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scanning electron micrograph of samples was obtained. Adsorption isotherms
were determined by BET, Redlich—Peterson, Langmuir, Tempkin, Freundlich,
and Dubinin—Radushkevich isotherms, and the results represented Langmuir and
Tempkin isotherms as the best fitted one for the adsorption of dye on C1 and C2
(CaO samples), respectively. The adsorption kinetics was studied, and the rate

parameters were evaluated at various dye concentrations (10-40 mg L™) and pH
values (3-9). The results conform to the pseudo-second-order Kinetics for both
samples. Thermodynamic analysis indicates the physical adsorption and
endothermic reaction for the adsorption process. Moreover, to model the
adsorption process, a computational fluid dynamic model has been performed
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1. Introduction these chemical classes, azo structure plays a dominant

role. Industrial effluents containing even very low
concentrations of basic dyes usually create highly
colorful wastewater, which is highly visible and may
damage the aquatic life [1]. Because of the environmental
concerns, the tendency to decrease pollution and
wastewater treatment is quickly expanding. Strict

Basic dyes are considered as the cationic dyes that are
mainly used for dyeing/printing of paper, wool, silk,
cotton, and modified acrylic fibers. Commercially
available basic dyes include chemical classes of azo,
methine, Xanthenes and triaryl methane, etc. Among
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legislation for environmental protection worldwide
necessitates industries to reduce the disposal of polluted
wastes in water streams [2, 3]. There are various
technologies for wastewater treatment, which high cost,
complicated preparation methods, and disposal problems
restrict their usage for dye wastewater treatment [4].

Among different methods of removing dyes from
wastewater, the adsorption method is considered for its
low cost, high efficiency, easy operation, simple design,
and best results to remove different-colored wastewater
[5-8]. Though, US Environmental Protection Agency,
reported adsorption by activated carbon as a potential
adsorbent from 2001 [9], that its usage is restricted
because of the high cost.

The investigation on efficient low-cost adsorbents
has been proposed by several researchers [1]. These
materials could be obtained from five origins; a: plant
residue/waste (sawdust [10], orange peel [11], walnut
shell [12]), b: animal origin (chitosan [13]), ¢: Industrial
waste (fly ash [14]), d: chemicals (cyclodextrin [15]), e:
mineral origin (kaolin [16], montmorillonite [17]).

Mineral-derived adsorbents are significant due to
the abundance of their source in nature, low cost,
availability, naturality, and high adsorption potential.
Metal oxides including MgO, MnO,, Fe,0O; and etc
have the high potential to remove contaminant from
wastewater [18-20]. Moreover, calcium oxide with
cubic lattice structure has great capability to remove
various pollutant due to specific surface area and high
porous structure [21-23]. Literature survey showed that
few researches have been presented on the adsorption
of dyes on calcium oxide. Therefore, the adsorption of
BR46 on calcium oxide nanoparticles was reported in
this work. This dye was also selected because its
toxicity to aquatic organisms and its chronic health
effects that impress safe life.

In the present work, the physicochemical properties
of CaO nanoparticles and the influence of different
useful parameters on dye adsorption, including CaO
dosage, time, dye concentration, temperature, and pH,
are investigated. The thermodynamic, isotherm and
kinetics studies utilizing different models as well as
numerical modeling can provide deeper insights
towards understanding of cationic dye adsorption on
calcium oxide nanoparticles.
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2. Experimental

2.1. Materials and instruments

In this study, a dye was selected from the largest class
of dyes, namely azo dyes. C.l. Basic Red 46 (BR46) is
a monoazo dye with the formula of CigH,4NgO4S
which is widely applied as the commercial dye and was
received from DyStar. The chemical structure of BR46
is given in Figure 1. Calcium nitrate, citric acid,
ethylene glycol and all other chemicals used in this
work were purchased from Merck Company.

Adsorption experiments were performed at
FC6SVELP (Scientifica) jar test equipment. The
surface morphology of samples were studied by SEM
apparatus (SEM- LEO 1455VP). X-ray diffractometer
(Siemens d500) was used for the chemical analysis of
samples. In this regard, the XRD pattern was recorded
to obtain the crystal size and crystallinity of C1 and C2
applying the X-Ray diffractometer with CuKa beam
irradiation with a step size of 0.02°.

