Maximum adsorption

capacity (mg/g)

References

Raw Diatomite 83.67 In this work

NONMD 98.16 In this work

Pine tree leaves 71.94 [48]

Princess tree leaf 43.10 [49]

Moroccan clay 54 [50]

Boron industry waste 74.73 [51]

Gypsum 39.17 [52]
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with activated carbons. Some of these alternative biosorbents are
banana pith [34], vine [35], eucalyptus bark [36], neem leaf powder
[37], Luffa cylindrica fiber [38], sunflower seed hull [39], soy meal
hull [40], hazelnut shell [41] and neem sawdust [17]. Nevertheless,
the adsorption capacities of most of the above adsorbents were still
limited.

BR46 was selected as a model synthetic azo dye due to its
extensive use in the textile industry. Azo dyes are a class of dyes
characterized by the presence of the azo group. Due to high usage
of these dyes, large volumes of coloured effluents are discharged
into the environmental and water resources. The release of azo
dyes into the environment is of concern due to their toxicity,
mutagenicity and carcinogenicity [42]. Hence, removal of azo dyes
from wastewater is a major environmental issue.

Diatomite (SiO2�nH2O) is made up principally from the
skeletons of aquatic plants called diatom that usually is a pale-
coloured, soft, lightweight siliceous sedimentary rock [43].
Diatomite contains a wide variety of shape and sized diatoms,
typically 10–200 mm, in a structure including up to 80–90% pore
spaces [42,43]. Diatomite’s extremely porous structure, low
density and high surface area make it suitable as an adsorbent
for the removal of organic and inorganic chemicals. Diatomite is
found in abundance in Iran. Several studies have been carried out
on the use of diatomite as an adsorbent for removing some
contaminants such as heavy metals [44], basic dye (Methylene
blue) [17], basic and reactive dyes (Methylene blue, reactive black,
reactive yellow) [45] and some textile dyes (Sif Blau BRF, Everzol
Brill Red 3BS, Int Yellow 5GF) [45]. Furthermore, the unique
properties of diatomite caused its applications as filtration media
in a number of industries [46]. Diatomite is approximately 500
times cheaper than commercial activated carbon [46] and has the
potential of being successfully used as a cost-effective alternative
to activated carbon.

In the present investigation, the utilization possibility of nickel
oxide nanoparticles-modified diatomite (NONMD) as an adsorbent
for the removal of BR46 dye from an aqueous medium has been
studied. Nickel metal can be a good choice for degrading the dyes
and other pollutants from aqueous solutions [47]. Table 1 shows
the comparison between maximum monolayer sorption capacities
(mg/g) of different adsorbents for the adsorption of BR46. As it is
evident, the maximum adsorption capacity of used adsorbents (in
this study) is more than others. The equilibrium and kinetics study
are investigated and the effects of various process parameters such
as pH, contact time, initial dye concentration, calcinations and
sorbent dosage on the adsorption process were examined.
Equilibrium data are attempted by various adsorption isotherms
including Langmuir, Freundlich and Brunauer–Emmett–Teller
(BET) isotherms in order to select an appropriate isotherm model.
Moreover, a kinetics study of the adsorption process is also
considered to describe the rate of sorption.

2. Experimental procedure

2.1. Preparation of adsorbent

Diatomite sample was obtained from Tabriz, Iran. The sample
was washed several times with distilled water and HCl (1 M) to
remove fines and other adhered impurities and to achieve
neutralization. Moreover, in the acidic conditions nickel nano-
particles can put better on the surface of diatomite. The sample
was finally filtered, dried at 60 8C for 24 h, and stored in closed
containers for further use. The nanoparticles of NiO were
synthesized by using following reaction:

NiSO4þ 2NaOH ! NiðOHÞ2þ Na2SO4 (1)

The nanoparticles of NiO were synthesized by adding NiSO4 and
NaOH (1 M) to the solution. It means that 2.0 g of previously dried
diatomite (raw diatomite) were added to 25 ml of Nickel hydroxide
(1 M) and the sample was stirred in the agitation speed of 200 rpm
for 1 h. The new material (mixture of Ni and diatomite) was
sequentially separated by filtration that the product of this
reaction was Ni(OH)2. The final product that was mixture of raw
diatomite and Ni(OH)2 had to been put in the furnace, by that
Ni(OH)2 changed to NiO and mixed by raw diatomite. The
calcination process was carried out by placing NONMD sample
in the furnace at 250 8C for 4.5 h. The sample was then allowed to
cool in a desiccator. The modified sample was used to examine the
effect of silanol groups and the role of pore size distribution on the
adsorption process. It is clear from the FT-IR spectra and EDX
analysis, the raise of metal oxide content at the modified diatomite
can be the main reason for increasing the adsorption capacity. In
industries, there are many heavy metals contaminated materials.
Recovery of materials and clean up these contaminations is very
difficult and expensive [48–52]. Our investigation is a key to
change a poisonous industrial waste to a valuable by product.

