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Abstract

Investigations were conducted to study the adsorption behavior of heavy metal Cu(Il) on the meso-

porous silicate SBA-15 (CONH,-SBA-15) in aqueous medium by varying parameters such as contact time,

temperature, ionic strength, and competing ions. Heavy metal adsorption was broadly independent of initial

metal concentration. Competing ions in the aqueous solution had a small effect on the adsorption of Cu(II) on
CONH,-SBA-15. The adsorption data for Cu(Il) fit well with the Langmuir and Redlich-Peterson models.
Kinetic studies showed that the kinetic data are well described by the pseudo second-order kinetic model.

Initial adsorption rate increases with an increase in temperature. The intraparticle diffusion model was the best

in describing the adsorption kinetics for the Cu(Il) on CONH,-SBA-15. Thermodynamic analysis indicates

that the adsorption is spontaneous and endothermic.

Keywords: Cu(Il), mesoporous materials, adsorption isotherm, adsorption kinetics, adsorption thermo-

dynamics

Introduction

Heavy metal ions have attracted much attention due to
their toxicity [1-3]. Contamination by heavy metals occurs
in the aqueous waste streams of several industries, such as
metal finishing, mining and mineral processing, coal min-
ing, and oil refining and tanneries, among others [4]. Some
metals associated with these activities are: cadmium, cop-
per, chromium, iron, mercury, nickel, lead, and zinc [5]. It
is important to note that copper is one of the toxic metals
that slowly accumulate in the bodies of living creatures. In
China, the maximum recommended level of Cu* in surface
water is 0.1 mg/L.

Selective adsorption has become increasingly important
in recognition, sensing, and separation of molecules and
ions. Adsorption is the process by which a solid adsorbent
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can attract a component in water to its surface and form an
attachment via a physical or chemical bond, thus removing
the component from the fluid phase. Some advantages of
the adsorption process are simplicity in operation, low cost
compared to other separation methods and no sludge for-
mation [6].

Mesoporous materials have been synthesized for vari-
ous applications such as adsorption, catalysis, and semi-
conductors [7-9]. In particular, functionalization of meso-
porus materials can provide chemical affinity for specific
guest molecules and improved dispersion in aqueous solu-
tion [10-13].

In this paper, the adsorption kinetics and thermodynam-
ics were studied under various conditions and the adsorp-
tion equilibria were investigated to find out which isotherm
model best fits the experimental data. The effects of the
adsorbate temperature, pH and other ions were studied in
order to determine the optimal adsorption conditions.
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Experimental
The Mesoporous Silicates

The synthesis of adsorbent A was carried out in accor-
dance with the published paper [14], with triblock copoly-
mer (Pluronic P123, EO,,PO,,EO,,, Mav=5800) and
cetyltrimethylammonium bromide (CTAB) as hybrid sur-
factant templates, and tetraethyl orthosilicate (TEOS, 98%,
MAV=208.33) as the silica source. The typical synthesis
process was as follows: 4 g P123 and 0.5 g CTAB were dis-
solved in 40 g dry ethanol and 0.4 g HCI at room tempera-
ture and stirred for 2 h. At the same time, 2.22 g A-1160,
and 20 g dry ethanol were mixed and also stirred for 2 h.
Then 6.6 g TEOS was slowly added into the mixed solution
of the above two to obtain a gel (The molar composition of
the mixture was 0.022 P123:0.015 CTAB:1 Teos:6.25
H,0:0.025 HCI:40.76 ethanol). After 1 h of stirring, the
resulting gel was transferred into a Petri dish for solvent
evaporation. The slurry produced was transferred into a
polypropylene bottle at 90°C for 3 d under static conditions.
After filtration, it was then submitted to a continuous reflux
run overnight in ethanol/HCI at 70°C to extract the surfac-
tant templates. Then it was filtered, neutralized by stirring
with 1 mol/L NaHCO, solution for 24 h, and washed with

deionized water. Finally, it was dried under vacuum.
The Heavy Metals

In the adsorption experiments, metal nitrates (analytical
grade) were dissolved in pure water in order to prepare ini-
tial metal ion solutions with different concentrations (0.5,
0.8, 1, 2, 3, 4,5, 6 mmol/l, respectively).

The Adsorption Studies

In a typical run, approximately 50 mg of mesoporous
silica and 10 ml of metal ion solution were placed in a stop-
pered vial and subjected to ultrasonic irradiation for 25 min
at room temperature. Solution pH was adjusted with dilute
HCI and NaOH solutions, and the solution ionic strength
was adjusted with KNO; solution. Metal concentration
change was recorded by ICP/OES spectroscopy.