The FTIR spectrum was obtained by a Perkin-
Elmer Spectrum One spectrometer (USA) using KBr
pellets. pH adjustment was carried out using HCI and
NaOH solutions (1 N) followed by measuring by pH
meter (METTLER TOLEDO). A Hettich EBA20
centrifuge was used to separate the excess adsorbent
and sample absorbance ascertained by Perkin Elmer
Lambda 25 UV-Vis spectrophotometer at the
respective Ama amount of BR46 (532 nm).
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Figure 1: The chemical structure of C.I. Basic Red 46.



Evaluation of Adsorptive Efficiency of Calcium Oxide Nanoparticles for...

2.2. Synthesis of C1 and C2

To synthesis CaO nanoparticles (C1 and C2) by
combustion method, 5 g high purified calcium nitrate
were reacted with fuel, 1.15 g citric acid for C1 sample
and 1.15 g ethylene glycol for C2 sample at 20 mL of
di-ionized water as displayed below:

5 Ca (NO3); + C,Hz0, — 5 CaO +2 CO, + 3 H,0 + 10
NO, (1100 °C)

9 Ca (NO3),*4H,0 + CgHgO; — 9 CaO + 6 CO, + 40
H,0 + 18 NO,(1300°C)

Then, samples were heated at 100 °C to make
yellow gel by evaporation of water followed by
combustion reaction applying microwave radiation for
5 minute with practical operating power of 900 W.
Afterwards, a pale brown porous foams were prepared
followed by heat treating at 500 °C for 1 hour to
remove the remaining carbon from the samples.

Thermodynamics of combustion reaction commonly
takes place at high temperature which the combustion
temperature is computed in the adiabatic and
stoichiometry conditions using Equation 1:

~AHE = [ ZnCpdT @)

As, T,q is the adiabatic flame temperature, AH is the
enthalpy of formation, n is the moles number and Cp is
the heat capacity. In this case, the combustion flame
temperature for the synthesis of CaO nanoparticles
with citric acid and ethylene glycol is about 1370
°C+100and 1100 °C#10, respectively.  This
combustion temperature is related to the adiabatic
condition, but some combustion heat is used to
vaporize the water.

2.3. Adsorption experiments

Different initial dye concentrations (10-40 mg L™)
were used to isotherm studies applying optimum
dosage of C1 (0.1 g L™) and C2 (0.2 g L™) samples, at
pHo=6.01, stirring speed of 100 rpm for 3 h to acquire
the equilibrium situation.

The UV-Vis absorption of the samples were
determined at given time intervals (5-180 min) and
different amounts of adsorbents (0.03-0.3 g L™) were
employed. The equilibrium was obtained after 15 min
for both samples. Moreover, the effect of different pHs
(3, 5, 7, 9) was studied to remove BR46 (20 mg L™).
The removal efficiency and equilibrium dye adsorbed
on samples (g.) were calculated using the below
equations (Eq. 2 and 3), respectively [24].

R(%):%xloo 2
0
0= V(Com— Ce) (3)

Where, initial dye concentration, the concentration
at time (t) and equilibrium dye concentration define by
Co, C, and C, (mg/L), respectively. V is the volume of
dye solution (L), and m is the adsorbent amount (g).

The g, was determined, and obtained results were
ascertained by different isotherm models including
Dubinin—Radushkevich, Redlich—Petersen, Langmuir,
BET, Tempkin, and Freundlich isotherms.

3. Results and Discussion

3.1. Characterization of C1 and C2

Figure 2 shows the XRD spectra of samples. The main
phase in the sample C1 is calcium hydroxide. Also,
calcium oxide and calcium carbonate are formed as
minor phases. However, in sample C2, only one phase
is synthesized. The sample contains the pure phase of
calcium oxide. The size of the primary crystals
obtained from the Scherer equation shows that in the
three main directions of this phase, namely (200), (220)
and (111) are 47.3, 60.3 and 46.7 nm, respectively.

Figure 3 represents the SEM images of C1 and C2.
As can be seen, in both samples, the particles are
formed spherically. However, in C2, the particle size is
significantly smaller. The particle size in sample C1 is
about 100 nanometers, which are calcium hydroxide
particles. Nevertheless, in the C2 sample, the sizes of
synthesized calcium oxide particles are estimated to be
about 60 nm.

