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a b s t r a c t
The removal of dyes from wastewater has becomes a global issue since there is no penetration of 
sunlight into colored waters and this results in the ultimate reduction of aquatic life forms in addi-
tion to severe diseases to humans and significant problems to the environment. An attempt was 
made to synthesize economical and eco-friendly nanocomposites of high adsorption capacity for 
dye removal. For this purpose, waste material such as Barona marble was used as an adsorbent, and 
its adsorption properties were enhanced by treating it with sodium metasilicate, potassium ferricy-
anide, and their mixture. The prepared nanocomposites effectively removed Reactive red 120 and 
Reactive green 5 dyes by the adsorption process. The effect of different parameters such as initial 
dye concentration, adsorbent dosage, time, temperature, and pH was determined for adsorp-
tion process optimization. The equilibrium adsorption data were examined using the Langmuir, 
Freundlich, Temkin, Dubinin–Radushkevich, and Harkins–Jura isotherm models. According to the 
obtained results, the pseudo-first-order kinetic model best fitted to both dyes for all four compos-
ites, considering its high R2 values (R2  >  0.9). All the prepared nanocomposites were characterized 
by X-ray diffraction, scanning electron microscopy, and Fourier-transform infrared spectroscopy.
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1. Introduction

The textile industry is one of the major contributors to 
global water pollution. It becomes a major concern to con-
trol and manage the amount of wastewater generated by 
industries which is discharged into water bodies without 
any treatment [1,2]. Over 10,000 dyes are widely available, 
and more than 7 × 105  tons of azo dyes are manufactured 
per year. About 5%–10% of total dyes are discarded in the 
wastewater during treatment processes [3]. The contami-
nants in water are also a primary cause of life-threatening 

diseases that account for around 80% of all illnesses and 
33% of all deaths. In Asia, 60% of childhood deaths are 
caused by waterborne diseases due to contaminated 
water [4]. Their elimination from wastewater is important 
because they are uncontrollable and persist in the envi-
ronment [5–13]. Dyes compound keeps away radiation to 
enter most of the contaminated water system and lower 
the dissolved oxygen concentration (DO). Dyes increased 
the wastewater BOD (biochemical oxygen demand) [14]. 
Dyes are difficult to remove from wastewater using tradi-
tional wastewater treatment procedures because they do 
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not degrade efficiently in natural circumstances [15]. Due 
to their complex nature, reactive dyes are resistant to aer-
obic degradation. Reactive dyes have interference effects 
on the aquatic environments by obstructing the penetra-
tion of sunlight into groundwater and hindering photo-
synthesis, are toxic to marine species and cause human 
genetic changes [16]. The low cost, versatility, high solu-
bility, and water stability of reactive azo dyes have made 
them very attractive. Conventional methods do not affec-
tively remove these dyes because of their high stability and 
complicated chemical structure [17]. Elimination of dye 
contaminants from wastewater by adsorption is a reliable 
or cost-effective process [18]. Adsorption is the most sim-
ple and cost-effective method for removing organic and 
inorganic contaminants from wastewater [19]. The adsorp-
tion technique is useful because of its simplicity, high 
efficiency, and application to a wide range of pollutants. 
Adsorption process controlled by the interaction between 
the adsorbate and adsorbent such as simple mass transfer, 
hydrogen bonding and weak van der wall forces.

Marble-derived compounds such as granite, agricul-
tural or industrial wastes have been used as adsorbents due 
to their natural origin and low cost [20]. Because of their 
adsorption kinetics, lack of selectivity, and surface area, 
traditional adsorbents are ineffective. Due to various prop-
erties as limited intraparticle diffusion space, high surface 
chemistry, sorption position, high specific surface area, and 
variable size distribution, nano adsorbents are widely used 
for wastewater treatment [21]. Nano materials have wide 
applications in several fields [22]. Nano adsorbents includ-
ing nanocomposites and activated carbon provide an active 
site for reactive dyes to adsorb from wastewater. Increasing 
particle size with increase in percentage removal largely 
suggests that the dye does not fully penetrate, or the dye 
selectively adsorb near the particle’s surface layer. It is well 
known that adsorption is confined to the adsorbent’s external 
surface region. As a result, the smaller particle size reduces 
external amount transfer resistance and helps in adsorbate 
penetration inside the adsorbent by the interaction with 
additional active sites during the adsorption process [23]. 
Activated carbon with reduced adsorption kinetics and 
decreased bulky adsorbate adsorption efficiency owing to its 
microporous nature, high cost, disposal issues, are hard to 
regenerate. So, inexpensive, active adsorbents such as marble 
derivative have become essential. Due to various significant 
adsorption and complexion capabilities, marble powder has 
been widely examined [24]. Marble powder is an inorganic 
adsorbent [25]. It is the most widely used natural stone on 
the planet. So, according to estimates, approximately 500 mil-
lion metric tons of marble stone are extracted every year, 
with approximately 12 million metric tons of marble waste 
produced [26]. It is widely accessible, inexpensive inor-
ganic adsorbent. For example, its effectiveness in removing 
methylene blue produced positive results and the treated 
water has no harmful effects on the environment [27].