2.2. Reagents and solutions

BR46 dye was obtained from Ciba Ltd. and was used without
further purification. The chemical structure of this dye is shown in



Fig. 1. The chemical structure of BR46 dye.

Fig. 2. FT-IR spectra of adsorbents before adsorption (a) raw and (b) NONMD.
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Fig. 1. Distilled water was throughout employed as solvent. The pH
measurements were made using Hach pH meter. The pH
adjustments of the solution were made by adding a small amount
of HCl or NaOH (1 M). These chemicals were of analar grade and
purchased from Merck, Germany.

2.3. Adsorption procedure

The adsorption experiments were performed by mixing various
amounts of diatomite (0.001–0.05 g) in 25 mL of dye solutions
with varying concentrations (ranging from 25 to 55 mg/L) at
various pH (2–12). The pH studies were carried out to determine
the optimum pH at which maximum dye removal could be
achieved with diatomite. Adsorption experiments were conducted
at various concentrations of dye solutions (25, 35, 45 and 55 mg/L)
using optimum amount of diatomite (0.005 g) at pH 8, an agitation
speed of 200 rpm and temperature 25 � 1 8C for 1 h to attain
equilibrium conditions. The changes of absorbance were determined
at certain time intervals (5, 10, 30, 60, 90 and 120 min) during the
adsorption process. After adsorption experiments, the dye solutions
were centrifuged for 10 min in a Hettich EBA20 centrifuge at
4000 rpm in order to separate the sorbent from the solution and
dye concentration was then determined.

The amount of dye adsorbed at equilibrium, qe (mg/g), was
calculated using the following equation:

qe ¼
ðC0 � CeÞV

M
(2)

where C0 and Ce (mg/L) are the initial and equilibrium
concentrations of dye, respectively, V (L) is the volume of the
dye solution and M (g) is the adsorbent mass.

2.4. Analysis

The residual dye concentrations in aqueous medium were
determined using a Perkin–Elmer spectrophotometer correspond-
ing to maximum wavelength (lmax) of BR46 dye. The XRD
analysis was performed on raw and modified diatomite samples
using a Philips Xpert x-ray diffractometer. Scanning electron
microscopy (SEM) of both raw and modified diatomite were
carried out using LEO 1455VP scanning electron microscope before
and after modification process. The samples were coated with gold
(Au) prior to the scanning in the electron microscope. By using
nitrogen adsorption method, the BET specific surface area of
adsorbents was measured, using Autosorb-1MP apparatus from
Qantachrome at 77 K. The analysis on compositions was deter-
mined by energy dispersive X-ray technique using EDX-System
(Tescan Vega/2/Instrument) which is fitted to the SEM instrument.
3. Results and discussion

3.1. Surface characterization

As the calcination process decreases the diatomite capacity for
the removal of dye from aqueous solutions, therefore in this
investigation, we decided to compare adsorption properties of
modified diatomite with raw diatomite instead of calcined
diatomite. In order to explore the surface characteristics of
diatomite, a Fourier Transformed Infra-Red (FTIR) analysis was
performed in the range of 450–4000/cm. Fig. 2 shows the FTIR
spectra of raw and modified diatomite samples before the
adsorption process and Fig. 3 shows the FTIR spectra of raw and
modified diatomite samples after the adsorption process. In the
first spectrum (curve ‘a’ in Fig. 2), the peaks at major adsorption
bands were observed at 3622, 3421, 2506, 1636, 1038, 915, 794,
692, 671, 627, 596, 522 and 470/cm. The peaks at 3622 and 3421/
cm illustrate the (H) atom that is attached to heteroatoms (Si–H),
the peaks at 2506 cm�1 is due to the free silanol group (Si–O–H),
the peak at 1636/cm represents (H–O–H) bending vibration of
water, and the peak at 1038/cm reflects the siloxane (–Si–O–Si–)
group stretching. The peaks at 915 and 794/cm correspond to (SiO–
H) vibration. The peaks of 692, 671, 627, 596, 522 and 470/cm are
attributed to the Si–O–Si bending vibration. The peaks of the major
bands in the spectrum of NONMD (mentioned as ‘b’ in Fig. 2) and
raw diatomite are similar, except in fingerprint region (from 1500
to 500/cm). Although the nickel content of NONMD is too low,
there is a recognisable difference in this region regarding to nickel
oxide nanoparticles on diatomite [53]. In addition, Figs. 2a and b
illustrate that the amount of silanol group has decreased slightly,
and the metal oxide content has risen at the modified diatomite;
however, the adsorption capacity has increased at NONMD.