The calcium oxide formation was further confirmed
by FTIR spectral analysis, which is represented in
Figure 4. The bands at 712.99 and 713.87 cm™
correspond to Ca-O bonding for Cl1 and C2,
respectively. The peaks at 875 and 1415 cm™ are
belonged to CO4* asymmetric vibration, whereas the
band at 1797 cm™® is due to the summation of
symmetric vibration of CO3%. Moreover, the carbonate
anion vibrations can be ascribed to the absorption of
CO, from the atmosphere [25, 26]. Also, the absorption
band at 3643 cm™ is attributed to OH stretching
vibration. Consequently, FTIR spectra confirms the
results obtained by XRD spectrum.

Prog. Color Colorants Coat. 16 (2023), 1-20
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Figure 2: The X-ray diffraction of C1 and C2 adsorbents.
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Figure 3: Scanning Electron micrographs of a, b) C1 and c, d) C2.
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Figure 4: FTIR spectra of C1 and C2.

3.2. The effect of the adsorbent amount

Various amounts of C1 and C2 (0.03-0.3 g L™) were
used applying 20 mg L* of dye (Figure 5). As
represented in the figure, dye removal increases when
adsorbent dosage increases till about 0.2 and 0.1 g L™
for C1 and C2, respectively, and after that, the plot
reaches plateau for both samples. This is ascribed to
the accessible adsorption sites and adsorption surface
area [27].

3.3. Study of dye concentration

The consequence of a change in dye concentration was
investigated for the adsorption of BR46 on C1 and C2
at certain time intervals. In this regard, adsorbent
efficiency was assessed due to a decrease in the
adsorption percentage of dye solutions in comparison
with initial dye concentrations. The results are
presented in Figures 6 and 7. It is evident that by
increasing the initial dye concentration, dye removal
(%) decreases. Faster adsorption of dilute solution
ascribed to the dynamic of the dye molecules.

100

Dye removal (%)

Adsorbent dosage (g L)

Figure 5: Study the effect of C1 and C2 amount on the adsolrption. (Conditions: Natural pH, T 25+1 ‘C, S 100 rpm and
20 mg L™ dye).

Prog. Color Colorants Coat. 16 (2023), 1-20
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Figure 6: Study of BR46 removal by C1 at different dye concentrations and times, (Conditions: Natural pH, T 25+1 °C, S
100 rpm and 0.2 g L™ C1).
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Figure 7: Study of BR46 removal by C2 at different dye concentrations and times, (Conditions: Natural pH, T 25+1 °C, S
100 rpm and 0.1 g L™ C2).

3.4. Effect of pH

The solution pH is considered as a significant parameter
to control the adsorption. The ionization degree of dye,
the surface charge of adsorbent, and dye solution
chemistry was affected by changing the pH [28]. The
effect of pH on the adsorptive properties of samples was
investigated by adding 0.2 and 0.1 g L™ of C1 and C2
for 100 mL of dye (20 mg L™), using jar test equipment
with an agitation speed of 100 rpm for 180 min (Figure
8). The results represent that the adsorption capacity
increases with the increasing of pH. In the case of C1, by
increasing the solution pH from 3 to 5, the adsorption
capacity increases, followed by approximately constant

Prog. Color Colorants Coat. 16 (2023), 1-20

adsorption capacity for the pH 5-9. For C2 sample, the
adsorption  capacity increases gradually by pH
increasing.  Therefore, further experiments  were
performed at the natural pH of dye solutions. At lower
pH, calcium oxide excretes dye molecules due to
electrostatic repulsion as well as competing the excess
H* ions for the adsorption sites. At alkaline pH, the
electrostatic attraction is dominant, as the number of
negatively charged sites on the surface of CaO increases,
leading to higher adsorption of cationic dye due to
electrostatic attraction. This phenomenon is controlled
by neutralization of dye molecules at alkaline pH,
leading to the constant trend in dye adsorption.
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Figure 8: Study the efficacy of pH on the adsorption of BR46 on C1 and C2; (Conditions: 20 mg L* dye, T25+1 °C, S
100 rpm, 0.2 and 0.1 g L™ of C1 and C2 for BR46).

3.5. Adsorption isotherms

The isotherm studies are applied to design an
adsorption procedure and specify the maximum
adsorptive capacity of an adsorbent. To illustrate the
equilibrium adsorption isotherm, the equilibrium
amount of dye adsorbed at calcium oxide samples is
plotted versus equilibrium dye solution concentration.
The most commonly used isotherms such as Tempkin,
Langmuir, D-R, BET, Freundlich and R-P are
attempted in this study.