This project aims to extract toxic dyes from wastewater 
using low cost Barona marble powder (waste) nanocom-
posite as a new moderate adsorbent and to determine its 
extraction efficiency for reactive dyes using the results of a 
variety of parameters such as adsorbent dosage, concentra-
tion, pH solution, temperature, and agitation time [28,29]. 

A very first approach to use for determining the adsorption 
behavior of Barona marble with kinetic and adsorption iso-
therm comparison. The prepared nano composites were BMSS 
(Barona modified with sodium metasilicate), BMPF (Barona 
modified with potassium ferricyanide), BMM (Barona 
was modified with a mixture of sodium metasilicate and 
potassium ferricyanide) and BMUM (Barona unmodified).

2. Material and methods

2.1. Materials

The Reactive green 5 and Reactive red 120 dye of high 
purity used during research work was purchased from 
the local dye industry. The absorbance of the dye’s solu-
tion was measured by using a UV-Visible spectrophotome-
ter in the range of (340–1,000  nm) to determine their max-
imum wavelengths. Barona marble powder was leftover 
collected after sawing and shaping marble in a local indus-
try. The collected material was further grinded and sieved 
to attain a uniform size and stored in airtight plastic bottles.

2.2. Preparation of adsorbent nanocomposites

Fine powdered Barona marble was used to make nano-
composites (Figs. 1 and 2). The nanocomposites were pre-
pared by the following simple procedure. 20  g of Barona 
marble powder was taken and further ground to obtain 
fine powder form by using a ceramic-based pestle and 
mortar. The adsorbent was divided into four equal por-
tions of 5  g. 5  g of adsorbent remains untreated. 5  g of 
material were treated with a saturated solution of sodium 
metasilicate, 5 g were treated with a saturated solution of 
potassium ferricyanide, and 5 g were treated with a satu-
rated solution of a mixture of both (sodium metasilicate 
and potassium ferricyanide). All these pastes were put 
into the crucibles and covered with aluminum foil. All 
these pastes were placed in the oven (WHL-25A) and fully 
dried at a temperature of 150°C for 2 h. After drying, the 
adsorbents were again ground to very fine powders. After 
grinding, the marble powder was washed by using deion-
ized water to remove the color of the chemicals used and 
other impurities. Washing was done until the filtrate was 
clear (no color). After washing, the adsorbents were first 

 

Fig. 1. Schematic representation of the study.
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air-dried and then placed in the oven at 150°C until fully 
dried. When the adsorbents were fully dried, they were 
again ground and sieved in the form of very fine pow-
der. The prepared nano composites were BMSS (Barona 
modified with sodium metasilicate), BMPF, BMM and  
BMUM.

2.3. Adsorption process

Falcon tubes (15 mL plastic disposable test tubes), each 
containing 10  mL of solution (dye  +  adsorbent) was used 
to conduct adsorption experiments. Tubes were shaken for 
2  h at 300  rpm on an orbital shaker (PA250/25H) [30]. The 
solution was then filtered using a 0.45  µL microfilter (dis-
posable). The filtrate is then run through a 721D spectro-
photometer to measure its absorbance at the λmax of the 
dye. The solutions of 5, 10, 15, 25, 50, and 75  ppm were 
prepared from the stock dye solution of 100 ppm and mea-
sured their absorbance on the λmax of each dye using a spec-
trophotometer. The standard factor was determined from 
standard curves and calculated by using Eq. (1).