The amount of metal adsorbed onto the mesoporous sil-
icas was calculated by a simple mass balance relationship:

14
Q=(C0—C8)XW (1)

Results and Discussion
Effect of lonic Strength

The effect of ions on the equilibrium adsorption amount
is shown in Fig. 1. It shows that the adsorption was affect-
ed by the ions in solution. The adsorption order of Cu* in
the presence of the other ions is NO; > H,O (pure water

—blank) > NH,; > SO, > CI” and only the CI” affected the
adsorption significantly.

Effect of Competitive Adsorption

The divalent cations Cd*, Ni*, and Co*" were selected
as competing ions with Cu** because those cations are diva-
lent and have similar ionic radii.

A selectivity coefficient (P,,) for the binding of Cu*" in
the presence of other metal ions was calculated according
to Eq. (2)

P,
Eip vy )

...where P, represents the ratio of the value of P, of Cu* to
P, (Cd*, Ni**, Co™) in mixed solutions.

Table 1 summarizes the values for the distribution con-
stants (P,) and selectivity coefficients P, of CONH,-SBA-
15 toward Cu*" in the presence of other metal ions. It was
observed that almost all the P,, values were greater than 2.

0.22

+

q. (mmol/g)

NO5~ H,0 NH,; SO~ cr

Fig. 1. Effect of ionic strength on the adsorption.
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Fig. 2. The relationship between C,/C, and ¢ for the first-order
adsorption model and second-order adsorption model at differ-
ent temperatures (288K, 298K, 308K) of Cu(Il)
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Table 1. Cu(Il) adsorption on CONH,-SBA-15 in the presence of other metal ions (25°C, pH 5.0).
Heavy metals C, G, 0, o,
atb (mmol/L) (mmol/L) (mmol/g) (mmol/g) Py

Cu Pb 0.01800 0.02100 0.1960 0.1995 1.221

Cu Zn 0.02700 0.05900 0.1950 0.1880 2.310

Cu Ni 0.01500 0.04500 0.1970 0.1910 3.094

Cu Co 0.03610 0.6482 0.1920 0.0703 49.10

Cu Cd 0.01420 0.4790 0.1970 0.1040 63.76

This suggests that the competing ions in the aqueous solu-
tion had a small effect on the adsorption of Cu(ll) on
CONH,-SBA-15.

Adsorption Isotherm

The adsorption isotherm experimental data collected at
different heavy metal concentrations and various tempera-
tures were fitted with three adsorption models: Langmuir,
Freundlich, and Redlich-Peterson isotherm models [15-18].

The Langmuier equation is given as:

OKC

== " 3
1+ KC, ®)

q.
...where ¢, is the sorption capacity of adsorbents at equilib-
rium (mmol/g); O is the constant, sorption capacity of
adsorbents (mmol/g); K is the Langmuir constant
(L/mmol); C, is the concentration of adsorbate at equilibri-
um (mmol/L).
The Freundlich equation is given as:

1
qe = KF Cen (4)
...where K is the Freundlich constant; # is a constant, often
>1.

The Redlich-Peterson equation is given as:

K,C

e

“l+al’?

q. &)

..where K, a are the Redlich-Peterson constants; f is the
index.

The graphically calculated O, K, and R* (Languir
isotherm), n, K, and R* (Freundlich isotherm), K, , a, 3,
and R’ (Redlich-Peterson) are regrouped in Table 2.
Comparison of the three adsorption models shows the
Redlich-Peterson isotherm to be the best model for the met-
als. Theoretically calculated O values that are the maximum
monolayer capacities of the adsorbent are 1.491, 1.404, and
1.299 mg/g for the experiments performed at 288K, 298K,
and 308K, respectively.

Adsorption Kinetic Models

Both pseudo first- and second-order adsorption models
were used to describe the sorption kinetics data [19, 20]. In
both models, all the steps of adsorption such as external
diffusion, internal diffusion, and adsorption are lumped
together and it is assumed that the difference between the
average solid phase concentration and the equilibrium con-
centration is the driving force for adsorption, and that the
overall adsorption rate is proportional to either the driving
force (as in the pseudo first-order equation) or the square
of the driving force (as in the pseudo second-order equa-

tion).

First-order model:
Q — (1 _ msqe ) + msqe e*klt (6)
CO CO 0

Second-order model:
Ct _1 msqe qek2t
C, C, 1+q.kt )

0 0 q.%

In these two equations, C, and C, are the initial and lig-
uid-phase concentrations of adsorbates (mmol/L), respec-

Table 2. Langmuir, Freundlich, Redlich-Peterson coeffients for adsorption of Cu(Il) onto mesoporous materials.

