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Abstract−Polymorphous aluminosilicate, such as Andalusite, Kyanite and Sillimanite, were prepared and character-
ized by XRF, XRD, FT-IR and SEM analysis. These cheap and accessible nanoparticles were used for removal of
Disperse Red 177 and Disperse Blue 60 dyes. The adsorption process was held in a batch system considering the effects
of major parameters consist of pH, adsorbent dosage, dye initial concentration and temperature. The obtained results
show that both Freundlich and Temkin isotherms suitably fit with experimental data of adsorption of dyes in equilib-
rium mode. Also, the adsorption of dyes follows and matches pseudo-second-order kinetic model for Andalusite,
Kyanite and Sillimanite nanoadsorbents. Thermodynamic study of dye adsorption process proves low randomness,
exothermicity and spontaneous reactions. The comparison of three adsorbent efficiencies for adsorption of DR-177 and
D-B-60 dyes was as: Andalusite>Sillimanite>Kyanite and Sillimanite>Kyanite>Andalusite, respectively.
Keywords: Andalusite, Kyanite and Sillimanite Nanominerals, Disperse Dyes Removal, Adsorption

INTRODUCTION

Dyes are of a great concern due to their being harmful to the
environment, not only for humans but also for aquatic life. They
are carcinogenic, mutagenic and allergenic. They also prevent sun-
light penetration through water by absorption and reflection caus-
ing growth of bacteria and biological attacks [1-5]. Their discharge
into the hydrosphere causes an unpleasant color and foul odor
[5,6]. Many industries use dyes, such as paper, leather tanning, food
processing, cosmetics, printing and so on [5-7]. Among them, tex-
tile industries are the most consumers of dyes [8,9]. Each year
around 100 tons of dyes are discharged into water effluents [5].

Disperse dyes are used to color polyester, nylon, acetate, cellu-
lose and acrylic. They are organic non-ionic compounds, nearly
insoluble in water, applied in water by using a simple immersion
technique which consumes large amount of water [10,11]. As a
result, more than 40% of amount of dyes is not fixed to textile fibers

[11]. Different methods have been used for removal of dyes includ-
ing coagulation-flocculation [12], electrochemical treatment [13],
membrane separation [14], biological treatment [15] and adsorp-
tion process [16-18]. Among them, adsorption is the most conve-
nient method due to its low cost, simple operation and high effi-
ciency [19-21]. The most commonly used adsorbent for industrial
applications is activated carbon due to its high porosity and large
surface area, which makes it effective [22]. But the cost of produc-
ing or regenerating activated carbon make it an expensive adsor-
bent [23,24]. This high cost has motivated the search for alternative
economical and efficient adsorbents [6]. In addition, it has been
announced that the use of activated carbon for disperse and vat
dyes is inefficient [25,26].

Natural materials are among the adsorbents which have gained
great attention due to their natural base and environmental friendly
characteristics [27]. Quite a few of them have been reported being
used as an adsorbent, such as perlite [28], diatomite [29], clay [30],

Fig. 1. The crystallography of Andalusite (left), Kyanite (center) and Sillimanite (right) minerals [40].
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fly ash [31], red mud [32], and zeolite [33]. Using natural adsor-
bent in nano scale will increase their efficiency because of particle
size reduction and as a result, surface area increase [27]. Polymorphs
of aluminosilicates are widely used as refractory materials. Anda-
lusite is a raw material in the ceramic industry and high tempera-
ture applications [34]. Kyanite refractories are used in furnaces for
smelting non-ferrous metals like copper, zinc and nickel alloys [35].
Sillimanite is a very good raw material for production of refractory
breaks due to its high thermal shock resistance. Sillimanite-based
refractory breaks are used in the lining of blast furnaces, soaking
pits, reheating furnaces of iron and steel and rotary kilns of cement
manufacturing [36,37].

Although three anhydrous aluminum silicate minerals, Andalu-
site, Kyanite and Sillimanite, are of same chemical composition,
Al2SiO5, they have different crystal structures and physical proper-
ties [38,39]. The crystallography of these minerals is shown in Fig. 1.

