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ABSTRACT — The aim of this work was to evaluate copper adsorption on expanded
vermiculite through kinetic and equilibrium studies. The kinetics of adsorption of
copper into vermiculite was assessed by kinetic phenomenological models of pseudo-
first order, pseudo-second-order and intra-particle diffusion models as well as a mass
transfer model in the external film. Langmuir, Freundlich and Dubinin-Radushkevich
(D-R) models were fitted to equilibrium data. The adsorption process follows Kkinetic
External Film Mass Transfer and Intraparticle Diffusion models, and Freundlich
model describes better the system in the equilibrium. It was also verified that the
process is spontaneous, endothermic and favorable. D-R model indicated that the
adsorption of copper on vermiculite is a physical process.

1. INTRODUCTION

Generation of industrial wastes has been increasing at growing rates. Among the most
dangerous pollutants are those which contain heavy metals and because of that, treatment
techniques must be studied and improved. Copper in excessive doses has toxic effects on
plants and animals. On plants, the excess alters oxidative activities and some antioxidative
processes components (Yruela, 2005). In human beings, it can be retained in brain, liver and
pancreas (Davis et al., 2000).

The selected method of heavy metal treatment in this study was the adsorption due to its
versatility, allowing the adsorbent choice according to its selectivity towards what it is desired
to treat and according to costs and availability.

The alternative adsorbent used in this study was the expanded vermiculite. Vermiculite
is a micaceous material with a crystalline structure, which exfoliates by quick losing water. It
increases vermiculite volume and decreases its density by a factor of approximately 20
(Machado et al., 2006), to values between 0.05 and 0.30 g cm™. Expanded vermiculite possess
a high cation exchange capacity, of the order of 2 meg/g (Seaborn, 1976), which favors its use
as an adsorbent. Stylianou et al. (2006) compared vermiculite and a zeolite (clinoptilolite) as
copper adsorbents and vermiculite seemed to be more effective. Nishikawa et al. (2012)
evaluated the use of expanded vermiculite on zinc adsorption, verifying that the process is
favorable, spontaneous and physical. Malandrino et al. (2006) observed that adsorption of
metallic ions on vermiculite decreases with decreasing pH and with increasing ionic strength.

Area tematica: Engenharia Ambiental e Tecnologias Limpas



/1
/é‘cmm 19 a 22 de outubro de 2014

Congresso Brasileiro de Florianopolis/SC
Engenharia Quimica

Based on the exposed, this work aims to evaluate the use of a Brazilian expanded
vermiculite kindly provided by Brasil Minérios LTDA on the removal of copper ions through
kinetic and equilibrium studies.

2. MATERIALS AND METHODS

2.1. Kinetic studies

In Kinetic studies, becker flasks containing 1000 mL of a 1.14 mmol/L copper solution
and 10 g of expanded vermiculite with an average diameter of 0.855 mm were used. At
previously determined intervals, 4 mL aliquots were taken and centrifuged. The liquid phases
were diluted and their concentrations were determined with atomic absorption spectrometer
Perkin Elmer, Analyst 100 model. Each aliquot volume was taken in order to not remove
more than 8% of total volume. Thus, the solution concentration would not be affected by the
withdrawn volume.

From Equation 1, metallic ions concentrations were determined at each instant t.
Vv
q(t) = P (C, —C(1)) (1)

where Cy is the initial metal ion concentration in the solution (mmol/L), C(t) is the metal ion
concentration in the solution (mmol/L) at any time t (min), V is the volume of the solution
(mL) and m is the mass of the dry expanded vermiculite (g).

Equation 2 provides the removal percentage (%Rem).

%Rem:(COC_CeJ-loo ()

0
where C, is the metallic ion concentration in the solution (mmol/L) at equilibrium.
The models applied to fit the kinetics curve data may be classified into two main
categories according to its mass transfer mechanisms. Pseudo first order model can be

expressed by Equation 3 and describes cases in which resistance to mass transfer inside the
solid is dominant:

q=0.,(1-e™") @)

where Qe is the metal ion concentration in the solid (mmol/g) at the equilibrium and kj is the
removal kinetic constant (min™).

Pseudo second order model fits cases in which there is a non-linear impelling force.
Equation 4 presents pseudo second order model:

dg _ e
P k,(g. —q) 4

where k3 is the pseudo second order constant (g/mmol.min). Or, integrating:
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(5)

where K = ge.ko.

When diffusion inside the particle is too slow, determining the limiting step of the
process, while diffusion on the surface is instantaneous, the constant intraparticle diffusion
rate may be obtained from Equation 6.

g =kt (6)

The q vs. t2 graph is a straight line which crosses the origin with angular coefficient

equal ki (mmol/g'min®). Or, according to Chen et al. (2003), it may show more than one linear
region, indicating that more than one step limit the adsorption. First step is the spontaneous
adsorption on external surface. Second step is a gradual adsorption when diffusion inside the
particle is the limiting step given by Equation 7.

q=k t"? +c (7

The values of ¢ provide an approximation of the boundary layer and the larger the value
of c, the larger is the effect of boundary layer. The deviation from a straight line may be
attributed to a difference between mass transfer in initial and final adsorption.