Comparison of Figs. 2 and 3 shows slight reduction on peaks’
transmittance of silanol, siloxane, and metal oxide groups in raw
diatomite and NONMD. Besides, appearance of peak at 1871/cm



Fig. 3. FT-IR spectra of adsorbents after adsorption (a) raw and (b) NONMD.
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(Fig. 3) illustrates the adsorption of dye (combi group of aromatic
rings) on both adsorbents.

Scanning electron micrographs (SEM) of raw and modified
diatomite, before and after the adsorption process, are shown in
Fig. 4. These figures present that raw diatomite particles are
amorphous, their pore spaces are lower than modified adsorbent,
and particles of NONMD are more uniform and geometrical
significantly. After modification and calcination process at 250 8C,
the structure of the adsorbent changed from amorphous sheets to
semi-sphere shapes. Therefore, the volume of the pore spaces has
increased, and the surface functional groups of modified diatomite
have improved. Hence, the diffusion resistance of adsorption
process has decreased, and the kinetics and capacity of dye
adsorption process have risen. Moreover, adsorption of dye has
caused a sticky phenomenon on structure of both adsorbents.

XRD and EDX analysis results of the raw and modified diatomite
are shown in Figs. 5 and 6 respectively. It can be seen from both of
them that the x-ray pattern of the raw diatomite is different from
the pattern of the modified diatomite, suggesting that a phase
transformation probably occurred during the calcinations process.
The main composition of raw diatomite is quartz, anorthite and
muscovite. It is evident that sanidine was appeared; while
anorthite and muscovite were completely removed as the
diatomite was calcined at 250 8C.

The composition analysis was determined by energy dispersive
x-ray technique using EDX-System (Fig. 6). As is evident from
Fig. 6, the raw diatomite did not have any Nickel but after
modification process Ni was appeared (3.96%W). In fact, some
peaks in the diatomite disappeared and some peaks were created
by modification process by nickel nanoparticles. Similar behaviour
was previously investigated by other researchers [20].

The surface area of the diatomite was determined by BET
method. By using nitrogen adsorption method, the BET specific
surface area of adsorbents was measured, using Autosorb-1MP



Fig. 4. Scanning electron micrographs before adsorption (a) raw and (b) NONMD, after adsorption (c) raw and (d) NONMD.
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apparatus from Qantachrome at 77 K. In this investigation, the
values of 7.5 and 28.45 m2/g were calculated for raw and modified
diatomite respectively.

3.2. Effect of adsorbent dosage

The effect of raw and modified diatomite dosage on the
adsorption of BR46 dye was investigated at 25 � 1 8C by varying the
adsorbent amount from 0.001 to 0.05 g while keeping the volume of
dye solution constant equal to 25 mL, with an initial dye concentra-
tion of 25 mg/L. Fig. 7 shows the removal of BR46 dye (mmol/g) versus
adsorbent dosage (g/L). The effect of adsorbent dose ranging from
0.04 to 2 g/L on basic red 46 adsorption is given in Fig. 7. As seen from
Fig. 7, adsorption capacity for BR 46 decreased with dosage
increasing. This may be due to the decrease in the total sorption
surface area available to BR 46 resulting from overlapping or
aggregation of sorption sites [54]. Similar behaviour for the effect
of adsorbent dosage on the dye adsorption capacity was observed and
discussed for different types of adsorbents by other researchers
[55,56]. Based on the results shown in Fig. 7, 0.005 g of the raw
diatomite and NONMD was used for further experiments.
3.3. Effect of initial dye concentration

The effect of initial dye concentration in the range of 5–55 mg/L
on adsorption of the BR 46 was investigated and is shown in Fig. 8.
The adsorption capacity increased from 0.072 to 0.594 and 0.077 to
0.754 mmol/g for raw diatomite and modified diatomite respec-
tively with increasing of the initial dye concentration. This is
probably due to the increase in the driving force of the
concentration gradient, as an increase in the initial dye concentra-
tion. Similar results were reported by other researchers for banana
pith [34] and vine [35].