Table 1. XRF analyze of ANPs, KNPs and SNPs
Analyte ANPs (wt%) KNPs (wt%) SNPs (wt%)
Al2O3 46.31 40.82 34.41
SiO2 34.37 32.13 38.35
Fe2O3 13.78 11.58 13.16
TiO2 01.92 02.26 03.50
MgO 00.03 05.98 02.81
ZrO2 00.31 03.09 02.14
CaO 00.75 00.68 00.86
MnO 00.02 00.27 00.15
P2O5 00.03 00.99 00.92
Na2O 01.00 01.71 01.34
K2O 01.48 00.49 01.75
Summation 100 100 100

Fig. 2. XRD patterns of ANPs, KNPs and SNPs.
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Based on Fig. 1, in Andalusite Al[6]Al[5]SiO5, an orthorhombic
polymorph, half the Al is found in octahedral chains and the other
half occurs in 5-coordinated polyhedral which are linked by SiO4

tetrahedra. For Kyanite Al[6]Al[6]SiO5, the triclinic polymorph, all of
the Al is octahedrally coordinated. It occurs as octahedral chains
parallel to c and as isolated Al octahedral. Finally, in Sillimanite
Al[6]Al[4]SiO5, another orthorhombic polymorph, the octahedrally
coordinated Al is found in octahedral chains and adjacent tetrahe-
dral chains consist of alternating tetrahedral AlO4 and SiO4 groups
[40].

Except for Andalusite, Kyanite and Sillimanite raw minerals re-
ported of being used as an adsorbent [35,37,41,42], but not at nano
scale. So, based on a literature review, the objectives of this study
were preparation, characterization and utilization of Andalusite,
Kyanite and Sillimanite as natural nano adsorbents for removal of
disperse red 177 (DR-177) and disperse blue 60 (DB-60) dyes in
the batch system.

MATERIALS AND METHODOLOGY

1. Materials
Andalusite, Kyanite and Sillimanite raw samples were obtained

from internal sources in Hamadan aluminosilicate mine, Iran.
DR-177 and DB-60 dyes and all other chemicals including sodium
hydroxide and chloridric acid were manufactured by Merck Com-
pany.
2. Adsorbents Modification

Three adsorbents were washed by distilled water and then dried
at 100 oC for eight hours. To reach the appropriate size, adsorbents
were crushed using a planetary ball mill (Narva-MPM-2*250H
model) in 550 RPM for five hours.
3. Nanoadsorbent Characterization
3-1. XRF Analysis

To investigate the chemical composition of modified Andalusite,
Kyanite and Sillimanite nanoparticles (ANPs, KNPs and SNPs,
respectively), they were analyzed through X-ray fluorescence (Shi-
madzu XRF-1800), as shown in Table 1.

Table 1 shows that the major components are Al2O3, SiO2 and
Fe2O3.
3-2. XRD Analysis

In the next stage, ANPs, KNPs and SNPs were analyzed through
X-ray diffraction (XMD300-Unisantis). XRD patterns of ANPs,
KNPs and SNPs are shown in Fig. 2.

According to Fig. 2 major peaks are SiO2, Al2O3 and Fe2O3 com-
ponents. XRD spectra for ANPs and KNPs have singular sharp
peaks, but SNPs have a noisy spectra that is referred to as orthor-
hombic string morphology of SNPs (see Fig. 1).
3-3. SEM Image

Fig. 3 shows the surface morphology of modified ANPs, KNPs
and SNPs using a scanning electron microscopy analysis (LEO-
1455VP model).

Similar observation for three nanoadsorbents is obvious with
granular, spherical and homogenous issue of particles and particle
size less than 100 nm, totally.
3-4. FT-IR Spectra

FT-IR curves were drawn to demonstrate the presence of differ-

ent functional groups on adsorbents surface. Fig. 4 shows FT-IR
spectra of nanoadsorbents.

For ANPs, KNPs and SNPs seven main common absorption
bands are observed at 458 cm−1 (B1), 607 cm−1 (B2), 976 cm−1 (B3),
1,398 cm−1 (B4), 1,629 cm−1 (B5), 3,128 cm−1 (B6) and 3,431 cm−1

(B7). Bands B1and B2 are deformation vibration of silica tetrahe-
dron and the vibration of Al-O octahedron. Band B3 is attributed
to symmetrical and asymmetrical vibration of silica tetrahedron
[43]. Band B4 is the deformation band of molecular water. Band

Fig. 3. SEM images of ANPs, KNPs and SNPs.
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B5 is attributed to molecular adsorbed water. Band B6 is OH
related [44]. Band B7 is related to OH defects on oxygen sites [45].
The intensity of B4, B5 and B6 bands is closely related to the water
content, similar to other silicate materials, such as volcanic tuffs,
diatomite, perlite and zeolites [27].
4. Experimental Studies
4-1. Batch Mode