Langmuir Isotherm assumes specific
homogeneous sites with equal adsorbate affinity [29-
32]. The linear equation describes as Eq.4:

= il
de KiQo Qo

Cc_ 1 .G ()

Where ¢, and C. are the equilibrium adsorbed
species on CaO samples and the equilibrium dye
concentration, respectively. Term R, indicates the
favorability and unfavorably of the equation [33].

The Freundlich isotherm is based on an empirical
equation and is expressed by Eq. 5 [34-37]:

logge =logKg +1IogCe (5)
n

Where K and 1/n are defined as the capacity and
intensity of the adsorption, respectively [38].

Brunauer, Emmett, and Teller (BET) isotherm is
based on multilayer adsorption, which is defined as
follows (Eq. 6) [39-41].

K, -1
c 1 K-lc

(CS -C )q - Kpdm Kpdm Cs ©

Where K, is a constant and g, and C; are the
complete monolayer adsorbed dye (mg g*) and
saturated concentration of solute (mg L), respectively.

Redlich—Petersen (R-P) equation is a compromise
between Freundlich and Langmuir isotherms that is
described as Eq. 7 [42-44]:

e

In{KR%—l}zlnaR +BInC, ©)

Where £ is the exponent that stands between 0 and
1. Kg and ag are the isotherm constants. A
minimization procedure is applied to maximize the
correlation coefficient between the theoretical g, and
the experimental data using solver add-in from
Microsoft excel [44-46].

Tempkin isotherm is based on adsorbate and
adsorbent interaction that is expressed as Eqg. 8 and 9
[47]:

de =BInA+BInC, (8)
Where:B:R—bT ©)

As, A and B are the Tempkin constant. T (K) is the
absolute temperature and R is the gas constant (8.314 J
mol™ K™).

D-R isotherm represents in the following equation
(Eq. 10) [48, 49]:

Inqe:Inqm—Kg2 (10)

As, ¢, K, and q,, are ascribed the equilibrium
concentration, the sorption energy and monolayer

Prog. Color Colorants Coat. 16 (2023), 1-20
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capacity (mg g™), respectively, as follows (Eq. 11):

g:RTln[1+Cl) (11)

e

Where K express E (mean free energy) and can be
determined by applying the following relation (Eqg. 12)
[50]:

Eoen (12)

V2K

Figure 9 displays g. versus C. expressing the
adsorption isotherms. The isotherm constants and R?
values for the adsorption of BR46 on Cl and C2
(obtained for the six isotherm models) are given in
Table 1. The Langmuir and Tempkin adsorption
isotherms showed the highest R® values for the
adsorption of BR46 on C1 and C2, respectively. It is
indicated that the most of adsorption occurs at
homogeneous sites with equal adsorbate affinity for C1
and adsorption obeys Tempkin isotherm with assuming
the adsorbate and adsorbent interactions and uniform
distribution of binding energies for C2 adsorbent. The
values of R_ were obtained as 0<R <1, denoting the
favorability of the adsorption process.

Table 2 represents the adsorption capacity of
adsorbents with mineral origin for the adsorption of
dyes. The table display the potential adsorption
properties of synthesized CaO (C1 and C2) for the
adsorption of BR46.

3.6. Adsorption kinetics
Kinetics studies were performed to determine the

adsorption mechanism as below.

Pseudo-first-order equation (Eqg. 13) is defined by
[50, 53, 54]:
log(ge - a¢) = log(de) - 5t (13)

As, ki, q;, and ge are the equilibrium rate constant (1
min'!), adsorbed species at (t) and equilibrium (mg g™),
respectively.

The linear form of Ho and MacKay’s pseudo-
second-order model (Eq. 14) is displayed as [55, 56]:

t_ .1

Where k is the rate constant at equilibrium.
Intraparticle diffusion model was researched by
Weber and Morris (1963) as (Eq. 15) [57]:

G =k, "% +1 (15)

Where k, is the intraparticle diffusion rate constant
obtaining by the linear plot of g, against t*2.

Elovich model has been proposed for chemisorption
at the solid surface, when the adsorption rate decreases
by the time [58]. The equation is defined as follows

(Eq. 16) [59]:

ay =%In(aﬁ)+%lnt (16)

Where o and p are associated with the initial
sorption rate and chemisorption activation energy.

