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Abstract 
 
The adsorption potential of 10 wt.% COOH/TUD-1 material for removing Cd2+ from aqueous solutions was investigated via the 
batch technique, and the effects of pH, temperature and contact time were studied. Experimental data showed that the maximum 
Cd2+ adsorption, 90%, occurred at pH 6. The adsorption equilibrium was reached within 35 min for 10 wt.% COOH/TUD-1. The 
adsorption mechanism was investigated in terms of its thermodynamics and kinetics. The adsorption data were fitted using the 
Langmuir and Freundlich isotherms, and the obtained modeling equilibrium adsorption data suggested that the 10 wt.% 
COOH/TUD-1 sample contained homogeneous adsorption sites that fit the Langmuir adsorption model well. The pseudo-second-
order model described well the 10 wt.% COOH/TUD-1 adsorption process. The positive values of both ∆H° and ∆S° suggest, 
respectively, an endothermic reaction and an increase in randomness at the solid-liquid interface during the adsorption of Cd2+ 
onto the COOH/TUD-1 adsorbents. And, ∆G° values obtained were all negative, indicating a spontaneous adsorption process. 
Desorption and regeneration experiments indicated that ≈ 98% of the metals were desorbed. COOH/TUD-1 samples were 
characterized using N2 adsorption-desorption isotherms, powder X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) 
spectroscopy and Transmission electron microscopy (TEM). 
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1. Introduction 
 
Since 1990, mesoporous silica obtained by the 

sol-gel process in the presence of a surfactant 
template (Beck et al., 1992; Beck and Vartuli, 1996) 
has attracted considerable attention from academic 
and industrial researchers (Bernal et al., 2012; 
Dumitriu et al., 2002; Fechete et al., 2012a; Hu et al., 
2013; Visuvamithiran et al., 2013; Wu et al., 2013). 
After template removal, the mesoporous materials are 
characterized by large specific surface areas, narrow 

pore size distribution, free surface silanol groups and 
high thermal stability (Fechete et al., 2011; Staub et 
al., 2012; Tsoncheva et al., 2008). The internal 
surface of mesopore channels can be functionalized 
by covalent binding of suitable groups (-SH, -NH2, -
CN, -COOH). This can be accomplished either by 
post-synthesis grafting of a pre-formed mesoporous 
silica sample or via hydrolysis and co-condensation 
of inorganic silica precursors and silylated organic 
components (Da'na and Sayari, 2012; Delacôte et al., 
2009; Ganesan and Walcarius, 2008; Jaber et al., 
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2002a; Jaber et al., 2002b). Due to their intrinsic 
properties and to the possibilities for modifying them 
by introduction of active sites or by functionalization 
with suitable groups, mesoporous silicas stand as 
ideal materials for catalyst or catalyst support 
(Boulaoued et al., 2012; Fechete et al., 2012b, 2013; 
Ponomoreva et al., 2004; Tsoncheva et al., 2013), 
template for other materials (Sarshar et al., 2011; 
Yen et al., 2011), support for the immobilization of 
enzymes and other biologically active molecules 
(Dumitriu et al., 2003; Shah et al., 2008), and 
adsorbents for heavy metals (Bensacia et al., 2014; 
Mureseanu et al., 2010; Sierra and Perez-Quintanilla, 
2013).  

It is well known that heavy metals are major 
pollutants of wastewaters and have become a major 
environmental issue due to their toxicity. Heavy 
metals are not biodegradable and tend to accumulate 
in living organisms (Bensacia et al., 2014; Gerçel and 
Gerçel, 2007; Júnior et al., 2009; Mureseanu et al., 
2008). Many heavy metal ions are known to be toxic 
or carcinogenic. Of the hazardous metals, cadmium is 
considered very toxic. Higher levels of cadmium 
intake causes malfunction of the kidneys, spilling 
proteins in the urine and disrupting protein 
metabolism (Patterson and Passino, 1987; Srivastava 
et al., 2006). Several harmful effects have been 
attributed to cadmium in living systems, e.g. 
isomorphic substitution of cadmium (fragilization of 
bone tissues) (Forstner and Wittmann, 1981). 
Moreover, potable water is essential for the human 
existence and the ecosystem. The removal of 
hazardous substances from different waters has been 
widely studied (Bulgariu et al., 2010; Georgescu et 
al., 2013; Hlihor et al., 2013; Hristodor et al., 2010; 
Koubaissy et al., 2011; Moulay et al., 2013; Ofomaja 
et al., 2010; Shahbazi et al., 2011; Vasudevan et al., 
2010). Therefore, eliminating the heavy metal ions 
from water and wastewater has become a challenge 
for researchers (Moulay et al., 2013; Mureseanu et 
al., 2008, 2010). 