Experiments were carried out with 250 ml of synthetic dye solu-
tions volume. In each test 0.5 g of adsorbents was used in 100 mg/l
of dye concentrations under room temperature and desired pH,
except for those of which were done to find the effects of respective
factor. The pH of dye solutions was adjusted using 1.0 M NaOH
and 1.0 M HCl solutions, measured with a digital pH meter (AZ
pH/mV/Temp. meter. 86502). Initial dye and adsorbents concen-
trations effects were studied for 50, 100, 150 and 200 mg/l of each
dye and 0.1, 0.2, 0.3, 0.4 and 0.5 g of each adsorbent, respectively.
Finally the effects of temperature change were investigated using a
hot plate to adjust the temperature. Samples were taken at time
intervals of 10, 20, 40, 60, 80, 100 and 120 min and then centri-
fuged. The amount of dye concentrations was measured by spec-
trophotometer (UV Visible/2100, Unico, USA) corresponding to
their maximum absorbance. The percentage removal of dyes was
computed by Eq. (1):

(1)

where C0 and Ct are initial concentration and concentration at time,
respectively. The amount of dye adsorbed at equilibrium (mg/g)
was calculated by a mass-balance relationship:

(2)

where, C0 and Ce are the initial and equilibrium dye concentration,
respectively (mg/l), V is the volume of solution (mL) and m is the
adsorbents dosage (g).
4-2. Effect of pH

The pH of the solution plays an important role in adsorption
process, affecting adsorbent surface charge. In Fig. 5, the effect of
pH on removal of DR-177 dye by ANPs (a), KNPs (b), SNPs (c)
and DB-60 dye by ANPs (d), KNPs (e) and SNPs (f) is shown.

According to Fig. 5, the effect of pH on dye removal indicates
the maximum uptake occurs at pH 2. Many researchers reported
that adsorption of disperse dyes best happens at acidic pH [9,24-
26,46]. Two factors may cause this phenomenon. First, disperse
dyes are non-ionic and are negatively charged in solution. At low
pH, the adsorbent surface is positively charged. So high adsorp-
tion capacity is due to high electrostatic interaction between nega-
tive dye particles and positive adsorbent surface as well as lower
amount of OH− ions at acidic pH values. Increase of the pH parame-
ter would change the adsorbent surface charge negatively and also
increase OH− ions competing with anionic dye molecules for the
adsorbent sites [24-26]. The second parameter is hydrophobic reac-
tion, which is due to hydrophobicity of disperse dyes. So they show
higher affinity for solid surfaces than for water [47].
4-3. Effect of Initial Dye Concentration

As mentioned, initial concentration of DR-177 and DB-60 dyes
was changed in the 50-200 mg/L ranges. The effect of variability of
initial dye concentration on the adsorption process is shown in
Fig. 6.

It is clear that with an increase of dye concentration, adsorp-
tion capacity decreased. This can be explained by the fact that the
adsorbent has a limited number of activated sites. At low concen-
trations the ratio of surface active sites to the total dye molecules is
high, but with increased dye concentrations, the number of active

Removal %( )  = 
C0  − Ct

C0
----------------

⎝ ⎠
⎛ ⎞ 100×

qe = 
C0 − Ce( ) V×

m
-----------------------------

Fig. 4. FT-IR spectra of ANPs, KNPs and SNPs.
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adsorption sites is not enough to accommodate dye molecules
[24].
4-4. Effect of Initial Adsorbents Dosage

Based on Fig. 7, which shows the effect of initial adsorbent con-
centration on removal of dyes, it can be inferred that increasing the
amount of adsorbent will increase the percentage of dye removal.
This indicates that increase of adsorbent dose increases the sorp-
tion surface. Maximum uptake happens at 0.5 g adsorbent dos-
age. Although all dosages are successful in removing dyes and they
reach the equilibrium after 90 min except for 0.1 g, but higher
amounts have higher rapidity.
4-5. Effect of Temperature

The effect of temperature on DR-177 and DB-60 dyes removal
from aqueous solution was considered for 283, 294, 303 and 313 oK.

The results of temperature changes are shown in Fig. 8.
According to Fig. 8, the percentage removal with respect to time

for 283, 294, 303 and 313 oK, rise of temperature can accelerate the
adsorption process and reduce the equilibrium time.
5. Adsorption Isotherms

Equilibrium data, commonly known as adsorption isotherms,
are the basic requirements for the design of adsorption systems.
Obtaining equilibrium for a specific adsorbate-adsorbent system
can be performed experimentally with a time-consuming proce-
dure [48]. In addition to Langmuir and Freundlich, the two most
commonly isotherms, the Temkin isotherm also has been used to
analyze the equilibrium data.