400
300 T

200 T

ge (mg gt

100 +

—o—Cl1

—— C2

Ce (mg L)

12 16

Figure 9: The adsorption isotherms of BR46 using CaO nanopatrticles (C1 and C2). (Conditions: Natural pH,
10-50 mg L™ dye, T 2541 'C, S 100 rpm, 0.2 and 0.1 g L™* of C1 and C2 for BR46).

Prog. Color Colorants Coat. 16 (2023), 1-20
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Table 1: Linearized isotherm coefficients for dyes.

Langmuir constants

C1 384.62 0.0348 0.5896 0.9852
c2 666.67 0.181 0.216 0.9902
Ca0 Ke(mg g™) (L mg™h)*" 1/n R?

Freundlich constants

c1 20.193 0.9291 0.9696
c2 113.763 0.6 0.9794
Ca0 Kp am(Mg g™ R?

BET constants

c1 172.25 72,569 0.8602
C2 13.33 250.062 0.9823
Ca0 Kr(Lg™ ar(L mg™) P B R?

Redlich-Peterson constants

c1 20.552 8.42 1 0.6378
c2 288389.3 11210.92 0.179 0.7222
Ca0 A(Lmg") B R?

Tempkin constants

C1 0.4057 126.86 0.9767

C2 1.852 141.02 0.9994

Ca0 am (Mg g™) K (mol 2J?) E (J mol™) R?
Dubinin-Radushkevich constants

C1 2.189 2x10 11150.13 0.9792

C2 2.457 1x107 13224.73 0.9894

Table 2: Adsorption capacity of different minerals for the adsorption of dyes.

Adsorbent . .

Iron Oxide (F.P) 24.33
Iron Oxide (D.W) Reactive Blue 20.80 [20]

Iron Oxide (P.G) 23.94
CaO/fly ash Crystal Violet 38.57 [22]

Minerals

Kaolin Basic Yellow 28 2.174 [24]

NaBentonite 35.84
Kaolin Congo Red 5.44 [27]

Zeolite 3.77

Prog. Color Colorants Coat. 16 (2023), 1-20
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Table 2: Continue.

CaCl,/Bentonite Congo Red
Commercial CaO
Congo Red
Mineral Nano CaO
CaO nanoparticles (C1)
Basic Red 46

CaO nanoparticles (C2)

For kinetics studies, the adsorption rate for the
adsorption of BR46 onto CaO nanoparticles has been
examined at different pHs as well as various dye
concentrations (Tables 3 and 4), and the related plots
were drawn using above kinetics equations (figures not
shown). Results show the pseudo-second-order kinetics
as the compatible one with R? values of (> 0.9998) for
various dye concentrations (10- 40 mg LY and (>
0.9992) for pHs 3-9, indicating the adsorption
mechanism depends on the adsorbate and adsorbent
[60]. Also, in all cases, the calculated g, (ge (Cal.)),
attained by the pseudo-second-order Kinetics is
comparable to experimental ge, (ge (Exp.)), which is a
validation for following the results to pseudo-second-

227.27 [51]
238.66
[52]
357.14
384.62
Present work
666.67

order model.

The intraparticle diffusion mechanism was
evaluated using the plot of g, against t2. The plot is
linear for the processes that intraparticle diffusion
influences the adsorption [61]. The constants, obtained
from the above model are given in Tables 3 and 4,
whereas the | values show that at the greater intercept,
there is the larger effect of the boundary layer. The
results show that the adsorption rate is related to the
other kinetics models as the plot doesn’t pass through
the origin.

Elovich equation parameters were also shown in
Tables 3 and 4, indicating the chemisorption activation
energy (B) and initial sorption rate (o).

Table 3: Kinetics studies at different initial dye concentrations.
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Pseudo-second order
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Intraparticle diffusion
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Table 3: Continue.