Standard factor Concentration
absorbance

= 	 (1)

The following Eq. (2) was used to determine the 
removal efficiency and adsorption capacity of all adsorbents.
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100 	 (2)

The effect of experimental parameters on adsorp-
tion was determined with different dye concentrations 
(5, 10, 15, 25, 50, and 75 ppm) and varying adsorbent dose 
(0.005, 0.01, 0.02, 0.03, and 0.04 g). The pH adjustment was 
made using 0.1  N HCl and 0.1  N NaOH solution from 5 
to 10 pH before adding the adsorbent in order to test the 
impact of pH on a 50 ppm dye solution. The effect of time 

and temperature on adsorption was determined at 30°C, 
40°C, 50°C, 60°C, and 70°C for 15, 30, 60, 120, and 240 min. 
The removal efficiency was determined by using Eq. (3).

q
C C
m V
o e�
�
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	 (3)

where Co  =  initial dye concentration, Ce  =  dye concentra-
tion after treatment, m  = mass of adsorbent, V  = volume of 
dye solution.

2.4. Adsorption isotherms

Adsorption equilibrium determines the relationship 
between the specific amounts of solute adsorbed by the 
adsorbent and optimizes the solute concentration in the liq-
uid phase. They are crucial to the design of an adsorption 
process because they explain how an adsorbate interacts 
with an adsorbent [31]. In this research work, the adsorp-
tion process was optimized using some common equilib-
rium isotherm models, including Harkins–Jura isotherm, 
Dubinin–Radushkevich isotherm, Freundlich isotherm, 
Temkin isotherm, and Langmuir isotherm.

The Harkins–Jura model depicts multilayer adsorp-
tion as well as the occurrence of an uneven distribution 
of adsorbent pore sizes. The Harkins–Jura model can be 
determined by Eq. (4).
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where A and B are the Harkins–Jura constants.
A uniform surface or a constant adsorption potential is 

not presupposed by the Dubinin–Radushkevich isotherm 
model. To discriminate between physical and chemical 
adsorption processes by mean free energy value, a gauss-
ian energy distribution onto a heterogeneous surface is 
typically used:

Fig. 2. Schematic representation of preparation of adsorbents nanocomposites.
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lnq qe e� ���2 	 (5)

Adsorption potential (ε) can be calculated as:
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Mean energy (E) (kJ/mol) for the transfer of sorbate 
from solution calculated by the equation.
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An exponential distribution of active sites with vari-
ous energies indicates multilayer adsorption on a hetero-
geneous surface by Freundlich isotherm. It is described by 
the following equation:

ln ln lnq
n
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Temkin isotherm describes the uniform binding ener-
gies of adsorbate molecules on adsorbent to maximum 
binding energies. Its linear form is defined as:

q B A B Ce t e� �ln ln 	 (9)

Langmuir isotherm describes without any interactions 
in the adsorbed molecules, single-layer adsorption on a 
homogeneous surface with a limited number of energetically 
comparable locations expressed by the following equation.
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2.5. Kinetic models

Adsorption pathways and adoption mechanisms were 
also revealed by kinetic models. Understanding the prop-
erties of the adsorption processes by pseudo-first-order and 
pseudo-second-order models are represented by the fol-
lowing equations. Pseudo-first-order based on adsorption 
capacity (q–qt) and can be expressed by the equation.

log log
.

q q q
k t

e t e�� � � �
�
�
�

�
�
�

�

�
�

�

�
�1 5

2 303
ad

	 (11)

where qe and qt is amount of adsorbate adsorbed in equi-
librium in time t, and k1,ads is the pseudo-first-order rate 
constant (1/min).

Pseudo-second-order determines the percentage of 
available adsorption sites (q) that drive the process. It can 
also be expressed as:

t
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� �
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2
2ads

	 (12)

where k2,ads is the pseudo-second-order rate constant 
(g/mg·min) and qe

2 initial rate constant (mg/g·min) [32].