The Langmuir isotherm model assumes that sorption takes
place at specific homogeneous sites within the adsorbent. Thus, the

Fig. 5. Effect of pH on removal of DR-177 dye by ANPs (a), KNPs (b), SNPs (c) and DB-60 dye by ANPs (d), KNPs (e) and SNPs (f).
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adsorption process is monolayer based. While, the Freundlich model
is based on multilayered adsorption on a heterogeneous surface
[49]. Temkin isotherm model assumes that heat of sorption of all
molecules in the layer decreases linearly with coverage due to sor-
bate-sorbate interactions, and sorption is characterized by a uni-
form distribution of binding energies, up to some maximum binding
energy. It indicates that the fall in the heat of sorption is linear
rather than logarithmic as implied in Freundlich equation [50].
Table 2 shows the models and their linear forms.

In Table 2, qe is the amount adsorbed at equilibrium (mg/g)
and Ce is the equilibrium concentration of solution (mg/l). For the
Langmuir isotherm, qm is a constant related to the area occupied

by a monolayer of the adsorbate, reflecting the maximum adsorp-
tion capacity (mg/g) and KL is a direct measure of the intensity of
adsorption (l/mg). In the Freundlich isotherm, KF ((mg/g) (l/mg)1/n

and n (dimensionless) are constants incorporating all factors affect-
ing the adsorption process, such as adsorption capacity and inten-
sity, respectively. In the Temkin isotherm, R is the gas constant
(8.314 J/Mol K), T is the absolute temperature (K), KT is the equi-
librium binding constant (l/mg) and b is the Temkin constant related
to the heat of sorption (J/Mol). In Fig. 9, the diagrams of isotherm
modeling are shown.

Equilibrium data for the adsorption of DR-177 dye and DB-60
dye by ANPs, KNPs and SNPs are shown in Table 3.

Fig. 6. Effect of initial dye concentration on removal percentage of DR-177 dye by ANPs (a), KNPs (b), SNPs (c) and DB-60 dye by ANPs (d),
KNPs (e) and SNPs (f).
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According to Table 3, the adsorption of DB-60 dye by KNPs
and SNPs follows the Freundlich isotherm model, but for ANPs,
the Temkin isotherm has a better correlation. Also, adsorption of
DR-177 dye by KNPs and SNPs obeys the Temkin isotherm model,
and by ANPs, follows the Freundlich isotherm. This is due to their
high correlation coefficient (R2), which proves a great fitness.
6. Adsorption Kinetics
6-1. Pseudo-first and Pseudo-second-order Kinetic Models

Adsorption kinetic studies are important in the treatment of
aqueous effluents because they provide valuable information about
the mechanism of the adsorption process [52]. Thus, pseudo-first-

order and pseudo-second-order kinetic models were used to model
the adsorption kinetic of DR-177 dye and DB-60 dye on ANPs,
KNPs and SNPs. The agreement of experimental data and the
model predicted values is expressed by the correlation coefficients
(R2). The models are listed in Table 4.

In Table 4, qe and qt are the amounts of metal ions adsorbed on
the adsorbent (mg/g) at equilibrium and at time t, respectively, k1

is the rate constant of first-order adsorption (min−1) and k2 is the
rate constant of second-order adsorption (g/(mg min)). The dia-
grams for isotherm modeling of pseudo-first and second order are
shown in Fig. 10.

Fig. 7. Removal of DR-177 dye with respect to concentration of ANPs (a), KNPs (b) and SNPs (c) and also DB-60 dye by ANPs (d), KNPs (e)
and SNPs (f).
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Fig. 8. Effect of temperature on removal of DR-177 dye by ANPs (a), KNPs (b), SNPs(c) and DB-60 dye by ANPs (d), KNPs (e) and SNPs (f).

Table 2. Isotherm models and their linear forms [51]
Isotherm model Equation A linear form Plot
Langmuir

Freundlich

Temkin

qe = 
qmKLCe

1+ KLCe
-------------------

Ce

qe
----- = 

1
KLqm
------------ + 

1
qm
------Ce

Ce

qe
----- vs. Ce

qe = KFCe
1/n

qe( ) = KF + 
1
n
--- Celnlnln qe vs. Celnln

qe = 
RT
b
------- KTCe( )ln qe = 

RT
b
------- KT + 

RT
b
------- Celnln qe vs. Celn
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The values of parameters obtained by kinetic models together
with the amount of adsorption at equilibrium (qe Exp) are shown
in Table 5.