3.4. Effect of contact time

The adsorption of BR46 dye onto diatomite was evaluated as a
function of contact time. Fig. 9 shows the effect of contact time on
the percentage removal of BR46 dye in the aqueous phase by raw
(Fig. 9a) and NONMD (Fig. 9b). The initial dye concentration was
varied from 25 to 55 mg/L. At all initial dye concentrations
investigated, the adsorption occurs very fast initially. After 5 min
of adsorption process, dye removal by raw diatomite reaches



Fig. 5. XRD patterns of (a) raw and (b) NONMD.
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51.58 and 56.74% for initial dye concentrations of 25 and 35 mg/L
respectively.

As illustrated in Fig. 9b, the adsorption is also fast at early stage
of the adsorption process for NONMD. Typically about 80.20% of
the ultimate adsorption of BR46 dye with an initial concentration
of 25 mg/L takes place within the first 5 min of contact and it
almost remains constant thereafter. It means that the most of mass
transfer resistance is in bulk of fluid and high rate agitation would
decrease this resistant [57]. In addition, these results show that the
most of the dye molecules are adsorbed on the external surface of
the adsorbent, and transferred to the pores and internal surfaces
layer. More experiments are necessary to be carried out to prove
this investigation.
3.5. Effect of pH

The pH is the most important factor affecting the adsorption
process. The pH studies were conducted to determine the optimum
pH at which maximum colour removal could be achieved with
diatomite for BR46 dye. The effect of pH was observed by studying
the adsorption of dye over a broad pH range of 2–12. The results are
shown in Fig. 10. In the present work, as depicted in Fig. 10, for both
raw and modified diatomite the highest sorption (99.48% for
modified diatomite and 84.49% for raw diatomite) were achieved
at pH 8. Therefore, pH 8 was selected as optimum pH for further
experiments. At pH < 6 the dye removal of basic red 46 was low
that the lower adsorption yield could be due to the fact that the



Fig. 6. EDX patterns of (a) raw and (b) NONMD.
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hydronium ions with positive charge was abundantly available
and thus the competition occurs for the binding to the surface of
the sorbent between the hydronium ions and cationic species in
the aqueous solution. From pH 6 to 8, the dye removal increased
and reached to 99.48% for NONMD and 84.49% for raw diatomite
at pH 8.

The adsorption of BR46 dye decreased from 99.48 to 74% with
increasing pH of dye solution from 8 to 12 when NONMD was used
as an adsorption medium, whereas, the quantity of dye adsorbed
decreased from 84.49 to 53.83% in the pH range of 8–12 using raw
diatomite as an adsorbent, decrease in adsorption at higher pH
(pH > 8) could be attributed to the competition for the sorption
sites between hydroxyl ions and predominant the anionic species
in aqueous solution. Similar behaviour was previously investigated
by other researchers [19,31,35].
3.6. Effect of temperature

The temperature has a significant effect on the adsorption
process. Increasing the temperature will change the equilibrium
capacity of the adsorbent for a particular adsorbate. Furthermore,
an increase in temperature can raise the rate of dye molecules
diffusion in the internal pores of the adsorbent [22]. In this study,
the removal of BR46 dye from aqueous solution using diatomite
has been investigated at four different temperatures ranged from
25 to 55 8C.

By increasing temperature, the adsorption efficiency of the
NONMD has extended from 0.384 to .407 (mmol/g). Therefore, the
remediation process incorporating adsorption method can be
performed under normal temperature for an industrial scale. It was
well depicted in Fig. 11 that the adsorption process was not



Fig. 7. Effect of adsorbent dosage, temperature = 25 � 1 8C, initial dye

concentration = 25 mg/L, pH = 8, contact time = 60 min, agitation speed = 200 rpm. Fig. 8. Effect of initial dye concentration, contact time = 60 min,

temperature = 25 � 1 8C, pH = 8, agitation speed = 200 rpm.
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sensitive to the temperature. It was shown that the energy balance
was not important in this process [56–58].