Pseudo-first order

CaOoO
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3.7. Thermodynamic analysis

Thermodynamic parameters were evaluated due to the
important role of temperature on the adsorption.
Adsorption process were calculated for the adsorption of
BR46 on C1 and C2 at 10-50 °C. The thermodynamic

parameters were computed, applying the below
equations (Eq.s 17-19) [62]:
AG=AH-TAS 17
C
Kn==A 18
=g (18)
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Where, Gibbs free energy and enthalpy are defined
as AG (kJ mol™) and AH (kJ mol™). Moreover, AS (J
mol? K') and K¢ are the entropy and equilibrium
constant, respectively. C5 and Cs are the equilibrium
adsorbed species on CaO nanoparticles (mol L™) and
remained dye concentration in the solution at
equilibrium (mol LY.
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Table 4: Kinetics constants at different initial pHs.
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Thermodynamic studies were performed at 10-50 °C
and a straight plot of In K¢ versus T? is applied to
estimate the values of AH and AS, which is shown in
Figure 10. Table 5 was summarized the thermodynamic
constants as the amount of AG indicates the spontaneous
adsorption process.

The calculated AG in this study is between 0 and
-20 kJ mol™, indicating the physisorption mechanism.
The increase in the magnitude of AG to the higher
negative values by increasing the temperature is
representative of more spontaneous adsorption at
higher temperature. From table 5, the positive values of
AH, 7.186 (for C1) and 5.063 (for C2) represent the
endothermic process [63, 64]. Also, the positive values

of AS, 32.97 (for C1) and 37.83 (for C2) indicate an
increase in disorder at the solid/liquid interface during
the adsorption reaction.

3.8. Adsorption modeling

In various industries, numerical modeling is used as a
potential tool for the prediction of different
environmental issues. Besides, numerical models have
been favourably applied for the designation of
environmental systems [65].

Herein, a computational fluid dynamic (CFD) model
in the combination of finite volume discretization
procedure was used to simulate the removal of dyes
utilizing calcium oxide adsorbent.

Table 5: Thermodynamic parameters of BR46 adsorption on C1 and C2.

Thermodynamic parameters

CaO nanoparticles R?
-2.145
20 -2.474
Cl 30 -2.804 7.186 32.97 0.9647
40 -3.134
50 -3.463
10 -5.643
20 -6.021
C2 30 -6.399 5.063 37.83 0.9626
40 -6.778
50 -7.156
3
25 . —
5 I
15 ¢ C1

InKC

05 1

07“‘

. 75 \\\ m C2

0.003 0.0031 0.0032

0.0034 0.0035 0.0036

Figure 10: A plot of In K¢ against T for BR46 adsorption by C1 and C2; (Conditions: Natural pH, 20 mg L* dye, S 100
rpm, 0.2 and 0.1 g L™ of C1 and C2).
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3.8.1. Linear adsorption

One of the vital matters in the heterogeneous
equilibrium reaction is the mass adsorption from
aqueous solution. Adsorption rate can be given as
follows (Eq.20) [66]:

rs=Pb%q=Kde% (20)

Where, C and q is dye concentration in solution (g
L), and adsorbed on CaO (mg g™), respectively. Term
t is time (s), o is bulk density of the adsorbent (g
(cm®)™) and Ky is the distribution coefficient obtaining
from the slope of the linear sorption.

The below equation is attained with the
combination of linear Freundlich isotherm into the
mass transport equation (Eq. 21):

Pp . )OC e aC
1+ Kk =Dy T -v. = 21
[ + b dj a jk 6ij J@xj (21)

Where, ¢, x;, Dy and v; are porosity, Cartesian
coordinates, hydrodynamic dispersion coefficient
(m? s1), and vector components of the specific
discharge (m s™), respectively.

The Retardation Factor (Rj;) is the quantity in
parenthesis. Thus Equation 21 becomes:

ac o°C ac
Rf —_—= Djk_

_y. = 22
ot ox V‘axj 22)

3.8.2. Adsorption numerical modeling

In this issue, the pseudo-second-order Kinetic,
Langmuir/Tempkin isotherm models and non-linear
adsorption reaction were taken into account. Thus, the
adsorption system was modeled using the following
equation (Eq.s 23a-23c) [67]. In a batch system in
which the removal is only carried out by adsorption,
the following equation can be used to study the dye
removal from aqueous solutions.

t 1 1

— =—— +—1 (Pseudo-second-order kinetic PDE):
qt kqe qe

0C_| &°C_py (Koxq,)x(1+(g,-1)xt) €

ot ox? n 2 At
ox (1+K2><qe><t)

23a
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e_ 1 +& (Langmuir isotherm PDE):
qe KLQO QO

aC _ 92C p, (QuxKy)x(1+(g.-1)xt) aC

at 'oxz m (1+K,_xC)2 at
L

23b

q :Em A+Elnc (Tempkin isotherm PDE):
e b b e

aC _ 9°C p,RT14C

—=D,—
at  9x®2 nb Cat
23c

Where, PDE is the partial differential equation, Ds is
diffusion coefficient, py is bulk density, n is porosity, C
is concentration, t is time, K, and g, are the Pseudo-
second-order kinetic constants, Qu and K_ are the
Langmuir isotherm constants, b is the Tempkin constant
and R and T are the world gaseous constant and
temperature, respectively. Matlab software was applied
to determine additional source terms of equations 23a-
23c.