Third step is the final equilibrium stage, where diffusion inside the particle starts to
decrease due to low adsorbate concentrations in solution (Chen et al., 2003).

The external film mass transfer model considers as limiting step the diffusion from
solution to a liquid film adjacent to the particle. The mass transfer rate can be determined by
Equation 8.

dc

dt
where Kry is the mass transfer coefficient (min™), C, is the solute concentration adjacent to
the adsorbent (mg L™).

= K [C(t)-C, ()] (8)

The pH was defined through metallic speciation (approximately 4.5) To adjust pH, it
was added when necessary concentrated nitric acid and pH was measured with an Oakton pH
meter.

2.2. Adsorption isotherms

The temperatures tested in equilibrium studies were 293, 313 and 333 K. Erlenmeyer
flasks containg 100 mL of solutions with different copper concentrations and 0.5 g of
expanded vermiculite were kept under constant agitation at a shaker for 5 hours. After the
assays, samples were centrifuged and initial and final metallic ion concentrations were
determined by atomic absorption. Cu(NO3),.3H,0 was used to obtain metal ions.

To equilibrium modeling, three models were used: Langmuir, Freundlich and Dubinin-
Radushkevich, expressed by Equations from 9 to 11, respectively:
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* q 'b'C
= Jdmax =~ 9
f 1+b-C ®©)

where q” is the copper concentration in the solid phase (mmol/g), Qmax is the maximum
quantity of copper removed by gram of adsorbent (mmol/g), b is the ratio between adsorption
and removal rates and C is the copper concentration (mmol/L).

q* = a(C)n (10)
where a and n are Freundlich model constants.
In(q") =In(q,,) —B- &’ (11)

where q” is the amount of metallic ions removed by mass unit of adsorbent (mg/g), qm is the
adsorption capacity of D-R model (mg/g), p is the constant related to adsorption energy
(mol?/J%). Parameter ¢ is the Polanyi potential, given by:

g=RT- In(1+ %j (12)

where R is the universal gas constant (J/ (mol. K)) and T is the temperature (K).
Constant f is related to constant E (sorption free energy) and is calculated by:

1 (13)

72

In very low concentrations, there is linearity between liquid and solid phases known as
Henry’s Law:

a*=KC (14)
where K 0s Henry’s constant.
Henry’s constant is related to enthalpy (AH) and entropy (AS) variations through:

AH AS
In(K) = _ﬁ_'_ﬁ (15)

Thus, angular coefficient of In K versus 1/T graph will be -AH/R and the linear
coefficient will be AS/R. Gibbs free energy (AG) may be calculated from Equation 16 in order
to verify the spontaneity of the process.

AG=AH-T A4S (16)
3. RESULTS AND DISCUSSION

3.1. Kinetic studies
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Figures 1 and 2 present the adsorption of copper on expanded vermiculite kinetic curves
as well as pseudo first order, pseudo second order and intraparticle diffusion models fittings.
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Figure 1 - Kinetic curve of adsorption of Figure 2 - Intraparticle diffusion curve of
copper on vermiculite with pseudo first and adsorption of copper on expanded vermiculite.

pseudo second order models fittings.

From Figure 1 it is possible to note that the system reached equilibrium in approximately 250
minutes, the maximum amount of copper removed was 0.020 mmol of copper/g of vermiculite,
which correspond to a removal percentage of 89.13%. Figure 2 shows the intraparticle diffusion
adsorption curve, where it is possible to observe the instantaneous diffusion which occurs on the
surface, the gradual diffusion stage which takes place inside the particle and the last equilibrium step
when diffusion inside the adsorbent decreases due to the low metal ion concentrations in solution.
Table 1 lists kinetic parameters obtained from mathematic fittings.

Table 1 — Kinetic parameters of pseudo first order, pseudo second order, intraparticle diffusion and
external film adsorption models fittings for the system copper/expanded vermiculite.

ge (mmol/g) 0.0380

Pseudo first order ki (min™) 0.0715
R’ 0.9134

ge (mmol/g) 0.0398

Pseudo second order K, (g/mmol.min) 2.9457
R’ 0.9684

¢ (mmol/g) 0.0041

Intraparticle Diffusion ki (mmol/g.min"%) 0.0051
R’ 0.9923

Mass Transfer in External Km (min™) 0.0033
Film R® 0.9959

From Table 1, it can be observed that the External Film Model describes better the system
based on its higher regression coefficient. This model considers that the limiting step is the diffusion
from the solution to a tiny liquid film formed on the adsorbent particle (Puranik et al., 1999). It may
indicate that the operating parameters such as agitation speed could have important effects on the
adsorption efficiency.
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Even though external film mass transfer model was the best model for this system, intraparticle
diffusion model also presented a satisfying adjustment. In this model, the limiting stage involves
mass transfer inside the particle while diffusion on surface is instantaneous. In this case, it would be
interesting to investigate the effect of particle size on this adsorption process.

3.2. Adsorption isotherms

Figure 3 depicts equilibrium data as well as Langmuir and Freundlich models adjustments at
temperatures of 293, 313 and 333 K. Calculated parameters obtained from non-linear and linear
regressions are listed in Table 2.

