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 ABSTRACT 
In this study the ability of removing direct yellow 4 dye (DY4) from aqueous 

solutions using silica as adsorbent was examined. The silica was prepared from locally 
available sodium silicate. The effect of various experimental parameters contact time, 
amount of silica used, pH, ionic strength and temperature were investigated in a batch 
adsorption technique. The obtained experimental data shows that, the adsorption of direct 
yellow 4 dye was increased directly with increasing concentration, amount of silica, 
added sodium chloride and temperature in optimum pH (7) and equilibrium time of 45 
min. The kinetic data were analyzed through pseudo first-order, pseudo second-order and 
intraparticle diffusion models. The pseudo second-order model best represented 
adsorption kinetics. Additionally, this study used the Langmuir, Freundlich and Temkin 
isotherms to describe equilibrium adsorption and calculating thermodynamic values. The 
equilibrium adsorption of direct yellow 4 on silica is best fitted in the Langmuir isotherm 
(R2 =0.981). 
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 على سطح السیلیكا المحضرة Direct Yellow 4 (DY4)امتزاز صبغة 
  من سیلیكات الصودیوم المحلیة 

 الخالصة
م  ن المحالی  ل المائی  ة  direct yellow 4 (DY4) ت م ف  ي ھ  ذه الدراس ة اختب  ار إمكانی  ة إزال ة ص  بغة

مختل  ف  ت  م تعی  ین ت  اثیر. باس  تخدام الس  یلیكا الت  ي ت  م تحض  یرھا م  ن س  یلیكات الص  ودیوم المت  وفرة محلی  ا
المق  اییس العملی  ة مث  ل زم  ن االت  زان و ال  وزن االمث  ل للس  یلیكا و الدال  ة الحمض  یة و الق  وة األیونی  ة ودرج  ة 

وق  د اظھ  رت النت  ائج العملی  ة المحص  ل علیھ  ا ان س  عة االمت  زاز . بالوجب  ةالح  رارة باس  تخدام تقنی  ة االمت  زاز 
ت  زداد بازدی  اد تركی  ز الص  بغة ووزن الس  یلیكا وعن  د إض  افة المل  ح وارتف  اع درج  ة الح  رارة عن  د التركی  ز 

: ت م دراس ة حركی ة االمت زاز م ن خ الل ث الث انم اط حركی ة. دقیق ة 45الھیدروجیني المتعادل وزمن ات زان 
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فض  ال ع  ن ذل  ك ت  م اس  تخدام . ول  ى الكاذب  ة و الرتب  ة الثانی  ة الكاذب  ة ونم  ط االنتش  ار البین  ي ال  دقائقالرتب  ة اال
ایزوثرم  ات لنكم  ایر و فرن  دلش و ت  یمكن لوص  ف ات  زان االمت  زاز و حس  اب الق  یم الثرمودینامیكی  ة وك  ان 

 . (R2 =0.981)ایزوثیرم لنكمایر اكثرھا مالئمة لوصف امتزاز الصبغة على سطح السیلیكا
 

 
INTRODUCTION 

any industries, including textile companies, dye manufacturers, food 
processing companies, paper and pulp mills, and electroplating factories, 
release wastewater containing dyes and thereby contaminate water resources. 
Also, the use of direct dyes has continuously increased in the textile industry 
and finishing processes since the development of synthetic fibers. Discharging 

dyes into the hydrosphere typically results in environmental damage as dyes give water 
undesirable color and reduce sunlight via absorption and decomposition [1]. In addition 
many dyes are toxic to aquatic communities; some of them can cause allergic dermatitis, 
skin irrigation, cancer and mutation in man [2].  

Approximately 12% of synthetic textile dyes used each year is lost during 
manufacture and processing operation and 20% of these dyes enter the environment 
through effluents that result from the treatment of residual industrial waters [3]. Most 
dyestuffs are designed to be resistant to environmental conditions like light, effects of pH 
and microbial attack. Hence, their presence in wastewater is unwarranted, and it is 
desirable to remove coloring material from effluents, before their discharge in the 
environment, not only for aesthetic reasons [4, 5]. 

