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Hydrothermal Synthesis of High Surface Area
Mesoporous Silica as an Efficient Adsorbent for
Removal of Crystal Violet Dye From Aqueous
Solution

Inaam H. Ali *, Ameera Hassan Hamed , Ennas Abdul Hussein ,
Saadiyah A. Dhahir

Department of Chemistry, College of Science for Women, University of Baghdad, Baghdad, Iraq

ABSTRACT

In this work, a sample of mesoporous silica (MPS) with a high surface area was prepared by hydrothermal synthesis
procedure. To investigate the properties of the prepared sample, it was characterized using different techniques like
N2 Adsorption-desorption, Scanning electron microscopy (SEM), X-ray diffraction (XRD) and Atomic Force microscopy
(AFM). In order to evaluate the efficiency of the prepared MPS, adsorption study was carried to examine the ability of
MPS to remove crystal violet dye (CV) from aqueous solution. The study was done in different conditions of initial concen-
tration (25–60 mg/L) of dye, dosage of MPS (0.01–0.05 g) and temperature range (293–323 K). The results were applied
to three adsorption isotherms which are, Langmuir, Freundlich and Temkin models and gave a very high match with
Freundlich equation (R2

= 0.9678). The kinetics of adsorption study was also applied using first order and second order
kinetics model in addition to intra particle diffusion model. It reveals that removals of CV dye by MPS is a second order re-
action and diffusion step is not the only limiting steps as the linear equation of intraparticle diffusion did not pass through
origin. Thermodynamic investigation reveals spontaneous behavior and endothermic nature of adsorption process.

Keywords: Crystal violet, High surface area, Hydrothermal, Mesoporous silica, Sodium silicate

Introduction

Since being found by Mobil scientists in the 1990s,
mesoporous silica has attracted a lot of attention
by scientific community in many fields, including
drug delivery, catalysis, and adsorption and energy
storage.1–4 These materials are widely employed in
pharmaceutical administration and adsorption pro-
cesses due to its surface characteristics, such as
significant specific surface area and pore size. In ad-
dition, mesoporous silica is now establishing itself as
a prominent class of nanomaterials.5

Sol-gel, micro-emulsion, and hydrothermal synthe-
sis are three important approaches for producing

mesoporous silica. Hydrothermal synthesis tends to
be the most efficient as well as easiest of these
procedures due to its unique characteristic: it can
completely dissolve the precursor, thereby shortening
the material reaction time, while also increasing the
material’s hydrothermal stability.6 In this method,
surfactants are used as a template agent and acid or
alkali as a catalyst. After which an inorganic com-
ponent is gradually added to the combined solution
to form a hydrogel that is then placed in the auto-
clave at high temperature and pressure.7 As a result,
this method has been widely used in the synthesis
of mesoporous silica with unique characteristic for
environmental applications.8,9
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Many kinds of mesoporous materials with diverse
structures and pore sizes have been discovered by
using different types of surfactants as template.
Cationic and nonionic surfactants are most commonly
used as the template to form mesoporous materi-
als,10,11 but only disordered mesoporous materials
could be obtained by using anionic surfactants.12

Zwitterions-surfactant-templated mesoporous silica
with highly ordered mesostructured have been rarely
prepared.

Huge amounts of dyes are regularly used to color
products in several industries, such as printing, pa-
pers, textiles, and sand. Some dyes are introduced
into the product during the coloring process, and
some of them end up in the effluent. There are thou-
sands of synthetic dyes on the market at present.
Some of them can be used to color food and bever-
ages while still being healthy for people, but others
can be causing harm and possibly hazardous to their
health.13 Ionic dyes tend to be water soluble, which
poses potential dangers to both the environment and
human health. As a result, several studies have been
attracted to the removal of ionic dyes from wastew-
ater.14–17 A particular kind of these dyes that has
an adverse impact on human health is crystal violet.
Even at low concentrations, crystal violet (CV) can
cause allergies and skin cancer.18 They are poisonous,
mutagenic, and carcinogenic. After ingesting crystal
violet by mouth, it is possible to get nausea, vomiting,
diarrhea, and gastritis.19

Because of its low cost, high efficiency, simple pro-
cedure, and simple design, adsorption has become
one of the most versatile and widely applied tech-
niques in water treatment technology. Therefore, the
objective of the present work was to explore the
possibility of removing the synthetic dye CV by a
high surface area of MPS and optimizing the best
conditions to yield highly efficient adsorption pro-
cess. The method of preparation the adsorbent was
hydrothermal method using a cocamidopropyl be-
taine a type of zwitterion surfactant as a template
and an inexpensive sodium silicate as a precursor of
silica.