3. Results and discussions

3.1. Spectrophotometric analysis

The spectrophotometric analysis method is the most 
useful analytical tool to find the concentration of a given 
sample. A UV-visible spectrophotometer was used to find 
the wavelength, at which the dye absorbed maximum light 
(Fig. 3) [33]. The Reactive red 120 and Reactive green 5 dye 
solution was scanned through 340–1,000  nm. The solu-
tion of Reactive red 120 showed maximum absorbance at 
515 nm. The solution of Reactive green 5 dye shows maxi-
mum absorbance at 668 nm. For drawing standard curves, 
5, 10, 15, 25, 50, 75 and 100  ppm solutions were prepared. 
Both dyes have shown different absorptions curves through 
340–1,000 nm [34]. The linear equation for standard curves 
of Reactive red 120 dye and for Reactive green 5 dye were 
Y = 0.0204x + 0.0141 (R2 = 0.9992), and Y = 0.0097x + 0.0271 
(R2 = 0.9989), respectively.

3.2. Optimization of process parameters

Dyes were treated with different nanocomposites 
including BMSS, BMPF, BMM, and untreated or BMUM. 
The optimized parameters during the present study were 
pH, dose, temperature, contact time, and initial concen-
tration. Absorbance of each dye solution was measured at 
maximum wavelength by using a spectrophotometer [35]. 
Initial concentration of dye was optimized in the range of 
5–50  ppm. Maximum adsorption of Reactive red 120 dye 
and Reactive green 5 dye was recorded at 50  ppm for all 
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Fig. 3. The determination of λmax for (a) Reactive red 120 dye 
and (b) Reactive green 5.
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the four BMUM, BMSS, BMPF, BMM composites (Fig. 4). 
All these four adsorbents were able to efficiently remove 
both dyes having a 50  ppm concentration [36]. It may be 
due to resistance in dye ions uptake and decreased as the 
concentration of dye increased, resulting in increased driv-
ing force due to an increase in active sites on the absor-
bent surface [37] causing an effective collision between 
dye solution and adsorbent surface. Reactive red 120 dye 
and Reactive green 5 dye showed maximum removal effi-
ciency at 50  ppm of dye solution by using 0.005  g for all 
four composites after adsorption. The reason is that the 
adsorbent has limited adsorption sites and further increase 
in the adsorbent does not affect the removal efficiency 
[38]. Usually, adsorption capacity and percentage removal 
increase with the increase in adsorbent dose. The max-
imum adsorption was obtained for the adsorbent dose 
of 0.005  g. It was observed from graphs that adsorption 
capacity decreased with an increase in adsorbent dose from 
0.005 g to 0.04 g. An increase in the adsorption with adsor-
bent dose can be attributed to increased adsorbent sur-
face area and the availability of more adsorption sites. But 
unit adsorption decreased with an increase in the adsor-
bent dose [39]. This may be attributed to overlapping or 
aggregation of adsorption sites at a higher dose resulting 
in a decrease in the total adsorbent surface area available. 
Therefore 0.005  g was considered as an optimum dose as 
all the four adsorbents have shown maximum uptake at 
this dose when other parameters were set constant (contact 
time: 2 h, shaking speed: 300 rpm, initial dye concentration:  
50 ppm 7 pH).

The contact time was optimized at 15, 30, 60, 120, and 
240 min at different temperatures 30°C, 40°C, 50°C, 60°C, and 
70°C (Figs. 5–7). Different dyes showed different removal 
efficiency [40]. Reactive red 120 dye and Reactive green 
5 dye solution showed maximum adsorption or removal 
efficiency at 240  min at all studied temperatures using 
BMUM, BMSS, BMPF and BMM composites. By increasing 
the contact time between adsorbent and the adsorbate, the 
removal percentage increases till reaching the equilibrium 
(when the removal percentage is almost constant). From 
the results, it can be concluded that maximum adsorption 
can be obtained with a maximum contact time of 240 min.

