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Abstract

Adsorption is potentially an attractive technique for the treatment of wastewater containing dyes. In the present work, spent fluid catalyt-
ic cracking catalyst (SFCC), a petroleum refinery waste was explored as a novel adsorbent and report its adsorption capability for the
first time in the literature. Batch adsorption studies were carried out to remove methylene blue (MB) dye using SFCC. The equilibrium
data was modeled using pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models. Also, the van’t Hoff equa-
tion was used to obtain the thermodynamic contributions of the process. Results show that the plot of intraparticle diffusion model (con-
sidering only film diffusion) has less R? value (0.887); it seems that the plot is nonlinear. Hence, the data points were represented by a
double linear set of equations (lines) considering both pore & film diffusion. In the first straight line, the sudden increase in slope signi-
fies that the dye molecules were transported to the external surface of the adsorbent through film diffusion. The second straight line sig-
nifies that the dye molecules diffused through the pores. The portion which does not pass through the origin indicates that the pore diffu-
sion is the only rate-determining step for the transport of MB onto SFCC.
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1. Introduction

Dyes can be removed from wastewater using physical, chemical,
and biological means[1,2]. Many conventional or nonconventional
processes, such as biological, physicochemical, filtration treatment
or advanced oxidation process (AOP) were tested for dyes degra-
dation. However, they are energy intensive, costly and generates
carcinogenic byproducts. Among all these processes adsorption
was found to be a most attractive technique[3].

Dyes are used frequently for many industrial applications such as
dyeing of fabrics in the textile industry, as food additives in rela-
tively minute quantities in food industries, as foam additives in the
leather industry, coloring agents in the plastic industry, cosmetics,
and colored paper-making in the paper industry and as coloring
compounds in printing. During these applications, a lot of unused
dyes are discharged as effluents. This results in water pollution
and is harmful to human beings and environment[4]. Methylene
blue is a heterocyclic aromatic compound and has many applica-
tions industrially, making it one of the most widely used dyes [5].
So removal of MB from the effluents requires considerable atten-
tion.

Attention towards these pollutants is not the recent one. However,
increasing levels of pollutants alarm the concern towards envi-
ronment regularly. As a result of serious efforts of many research-
ers around the world, a number of methodologies with varying
degrees of success has been developed to manage water pollution.
Some of them include coagulation, foam filtration, filtration, ion
exchange, sedimentation, solvent extraction, adsorption, electroly-
sis, chemical oxidation, chemical precipitation and membrane
process[5-8]. However, due to the focus on need-based activities
to protect our environment, the adsorption which is widely adopt-

ed technique and favored by the availability of vast natural re-
sources as adsorbents was chosen. Also, adsorption is the most
effective, commonly employed and most frequent phenomenon
encountered for addressing many practical problems.

Adsorbents ranging from natural sources to artificial sources had
used and have been using by many researchers and continue re-
search to explore many new adsorbent materials day by day to
lower the wastewater treatment cost[6,8].

Fluid Catalytic Cracking (FCC) catalyst is the major game chang-
er in the downstream petroleum refinery operations. A modern
FCC catalyst is in the form of fine powders with an average parti-
cle size in the range of 75 microns, with a well-defined lattice
(pyramid) structure between silica and alumna atom at the center
of the tetrahedron, and oxygen atoms at the four corners. It has
four major components: Zeolite, Matrix, Binder, and Filler [9].

A huge quantity of spent fluid catalytic cracking catalyst (SFCC)
is disposed regularly in the refineries and founds very limited
applications. Moreover, as per our knowledge, there is no reported
literature on SFCC as an adsorbent. Therefore, SFCC which is
low/no cost adsorbent completely utilized and disposed waste
from petroleum refinery was chosen as a novel adsorbent.

In the Present work, SFCC was utilized as an adsorbent for re-
moving methylene blue from its modeled aqueous solution. Batch
adsorption data was generated by varying the parameters affecting
the adsorption performance such as contact time, the initial con-
centration of MB, dosage of adsorbent, temperature, and pH. Var-
ious Kinetic models (pseudo-first order, pseudo-second order,
Elovich & intraparticle diffusion) along with thermodynamic con-
tributions as per Van’t Hoff equation were applied to find the
nature of adsorption process.
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2. Materials & Methods

2.1. Materials

Analytical reagents like methylene blue, NaOH, HCI were ob-
tained from Indica scientific, Visakhapatnam and SFCC as a gift
sample was obtained from HPCL refinery, Visakhapatnam, India.

2.2. Experimental Procedure

A stock solution of 1000 ppm MB concentration was prepared by
dissolving 1g of MB powder in 1L double distilled water. Further,
the stock solution was diluted to the required concentrations of 20,
40, 60, 80, 100 mg L™ as per the requirement. MB Solution of
desired concentration and pH along with the desired amount of
adsorbent dosage was taken in 250 ml conical flask and agitated at
160 rpm in an orbital shaker.