Various techniques have been employed to 
remove metal ions from aqueous solutions, such as 
ion-exchange, reverse osmosis, membrane filtration, 
evaporative recovery, phytoextraction, conventional 
coagulation, precipitation, sedimentation, electro-
dialysis, electrochemical treatments and adsorption 
(Rousseau, 1987). Still, adsorption is considered 
more appropriate for removing heavy metals. Indeed, 
the adsorption process offers a flexible design and 
operation, and generally yields high-quality treated 
effluents. In addition, because adsorption is 
sometimes reversible, the adsorbents can be 
recovered via relevant desorption processes.  

Various sorbents have been valorized in the 
removal of heavy metals from aqueous solutions 
(Bensacia and Moulay, 2012; Khelifa et al., 2013; 
Olu-Owolabi and Unuabonah, 2010; Unuabonah et 
al., 2007), but the demand to develop novel and high-
efficiency adsorbents is ever growing. The use of 
materials with chemically functionalized surface,  

such as functionalized mesoporous materials shows 
improved selectivity for the removal of heavy metals 
in wastewater. Several studies were reported using 
mercapto and amino groups, but few cases dealt with 
carboxylic groups (Bruzzoniti et al., 2007; 
Rosenholm et al., 2007; Yang et al., 2004; Xu et al., 
2008). From the standpoint of green chemistry, the 
development of environmentally safer solids would 
be desirable. In this context, TUD-1, three-
dimensional mesoporous silica, was first described in 
2000 (Jansen et al., 2001). The surfactant-free 
synthesis of TUD-1 makes it environmentally 
friendly. Introducing organic groups by grafting 
organosiloxane precursors to the pore surface yields 
functional mesoporous hybrid materials with 
improved thermal, mechanical and chemical 
stabilities.  

Mesoporous hybrid materials are promising 
adsorbents for removing heavy metals from aqueous 
solutions. According to a literature survey, there are 
no studies on the Cd2+ adsorption to COOH/TUD-1. 
Therefore, the objective of the current work is to 
investigate the adsorption properties of the 
COOH/TUD-1 towards Cd2+. Adsorption is a very 
complex process, and its characteristics were 
evaluated as a function of the process variables such 
as pH, contact time and temperature. Equilibrium 
data were examined using Langmuir, Freundlich and 
Temkin isotherm models. The adsorption mechanism 
was also investigated in terms of its thermodynamics 
and kinetics. 

 
2. Experimental 

 
2.1. Reagents and materials 

 
Tetraethylorthosilicate (TEOS, 98%) and 

triethanolamine (TEA, 97%) were supplied by Acros, 
and tetraethyl ammonium hydroxide (TEAOH, 35%) 
by Sigma-Aldrich. 4—(Triethoxysilyl)butyronitrile, 
((EtO)3Si-BuCN, 97%)), the grafting agent, was 
purchased from Sigma-Aldrich. All chemicals and 
solvents were used as received. Milli-Q deionized 
water was used for all experiments. 

 
2.2. Synthesis of mesoporous TUD-1 

 
The TUD-1 sample was synthesized following 

the hydrothermal method (Jansen et al., 2001; Quek 
et al., 2009), using TEA and TEOS as template and 
silica precursor, respectively. The gel was prepared 
as follows: the TEA was added to distilled water and 
drop wise to TEOS. The resulting mixture was 
blended using a magnetic stirrer for 60 min and then 
added to the TEAOH.  

The obtained gel was aged for 24 h at room 
temperature, transferred to a stainless steel Teflon-
lined autoclave and heated under static conditions. 
After 10 h at 180 °C, the mesoporous solid was 
calcined at 600 °C for 10 h in air to remove the 
template.  
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2.3. COOH/TUD-1: Preparation via grafting 
procedure 
 

First, excess water was removed from the 
pores of 3 g of mesoporous TUD-1 by drying at 110 
°C for 12 h. Then, the sample was dispersed in 200 
mL of toluene via ultrasonic stirring, and the 
necessary quantity of (EtO)3Si-BuCN was added at 
room temperature under argon with stirring for 24 h. 
The grafting reaction was performed under argon 
while refluxing in toluene for 24 h. The resulting 
precipitate, CN/TUD-1, was then washed in a 
Soxhlet apparatus with toluene (2 h) and then ethanol 
for 24 h. This washing was followed by heat 
treatment at 60 °C for 12 h under vacuum (<10−2 
bar). The CN/TUD-1 was acidified with H2SO4 for 
24 h at 90 °C to afford the COOH/TUD-1.  
 