For Reactive red 120, the maximum removal capac-
ity was obtained for BMSS, BMUM, BMPF and BMM at 
60°C which refers to endothermic adsorption process. For 
Reactive green 5 dye maximum removal efficiency occurred 
for BMSS, BMUM, BMPF and BMM at 70°C which also 
refers to endothermic adsorption process. On increas-
ing solution temperature of adsorbent and adsorbate, the 
removal percentage was increased in all cases. The pH at 
which the adsorbents give maximum removal efficiency 
was optimized at 5, 6, 7, 8, 9, and 10 pH. The pH of the solu-
tion has a significant impact on the uptake of contaminants 
since it determines the surface charge of the adsorbent, the 
degree of optimization, and the speciation of the adsorbent. 
As the surface of adsorbents was negatively charged at low 
pH in acidic medium, it would increase adsorption of pos-
itively charged ions in the solution which could occupy 
the negatively charged adsorption sites thus decreasing 
the removal efficiency of dye. Therefore, maximum dye 
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removal efficiency usually observed at (weak) acidic or 
neutral pH values [41]. The pH of all dye’s solution was 
adjusted to different values by adding the required amount 
of 1  N solution of sodium hydroxide and nitric acid solu-
tion. It was observed from graphs that for Reactive red 120 
dye all four BMUM, BMSS, BMPF and BMM shows maxi-
mum adsorption capacity at pH 5 at a constant contact time 
of 2 h, 300 rpm, 50 ppm dye solution and 0.005 g dose. For 
Reactive green 5 dye all the four BMUM, BMSS, BMPF and 
BMM have shown maximum adsorption capacity at pH 
7 at a constant contact time of 2  h, 300  rpm, 50  ppm dye 
solution and 0.005 g dose. Higher pH favors adsorption of 
negatively charged species and lower pH favors adsorp-
tion of positively charged species. The higher removal at 
low pH is due to protonation of surface functional group 
which increases the attraction of adsorbent for dye anions. 
The adsorption decreases due to deprotonating of surface 
functional group at higher pH reduced the electrostatic 
interaction between dye ion and active binding sites [42].

3.3. Isothermal and kinetic modeling

Isotherms explains the interaction of adsorbate and 
adsorbent. At equilibrium, the isotherm establishes a con-
nection between the amount of dye adsorbed on the solid 
phase and the concentration of dye in solution. In this study, 
the equilibrium adsorption data were examined using the 
Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, 
and Harkins–Jura isotherm models. According to the results 
dyes adsorption on all nanocomposites was fitted best to 
Freundlich isotherms (Table 1). Freundlich model represents 
multilayer phenomenon and non-distinguishable distribu-
tion of the binding energies present over many exchanging 
sites on the surface of adsorbent. Freundlich constant Kf 
indicates adsorption capacity of the adsorbent. The greater 
Kf value, greater the adsorption capacity [31]. Magnitude 
of n represents the measure of favorability for adsorption. 
If n is equal to unity, then adsorption is linear. Moreover, 
n above unity represents favorable and physical adsorption.
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Adsorption kinetics models are used to explain how 
adsorption mechanism control chemical reaction and mass 
transfer. Models’ conformity was evaluated using the linear 
regression coefficient (R2) values. It compares experimental 
equilibrium adsorption capacity (qe, exp) and theoretical val-
ues (qe, cal) calculated from the kinetic models. According 
to the obtained results, pseudo-first-order kinetic model 
was best fitted to both dyes for BMUM, BMSS, BMPF, BMM 
composites, considering its high R2 values (R2  >  0.9) and 
close agreement between estimated values of adsorption 
capacities (qe) and experimental values (qe

exp) (Table 2).
The comparison of various adsorbent gives idea about 

their applications for dye removal [43–46]. A comparison 
of adsorbent’s maximum adsorption capacities (mg/g) of 
dyes removal carried out for Reactive red 120 and Reactive 
green 5 in this study with the different adsorbent materi-
als reported in the previous literature as shown in Table 3. 

The Barona marble nanocomposites (waste) have shown 
higher adsorption capacities as compared to the other  
adsorbents.

3.4. Characterization

The X-ray diffraction (XRD) analysis was used for char-
acterization of Barona marble waste nanocomposites at 2θ 
in the range of 20°–80° at a speed of deg/min (Fig. 8). XRD 
analysis indicated the presence of silicate minerals in the 
used nanocomposites. Fourier-transform infrared (FTIR) 
spectra of BMUM and BMSS composites showed a wide 
and shoulder adsorption band attributed to Si–O stretch-
ing at 1,0006  cm–1. The distinguishable peak at 1,410  cm–1 
represents the asymmetric stretching vibrational frequency 
of carbonate ion while peak at 711.9  cm–1 due to symmet-
ric vibrations of Ca–O bond of CaCO3 in Barona marble 
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Fig. 7. Optimization of process parameters (a) temperature for Reactive red 120 dye removal, (b) temperature for Reactive 
green 5, (c) pH for Reactive red 120 dye removal and (d) pH for Reactive green 5.