According to Table 5, from a high value of correlation coeffi-
cients as well as the agreement of calculated and experimental qe,
it can be demonstrated that the adsorption of DR-177 and DB-60
dyes follows a pseudo-second-order kinetic model. Therefore,

chemisorption may be the rate limiting step [27].
6-2. Intraparticle Diffusion Model

It is generally known that a typical liquid/solid adsorption involves
film diffusion, intraparticle diffusion and mass action. For kinetic
study, mass action is very rapid and can be neglected. Thus the
kinetic process of adsorption is always controlled by film or intra-
particle diffusion, i.e., one of them should be the rate limiting step

Fig. 9. Isotherm modeling diagrams of Langmuir (a), Freundlich (b) and Temkin (c).

Table 3. Langmuir, Freundlich and Temkin isotherm parameters on adsorption of DR-177 dye and DB-60 dye by ANPs, KNPs and SNPs

Adsorbent Dye
Langmuir Freundlich Temkin

qm (mg/g) KL R2 KF n R2 B1 KT R2

ANPs DB-60 178.571 0.052 0.825 01.576 0.477 0.851 280.110 4.836 0.948
DR-177 222.222 0.102 0.751 27.500 1.643 0.924 046.354 1.054 0.897

KNPs DB-60 212.766 0.028 0.933 03.815 0.744 0.994 099.667 4.152 0.973
DR-177 035.714 0.143 0.171 13.682 0.223 0.898 613.990 4.173 0.973

SNPs DB-60 333.333 0.030 0.881 07.122 0.763 0.991 144.160 3.283 0.942
DR-177 200.000 0.035 0.792 03.264 0.640 0.987 173.400 4.500 0.994

Table 4. Kinetic models and their linear form [27]
Kinetic model Equation A linear form Plot
Pseudo-first-order

Pseudo-second-order

dqt

dt
------- = k1 qe − qt( )

qe − qt( ) = qe − k1tlnln qe − qt( ) vs. tln

dqt

dt
------- = k2 qe − qt( )

2 t
qt
---- = 

1
k2qe

2
---------- + 

1
qe
----t t

qt
---- vs. t
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[53]. Intraparticle diffusion model [54] can be defined as:

where C is the intercept and related to the thickness of boundary
layer, m is the mass of sorbent (g), qt the amount of solute adsorbed
at time t (mg/g), and Ki is the initial rate of intraparticle diffusion
(mg/(l s1/2)). In case of intraparticle diffusion model, the plot of qt

vs. square root of contact time may result a straight line, passing
through the origin, indicating that the intraparticle diffusion is the
sole rate limiting step [55]. Such plots are shown in Fig. 11.

Fig. 11 presents multiline plots [25,26], showing that two steps
are occurring. All plots contain an initial linear portion followed
by a plateau. The initial linear portion is the gradual adsorption
stage where intraparticle diffusion is rate controlled, and the fol-
lowing portion is the final equilibrium stage where intraparticle
diffusion slows down due to the low concentration in the solution.
The intercept values show the possibility of some boundary layer

operation. The external surface portion, film diffusion, is absent
due to completion before ten minutes.

From the slopes of linear parts in Fig. 11, the values of Ki can be
estimated. These values are presented in Table 6.

To prove the absence of film diffusion step, the experimental
data was plotted, using the Boyd equation. If the plots are linear
and pass through origin, then the slowest (rate controlling) step in
the adsorption process is the internal diffusion [56]. Fig. 12 pres-
ents the Boyd plot.

The results indicate the fitness of intraparticle diffusion model
for the initial linear portion only, but the pseudo-second-order
kinetic model for the whole adsorption process.
7. Thermodynamic Study

The effect of temperature on the adsorption of DR-177 and
DB-60 dyes onto ANPs, KNPs and SNPs was estimated by deter-

qt = 
ki

m
----t0.5

 + C

Fig. 10. Diagrams of pseudo-first-order (a) and pseudo-second-
order (b) kinetic modeling.

Table 5. Pseudo-first and second order kinetic model parameters for adsorption of DR-177 and DB-60 dyes onto ANPs, KNPs and SNPs

Adsorbent Dye
Pseudo-first-order Pseudo-second-order qe Exp.