2.4. Characterization methods 
 
2.4.1. N2 adsorption-desorption isotherms (BET 
method) 

The textural properties of the mesoporous 
matrices were determined from the nitrogen sorption 
isotherms recorded at -196 °C using a Micromeritics 
TriStar apparatus. The total pore volume was 
estimated from the amount of nitrogen adsorbed at a 
relative pressure of 0.99.  

The pore size distributions were calculated 
from the adsorption and desorption branches of the 
corresponding nitrogen isotherm via the Barrett-
Joyner-Halenda (BJH) method. The specific area of 
the samples were calculated via the standard BET 
procedure using the nitrogen adsorption data 
collected at a relative equilibrium pressure interval. 
Before the adsorption experiments, each sample was 
dried at 150 °C for 15 h under vacuum to ensure a 
clean and dry surface, and free of any loosely 
adsorbed species. 

 

2.4.2. X-ray diffraction (XRD)  
The XRD patterns were recorded using a 

Bruker D8 powder diffraction system with a CuKα 
radiation source (λ = 1.54 Å). The diffraction 
patterns were collected under ambient conditions 
over the low angle ranges from 0.5-6°. 

 
2.4.3. Transmission electron microscopy (TEM) 

A TEM study of non- and carboxyl-
functionalized TUD-1 samples was performed using 
a TopCon 2100 FCs microscope operating at 200 kV 
with very low illumination to avoid destroying the 
material with the electron beam. The samples were 
crushed and dispersed ultrasonically in acetone at 
room temperature and spread onto a perforated 
carbon-copper microgrid. 

 
2.4.4. Fourier transform infrared (FT-IR) 

The FT-IR spectra of the mesoporous 
carboxyl-functionalized adsorbents COOH/TUD-1 
were recorded using a Digilab Excalibur 3000 
instrument with 128 scans in the mid-IR (4000-400 
cm−1) region by means of the KBr pellet technique. 

2.5. Heavy metal adsorption experiments 
 
The adsorption of Cd2+ by the functionalized 

and non-functionalized mesoporous TUD-1 was 
studied using batch experiments. We investigated the 
effects of contact time, solution pH and temperature.  

These batch sorption experiments were 
performed in a shaking incubator at 150 rpm for 2 h 
using capped 50 mL-plastic centrifuge tubes 
containing 0.01 g/L Cd2+ solutions and 0.02 g of the 
adsorbents. The solution pH was adjusted using 0.1 
mol/L HCl or NaOH. All of these experiments were 
replicated four times, and the average results are 
presented. The extent of adsorbed metal ion (A) was 
calculated using Eq. (1): 

 

  100
c

cc
%A

0

e0 


    (1) 

mesoporous material was calculated using Eq. (2): 
 

 
w

ccV
q e0

e


     (2) 

 

where C0 and Ce represent the initial and equilibrium 
metal ion concentrations (g. L−1), respectively, V the 
metal ion solution volume (L), and w the amount of 
adsorbent (g). 

 
3. Results and discussion 

 

3.1. Preparation and characterization of TUD-1 and 
COOH/TUD-1 
 

Three silanol groups exist on the ordered 
nanoporous silica surface (Fig. 1). They are free, 
hydrogen-bonded hydroxyl and geminal groups, free 
and geminal silanol groups being the only chemically 
reactive ones. The types and number of these silanol 
groups depend on the way the template was removed 
and the post-treatment process (Zhao et al., 1997). 

To preserve the free and geminal silanol 
groups, the treatment of the catalysts is very crucial. 
The sample pores were freed via an 
extraction/calcination followed by an alcohol 
treatment before the grafting procedure in order to 
maintain the free and germinal silanol groups. 
Furthermore, nitrile functional groups (CN) were 
covalently incorporated into the nanoporous silica via 
a post-grafting strategy. These CN groups were 
hydrolyzed using H2SO4 to generate COOH. The 
grafting procedure was confirmed by several 
physico-chemical techniques.  

 

3.2. Water stability of 10 wt.% COOH/TUD-1 
materials 

 

Stability towards water is an important 
propriety of porous materials. A 10 wt.% 
COOH/TUD-1 sample was tested in water at a 
temperature of 100°C and an agitation speed of 300 
rpm for 12, 24, 150 and 300 h, and the results were 
monitored via low angle XRD (Fig. 2).  
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Fig. 1. Illustration of the three silanol groups on mesoporous silica: free (a), hydrogen-bonded hydroxyl (b) and geminal (c) 
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Fig. 2. Low angle XRD patterns of 10 wt.% COOH/TUD-1 
 

Fig. 3. Low angle XRD patterns of TUD-1 and COOH/TUD-1 
 

No change in the BET surface area was 
observed (Table 1). Notably, no sample degradation 
occurred in these conditions, suggesting that the 10 
wt.% COOH/TUD-1 sample presents excellent 
stability. 
 