The removal of dye molecules from wastewaters is a matter of great interest in the 
field of water pollution. Several physical, chemical and biological methods such as 
coagulation /flocculation treatment, biodegradation process, oxidation methods, 
membrane filtration and adsorption have been reported and attempted for the removal of 
dyes from the wastewater. Among these numerous techniques of dye removal, it is now 
recognized that adsorption using solid adsorbents is an effective and useful process [6].  

Review of literature indicates that the adsorption behavior of dyes with different 
adsorbents like activated carbons, clays, ion exchanger resins, Zeolites, nanoporous 
silica, soil, metal hydroxides, biogas residual slurry, have been thoroughly investigated 
[1-3, 7-10].   

In this study the possibility of using silica prepared from locally available sodium 
silicate was evaluated for removal the direct yellow 4 dye (DY4) in batch method. The 
Langmuir, Frendlich and Temkin isotherms were utilized to fit equilibrium data. 
Adsorption rates were determined using pseudo first-order, pseudo second-order and 
intraparticle diffusion models. The study also included an investigation of change in 
thermodynamic parameters, ∆G°, ∆H° and ∆S° during adsorption.  

  
EXPERIMENTAL  
Chemical Materials 
1-Sodium silicate (SiO2 32%, Na2O 14%) was obtained from Al-Ramady 
    glass factory, Ministry of Industry and Minerals as silica source.                                               
2-Hydrochloric acid (HCl 5%). 

M
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3-Direct yellow-4 dye was obtained from Al-Hilla Textile factory. 
The specifications of direct yellow 4 dye are tabulated in table 1 and fig. 1. 

 
Table (1).structure and characteristics of DY4 

 
Name Formula Molecular weight ʎmax absorption 

DY4 C26H18 N4 Na2O8 S2 624.55 gm/mol 403 nm 

 
 
 
 
 

Figure (1): Chemical Structure of Direct Yellow 4 
 
 
Preparation of Silica        

Silica used in this study was prepared by adding (4.5 ml) of sodium silicate (16%) 
drop wise to (15 ml) of the hydrochloric acid (HCl 5%) while it stirred at 700 rpm and 30 
°C. After 2 hours the colloidal mixture was filtered and the precipitate washed with a 
large amount of distilled water until the value of pH of washing water reaches 7. The 
resultant white crystal precipitate dried at 100 °C for 3 hours [11]. 
Method of Adsorption   

All experiments of batch adsorption were carried out in a closed 100 ml conical flasks. 
The flask, which contained 0.2 g of prepared silica and 50 ml of dye solution (50 ppm), 
was placed in a temperature controlled water bath and shaken with speed 200 rpm for 45 
min at 25°C and neutral pH.  At the end of the equilibrium period, suspensions were 
centrifuged for 10 min and the   concentration of dye in solutions before and after 
adsorption were measured with a quartz cell using UV-VIS Shimadzu T60 V 
spectrophotometer, at wavelength  403 nm. The amount of dye adsorption at equilibrium 
qe (mg/g) was calculated, using the following equation: 

   = ( ° −   )  − − − − − ⋯ (1) 
 
Where C0 is the initial dye concentration and Ce is the concentration at equilibrium. V 

is the volume of solution and W is the mass of the adsorbent (g). The percentage of dye 
removed from solution was calculated using the following equation:  

 
Removal percentage =  (     )  × 100             …..(2) 

 

HO N N
H
C

H
C N N OH

SO3NaNaO3S
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RESULTS & DISCUSSION 
Effect of Contact Time 