After adsorption, the supernatant was separated from the adsor-
bent using a centrifuge. The concentration of dye in the superna-
tant was determined using UV-Visible spectrophotometer
(WENSAR make). The absorbance of the MB dye solution was
measured at the characteristic wavelength (M) Of 665 nm. The
maximum limit of absorbance for UV-Visible spectrophotometer
is 3 for WENSAR instrument. So the samples were diluted if the
measured absorbance of the solution exceeds the value of 3.

The calibration plot was established between the known concen-
trations of the MB dye solution and the corresponding measured
absorbance. It was ensured that a linear relationship exists be-
tween the concentration and measured absorbance of the solution.
The slope obtained from the calibration plot was used to determine
the concentration of MB dye in the solution after completion of
adsorption. The %adsorption and the dye uptake were calculated
from the first two equations given in Table 1.

All the parameters affecting the adsorption performance such as
contact time (5-35 min), Initial concentration (20-100 mg/l), Dos-
age (0.3-0.7 g), Temperature (298-333K) and pH (2-9) were stud-
ied and the results were used to model the process.

3. Results and Discussions

Kinetic models: Pseudo-first order, pseudo-second order, Elovich
& intraparticle diffusion models along with thermodynamic model
equations are given in Table 1 were tested.

Table 1:. Model equations used

Reference

Model Simplified Equation
number
% Adsorption %A = (Ci— Cy)/ Ci *100 [1-3]
Dye uptake Q= (Ci—Cy)Viw
Pseudo 1% order Log (Qe((i( *I/g%a;)ct’ngq -
Pseudo 2" order t/Q = (U/KII*Qeg?) + (1/Qeg)t -
Elovich Q = (1/ B)in(a B) + (1/ B) Int [3-9]
Intra particle diffusion Q = Kgr*t*° + C
Van’t Hoff InK, = (-AH/RT) + ASIRT
Gibbs Free energy AG = AH + TAS

Where,

Ci and C, are the initial and final concentration of dye respective-
ly.

Qe is the equilibrium dye uptake.

V is the volume of dye solution taken.

w is the weight of adsorbent used.

t is the adsorption (contact) time.

T is the temperature of the adsorption.

K, and K, are the rate constants.

a is a constant related to chemisorption rate.

B is a constant which depicts the extent of surface coverage.
Kgifr is the diffusion coefficient.

K, is the equilibrium or distribution constant.
AH, AS, and AG are the change in enthalpy, entropy, and Gibbs
free energy respectively.

3.1. Kinetic Models

3.1.1. Pseudo-First-Order Model

Pseudo-first-order kinetic model was tested in order to obtain the
first order rate constant (K). The linear plot as shown in Fig. 1 is
drawn between log(Qe,-Q) versus time (t). Basic hypothesis fol-
lowed here is that when Qg obtained from the intercept of this
plot is not equal to the Qg observed then the reaction is not likely
to be followed by pseudo-first-order kinetics, even though the plot
has high correlation coefficient. It was observed that the calculated
value of Qe was 5.0408 mg glis not equal to the observed Qeq
=3.205mg g}, suggesting that the pseudo-first-order-model is not
valid in the present case.
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Fig.1: Pseudo 1% order model plot

3.1.2. Pseudo-Second Order Model

Pseudo-second order model was used to explain the sorption ki-
netics and is based on the assumption that the adsorption follows
second order chemisorption. A plot between t/Q and t was drawn
as shown in Fig.2, the regression values were found to be high and
the error between the model dye uptake (Q.,=3.378) and experi-
mental dye uptake (Q¢=3.205) was also minimum. Thus it was
observed that the pseudo-second-order kinetic model is the best fit
for the present data. The rate constant values obtained in case of
pseudo-first-order and pseudo-second-order kinetic models are
given in Table 2.
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Fig.2: Pseudo 2" order model plot



International Journal of Engineering & Technology

286

3.1.3. Elovich Model

A Plot between Q and In[t] was drawn and is shown in Fig.3. The
slope of this plot was inverted to find the value of chemisorption
rate § and was found to be 0.065 g/mg. Using the values of § and
intercept of Elovich plot the value of ‘a’ was found to be 1.869
mg/g min. These values once again confirm that the adsorption
process is chemisorption due to the strong binding forces.
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Fig.3: Elovich model plot

3.1.4. Intraparticle Diffusion Model

lons are most probably transported from the bulk of the solution
on to the solid phase by intraparticle diffusion, which is often the
rate-limiting step in many adsorption processes. A single plot of Q
Vs t20.5 gives the mechanism for transport of molecules.

Figure 4 indicates that the plot has low R? values (0.887), it seems
that the plots are nonlinear for all the concentrations. Hence, the
data points were represented by a double linear set of equations as
shown in Fig. 5.

In the first straight line, the sudden increase in slope signifies that
the dye molecules are transported to the external surface of the
adsorbent through film diffusion.