3.3. Physico-chemical characterization 
 

The XRD measurements were performed to 
ascertain the changes in the structure of the TUD-1 
after grafting procedure. The XRD patterns at low 
angles for the parent and grafted TUD-1 samples are 
shown in Fig. 3. This Figure shows a single 
diffraction peak at low angles of 0.7-0.8°, indicating 
that the TUD-1 samples are amorphous 
mesostructured materials (Haddoum et al., 2012; 
Maschmeyer and Aquino, 2009). These results would 
indicate that the long-range structural order was 
maintained for the COOH/TUD-1 materials. These 
XRD patterns coincide well with data reported in the 
literature (Haddoum et al., 2012).The BET specific 
surface areas and pore distributions for the TUD-1 
and COOH/TUD-1 adsorbents are presented in Table 
1. These results confirmed the mesoporous nature of 
all samples and indicated that the mesoporous 
structure was retained after grafting procedure. 
However, it must be noted that the introduced 
carboxylic groups decreased the surface area (SBET), 
the pore diameter (Dp), and the pore volume (Vp) 
(Table 1). 

The TEM images (Fig. 4) show a fully 
disordered sponge-like or wormhole mesoporous 

structure with a three-dimensional regular pore 
structure.  

These results suggest that the TUD-1 
mesostructure was not destroyed for any sample and 
remained unaffected after incorporating the 
carboxylic groups via post-grafting procedure. These 
TEM images of the grafting samples showed a 
structure comparable to that of pure TUD-1 
mesoporous materials (Jansen et al., 2001). 

The IR spectrum of 10 wt.% COOH/TUD-1 is 
shown in Fig. 5. No vibrations from the original CN 
groups were observed. The peaks attributed to the 
carboxyl groups were obvious at 1721 cm-1 
(stretching of C=O bond), 1415 cm-1 (bending of O–
H bond), 1282 cm-1 (stretching of C–O bond), and 
897 cm-1 (bending of O–H bond).  
 
3.4. Heavy metal adsorption studies 
 

The pH has a significant effect on the amount 
of immobilized metal ions, probably related to the 
degree of protonation of the binding sites on the 
polyampholyte surface. It is relevant herein to 
mention that Cd species exist in the forms of Cd2+, 
Cd(OH)+, Cd(OH)2°, Cd(OH)3

 – at different pH 
values (Copello et al., 2012).  

The removal of Cd2+ was investigated over a 
pH range from 2 to 7, at 25 °C as shown in Fig. 6. 
This figure indicates that the Cd2+ uptake is pH-
dependent. A pH of 2.0 yielded a poor adsorption 
performance; COOH/TUD-1 adsorbed less Cd2+ 
(3.0%) onto its surface adsorption sites.  
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Table 1. Textural properties of the mesoporous TUD-1 samples 

 
Sample SBET (m2. g-1) Dp (nm) Vp (cm3. g-1) 

TUD-1 620 7.3 0.98 
0.5 wt.% COOH/TUD-1 620 7.3 0.98 
1.0 wt.% COOH/TUD-1 586 6.9 0.81 
10 wt.% COOH/ TUD-1 348 5.6 0.54 
10 wt.% COOH/ TUD-1 (12 h)  348 5.6 0.54 
10 wt.% COOH/ TUD-1 (24 h)  348 5.6 0.54 
10 wt.% COOH/ TUD-1 (150 h)  348 5.6 0.54 
10 wt.% COOH/ TUD-1 (300 h)  348 5.6 0.54 

Notes:10 wt.% COOH/ TUD-1 (12 h) : 10 wt.% COOH/TUD-1 sample tested in water for 12 h;10 wt.% COOH/ TUD-1 (24 h) : 10 wt.% 
COOH/TUD-1 sample tested in water for 24 h; 10 wt.% COOH/ TUD-1 (150 h) : 10 wt.% COOH/TUD-1 sample tested in water for 150 h; 10 
wt.% COOH/ TUD-1 (300 h) : 10 wt.% COOH/TUD-1 sample tested in water for 300 h 
 

(A) (B) 
  

Fig. 4. TEM micrographs of TUD-1 (A) and 10 wt.% COOH/TUD-1 (B) 
 

 
 The Cd2+ removal efficiency increased 
remarkably as the solution pH increased from 2 to 
5.5, then increased slowly with further increases in 
pH or almost keeps constant. In this case, increasing 
the solution pH weakened the complexation and 
more Cd was adsorbed by the COOH/TUD-1. 
 