Materials and methods

Materials

Cocamidopropylbetaine (CAPB) as a zwitterions
surfactant (28% in water) was obtained from the state
company of plants oil, sodium silicate (water glass,
14% NaOH + 27% SiO2) was purchased from local
market, crystal violet dye (CV) was supplied from
(BDH) and sulfuric acid is ACS, reagent with concen-
tration 95%.

Synthesis method

MPS was prepared by dissolving 12 g of CAPB
in 150 ml of distilled water, after that (17 ml) of
1M H2SO4 was add to the solution with continuous
stirring. The sodium silicate (3.5 g) was dissolved
in 150 ml of distilled water in a separate container,
then placed in a burette, and added onto the acid-
surfactant solution drop by drop over duration of
three hours to control the pH of the reaction mixture.
The final solution was heated for 24 hours at 80 ◦C in
the autoclave until a white precipitate developed at
which point it was collected by filtration. The product
was washed in water, and the surfactant that was used
was removed through four hours of calcinations at
600 ◦C.10

Adsorption method

A 500 mL volumetric flask was used to prepare
1000 mg/L of CV by dissolving 0.5 g of this dye in dis-
tilled water to obtain the stock solution. As required
for the calibration curve, different concentrations
(1–10 mg/L) of the corresponding dye stock solution
have been prepared. The absorbance has been mea-
sured at the wavelength of 592 nm using a Shimadzu
double-beam UV–Vis spectrophotometer.

Batch adsorption studies have been carried out to
assess how the system’s performance is influenced by
a number of variables, such as the temperature, con-
tact time, adsorbent amount, and CV concentration.

The amount adsorbed of CV dye on the mesoporous
silica was determined as follow: Eq. (1).

qe =
(C0 −Ce) V

w
(1)

Where V is the volume of solution in liters, C0 and
Ce are the concentrations of CV (mg/L) during the
initial and equilibrium adsorption stages respectively,
and w is the weight of MPS in grams.

For a 15 mg/L CV concentration, the impact of the
adsorbent quantity was investigated using a range of
adsorbent amounts (0.01–0.05) g/50 mL of dye. The
thermostatic shaker bath’s agitation speed was set at
200 rpm for all experiments, and the temperature was
maintained at 298 K.

By employing 0.01g of adsorbent in 50 ml of CV
solution (15 mg/L) in 250 ml flasks, the influence
of contact time on the adsorption process of CV was
investigated. 2 mL of sample was poured out every
10 minutes, and the concentration was determined
till equilibrium had been established. Adsorption
isotherms were studied in the temperature range
of 288–318 K by taking a range of concentration
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Fig. 1. Adsorption-desorption hysteresis loop for the prepared MPS.

(25–60 mg/L) of dye with constant amount of MPS
(0.01g) and a fixed contact time reached to 60 min.

Results and discussion

Characterization of synthesized adsorbent

N2 adsorption-desorption isotherm
The adsorption-desorption of nitrogen gas at 77 K

provides an analysis of surface area, pore volume,
pore size, and pore size distribution for MPS prepared
in this study. As shown in Fig. 1 as a qualitative
analysis the adsorption isotherms for the MPS can
be considered type IV according to the common
classification of adsorption isotherms and a steep
capillary condensation step occurred at a relative
pressure (P/P0) ranging from 0.299 to 0.498. Accord-
ing to the IUPAC classification, the hysteresis loops
seen are characteristic for mesoporous materials and
match loops of type H1.20 The BET surface area was
found equal to 778.7 m2/g and the pore volume
8.723 cm3/g and the pore size 4.09 nm.

Atomic force microscopy (AFM)
The particle size and surface organization of the

prepared MPS were evaluated using atomic force mi-
croscopy. Fig. 2 displays the surface roughness of
the material under investigation. It demonstrates that
the average particle size was 76.92 nm, while the
diameter of the particles ranged from 20 to 100 nm.

Scanning electron microscopy (SEM)
SEM microscopy is used to identify the size and

shape of the prepared MPS. The surface morphology
for the prepared sample is shown in Fig. 3 and show
rod particle shape with highly dense aggregation.