Table 1
Comparison of different isothermal models for dye adsorption

Dyes names Reactive red 120 dye Reactive green 5 dye

Adsorbents BMUM BMSS BMPF BMM BMUM BMSS BMPF BMM

Isotherms

Harkins–Jura 
isotherm

A 344.8275 357.1428 333.3333 344.8275 370.3703 1,111.111 384.6153 1,428.571
B 1.4482 1.4999 1.5333 1.5517 1.5555 1.6667 1.5769 2.4285
R2 0.7605 0.7554 0.8878 0.8488 0.9179 0.9844 0.8992 0.5593
qmax (cal) (mg/g) 10.5923 10.6819 10.2575 10.3949 10.7762 18.3787 10.9266 18.5257
qmax (exp) 78.2038 73.4645 68.7253 63.986 69.6722 80.4304 58.914 48.1558

Temkin iso-
therm

At (L/g) 0.5164 0.5711 0.5094 0.6266 0.5479 1.6131 0.7297 18.5255
B 25.237 22.799 21.165 18.033 20.073 17.246 16.399 6.2782
R2 0.983 0.992 0.9388 0.9455 0.9199 0.8881 0.9605 0.6417
qmax (cal) (mg/g) 77.7602 72.7991 65.3954 59.6482 63.4368 72.6892 56.9302 43.392
qmax (exp) 78.2038 73.4645 68.7253 63.986 69.6722 80.4304 58.914 48.1558

Freundlich 
isotherm

qmax (cal) (mg/g) 87.9542 81.6724 70.714 64.0173 67.1226 74.4353 60.7472 41.6499
qmax (exp) 78.2038 73.4645 68.7253 63.986 69.6722 80.4304 58.914 48.1558
R2 0.9728 0.9725 0.9799 0.9775 0.9889 0.9588 0.9876 0.6354
Kf (L/mg) 8.608 9.1102 8.0615 9.082 8.8392 19.8737 9.8887 21.3873
N 1.61 1.7111 1.7334 1.9331 1.8556 2.8296 2.0859 5.7175

Langmuir 
isotherm

KL (L/mg) 0.0504 0.05758 0.0452 0.0578 0.0461 0.0973 0.07 0.1492
R2 0.991 0.998 0.9437 0.9519 0.9274 0.9486 0.9788 0.9558
qmax (exp) 116.279 104.1666 103.0927 86.2068 101.01 96.1538 76.923 52.6315
qmax (exp) 78.2038 73.4645 68.7253 63.986 69.6722 80.4304 58.914 48.1558

Dubinin–
Radushkevich

E (kJ/mol) 408.2482 408.2482 500 500 500 845.1542 500 1,581.1388
β (mol2/J2) 3 × 10–6 3 × 10–6 2 × 10–6 2 × 10–6 2 × 10–6 7 × 10–7 2 × 10–6 2 × 10–7

R2 0.8073 0.8265 0.6617 0.7175 0.6289 0.5251 0.6868 0.1492
qo (exp) 78.2038 73.4645 68.7253 63.986 69.6722 80.4304 58.914 48.1558
qo (cal) (mg/g) 57.0712 54.5708 45.7961 43.8774 44.3405 53.7637 42.1527 34.4669
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Table 2
Comparison of pseudo-first-order kinetics and pseudo-second-order kinetics models for dye adsorption

Dyes Adsorbents Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe (mg/g) 
cal

qe (mg/g) 
exp

R2 k1,ads qe (mg/g) 
cal

qe (mg/g) 
exp

R2 k2,ads

Reactive red 
120 dye

30°C

BMUM 278.6121 298.586 0.9906 0.0122 400 298.586 0.9968 0.00002
BMSS 255.7996 270.151 0.9978 0.0142 357.1428 270.151 0.9987 0.00003
BMPF 247.5711 241.715 0.996 0.0211 294.1176 241.715 0.9967 0.00007
BMM 246.3769 270.151 0.9994 0.0156 333.3333 270.151 0.9998 0.00005

40°C

BMUM 285.2331 289.108 0.999 0.0135 400 289.108 0.9958 0.00002
BMSS 258.9405 260.672 0.9983 0.0158 333.3333 260.672 0.9981 0.00004
BMPF 255.8558 241.715 0.9977 0.0214 294.1176 241.715 0.9944 0.00006
BMM 239.1663 260.672 1 0.0154 322.5806 260.672 0.9993 0.00005