 
 

Fig. 5. IR-spectrum of 10 wt.% COOH/TUD-1 sample 
 
The ions exchange interaction exists between 

the COOH/TUD-1 and Cd ions which favors 
adsorption. At pH < 7, the Cd species is Cd2+ or 
Cd(OH)+ and the removal of Cd is accomplished by 

sorption. To ensure a quantitative adsorption and 
avoid metal ion hydrolysis at higher pH values, the 
pH of 6 was chosen as the optimum for these studies. 

The effect of time (from 0 to 500 min) on the 
Cd2+ sorption was determined by equilibrating the 
TUD-1-sorbate aliquot of pH 6 at 25, 30 and 35 °C 
(Fig. 7). The non-functionalized TUD-1 showed no 
propensity to retain the Cd ions (Fig. 7), hinting at 
the importance of the COOH functional groups. The 
efficiency of 10 wt.% COOH/TUD-1 for removing 
Cd2+ from solution was determined from the Cd2+ 
adsorption rate, which may be associated with the 
wastewater cleanup efficiency.  

The adsorption rate curve indicates that the 
Cd2+ adsorption was rapid during the first 15 min and 
nearly complete by 35 min with ca.80-90% of the 
total Cd2+ having been adsorbed at all temperatures. 
Increasing the contact time further yielded no further 
adsorption. The 10 wt.% COOH/TUD-1 sample 
clearly exhibited rapid kinetics for Cd2+ removal 
form an aqueous solution with a saturation time of 35 
min. Such behavior of this adsorbent may be 
explained by the presence of numerous vacant sites 
homogeneously distributed throughout its surface and 

100 nm 100 nm
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within its inner porous structure. These sites were 
available for adsorption during the initial stages, 
which led to the rapid Cd2+ uptake increase.  

Because the sites have a high affinity for Cd2+, 
these ions can easily reach these adsorption sites 
where they are trapped, and rapidly filled them. 
Although the time required for rapid equilibrium was 
found to be 40 min, a contact time of 80 min was 
used for the remaining studies. As shown in Fig. 7, 
the adsorption capacity was not significantly affected 
by temperatures higher than 25 °C, a chosen 
temperature for the remaining experiments. 

To evaluate and optimize the adsorption 
behavior (Ofomaja et al., 2010), we used the 
coefficient of determination, r2. The linear coefficient 
of determination was calculated from the sum of the 
square of X (Sxx), the sum of the square of Y (Syy) 
and the sum of the square of XY (Sxy) as represented 
by the Eqs. (3-6): 
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2 SSSr     (3)  
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These values may vary from 0 to 1. When the 

coefficient of determination is 1, 100% of the 
variation in adsorption capacity has been explained 
by the regression equation. 

The model efficiency, E (Olu-Owolabi and 
Unuabonah, 2010), was calculated by Eq. (7): 

 
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ŜS
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where wavgŜ  is the weighted mean of the measured 

values. 
This statistical measure is considered by many 

to be the best overall indicator of model fit because it 
has good resistance to errors due to extreme 
experimental values (Olu-Owolabi and Unuabonah, 
2010). A model efficiency-E of 1 indicates a perfect 
fit to the data, whereas an E < 0 indicates that 
averaging the measured values yields better 
predictions than the model.  

 

 
 

Fig. 6. Effect of pH on Cd(II) adsorption 
 
3.4.1. Adsorption kinetics 

Adsorption kinetics are essential for 
wastewater treatment because they provide the 
necessary information on the reaction pathway and 
adsorption dynamics.  
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Fig. 7. Influence of the contact time and temperature on the 
Cd2+ adsorption by TUD-1 and 10 wt.% COOH/TUD-1 at 

pH 6  
 

The sorption behavior for Cd ions on 10 wt.% 
COOH/TUD-1 was confirmed using the Lagergren 
pseudo-first order and chemisorption pseudo-second 
order kinetic models.  
 
3.4.1.1. Pseudo-first-order model 

Lagergren (1898) showed that the adsorption 
rate of a solute on an adsorbent is based on the 
adsorption capacity. The pseudo-first-order rate 
expression is represented by the differential law (Eq. 
8): 

 

 te1t qqkdtdq                                          (8) 
 

k1 is the pseudo-first-order rate constant; qe is the 
adsorption capacity of the adsorbent (mg. g−1); qt is 
the amount of Cd ion adsorbed at time t (mg. g−1). 