3.7. Effect of salt concentration

The occurrence of salts is common in coloured wastewater [58].
Inorganic anions of salts may compete for the active sites on the
adsorbent surface or deactivate the adsorbent. Thus dye adsorption
efficiency decreases. An important limitation resulting from the
high reactivity and non-selectivity of adsorbent is that it also reacts
with non-target compounds present in the wastewater such as dye
Fig. 9. Effect of contact time (a) raw and (b) NONMD, pH = 8
auxiliaries present in the exhausted dye bath. It results in higher
adsorbent dosage demand to accomplish the desired degree of dye
removal efficiency.

To investigate the inorganic salts effect on dye removal
efficiency, 0.001 mole of Na2SO4, NaHCO3 and NaCl were added
to the dye solution. Fig. 12 illustrates that the dye removal capacity
by NONMD is decreased in the presence of salts because these salts
have small molecules and compete with dyes in adsorption onto
NONMD. Similar behaviour was previously investigated by other
researchers [13,57,58].
, agitation speed = 200 rpm, adsorbent dosage = 0.005 g.



Fig. 10. Effect of pH, agitation speed = 200 rpm, temperature = 25 � 1 8C,

equilibrium time = 60 min.

Fig. 11. Effect of temperature, equilibrium time = 60 min, pH = 8, agitation

speed = 200 rpm, adsorbent dosage = 0.005 g.

Fig. 12. Effect of salt, equilibrium time = 60 min, pH = 8, agitation speed = 200 rpm, adsorbent dosage = 0.005 g.

Fig. 13. Adsorption isotherms of BR46 dye onto raw and modified diatomite.
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3.8. Adsorption isotherms

The distribution of dye between the adsorbent and the dye
solution at equilibrium is important in establishing the capacity of
the adsorbent for dye removal from aqueous systems. The
adsorption isotherms of BR46 on both raw and modified diatomite
are shown in Fig. 13. It is clearly seen from Fig. 13 that the amount
of adsorbed BR46 on raw diatomite was much lower than that of
NONMD.

The experimental data were evaluated by various isotherm
models incorporating Langmuir, Freundlich [8–24] and Brunauer–
Emmett–Teller (BET)[16–46] isotherms.

Langmuir isotherm is applicable for monolayer adsorption on a
surface containing a finite number of identical adsorption sites
[24]. A linear expression for the Langmuir isotherm is as follows:

1=qe ¼
1

KLQ0

� �
1=Ceð Þ þ 1=Q0 (3)

where Ce is the concentration of dye under equilibrium
condition (mg/L), qe denotes the amount of dye adsorbed at
equilibrium (mg/g), Q0 indicates the maximum adsorption
capacity and KL is the Langmuir isotherm constant (l/mg). The
values of KL and Q0 were calculated from the slope and intercept of
the linear plot of 1/qe versus 1/Ce.
Freundlich equation was also applied for the adsorption of BR46
on diatomite as given below:

qe ¼ KFCe
1
n (4)

where Ce is the equilibrium dye concentration in aqueous
system (mg/L), qe is the amount of dye adsorbed per weight of the
adsorbent (mg/g), KF and n are Freundlich isotherm constants



Table 2
Parameters of various isotherms for adsorption of BR46 dye onto raw diatomite and NONMD.

Langmuir Freundlich BET

Adsorbent Q0 KL r1
2 RMSE KF 1/n r2

2 RMSE Kb qm r3
2 RMSE

Raw 83.67 0.013 0.9980 0.23 2.76 0.83 0.9891 0.44 �1.94 1.43 0.8991 0.55

NONMD 98.16 0.942 0.9804 0.54 22.58 0.64 0.9837 0.43 17.63 0.0132 0.9998 0.21

Table 3
Kinetics constants for BR46 dye adsorption by raw diatomite and NONMD.

Pseudo-first-order Pseudo-second-order

Adsorbent qe (mg/g) K1,ad (1/min) R2 RMSE qe (mg/g) K2,ad (g/mg min) R2 RMSE

Raw 123.249 0.835 0.9881 0.123 172.192 0.0143 0.9987 0.115

NONMD 29.52 0.419 0.9901 0.119 115.16 0.046 0.9998 0.112
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incorporating all factors affecting the adsorption process. Taking
log10 from both sides of the Eq. (4) yields the following equation:

log10qe ¼ log10KF þ
1

n
log10Ce (5)

Linear plot of log10qe versus log10Ce gives the values of KF and n.
Brunauer–Emmett–Teller (BET) model was also used to fit the

adsorption data according to the linear form of its rearranged
adsorption isotherm model, which may be expressed as:

Ce

Cs � Ceð Þqe

¼ 1

Kbqm

þ Kb � 1

Kbqm

� �
Ce

Cs

� �
(6)

where Ce is the concentration of dye in solution (mg/L), Cs

denotes the saturation concentration of dye (mg/L), qe is the
amount of dye adsorbed per weight of the diatomite used (mg/g),
qm is the amount of dye adsorbed in forming a complete monolayer
(mg/g), and Kb indicates a constant explaining the energy of
interaction with the surface. The values of Kb and qm were
calculated from the slope and intercept of the linear plot of

Ce
CS�Ce

� �
1
qe

versus Ce
CS

.