50°C

BMUM 278.6121 289.108 0.9906 0.0122 416.6667 289.108 0.9943 0.00002
BMSS 255.7996 260.672 0.9978 0.0142 357.1428 260.672 0.9966 0.00003
BMPF 247.5711 232.236 0.996 0.0211 285.7142 232.236 0.9951 0.00006
BMM 236.9736 260.672 0.9905 0.0138 333.3333 260.672 0.9985 0.00004

60°C

BMUM 278.2274 279.629 0.9995 0.0133 400 279.629 0.9978 0.00002
BMSS 224.8536 251.193 0.9707 0.0133 322.5806 251.193 0.9931 0.00004
BMPF 276.8216 222.758 0.9855 0.0274 270.2702 222.758 0.9917 0.00007
BMM 239.1663 251.193 1 0.0154 322.5806 251.193 0.9992 0.00004

70°C

BMUM 271.7690 279.629 0.9911 0.0119 400 279.629 0.9895 0.00002
BMSS 255.1526 260.6719 0.9821 0.0128 384.6153 260.6719 0.9817 0.00003
BMPF 247.5711 222.7577 0.996 0.0211 285.7142 222.7577 0.9916 0.00005
BMM 234.8551 251.1934 0.9992 0.0133 322.5806 251.1934 0.9969 0.00004

Reactive 
green 5 dye

30°C

BMUM 248.4848 268.443 0.9639 0.0140 333.3333 268.443 0.9808 0.00004
BMSS 227.5621 246.926 0.986 0.0142 322.5806 246.926 0.996 0.00004
BMPF 228.2443 225.41 0.9975 0.0198 285.7142 225.41 0.991 0.00006
BMM 258.5830 268.443 0.9754 0.0154 357.1428 268.443 0.9852 0.00003

40°C

BMUM 151.3561 203.894 0.9937 0.0103 238.0925 203.894 0.9833 0.00008
BMSS 181.3844 203.894 0.9989 0.0119 256.4102 203.894 0.9944 0.00005
BMPF 223.9752 203.894 0.9787 0.0188 263.1578 203.894 0.9887 0.00005
BMM 211.7873 225.41 0.9891 0.0135 294.1176 225.41 0.9914 0.00004

50°C

BMUM 151.3561 182.3772 0.9937 0.0103 227.2727 182.3772 0.9802 0.00006
BMSS 203.9388 182.3772 0.9553 0.0179 243.9024 182.3772 0.945 0.00005
BMPF 223.9752 203.8936 0.9787 0.0188 263.1578 203.8936 0.9887 0.00005
BMM 211.7873 225.41 0.9891 0.0135 294.1176 225.41 0.9914 0.00004

Table 2 (Continued)
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powder. Appearances of peak near 874  cm–1 for calcium 
carbonate and 777.1 and 795.9  cm–1 shows the presence of 
silicates in the material. FTIR pattern for the nanocompos-
ites is shown in Fig. 8. Scanning electron microscope with 

TLD and ETD analysis were used to study the morphology 
and surface of BMUM and BMSS nanocomposites. At dif-
ferent magnifications, the scanning electron micrographs 
suggested that BMUM showed spherical and sub spherical 

Dyes Adsorbents Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe (mg/g) 
cal

qe (mg/g) 
exp

R2 k1,ads qe (mg/g) 
cal

qe (mg/g) 
exp

R2 k2,ads

Reactive 
green 5 dye

60°C

BMUM 141.2212 160.8608 0.9847 0.0151 192.3076 160.8608 0.9934 0.0001
BMSS 181.3844 182.3772 0.9989 0.0119 270.2702 182.3772 0.9969 0.00003
BMPF 196.7433 203.8936 0.9923 0.0128 294.1176 203.8936 0.9755 0.00003
BMM 210.4262 203.8936 0.9954 0.0191 256.4102 203.8936 0.9887 0.00006

70°C

BMUM 135.4565 160.861 0.9609 0.0092 204.0816 160.861 0.9364 0.00006
BMSS 151.3561 160.861 0.9937 0.0103 227.2727 160.861 0.983 0.00004
BMPF 190.4144 182.377 0.9703 0.0119 285.7142 182.377 0.9581 0.00002
BMM 223.9752 182.377 0.9787 0.0064 277.7778 182.377 0.9708 0.00003