Adsorption equilibrium studies were conducted with an adsorbent quantity of (0.2 gm) 
with 50 ml of dye (50 ppm). The experimental results of adsorption of direct yellow 4 on 
silica at different times by keeping other parameter constant are illustrated in fig.2. It 
shows that the adsorption process exhibited an immediate rapid adsorption and reached 
equilibrium within a short period of 45 min.  
Effect of Adsorbent Amount 

The effect of silica amount on the amount of dye adsorbed was investigated by 
contacting 50 ml of dye solution with initial dye concentration of 50 ppm at 25 °C for 45 
min at a constant condition and different amount of silica (0.1-0.5 gm). After equilibrium, 
the samples were centrifuged and then concentration in the supernatant dye solution was 
analyzed. The plot of removal percentage versus adsorbent amount (gm) is shown in 
Figure (3). As seen, the adsorption percentage reached the maximum when the silica 
amount increased to 0.2 gm. The increase in percentage of dye removed with an 
increasing of adsorbent amount can be attributed to an increase in the adsorbent surface, 
which increased the availability of adsorption sites resulting from increase amount of the 
adsorbent. Therefore, the optimum silica amount that can be used in removal of DY4 is 
(0.2 gm) per 50 ml, and all experiments were carried on by using (0.2 gm) of adsorbent. 
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Figure (2): Effect of contact time on 
adsorption of DY4 on silica  

(C₀=50 ppm at pH 7, and 25°C) 

Figure (3): Effect of amount on 
 adsorption of DY4  on silica  

(C₀=50 ppm at pH 7, 25°C, and 45 min) 
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Effect of pH  
An important and effective factor for dye adsorption has been referred as pH  is 

discussed in most related studies published in the literature [12–14]. To find a proper 
pH for the effective adsorption of dyes by the silica sorbent, experiments were 
performed at a pH range of (4-10).  pH of the solutions was adjusted by adding 0.01M 
HCl and 0.01M NaOH for the sorbent at 50 ppm initial dye concentration. As shown in 
fig. (4), the maximum adsorption capacity was reached at pH (7) with (3.995 mg/g). 
The inhibition of the dye sorption on silica at acidic and basic pH ranges may be 
attributed to the increase of hydroxyl and hydrogen ions leading to formation of aqua 
complexes thereby retarding the dye adsorption [15]. 
Effect of Ionic Strength    

Since large amounts of salts are generally utilized in the dyeing process, the effects 
of ionic strength on adsorption must be evaluated. The effect of ionic strength on the 
removal of DY4 by silica was studied by adding 5 ml of NaCl (0.001-0.1 M). 
Experimental results fig. (5) indicate that increasing solution ionic strength increased 
the adsorption of direct dye on silica. The significant increase in dye removal after an 
addition the salt NaCl can be attributed to an increase in dye dimerization in solutions 
[16].  

 

 
  
 
  

 
 

 
Adsorption Isotherms  

The adsorption isotherm is the most important information, which indicates how 
adsorbate molecules are distributed between the liquid phase and solid phase when the 
adsorption process reaches equilibrium [11]. The adsorption process was performed at  
initial concentrations (10-50 ppm) and different temperatures (25-55°C). The results 
are listed in table (6). 
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Figure (4): Effect of pH on DY4 
adsorption on silica 

(C₀=50 ppm at 25°C, and 45 min) 

Figure (5): The effect of salt on  
removal DY4 By silica  

(C₀=50 ppm at pH 7, 25°C, and 45 min) 
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Three most common isotherm equations namely, Langmuir, Freundlich and Temkin 
were tested in this work to describe equilibrium adsorption.  
Langmuir isotherm 

The Langmuir isotherm is represented by the following linear equation: 
     = 1     +  1     − − − − − ⋯ (3) 

 
Where qe is the amount of dye adsorbed per gram of silica (mg/g); Ce is the 

equilibrium concentration of dye in a solution (mg/L); KL is the Langmuir constant 
(L/mg), which is related to the affinity of binding sites; and qm is the theoretical  

 
 