The Q0, KL, r1
2 (correlation coefficient for Langmuir isotherm),

KF, 1/n, r2
2 (correlation coefficient for Freundlich isotherm), Kb, qm

and r3
2 (correlation coefficient for BET isotherm) are given in

Table 2. The negative values of Kb related to the BET isotherm
model describe that the adsorption process for raw diatomite did
not follow the BET isotherm, since this constant is indicative of the
surface binding energy. It is evident from Table 2 that the isotherm
data for the adsorption of BR46 by raw diatomite were best-fitted
using Langmuir model with a correlation coefficient of 0.9980.
Furthermore, the BET model is most appropriate for the adsorption
of BR46 on NONMD with a correlation coefficient of 0.9998. In
addition, standard statistics of root mean squared error (RMSE)
was carried out to support the best fit adsorption model. RMSE can
be expressed as:

RMSE ¼ ½1
n

X
ðq p � qOÞ

2�
1
2

(7)

where qp is the predicted sorption capacity (mg/g), qo is the
observed sorption capacity (mg/g) and n is the number of samples.
Thus, based on the high R2 and low RMSE values, the results
present that the adsorption of BR 46 on the raw diatomite and the
NONMD follow the Langmuir model and the BET model,
respectively [49]. It is clear from Table 2 that the adsorption
capacity of NONMD is more than raw diatomite. The Langmuir
isotherm constants, KL and the maximum adsorption capacity (Q0)
for NONMD are 72.46 and 1.17 times more than raw one,
respectively.
3.9. Adsorption kinetics

The prediction of the adsorption kinetics of dye from aqueous
system is important in order to design a suitable treatment system.
The kinetics of adsorption of BR46 on diatomite may be described
by the pseudo-first-order Lagergren rate equation [16,19,24] and
the pseudo-second-order rate expression developed by Ho and
McKay [57]. The Lagergren equation is:

log qe � qtð Þ ¼ logqe �
K1;ad

2:303
t (8)

where qe and qt are the amounts of dye (mg/g) adsorbed at
equilibrium and at time t (min) and K1,ad is the pseudo-first-order
rate constant (1/min).

The Ho and McKay equation is given below:

t

qt

¼ 1

K2;adqe
2
þ t

qe

(9)

K2,ad is the rate constant of the pseudo-second-order model (g/
mg min). Linear plot of log10ðqe � qtÞ against t gives the rate
constant of K1,ad. Moreover, the value of K2,ad is obtained from the
intercept of the linear plot of t/qt versus t. Adsorption kinetics
constants of the pseudo-first-order and pseudo-second-order
models at pH 8, temperature 25 � 1 8C, agitation speed of
200 rpm, initial concentration of 25 mg/L and for a time period of
60 min are given in Table 3. Table 3 shows that the pseudo-second-
order is the predominant kinetic model for both raw and modified
diatomite due to high R2 and low RMSE values [49].

4. Conclusions

In the present investigation, diatomite has been studied for the
removal of BR46 from aqueous solution. Modification treatment of
the adsorbent was useful which lead to increase its adsorption
capacity. The adsorption process was also influenced by solution
pH. The maximum sorption capacity occurred at pH 8. The rise in
temperature caused a negligible increase in the adsorption
efficiency of the NONMD. It was found that under optimum
conditions, a maximum removal percentage of 84.49 and 99.48%
obtained in the case of BR46 dye removal from aqueous solution in
raw and modified diatomite respectively. The capacity of dye
removal by NONMD is decreased in the presence of salts in order to
compete the small salt molecules with dyes in adsorption onto
NONMD. BR 46 adsorption on the raw diatomite and the NONMD
follow the Langmuir model and the BET model, respectively.
Besides, the pseudo-second-order is the predominant kinetic
model for both adsorbents. The results presented here can help to
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design an appropriate remediation plan to minimise the unfavour-
able impacts caused by industrial effluents containing BR46 dye.
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