Table 2 - Parameters obtained from adjustment of models to equilibrium data and Henry’s constants
at low concentrations.

Langmuir Freundlich Henry
COmax b 2 a 2 k 2
T T mmoligy | gy | R | mmoirg)| " R wo | R

293 0.26878 | 196.305 | 0.9581 | 0.14872 | 0.40159 | 0.9850 | 1.86201 | 0.9955
313 0.40443 | 210.424 | 0.9775 | 0.22922 | 0.38578 | 0.9881 | 3.22471 | 0.9305

333 0.31437 | 433.984 | 0.9630 | 0.21095 | 0.35724 | 0.9762 | 3.53534 | 0.9838

At all tested temperatures, Freundlich model exhibited regression coefficients closer to the
unit, indicating that it is the most adequate model to describe this process. Freundlich model
considers adsorption in multilayers, not assuming adsorbent saturation. According to Treybal (1980),
in the cases where parameter n is smaller than the unit, adsorption is favorable. Since the highest
value found was 0.43521, it can be concluded that adsorption of copper on expanded vermiculite is a
favorable process. EI-Bayaa et al. (2009) got similar results for the separation coefficient (Kg).

Vieira et al. (2012) carried out a similar study using in natura and calcined rice husks to
remove copper from aqueous solutions, obtaining better results whit the calcined samples. It can be
observed that in adsorption isotherms, all g, obtained in the present study were higher, while in
Kinetic study the removed amount were little smaller, 0.040 mmol copper/g adsorbent against 0.057
g copper/g adsorbent. In this case, expanded vermiculite advantage resides in the fact that it does not
need previous thermal treatment calcination. Abollino et al. (2008) compared the use of vermiculite
and montmorillonite as adsorbents of various heavy metals with copper included. The total
adsorption capacities provided by breakthrough curves showed that vermiculite presents higher metal
uptake amounts than montmorillonite.

Through Henry’s constants on Table 2, a graph of In(k) versus 1/T was built and a linear
regression was applied. Using Equation 14, it was obtained a AH of 13.182 kJ/mol and the value of
AS was 50.697 J/(mol K). Table 3 lists Gibbs free energy calculated through Equation 16.

Negative calculated values of AG evidence that adsorption on vermiculite is spontaneous and
the degree of spontaneity increases with increasing temperature. Higher values of maximum capacity
were gotten at higher temperatures, suggesting that this process is of endothermic nature.

Eren and Afsin (2008) investigated raw and acid-activated bentonite as adsorbents of Cu(ll).
Raw bentonite presented Gibbs free energy ranging from -0.34 and -0.71 kJ/mol and the acid-
activated bentonite showed a variation between -1.13 and 1.49 kJ/mol. Comparing to the results
obtained in this study, with values ranging from -3700.101 to -658.281 kJ/mol, it can be concluded
that the use of vermiculite results in a process which occurs more easily and spontaneously.

Area tematica: Engenharia Ambiental e Tecnologias Limpas 6



=]

//éfﬂcosfq
Congresso Brasileiro de

Engenharia Quimica

0,40 4

0,354

0,304

0,054

0,00 4

-0,05

333K

Langmuir
__.__Freundlich

19 a 22 de outubro de 2014
Florianopolis/SC

Table 3 - Values of Gibbs free energy
calculated.

0254 / ’ Temperature (K) | AG (kJ/mol)
CI ol 293 -658.281
el o . 313 -2686.161
vl s 333 -3700.101

C, (mmoliL)

Figure 3 - Equilibrium assays at 293, 313 and
333K with Langmuir and Freundlich fittings.

Equilibrium data were also adjusted by Dubinin—Radushkevich (D-R) model. Figure 4
illustrates In(q) versus €” graph and Table 4 presents the constants obtained.

N Table 4 - Parameters from D-R model fit.
\\\"
24 \..\\ _I_
Ny (K) gn | P(x10°) | E(KJ) | R?
. '\\\
£ \\\-\ 293 | 0.1390 | 1.8000 | 5.2129 | 0.9683
5 \\:
6 \\\\
| | e | | Fig

ure 4 - Linear regression of In(q) versus 2.

Through Equation 13, energy E was calculated and the value of 5.2129 kJ indicates a physical
adsorption process. According to Kilislioglu and Bilgin (2003), values of E lower than 8 kJ imply a
physical adsorption and values between 8 and 16 kJ imply a chemical adsorption.

4. CONCLUSIONS

In kinetic study, the external film mass transfer and intraparticle diffusion models better fitted
the process, indicating that some operating and adsorbent parameters as agitation speed and particle
size, may have important effects on adsorption efficiency. The adsorption isotherms were best
adjusted by Freundlich model, giving an indicative of a favorable process through the value of
parameter n, which was smaller than the unit. Further thermodynamic studies showed that the copper
adsorption onto expanded vermiculite is a spontaneous, endothermic and physical process. Finally,
the results obtained and the comparisons with previous studies indicate that expanded vemiculite is a
promising adsorbent and more studies should be carried out.
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