Table 2

Table 3
Comparison of maximum adsorption capacities (mg/g) of reactive dyes on Barona marble nanocomposites (waste) with other 
adsorbents

Adsorbents Dye/Compound Adsorption capacity References

Peat Basic blue 9 15.70 mg/g

[5]
Furnace slag Acid blue 29 12.85 mg/g
Bentonite clay Acid red 91 161.1 mg/g
Fly ash Disperse red 1 140.1 mg/g

Nano-MgO
Reactive red (RR 198) 125 mg/g [14]
Reactive blue (RB 19) 166.7 mg/g

Activated carbon derived from poplar wood Acid red (AR 18) 29.41 mg/g [17]
Marble dust Methylene blue (MB) 16.36 mg/g [27]
Cellolignin Methylene blue (MB) 15.85 mg/g [30]
Activated sludge Reactive blue 2 (RB 2) and Reactive 

yellow 2 (RY 2)
107.1 mg/g
123.5 mg/g

[35]

Eggshell Reactive yellow 205 (RY 205) 0.2569 mg/g [36]
Raw marble powder Reactive red 195 99 mg/g [41]
Sorel’s cement Reactive yellow 145 (RY 145), Reactive 

red 194 (RR 194), Reactive blue B (RB-B)
120.89 mg/g [42]

Na-X zeolite Reactive black 5 (RB 5) 25.3 mg/g [43]
Na-X zeolite Brilliant green (BG) 24.13 mg/g [43]
Mango seeds activated carbon (MSAC) Doxorubicin hydrochloride (DOX) 0.25 mmol/g [46]
Zeolitic imidazolate framework-7 (ZIF-7) Methylene blue (MB) 2.42 mmol/g [44]
BMUM

Reactive red 120 (RR 120)

298.5 mg/g

Present 
study

BMSS 270.1 mg/g
BMPF 241.7 mg/g
BMM 270.1 mg/g
BMUM

Reactive green 5 (RG 5)

268.4 mg/g
BMSS 246.9 mg/g
BMPF 225.4 mg/g
BMM 268.4 mg/g
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Fig. 8. Characterization of Barona marble nanocomposites (a) X-ray diffraction spectra of Barona unmodified, (b) X-ray diffrac-
tion spectra of Barona modified with sodium metasilicate, (c) Fourier-transform infrared spectra of Barona unmodified and 
(d) Fourier-transform infrared spectra of Barona modified with sodium metasilicate.
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and cylindrical shapes of particles (as nanotube formation) 
with less pore size and BMSS shows irregular shapes of 
different particle size with increase pore size due to mod-
ification to facilitate adsorption. The morphological study 
of both adsorbents at different magnifications given sepa-
rately in Fig. 9. The characterization results clearly indi-
cated that prepared nanocomposites have better surface 
and adsorption properties than the pure material.

3.5. Study of desorption and reusability of adsorbents

In this context, the reusability of marble having maxi-
mum adsorption capacity was investigated by using CH3OH 
as an eluent for up to five consecutive cycles (Fig. 10). The 
amount of dye present in the solution was checked to cal-
culate the removal efficiency after each cycle. It can be 
noted from results that dye uptake capacity of adsorbent 
was slightly affected after each cycle. Thus, this adsorbent 
can be effectively used for dye removal for several cycles.

4. Conclusions

Nowadays, one of the most important sources of envi-
ronmental pollution is chemical coloring agents in waste-
water released from textile factories. Adsorption was used 
as a cost-effective and efficient, non-toxic technique for the 
treatment of wastewater. Optimization of the adsorption 
process was found effective or high removal efficiency at 
50  ppm initial dye concentration, low adsorbent dosage 
of 0.05  g, maximum time of 30–240  min, and 60°C–70°C 
temperature, at 5 or 6 pH. For all four adsorbent nano-
composites, the equilibrium adsorption data best fitted to 
Freundlich isotherm model. All nanocomposites (BMUM, 
BMSS, BMPF, and BMM) fitted well to pseudo-first-order 
kinetic model. The finding of the present studies suggests 
that these marble nanocomposites can be used at the com-
mercial level for wastewater treatment.
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Fig. 9. Scanning electron micrographs of nanocomposites at various resolutions (i) Barona unmodified and (ii) Barona modified 
with sodium metasilicate.
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