The image displays range of nanoparticles size ap-
proximately between (50–85 nm). EDX image shows
percentages of silicon and oxygen in the prepared
sample which were 52.2% and 47.6% respectively,
while disappearance of sodium confirms effective re-
moval of impurities from the sample.21

X-Ray diffraction (XRD)
The XRD pattern of the prepared MPS is shown

in Fig. 4. Two intense peaks around 2θ = 0.76
and 1.46 indexed as (100), (110) reflections were
observed which confirmed the characteristic of a
two-dimensional (2D) hexagonal (6 mm) structure
with spacing of approximately 3.8 nm.22

Adsorption of CV dye on prepared sample

Effect of time on adsorption process
Concentrations of 15 mg/L of CV dye were used

in this study to investigate the period of time that it
takes for the adsorption equilibrium to be attained.
Fig. 5 depicts the change of the adsorbed quan-
tity over time, presents the results. It can observe
from the figure that two phases appear the first fast
and the subsequent slow, until the equilibrium is
practically reached after 60 minutes. This is caused
by the high initial availability of the adsorbent-
free active sites, which decreases as the adsorption
proceeds.23

Effect of MPS dosage on adsorption process
The effect of MPS dosage on adsorption of CV

dye was achieved by determines the quantity of
dye adsorbed in mg per weight of MPS in g (0.01–
0.05 g). The result was shown in Fig. 6 revealing
that the quantity of CV dye adsorbed on MPS is
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Fig. 2. AFM images and granularity accumulation distribution.

Fig. 3. SEM and EDX images of the prepared MPS

decreases as the dosage increased due to accumula-
tion of adsorbent particles and decreases the ratio
of adsorbate/adsorbent quantity where the concen-
tration of dye constant (15 mg/L) with increasing
amount of MPS.

Adsorption isotherms of CV-MPS system

Adsorption isotherm is a crucial model for describ-
ing adsorption behavior in solid-liquid adsorption

systems. The mechanisms of adsorption, the char-
acteristics of the surfaces, and the affinity of the
adsorbate for the adsorbent have all been described
via isotherms analysis. A range of concentration of
CV dye (25–60 mg/L) was used to describe this pro-
cess by plotting qe versus Ce using many adsorption
models. In this study, three of the most important
isotherms were applied to investigate the adsorption
phenomena of CV on MPS, there were Langmuir,
Freundlich and Temkin isotherms.
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Fig. 4. XRD of the prepared MPS.

Fig. 5. The effect of time on adsorption process.

Fig. 6. The amount adsorbed of CV dye affected by MPS dosage.
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Fig. 7. Linear plot of Langmuir model for CV-MPS adsorption process.

Langmuir model24 Eq. (2), which was assumed that
the surface is homogeneous, adsorption on surface
is localized, and each site can accommodate one
molecule, was used to describe the equilibrium be-
tween the CV dye and MPS, which can be express as
follow:

Ce

qe
=

1
KL.Q◦

+
Ce

Q◦
(2)

KL (L/mg) represents the constant of Langmuir,
Q◦ (mg/g) is the maximum adsorption capacity and
they were determined by graphing Ce/qe directly
versus Ce, and the slope and intercept values are ex-
tracted from straight line equation as shown in Fig. 7.

Another mathematical equation for the adsorption
equilibrium between liquid and a solid is called a
Freundlich isotherm. Freundlich derived Eq. (3) as an
empirical relation to describe the isothermal varia-
tion of adsorption of an adsorbate onto the surface of
an adsorbent:25

ln qe = ln K f +
1
n

lnCe (3)

Where Kf (mg/g) and n are Freundlich constants
which influenced by the types of materials adsorbed
and solids as well as their temperatures. The 1/n
quantity obtained from the Freundlich equation can
be used to indicate either the extent of curve of the
isotherms within the concentration range examined
or the linearity of adsorption. Fig. 8 illustrates how
the intercept and slope of the estimated line of
lnqe against ln Ce obtained the values of Kf and n,
respectively.

The Temkin isotherm26 has a parameter that
effectively accounts for interactions between the ad-
sorbent and adsorbate. Temkin isotherm establishes
a prediction that the heat of adsorption for every

molecule in the layer will decrease linearly rather
than logarithmically with coverage by neglecting the
comparatively low and high concentration values. A
uniform distribution of binding is seen throughout
the equation’s derivation by plotting the quantity ad-
sorbed qe versus lnCe then determining the constants
from the slope and intercept. The following Eq. (4)
represents the Temkin model in its linear form:

qe = B ln KT + B lnCe (4)

KT = equilibrium binding constant of Timken
isotherm (L/g).

B is a Temkin constant which has to do with the
heat of adsorption. Its definition is given by the for-
mula B = RT/b, where b is the Temkin isotherm
constant (J/mol) and R is the gas constant in joules.
As illustrated in Fig. 9, B and KT can be derived from
the slopes (B) and intercepts (B ln KT) of the qe vs.
lnCe plot.