The second straight line signifies that the dye molecules were
diffused through the pores.

The portion which does not pass through the origin indicates that
the pore diffusion is the only rate-determining step for the
transport of MB onto SFCC.
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Fig.4: Intraparticle diffusion model plot considering only film diffusion
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Fig.5: Intraparticle diffusion model plot considering both film and pore
diffusions

Table 2:. Kinetics parameters

Pseudo 1% order Elovich
Qeq[Mmg g7 5.040 A 1.869
K, [min] 0.183 B 0.065
R 0.8927 R? 0.950
Pseudo 2™ order Intra particle diffusion

N T

Qeq[mg g™] 3.378 K“';;E:rﬂ.%’]g 0.195
K [L/mg-min] 0.065 C[mggT] 2.090
R? 0.999 R? 0.938

3.3 Thermodynamic Studies

The equation of van’t Hoff clearly shows that the thermodynamics
of adsorption process is composed mainly of two contributions
(enthalpy change and entropy change). A plot of InK, Vs 1/T as
shown in Fig. 6 gives the positive AH values ranging from 41.247
to 56 KJ/mol and AS values from 0.211 to 0.154 J/mol K. This
indicates that the high temperatures are favored to drive this endo-
thermic process.

The last equation given in Table 1 was used to calculate the
change in Gibbs free energy and the obtained values are presented
in Table 3. The obtained negative AG values for all the tempera-
ture & concentration ranges signifies that the adsorption process is
spontaneous in the forward direction.

Also, the positive change in AS values indicates the degree of
irregularity in the process and satisfies the second law of thermo-
dynamics. Table 3 represents the estimated values of all the three
thermodynamic parameters.
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Fig.6: Van’t Hoff plot
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Table-3: Thermodynamic parameters [4] Weng CH & Pan YF, (2007), Adsorption of a cationic dye (meth-

T, K Ci.ppm AH, KJ/mol AS, KJ/mol-K AG, KJ/mol ylene blue) onto spent activated clay. Journal of Hazardous Materi-

208 -6.715816 als 144, 355-362. doi:10.1016/j.jhazmat.2006.09.097.

303 ~7.770198 [5] Fatima M, Farooq R, Lindstrom RW, Saeed M (2017), A review on

313 20 56 0211 -0.878961 biocatalytic decomposition of azo de_s and electrons recovery.

323 11.98772 éogrfgllomlpf i I\gglle;:léglgsg Liquids 246, 275-281.

- 0i:10. j.mollig. .09.063.
33:; 249?)2223 [6] Aluigi A, Rombaldoni F_, Tonetti C, J_annoke L (2014), Study of
303 26.634639 H\Aethyllene B]!ue aﬂsorpt&on on k’arattln_ Tanoflb;ggs me;ﬂstérafgg.
ourna 0 azardous aterials , —165.

219 a0 GiSHL 0.156 9.092502 doi:10.1016/j.jhazmat.2014.01.012.

323 -9.550525 [71 Kumar A, Singha S, Sengupta B, Dasgupta D, Datta S, Mandal T

333 -11.00847 (2016), Intensive insight into the enhanced utilization of rice husk

298 -5.39133 ash: Abatement of rice mill wastewater and recovery of silica as a

303 -6.177751 value added product. Ecological Engineering 91, 270-281.

313 60 41.479 0.157 -7.750593 doi:10.1016/j.ecoleng.2016.02.034.

323 -9.323436 [8] Ho YS, Chiu WT & Wang CC (2005), Regression analysis for the

333 -10.89628 sorption isotherms of basic dyes on sugarcane dust, Bioresource

298 -5.007339 Technology 96, (2005) 1285-1291.

303 -5.853746 d0i:10.1016/j.biortech.2004.10.021.

313 80 45.439 0.169 -7.54656 [9] Cahn RW & Haasen P (2014), Fluid catalytic cracking handbook,

323 -9.239373 Second edi, Gulf Professional Publishing, Houston, TX, (2014).

333 ~10.93219 doi:10.1016/B978-0-444-53770-6.05002-4.

298 -4.577755

303 -5.346634

313 100 41.247 0.154 -6.884391

323 -8.422149

333 -9.959906

4. Conclusion

The present work had identified a new source of the
adsorbent for the removal of dyes.

The adsorption of methylene blue on spent FCC catalyst
is well correlated with the pseudo-second-order Kinetic
model.

Intraparticle diffusion model shows that the adsorption
process is the result of both film and pore diffusion.

Free energy change indicates the degree of the
spontaneity of the adsorption process and the negative
value of -6.715 KJ/mol reflects more energetically favor-
able adsorption.

Enthalpy change (AH) value of 56 (i.e. positive), means
the adsorption is endothermic, an increase in temperature
(T) results in an increase in equilibrium constant K,. The
positive entropy change shows the feasibility of the pro-
cess.
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