By integrating for t = 0 to t = t and qt = 0 to qt 
= qt, the following linear expression can be obtained 
(Eq. 9): 

 

  303.2tkqlogqqlog 1ete                      (9) 
 

where k1 is computed from the slope of the plot of 
log(qe−qt) versus t (Fig. 8). 
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3.4.1.2. Pseudo-second-order kinetic model 
The pseudo-second-order reaction is greatly 

affected by the amount of metal on the adsorbent 
surface at equilibrium. This rate is directly 
proportional to the number of active surface sites. 
Huo (Ho and McKay, 1999) developed a pseudo-
second-order kinetic expression for the sorption 
system of divalent metal ions (Eqs. 10-13), which we 
used to investigate the adsorption mechanism and 
rate constants for adsorbing Cd2+ to 10 wt.% 
COOH/TUD-1 (Fig. 9). 

 

tkqq 2
et             (10) 

  

   kt1qqkdtdq 2
tet   (11) 

 

  ete q1ktqq1   (12) 
 

2
eet kq1q1q1   (13) 

 

k is the rate constant of the pseudo-second order 
equation. 

The pseudo-first-order and pseudo-second-
order sorption kinetic parameters are shown in Table 
2. The correlation coefficients for the pseudo-second-
order model are much higher than for the pseudo-
first-order model.  

 

‐1,3

‐1,2

‐1,1

‐1

‐0,9

‐0,8

‐0,7

‐0,6

0 20 40 60 80 100 120 140 160 180

lo
g 
(q
e
‐q
t)

Time (min)

 
 

Fig. 8. Pseudo-first-order model fit for the adsorption of 
Cd2+ onto 10 wt.% COOH/TUD-1 

 

‐10

0

10

20

30

40

50

0 20 40 60 80 100 120 140 160

t/
q
t 
(m

in
.g
.m

g‐
1
)

Time (min)

 
 
Fig. 9. Pseudo-second order model fit for the adsorption of 

Cd2+ onto 10 wt.% COOH/TUD-1 
 

Therefore, the experimental values of qe do 
not agree well with the calculated theoretical values. 
Thus, the sorption mechanism of the Cd2+ ion onto 10 
wt.% COOH/TUD-1 does not follow the pseudo-

first-order kinetics model. The adsorbent system is 
described well by the pseudo-second-order kinetics 
model, which implies that the adsorption of Cd2+ 
onto COOH/TUD-1 may occur via a chemical 
process involving valence forces that share or 
exchange electrons.  

 
3.4.2. Adsorption isotherms 

The adsorption isotherm indicates how the 
adsorbed molecules are distributed between the 
liquid and solid phases when the adsorption process 
reaches equilibrium. Analyzing the isotherm data by 
fitting them to different models is important to 
determine which model is suitable for design 
purposes. In this study, the equilibrium experimental 
data for Cd2+ ions adsorbed onto the COOH/TUD-1 
beads were analyzed using the Langmuir, Freundlich 
and Temkin models.  

 
3.4.2.1. Langmuir isotherm model 

The Langmuir equation may be written as 
follows (Eq. 14): 
 

   eLeLmaxe CK1CKQq   (14) 
 

The expression for the linear form of 
Langmuir isotherm is as follows (Eq. 15): 
 

   maxeLmaxee QCKQ1qC                    (15) 
 

where qe is the equilibrium capacity of Cd (II) per 
unit weight of the adsorbent (mg/g), Qmax is the 
maximum adsorption capacity of the adsorbent 
corresponding to complete monolayer coverage on 
the surface (mg. g-1), KL - the Langmuir adsorption 
constant related to the energy of adsorption (L. mg-1), 
Ce - the equilibrium concentration of the solute in the 
bulk solution (mg. L -1). 

The constant Qmax and KL can be calculated 
from the intercepts and the slopes of the linear plots 
of Ce/qe versus Ce. These parameters were obtained 
with the linear fitting procedure and are listed in 
Table 2.  

The Langmuir model (Langmuir, 1916) 
assumes a monomolecular layer formation when 
adsorption takes place without any interactions 
between the adsorbed molecules. All of the 
adsorption sites on the surface involved are assumed 
to be energetically identical with no transmigration of 
the sorbate across the solid sorbent surface. In such 
cases, the intermolecular forces decrease as the 
distance from the adsorption surface increases.  
 
3.4.2.2. Freundlich isotherm model 

The Freundlich model (Adamson and Gast, 
1997; Freundlich, 1906) is a commonly used model 
for analyzing adsorption data. The Freundlich model 
equation may be written as follows (Eq. 16): 
 

n1
eFe CKq                                                         (16) 

 

A linear form of the Freundlich expression 
can be obtained by taking logarithms (Eq. 17).  
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  eFe Clogn1Klogqlog                            (17) 
 

where qe is the amount of solute adsorbed per unit 
weight of adsorbent (mg. g-1), KF - the Freundlich 
constant indicating the relative adsorption capacity 
for the adsorbent (mg. g-1), Ce - the equilibrium 
concentration of the solute in the bulk solution (mg. 
L-1), 1/n the heterogeneity factor indicating the 
adsorption intensity. 