The results of the applied adsorption models
were summarized in Table 1. which demonstrates
that the Freundlich model performed better than
Langmuir and Temkin with regard of the linear re-
gression correlation coefficient, indicating that the
adsorption isotherm is well compatible with the Fre-
undlich equation. The value of 1/n obtained from
applying Freundlich equation is less than 1 proves
that heterogeneity of adsorption process. The n value,
which ranged from 1 to 10, showed favorable ad-
sorption process. The adsorption capacity was only
significantly decreased at lower equilibrium concen-
trations, according to the numerical value of 1/n.27

Kinetics of CV dye removal by MPS

Several kinetics approaches were used to further
explain the processes of CV adsorption on MPS
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Fig. 8. Linear plot of Freundlich model for CV-MPS adsorption process.

Fig. 9. Linear plot of Temkin model for CV-MPS adsorption process.

Table 1. The estimated constants from the three adsorption isotherms.

Langmuir model Freundlich model Temkin model

R2 Q0(mg/g) KL(L/mg–1) R2 1/n Kf(L/mg–1) R2 B bT(J/mole) KT(L/g)
0.8848 434.78 0.306 0.9679 0.551 111.8 0.9209 233.8 10.59 1.53

surfaces. In order investigate the adsorption ki-
netic behavior of CV (15 mg/l) onto MPS at 298 K,
both the Lagergren-first-order equation and pseudo-
second-order equation were applied. Considering the
resultant values of the linear regression correlation
coefficient (R2), the best-fit model was chosen.

The pseudo-first order kinetic model28 has the fol-
lowing linear equation form Eq. (5):

log (qe − qt ) = log qe −
(
k1/2.303

)
t (5)

qe and qt represent the quantity of CV adsorbed on
the surface of the MPS at equilibrium and at any time
respectively, k1 is the rate constant of the pseudo-first
order kinetics (min–1). Estimating qe and k1 is often

accomplished using the intercept and slope of the plot
of log (qe – qt) vs t, respectively as in Fig. 10.

The linear form Eq. (6) of the pseudo-second order
kinetic model29 is as follows:

t
qt
=

1
k2q2

e
+

(
1
qe

)
t (6)

In this model, k2 is the rate constant of pseudo-
second order kinetics and its unit (g.mg–1.min–1).
Fig. 11 illustrates the plot between t/qt and t which
gave linear relation and the intercept and the slope of
this linear plot were obtained to determine k2 and qe,

In order to assess the diffusion mechanism of ad-
sorption CV dye onto MPS, the Weber and Morris
intra-particle diffusion model30 was used which can
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Fig. 10. Plot of Pseudo first order kinetics of adsorption of CV dye at 298 K.

Fig. 11. Plot of Pseudo second order kinetics of adsorption of CV dye at 298 K.

Table 2. Kinetics parameters of Adsorption CV onto MPS.

Pseudo First order Pseudo Second order Diffusion model

R2 k1 (min–1) qe (mg/g) R2 k2(g mg–1 min–1) qe (mg/g) kdmg/g min
–0.5 R2

0.9955 0.083 60.27 0.9994 0.0019 81.97 5.2002 0.9125

be presented in the following form Eq. (7):

qt = ki t0.5
+C (7)

where, ki (mg g–1 min–1/2), is the rate constant of
intra-particle diffusion and C is the intercept repre-
sents the thickness of boundary layer The boundary
plays an essential role in film diffusion when adsor-
bate molecules are transported from the liquid layer
to the solid one. The straight line should pass through
the origin if intraparticle diffusion is the sole mecha-
nism for adsorption. The slope of the linear relation
of the plot between the quantity of CV adsorbed (qt)
against square root of time (t0.5), as illustrated in
Fig. 12, which can be used to determine the rate
constant (ki).

The parameters and constants were obtained from
applying kinetics model as illustrated in Table 2. The

second pseudo model has the highest regression co-
efficient (R2) of 0.999 indicating the high fitting of
adsorption process to this model. Intraparticle diffu-
sion’s coefficient R2 is high, but the value of C shows
that the curve, despite being linear, never crossed the
origin, confirming that it was not the sole factor af-
fecting rate during adsorption.31 Therefore, boundary
layer control may have been involved in the adsorp-
tion of CV onto MPS.

Thermodynamic study

Adsorption studies have been performed to deter-
mine the thermodynamic characteristics (free energy
change (1G◦), enthalpy change (1H◦), and en-
tropy change (1S◦) at four different temperatures
(293–323 K).
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Fig. 12. Plot of intra particle diffusion of adsorption of CV dye at 298 K.