Langmuir Freundlich Redlich-Peterson
e R 0 K R Ky 1/n R Ky o p
288 0.9920 1.491 19.73 0.9920 3.009 0.5007 0.9984 54.70 23.68 0.7060
298 0.9826 1.404 26.45 0.9956 2.830 0.4545 0.9971 1713 67.47 0.6202
308 0.9734 1.299 44.95 0.9960 2.826 0.4147 0.9984 309.7 124.2 0.6523
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Table 3. Comparison of experiments and kinetic models.

first-order adsorption model Second-order adsorption model
1o R 4. ky R 4. ky
288 0.9682 0.1889 0.2345 0.9818 0.1992 1.288
298 0.9535 0.1967 0.2764 0.9822 0.2014 1.624
308 0.9387 0.1953 0.2935 0.9856 0.2037 2.016

tively, at any time ¢, ¢, is the equilibrium adsorption
(mmol/g) (g, has previously been used for dye adsorption
value), ms is the adsorbent concentration (g/L).

The plots C,/C, and ¢ were used to test the first- and sec-
ond order models, and the fitting results are given in Table
3. According to the correlation coefficients, both models
give satisfactory fits. But the calculated adsorption amount
at equilibrium shows a difference. Comparison of the two
kinetic models shows the second-order adsorption model to
be a better fitting model for metals adsorption.

Internal Diffusion Analysis

The adsorption process on a porous adsorbent general-

ly involves three stages:

1) external diffusion;

(ii) internal diffusion (or intra-particle diffusion);
(iii)  actual adsorption [21, 22].

Quantitative treatment of experimental data may reveal
the predominant role of a particular step among the three
that actually governs the adsorption rate. The adsorption
step is usually very fast for the adsorption of heavy metals
on mesoporous adsorbents compared to the external or
internal diffusion step [23], and it is known that the adsorp-
tion equilibrium is reached within several minutes in the
absence of internal diffusion [24]. Thus, the long adsorption
equilibrium time in our experiments (1-3 hours) suggests
that internal diffusion may dominate overall adsorption
kinetics.

Because the above pseudo models do not provide defi-
nite information on the rate-limiting step, an internal diffu-
sion model based on Fick’s second law is used to test if the
internal diffusion step is the rate-limiting step [25]:

1

q,=kt*+C )

According to the internal diffusion model, a plot of ¢,
versus ¢'? should give a straight line with a slope &, and an
intercept of zero if the adsorption is limited by the internal
diffusion process [26]. The relationship between ¢, and ¢
at different temperatures is shown in Fig. 3. Initially in all
the cases studied, a linear relationship between ¢, and 72
with a zero intercept is found, suggesting that the internal
diffusion step dominates the adsorption process before
equilibrium is reached.

Fig. 3 shows the plot of qt versus ¢, which clearly
shows all the data follow the same kinetics. This confirms

that the adsorption process can be described by a simple
internal diffusion model; internal diffusion was found to be
the rate-limiting step.

Thermodynamic Parameter Estimation
The Gibbs free energy change of the adsorption process

is related to the equilibrium constant by the following equa-
tion:
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Fig. 3. Plot of ¢, vs. #'* in internal diffusion model.
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Table 4. Thermodynamic parameters for the adsorption.

AG
metals AH AS R?
288 K | 298 K | 308 K
Cu 20.07 | 76.26 | 0.9978 | -1.890 | -2.652 | -3.415

The enthalpy change (AH) and entropy change (AS) for
adsorption are assumed to be temperature independent and
the Gibbs free energy change (AG) is related to the enthalpy
and entropy change by the following equations:

AG = AH —TAS (10)
g, _AS AH
nde =22 27
e TR rrT (D)

t

A study of the temperature dependence of adsorption
gives valuable information about the enthalpy and entropy
changes during adsorption. The relationship between ¢,/C,
and 1/T is given in Fig. 4. The estimated adsorption ther-
modynamic parameters are listed in Table 4.

The negative value of AG indicates that the adsorption
of metal Cu(Il) on the xerogel is spontaneous for the tem-
perature range evaluated, which is usually the case for
many adsorption systems in solution. The positive value of
AH shows that the adsorption is endothermic, so raising the
temperature leads to a higher adsorption of Cu(Il) at equi-
librium. The positive value of AS indicates a process
impacted by “promoting the entropy”’

Conclusions

The use of a mesoporous hybrid xerogel for the adsorp-
tion of an organic dye from aqueous solution has been
examined. The results are summarized as follows:

(1) The adsorption kinetics can be well described by the
pseudo second-order kinetic model. Initial Equilibrium
time decreases with increases in temperature.

(2) The internal diffusion of Cu(Il) into the mesoporous
materials is the rate-limiting step of the overall adsorp-
tion process.

(3) The negative value of the Gibbs free energy change of
the adsorption indicates that the adsorption is sponta-
neous. The positive value of the enthalpy change of the
adsorption shows that the adsorption is an endothermic
process. Thus, raising the temperature leads to higher
Cu(II) adsorption at equilibrium.
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