(mg/g)K1 (1/min) qe (mg/g) R2 K2 (g/mg/min) qe (mg/g) R2

ANPs DB-60 0.037 13.896 0.634 0.011 59.171 0.999 58.449
DR-177 0.023 11.598 0.679 0.015 48.543 0.999 48.816

KNPs DB-60 0.024 05.593 0.460 0.043 46.729 0.999 46.759
DR-177 0.033 13.225 0.739 0.012 49.505 0.999 49.123

SNPs DB-60 0.030 05.360 0.449 0.042 48.077 0.999 47.963
DR-177 0.024 06.162 0.440 0.030 46.948 0.999 47.149

Table 6. Parameters of intraparticle diffusion model for the adsorp-
tion of DR-177 and DB-60 dyes onto ANPs, KNPs and
SNPs

Adsorbent Dye Ki1 r1
2 Ki2 r2

2

ANPs DB-60 08.036 0.980 01.951 0.952
DR-177 25.618 0.920 08.052 0.858

KNPs DB-60 07.464 0.844 14.480 0.886
DR-177 36.917 0.975 04.705 0.945

SNPs DB-60 06.265 0.920 00.577 0.826
DR-177 27.918 0.972 09.364 0.934

Fig. 11. Intraparticle diffusion kinetics of DR-177 and DB-60 dyes
onto ANPs, KNPs and SNPs.
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mining the free energy change (ΔG0), enthalpy change (ΔH0) and
entropy change (ΔS0). Thermodynamic parameters were calculated
using the following equations [57-59]:

(4)

(5)

(6)

(7)

where Kd is the equilibrium constant (L/mol), R is the gas constant
(8.314J/mol K) and T is the temperature (K). Considering the rela-
tionship between ΔG0 and Kd, ΔH0 and ΔS0 were determined from
the slope and intercept of the van’t Hoff plots of ln(Kd) vs. 1/T. 

Calculated thermodynamic parameters are presented in Table 7.
Negative values of ΔG0 confirm the spontaneous nature of the

adsorption process. Also, the increase in the negative ΔG0 values
with an increase of temperature indicates that the adsorption be-
comes more favorable at higher temperatures. For all the reactions,
enthalpy values are negative, showing that the adsorption process
is exothermic. Low positive values of entropy prove low random-
ness at the solid/solution interface.

CONCLUSION

Three anhydrous aluminum silicate minerals, Andalusite, Kyanite

and Sillimanite, were used as nanoadsorbents for removal of DR-
177 and DB-60 dyes. All the adsorbents were characterized using
FT-IR, XRD, XRF and SEM analyses. The results of XRF and XRD
analyses show that the major components are Al2O3, SiO2 and
Fe2O3. SEM analysis proves particle size less than 100nm with granu-
lar, spherical and homogeneous issue of particles. Finally, FT-IR
analysis was used to demonstrate the presence of different func-
tional groups on adsorbents surfaces. This study proved that ANPs,
KNPs and SNPs have a high adsorption capacity and adsorption
rate for the DR-177 and DB-60 dyes adsorption. Therefore, they
are potential candidates for the removal of dyes from wastewaters.
During this research, the adsorption of DR-177 and DB-60 dyes
onto ANPs, KNPs and SNPs minerals was investigated, based on
the effects of pH, initial dye concentration, adsorbent dosage and
temperature. Further studies were done calculating isotherm and
kinetic models as well as thermodynamic parameters. The opti-
mal pH was 2 and an increase of initial dye concentration, adsor-
bent dosage and temperature had a negative, positive and positive
effect on the adsorption, respectively. Temkin and Freundlich iso-
therms could describe the equilibrium data. The calculated data
showed better correlation with pseudo-second-order kinetic model
for the whole process, while the intraparticle diffusion model fitted
just for the primary portion. Thermodynamic parameters value
reflected the spontaneous, exothermic nature of the adsorption
process and low randomness at the solid/solution interface.
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DR-177 −11.521 0.050 −25.403 −25.943 −26.384 −26.875

KNPs
DB-60 −38.667 0.040 −49.725 −50.155 −50.507 −50.897
DR-177 −15.098 0.036 −25.451 −25.853 −26.182 −26.548

SNPs DB-60 −19.979 0.020 −25.861 −26.090 −26.277 −26.485
DR-177 −28.371 0.007 −30.254 −30.327 −30.387 −30.453
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