 
 
 
 

 
 

 
  

Table (6) Equilibrium parameters for the adsorption of DY4 
on silica at different temperatures 

 

25 °C 35 °C 45 °C 55 °C 

C₀ 
ppm 

Ce 
mg/
L 

qe 
mg/g 

C₀ 
ppm 

Ce 
mg/
L 

qe 
mg/g 

C₀ 
ppm 

Ce 
mg/
L 

qe 
mg/g 

C₀ 
ppm 

Ce 
mg/
L 

qe 
mg/g 

10 
8.59 

0.35
2 

10 
8.48 

0.38
0 

10 
7.68 

0.58
0 

10 
6.85 

0.78
7 

15 12.6
8 

0.58
0 

15 12.4
1 

0.64
7 

15 11.4
4 

0.89
0 

15 11.3
1 

0.92
2 

20 16.1
2 

0.83
7 

20 15.6
5 

0.97
0 

20 15.4
1 

1.14
7 

20 15.3
9 

1.15
2 

30 25.8
5 

1.03
7 

30 
25.2 

1.15
2 

30 24.7
9 

1.30
2 

30 24.2
6 

1.38
7 

40 
34.1 

1.47
5 

40 33.5
1 

1.62
2 

40 33.1
5 

1.71
2 

40 32.7
8 

1.80
5 

50 41.7
8 

2.05
5 

50 41.5
1 

2.12
2 

50 41.1
6 

2.20
9 

50 39.7
9 

2.55
2 
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Figure (6): The linear plot of Langmuir isotherm of 
DY4 at different   temperatures 

 
saturation capacity of the monolayer (mg/g). Plots of 1/qe versus 1/Ce give a straight 

line with the slope of 1/qm.KL and intercept 1/qm. 
Freundlich isotherm 

The linear form of Freundlich isotherm is expressed as: 
 
 log   =      +  1    log  − − − − − ⋯ (4) 
 
 
Where KF and n are Freundlich constants, which represent adsorption capacity and 

adsorption strength, respectively. Both KF and 1/n can be obtained from the intercept and 
slope of the linear plot of log (qe) versus log (Ce). 
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Figure (7): The linear plot of Frendlich  isotherm of DY4 

at different temperatures. 
 

Temkin isotherm 
The Temkin isotherm describes the behavior of adsorption systems on a 

heterogeneous surface, and is represented as follows [17]: 
   =        +      (  ) − − − − − ⋯ (5) 
 
Where B1 is a constant related to adsorption heat, and Kt is the equilibrium binding 

constant (L/mol) corresponding to maximum binding energy. A plot of qe versus ln (Ce) 
is used to determine isotherm constants fig. (8). Table (7) lists the three isotherms 
constants which are calculated from the slope and intercept of the linear plots at different 
temperatures. 
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Figure (8): The linear plot of Temkin isotherm of DY4 

at different temperatures. 
 
 
 
 
 

 

Langmuir constants kL (L/mg) qm (mg/g) 
R2 S 

MAINTAB Excel  MAINTAB 
25 °C 1.792 0.074 0.981 0.981 0.1320 
35 °C 2.022 0.092 0.964 0.965 0.1674 
45 °C 2.486 0.223 0.977 0.977 0.0772 
55 °C 2.498 0.364 0.902 0.903 0.1143 
Frendich constants log kF 1/n    
25 °C -1.392 1.034 0.979 0.979 0.0443 
35 °C -1.305 1.003 0.969 0.970 0.0528 
45 °C -0.839 0.718 0.965 0.966 0.0425 
55 °C -0.670 0.627 0.934 0.935 0.0540 
Temkin constants Kt  B1    
25 °C -0.51 981  0.909 0.909 0.2101 
35 °C -0.54 1012  O.938 O.938 0.1776 
45 °C -0.70 866  0.927 0.928 0.1756 
55 °C -0.77  893  0.831 0.831 0.3014 