Considering an initial condition, 23a-23c equations
is worked out numerically by Matlab codes. In this
process, at a dye concentration of 20 mg L™, a small
amount of the dye is remained in the aqueous phase.

According to the Figure 11, pseudo second order
kinetic numerical model has good match with
experimental data and has minimum value of error with
comparison other Langmuir and Tempkin isotherm
models. It should be noted that the modeling error is
less than 10% in all models in this study.

3.8.3. Sensitivity analysis

Generally, sensitivity analysis study the dividing of
uncertainty in the output of a mathematical model and
dedicate to the different originations of uncertainty in its
inputs. Also, sensitivity analysis is applied for different
instances, including decision-making or improvement of
communication,  understanding  enhancement  or
quantification of procedure, and model development.
The sensitivity analysis (at model development), can be
applied for the validation or accuracy of a model,
simplification, calibration, and coping with insufficient
or missing data, and also to recognize the effective
parameters for further studies. The effect of parameters
that impress the dye removal speed during the adsorption
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process was determined by sensitivity analysis. In this
investigation, the pseudo second order kinetic constant
for the adsorption of BR46 by C1 and C2 adsorbent was
considered only.

The effect of different values of K, and g, (Pseudo-

second-order Kinetic constants) were investigated by
plotting the further concentration of BR46 (20 mg L™)
versus time (Figure 12). The figure compares the
model predictions with the experimental data for the
adsorption of BR46 at simulation time (180 min).

209
®  Experimental data C1
- ====- Pseudo-second-order-kinetic
= 15 1 ,
E’U = = = Langmuir
= Tempki
E empkin
= 10 ~
=
:
= i P
S5 e@ 0. ©® . & -----"" °
0 T T T 1
0 50 100 150 200
Time (min)
20 )
®  Experimental data c2
R L Pseudo-second-order Kinetic
15 — — — Langmuir
(@)
é Tempkin
s
'g 10
c
8
S
S 5
____________________________
0 T T T . 1
0 50 100 150 200
Time (min)

Figure 11: Comparison between the experimental data and numerical model for the
removal of BR46 by C1 and C2 (Conditions: 0.2 and 0.1 g L™ of C1 and C2, Natural
pH, S 100 rpm, T 25+1 °C, 20 mg L™ dye).
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Figure 12: Model predictions for the adsorption of different concentrations of BR46 on
C1 and C2 at different times for various K, and g.
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Figure 12: Continue.
From the beginning of the adsorption process up to Tempkin adsorption isotherm for Cl and C2,
180 min, two methods have a close agreement with a respecFlveI.y.
K, and g, values for the adsorption of BR46 dye on C1 * I_het_k'“e“gsl di;[la follow th_ed pseudo—secontd;jo;ﬂe;
. . inetic model. Moreover, evidence represented tha
and C2. The figure shows that the concentration of P

intraparticle diffusion was affected by the adsorption
process.

e The thermodynamic analysis represented physisorption

BR46 decreased fast, at first, followed by reducing at a
gradual rate at about 30-180 min. However, the model

slightly underestimated the concentration of BR46 in as well as spontaneous and endothermic mechanism.
this time. Also, the numerical model has a higher e In the part of numerical modeling studies, the CFD
sensitivity to parameter g, than to Kj. model has been used. The governing equation was
numerically worked out, applying Matlab code to
lusi predict the elimination of BR46 from the aqueous
4. Conclusions solution by C1 and C2. The model is based on the
In this study, the adsorption of BR46 on calcium oxide non-linear adsorption process that obtained by
nanoparticles was survived and the following results pseudo-second-order kinetic model. Also, the model
were obtained: prediction is in close agreement with the experimental

findings. Therefore, the numerical model has a higher

e The isotherm studies were performed, and the sensitivity to parameter g than Ko.

adsorption of dye conformed to the Langmuir and
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