Fig. 13. Van’t Hoff plot of adsorption CV onto MPS at (293–323) K.

The thermodynamic functions in Eqs. (8) and (9)
was calculated as follow:32

1G◦ = −RT ln KL (8)

ln Kc =
1S◦

R
−
1H◦

RT
(9)

R is gas constant (J/mol K), T the absolute tempera-
ture (K) and KL is the equilibrium constant (L/g). The
values of (1H◦) and (1S◦) were calculated using the
van’t Hoff plots of ln(Kc) versus 1/T. Fig. 13 depicts
the plotting of this relationship, and Table 3. provides
the thermodynamic parameters estimated at various
studied temperatures.

The negative 1G◦ values demonstrate the sponta-
neous character of the adsorption process and show
that lower temperatures are preferable for adsorp-
tion. The positive value of (1H◦) (2.304 kJ/mol)
confirmed the adsorption reaction is endothermic in
nature and it is less than (40 kJ/mol) which proves
that adsorption of CV dye onto MPS was a phys-

Table 3. Thermodynamic parameters of adsorption CV onto
MPS at (293–323) K.

Temp.(K) 1G◦ (kJ/mol) 1H◦ (kJ/mol) 1S◦ (J/K.mol)

293 –6.59 2.30 30.28
303 –6.85
313 –7.15
323 –7.50

ical process.33 The positive value (1S◦) points to
an increase in randomness distribution of CV dye
molecules on the solid phase (MPS) and a consequent
its concentration drops in adsorbate at the solid-
solution interface.34

Conclusion

High surface area equals to 778. m2/g of MPS was
obtained by hydrothermal synthesis method using
a low cost precursor sodium silicate. The prepared
sample was examined as adsorbent surface for crystal
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violet dye and was proven that it was efficient surface
due to high value of quantity adsorbed of CV dye
on it. The Freundlich model gave high comply with
adsorption parameters. The kinetics of adsorption re-
veals that pseudo second order is g fitness model
to the adsorption of CV onto MPS. Low tempera-
tures are preferable to carry the adsorption process
was concluded due to the thermodynamic parameters
represented by increasing the negative value of free
energy with increasing in temperature.
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التحضير الهيدروحراري لسيليكا متوسطة المسام ذات مساحة 

سطحية عالية كمادة مازة فعالة لازالة صبغة الكرستال البفسجية 

 من محاليلها المائية

 انعام حسين علي، اميرة حسن حمد، ايناس عبد الحسين، سعدية احمد ظاهر

العراق.قسم الكيمياء، كلية العلوم للبنات، جامعة بغداد، بغداد،   

 المستخلص

في هذه الدراسة ، تم تحضير نموذج من سيليكا متوسطة المسام ذات مساحة سطحية عالية بطريقة التحضير 

تحرير  -الهيدروحراري. وللتحقق من خواص المادة المحضرة تم تحليل النموذج باستخدام عدة تقنيات مثل امتزاز

و مجهر القوة الذرية. من اجل تقييم كفاءة  السيليكا المحضرة تم اجراء   Xالنايتروجين، مجهر القوة الماسحة، تشتت اشعة 

دراسة امتزاز على سطح السيليكا لإزالة صبغة الكرستال البنفسجية من المحاليل المائية. تمت الدراسة في ظروف مختلفة 

( كلفن. تم تطبيق ثلاث 323 -293من التركيز الابتدائي  للصبغة وكمية السيليكا بالاضافة مدى درجات حرارة من )

تم  معادلات امتزاز وهي لانكماير، فرندلج وتمكن على النتائج المستحصلة والتي اعطت تطابقا عاليا مع معادلة فرندلج.

دراسة حركية الامتزاز باستخدام معادلتي الدرجة الاولى الكاذبة والدرجة الثانية الكاذبة، إضافة الى معادلة الانتشار بين 

ولقد تبين ان ازالة صبغة الكرستال البنفسجية على سطح السيليكا هي من الدرجة الثانية الزائفة وان خطوة الانتشار الدقائق. 

لم تكن الخطوة الوحيدة المحددة لعملية الامتزاز لان معادلة الانتشار بين الدقائق الخطية لم تمر بنقطة الاصل. الدراسة 

 ينت ان طبيعة التفاعل تلقائي وماص للحرارة.الدينمية الحرارية  لعملية الامتزاز ب

الكرستال البنفسجية، مساحة سطحية عالية، هيدروحراري، سيليكا متوسطة المسام، سيليكات  الكلمات المفتاحية:

 الصوديوم.
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