Table (7) isotherm parameters for removal DY4 by silica.   
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As seen, these plots gave a different linearity’s with a range of correlation coefficient 
(R2) between 0.831 and 0.981. Based on R2 the adsorption of DY4 is best fitted in the 
Langmuir isotherm. Conformation of the experimental data into Langmuir isotherm 
model indicates the homogeneous nature of sample surface, i.e., each dye molecule 
adsorbent adsorption has equal adsorption activation energy and demonstrates the 
formation of monolayer coverage of DY4 molecule on the outer surface of adsorbent. 
The values of (1/n) ranging between 0 and 1 are a measure of surface heterogeneity, 
becoming more heterogeneous as its value gets closer to zero. It’s clear from the Table 
(7) that two values of 1/n were greater than 1 confirming the non heterogeneous 
(homogeneous) of the surface of adsorbent.   
Thermodynamic Analyses 

Thermodynamic parameters provide the information of energetic changes associated 
with adsorption; therefore, these parameters should be accurately evaluated. The 
Langmuir isotherm was applied to calculate the thermodynamic parameters ∆G0, ∆H0 and 
∆S0.  

  
 
∆G0 of adsorption is calculated from equation 6 [1]:   

 ∆ ° = −      − − − − − − − − − ⋯ (6) 
 

∆H0 and ∆S0 of adsorption are estimated from the slope and intercept of Vant Hoff 
equation (equation 7).  ln(  ) = ∆ ° − ∆ °  − − − − − − − ⋯ (7) 

 
The Vant Hoff plot for the adsorption of DY4 dye onto silica is given in fig. (9), while 

the thermodynamic parameters obtained are given in Table (8). 
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Table (8) the thermodynamic parameters 

of removal DY4 by silica 

∆H° 
 (KJ.mol-1) 

∆S° 
(J.mol-1.K-1) 

∆G° (KJ.mol-1) 

298 °C 308 °C 318 °C 328 °C 

9.993 37.945 -1.444 -1.802 -2.405 -2.495 

 
As shown in table (8), the negative values of ∆G° at different temperatures indicate 

the spontaneous nature of the adsorption process. Positive ∆H° reveals endothermic 
adsorption, while the positive value of ∆S° suggests the increased randomness at the 
solid/liquid interface during the adsorption of the dye onto silica. A similar trend has 
been reported for the adsorption of Congo red onto coir pith carbon and fly ash [18]. 
Kinetics analysis  

Adsorption kinetics, indicating the adsorption rate, is an important characteristic of 
adsorbents [3]. The pseudo first-order, pseudo-second order and intraparticle diffusion 
models were adopted to test the following experimental data: 

 
 
 
 
 
 
 

1/T

ln
 K

0.003300.003250.003200.003150.003100.003050.00300

1.0

0.9

0.8

0.7

0.6

S 0.0610483
R-Sq 90.6%
R-Sq(adj) 86.0%

Fitted Line Plot

ln K =  4.564 - 1202 1/T

Figure (9): Vant Hoft plot of DY4 adsorption on silica 
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Time (min) Ct (mg/L) qt (mg/g) qe (mg/g) 

15 43.90 1.524  

20 43.33 1.666  

25 43.15 1.711 2.055 

30 42.83 1.791  

35 42.10 1.975  

40 42.05 1.987  

45 41.78 2.055  
 
 
The Pseudo-First Order Kinetic Model 

This model has been widely used to predict dye adsorption kinetics. A linear form of 
pseudo-first order model described by lagergren [19]: 

   (  −   ) =     −    − − − − − ⋯ (8) 
 
Where qe and qt are the adsorption capacities (mg/g) at equilibrium and at time t, 

respectively, k1 is the rate constant of pseudo-first order adsorption (Lmin-1). The plot of 
log (qe-qt) versus t for the adsorption of DY4 onto silica was drawn in fig. (10), while the 
values of k1 and qe which calculated from the slope and intercept were listed in Table 
(10). 