Freundlich isotherm theory states that the ratio 
of solute adsorbed onto a given mass of sorbent to 
the solute concentration in solution is not constant 
over different concentrations. This model is based on 
the relation between the adsorbed quantity and solute 
concentration at equilibrium. It describes non-ideal 
and reversible adsorption and is not restricted to a 
monolayer.  

This empirical model can be applied to 
multilayer adsorptions, with a non-uniform 
distribution for adsorption heat and affinity over a 
heterogeneous surface. 
 
3.4.2.3. Temkin isotherm model 

Temkin isotherm model is the early model 
describing the adsorption of hydrogen onto platinum 
electrodes within the acidic solutions.  

The Temkin model equation may be written as 
follows (Eq. 18): 
 

   ee AClnbRTq         (18) 
 

A linear form of the Temkin expression may 
be written as follows (Eq. 19): 
 

ee ClnBAlnBq           (19) 
 

where B = RT/b, b - the Temkin constant related to 
heat of sorption (J. mol-1); A - the Temkin isotherm 
constant (L.g-1); R - the gas constant 8.314 J/mol. K; 
T - the absolute temperature (K). 

The constants A and B are drawn from the 
intercept and slope of the plot, respectively, and are 
listed in Table 2.  

 

The Temkin isotherm (Temkin and Pyzhev, 
1940a) comprises a factor that takes into account the 
adsorbent-adsorbate interactions. Moreover, Temkin 
and Pyzhev considered the effects of indirect 
adsorbate/adsorbate interaction on adsorption 
isotherms and suggested that, because of these 
interactions, the heat of adsorption of all the 
molecules in the layer would decrease linearly rather 
than logarithmic with coverage (Aharoni and 
Ungarish, 1977; Temkin and Pyzhev, 1940b). 
Temkin equation is excellent for predicting the gas 
phase equilibrium (when organization in a tightly 
packed structure with identical orientation is not 
necessary). 

Our results for the COOH/TUD-1 are 
gathered in Table 2. The Langmuir, Freundlich and 
Temkin isotherm parameters and correlation 
coefficients are summarized. The coefficient of 
determination (r2) was found to be 0.9989, 0.9702, 
and 0.7327 for Langmuir model, Freundlich’s and 
Temkin’s, respectively.  

These results indicate that the Cd2+ adsorption 
to COOH/TUD-1 fitted the Langmuir model better 
than the Freundlich’s and the Temkin’s, which may 
be due to the homogenous distribution of active sites 
on the COOH/TUD-1 surface because the Langmuir 
equation assumes a homogenous surface where all 
sites have equal adsorption energies. The 1/n values 
were between 0 and 1, which indicates that the Cd2+ 
adsorption to COOH/TUD-1 was favorable under the 
studied experimental conditions.  
 
3.4.3. Thermodynamic adsorption parameters 

To understand the adsorption process and the 
solute distribution between the sorbent solid and the 
liquid phases for Cd2+ on mesoporous COOH/TUD-
1, assessing the thermodynamic parameters is 
important. The Gibbs free energy (∆G°), the change 
in entropy (∆S°), and the change in enthalpy (∆H°) 
are calculated (Adebowale et al., 2008; Atar et al., 
2012; Olu-Owalbi et al., 2012; Young and Crowell, 
1962) using the following equations (Eqs. 20-25): 
 

Table 2. Adsorption parameters of 10 wt.% COOH/TUD-1 
 

Pseudo-first-
order 

Pseudo-
second-
order 

Langmuir 
model 

Freundlich 
model 

Temkin 
model 

Thermodynamic 
parameters 

Adsorption 
(%) 

Desorption 
(%) 

qe, exp. = 
3.15 
(mg.g -1) 
 

qe, exp. = 
3.15 
(mg.g -1) 

   ∆G0 (J. mol-1) =  
-6295 

90 100 

qe, calc. = 
0.27 
 

qe, calc. 
=3.21  

qmax (mg.g-1) 
= 72.34 

n = 2.52 A = 68.92 ∆H0 (J. mol-1) = 
3703.63 

90 98 

k1 = 0.0116 k2 = 0.1006 KL (L mg-1) 
=  0.03331 
 

KF  = 7.23 B = 5.02 ∆S0 (J. mol-1 K -
1) = 32.93 

90 98 (after 10 
times) 

r2 = 0.9703 r2 = 0.9989 r2 = 0.9989 r2 = 0.9702 r2 = 0.7327 r2 = 0.9889 r2 = 0.9976 r2 = 0.9836 
 

E2 = 0.9715 E2 = 0.9979 E2 = 0.9990  E2 = 0.9802 E2 = 0.8345 E2 = 0.9982 E2 = 0.9987 E2 = 0.9947 
 

exp. – experimental; calc. – calculated 
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000 STHG    (25) 
 
where ∆G° - the changes in free energy (Jmol-1), R - 
the ideal gas constant (8.314 Jmol-1K-1), T - the 
absolute temperature (K), K - the equilibrium 
constant, Ce - the equilibrium metal ion concentration 
(mgL-1).  