The R2 values obtained was relatively small (0.894) indicating that the pseudo-first 
order model couldn’t be used to describe the adsorption behavior of DY4 onto silica. 

Table (9) kinetic parameters of removal DY4 by silica. 
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y = -0.087x + 0.869
R² = 0.894

-8
-7
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-5
-4
-3
-2
-1
0

10 15 20 25 30 35 40 45

ln
 (q

e 
-q

t)
time (min)

First- order

 
 
 
 
 
The Pseudo Second-Order Model 

The pseudo second-order rate equation of Mckay and Ho can be represented in the 
following form [20]: 

    = 1     +  1    − − − − − ⋯ (9) 

 
The rate constant of the pseudo second-order model constants k2 (g/mg.min) can be 

determined experimentally from the slope and intercept of plot t/qt versus t. The linear 
plot of t/qt versus t is shown in fig. (11) and the value of k2 is listed in Table (10).   

Figure (10) linear plot of pseudo first order from adsorption of DY4 on 
silica (C₀=50 ppm at pH 7,  25°C, and 45 min) 
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The obtained R2 value was high (0.991) which indicates that the adsorption of DY4 

perfectly complies with pseudo second order reaction. Similar kinetic results have also 
been reported for the adsorption of certain dyes onto Aspergillus niger [21] and onto Peat 
[22]. 
The Intraparticle Diffusion Model  

The effect of intraparticle diffusion resistance on the adsorption can be determined by 
the following relationship [23]: 

  =          +   − − − − − ⋯ (10) 
 
Where C is the intercept and kD is the intraparticle diffusion rate constant 

(mg/gmin0.5), which can be determined from the slope of the linear plot of qt versus t1/2.  
Fig. (12) presents a linear fit of this model for adsorption of DY4, and the value of kD 

were shown in Table (10). 
 

y = 0.396x + 4.237
R² = 0.991

5

10

15

20

25

10 20 30 40 50

t/qt

time (min)

Second order

Figure (11) linear plot of pseudo second order from adsorption of DY4 
on silica (C₀=50 ppm at pH 7,  25°C, and 45 min). 
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The intraparticle diffusion plot do not pass through the origin (C ≠ 0), these indicated 

the presence of intraparticle diffusion process, but this is not the only rate controlling step 
and other mechanisms such as surface reaction play an important role in the process [24]. 
Similar results were reported for the adsorption of dyes onto rice husk [25] and onto 
perlite [26].   

 
 
 
 

 
Pseudo-first order 

K1 (L min-1 ) R2 

0.087 0.894 
 
Pseudo-second order 

K2 (g/mg min) 
0.991 

0.037 

 
Intraparticale diffusion 
 

KD (mg/g mino.5) 
0.969 

0.190 
 
    
 
 

y = 0.190x + 0.787
R² = 0.969

1.3

1.5

1.7

1.9

2.1

2.3

2.5

3.5 4.5 5.5 6.5 7.5

qt

t√

Intraparticle

Table (10): kinetic constants for the removal of  DY4 
by silica. 

Figure (12) linear plot of intraparticle diffusion from adsorption of 
DY4 on silica (C₀=50 ppm at pH 7,  25°C, and 45 min). 
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CONCLUSIONS 
The main following conclusions can be formulated from the foregoing results: 

1. The silica prepared from locally available sodium silicate was successfully 
removed direct yellow 4 dye from aqueous solutions. 

2. The adsorption of direct yellow 4 dye was increased directly with increasing 
concentration, amount of silica and added sodium chloride. 

3. The obtained data for the adsorption is best fitted in the Langmuir isotherm. 
4. The thermodynamic parameters (∆G°, ∆H° and ∆S°) indicate the spontaneous, 

endothermic, and randomness increase of the adsorption respectively. 
5. The adsorption complies with pseudo second order reaction. 
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