Besides the degree of spontaneity for the 
adsorption process, the higher negative values of 
Gibbs free energy indicate a more energetically 
favorable adsorption. In our study, the calculated 
Gibbs energy was negative (Table 2), suggesting a 
thermodynamically spontaneous adsorption process 
of Cd2+ onto COOH/TUD-1.  

The changes in enthalpy (∆H°) and entropy 
(∆S°) were calculated from the slopes and intercepts 
of a plot of lnK vs. 1/T, respectively. The plots were 
not given but the results are shown in Table 2. The 
calculated enthalpy of the adsorption, ∆H°, is 
positive in aqueous solution, which indicates that the 
adsorption of metal ions is an endothermic process. 
Because the enthalpy of adsorption is a measurement 
of the energy barrier (which must be overcome by the 
reacting molecules) (Jencks, 1969), these results 
suggest that the heat is consumed upon the transfer 
occurrence of the metal ions from the aqueous to the 
solid phase.  

∆S° can be used to identify whether the 
adsorption reaction follows an associative or 
dissociative mechanism. Generally, a change in 
entropy of ∆S° > −10 Jmol−1K−1 implies a 
dissociative mechanism (Scheckel and Donald, 2001; 
Zhao et al., 2011). In this work, the standard entropy 
change for the adsorption system (∆S°) was positive 
(Table 2). This result reveals that the Cd2+ adsorption 
onto the adsorbents produced a less ordered 
molecular arrangement (Zhao et al., 2011). 
Therefore, the distribution of rotational and 
translational energy for a small number of molecules 
on the COOH/TUD-1 increases with increasing 
adsorption because of the positive ∆S°, and this 
randomness increases at the COOH/TUD-1 solid - 
Cd solution interface during the adsorption process. 
The entropy changes were all positive, which implies 

that a dissociative mechanism was involved in the 
adsorption processes. 

 
3.4.4. Desorption efficiency 

Recovery is important to the mesoporous 
sorbent quality. The reversibility of Cd2+ adsorption 
to COOH/TUD-1 was studied and the results and 
procedure are compiled in Table 2. Cd2+ ions 
adsorbed to COOH/TUD-1 were effectively eluted 
with HCl aqueous solutions. The highest recovery 
was found to be 98% using 1 M HCl.  

The results for the adsorption-desorption cycle 
demonstrated COOH/TUD-1 could be re-used up to 
10 times without significantly changing the 
adsorption extent of the studied metal ions. 
Therefore, the prospects of COOH/TUD-1 are 
promising in the applications for removing Cd2+ from 
water and wastewater. 

 
4. Conclusions  

 
The ordered functionalized mesoporous silica 

COOH/TUD-1, used to remove Cd2+ from polluted 
water, was prepared via a post-grafting pathway and 
characterized using several physicochemical 
techniques. The ability of COOH/TUD-1 to remove 
Cd2+ ions from aqueous solutions was analyzed via a 
batch technique. The optimum pH value for Cd2+ 
removal was 6.  

The adsorption of Cd to COOH/TUD-1 
reached equilibrium within 35 min. The high r2 
values indicate that the Cd adsorption to 
COOH/TUD-1 follows a pseudo-second-order 
kinetics model based on the assumption that the rate 
limiting step may be chemisorption.  

The Langmuir, Temkin and Freundlich 
isotherm models for Cd2+ adsorption to COOH/TUD-
1 were studied, and the Langmuir model best fit the 
adsorption data.  

The negative value of ∆G° indicates the 
feasibility and spontaneity of the adsorption process. 
The positive value of ∆S° reflects the affinity of 
COOH/TUD-1 towards Cd. The positive ∆H° 
suggests the endothermal nature of adsorption. Cd 
adsorption is reversible and can be desorbed from 
COOH/TUD-1. COOH/TUD-1 can be viewed as a 
new material for removing toxic metals from 
wastewater with high efficiency that can be 
economically regenerated while maintaining its high 
adsorption capacity.  
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