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Abstract

In the theoretical part, removal of direct yellow 8 (DY8) from water solution was accomplished using Bentonite Clay
as an adsorbent. Under batch adsorption, the adsorption was observed as a function of contact time, adsorbent
dosage, pH, and temperature. The equilibrium data were fitted with the Langmuir and Freundlich adsorption models,
and the linear regression coefficient R2 was used to determine the best fitting isotherm model. thermodynamic
parameters of the ongoing adsorption mechanism, such as Gibb's free energy, enthalpy, and entropy, have also been
measured. The batch method was also used for the kinetic calculations, and the day's adsorption assumes first-order
rate kinetics. The kinetic studies also show that the intraparticle diffusion process was active. Density Functional
Theory (DFT) was used to study the dye structure with Gaussian 09 and predict the active site in a molecule using

total electron density (TED) and electrostatic surface potential (ESP).
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Introduction

Concerns have been raised over synthetic effluents
containing organic dyes and toxic compounds
contaminating water supplies [Onélia A et al, 2013;
Kareem et. Al 2016]. Environmental pollution has
been identified as one of the most serious problems
confronting contemporary society, owing primarily
to population growth and increased industrial
activity (Colpini L.M.S et al, 2008-Zhang F. et al,
1998). Dyeing, paper and pulp, textiles, plastics,
leather, cosmetics, and food industries have all long
used dyes. These factories' effluents face some risks
and environmental issues. This industries’
wastewater could pose an exotoxin threat and
introduce the possibility of bioaccumulation, which
may potentially affect humans. Also trace quantities
of dyes, up to many parts per million (ppm), are
unacceptable because they alter the color of the
water and render it unusable for domestic and
technical purposes. Numerous dyes are

non-biodegradable, which reduces sunlight from
reaching into the water and thereby inhibits
photosynthesis. Furthermore, since such dyes are
mutagenic and carcinogenic to living organisms,
their inclusion in water may have a detrimental
effect on them (Derudi, M et al, 2007). Due to the
wide range of dyes used in manufacturing, there is
no universal method for removing them from
wastewater. The most successful technologies
incorporate physical, chemical, and biological
processes, and their selection is dependent on a
variety of factors (such as the form and
concentration of the dye, the chemical structure of
the sewage, the presence of additional impurities,
or the process's cost) (Erdem, B et al, 2016).
Adsorption is now the most widely used method
due to its simplicity of operation, low cost, and high
performance (Enaas Abdul Hussein et al, 2020).
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Density functional theory (DFT) [Von U et al,

2013] has developed an extremely valuable
paradigm for creating novel guidelines for
rationalizing, modeling, and ultimately

comprehending a wide variety of chemical
processes (Gece G et al, 2015). Numerous chemical
terms that are now commonly used as descriptors
of chemical reactivity, for example,
electronegativity hardness or softness numbers,
occur spontaneously within DFT. The effects of
solvent ions, the surface structure, and adsorption
of metal atoms, or sites or vacancies for oxides,

overlooked (Udhayakala P et al, 2013; Ennas
Abdul Hussein et al, 2020).

Materials and Methods

Fluk, BDH, and Sigma Aldrich supplied the
chemicals used. Shimadzu spectrophotometer.
UV-1800PC Shimadzu recorded UV-Visible spectra

The Adsorbate

Direct yellow 8, CAS 10130-29-7, Empirical
Formula C24H19N4Na05S2, and Molecular Weight

active liquid-phase adsorption, and solubility are 530.55 Figure 1 illustrates the chemical
only a few of the parameters that have been composition of direct yellow 8.
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Figure 1. The chemical structure of direct yellow 8.
The Adsorbent Spectrophotometric Determination
Bentonite clay was used as an adsorbent in this The adsorbate was analyzed

analysis and was collected from the General
Company for Geological Survey and Mining,
Ministry of Industry and Minerals, Baghdad, Iraq.
The clay rock was ground and sieved to produce
particles with a particle size of (106-212)
micrometer. The sieved samples were washed with
purified water and then dried at a temperature of
20 degrees Celsius for 24 hours. Both tests and
analysis were conducted using this clay.

spectrophotometrically by the appropriate method
to determine the wavelength at maximum
absorption (Amax), absorption spectrum for dye by
using UV-visible spectrophotometer has been
recorded in the range (200-1100 nm) by using
quartz cell (Cuvette) of 1cm thickness (path length.
The spectra of DY8 are shown in Figure 2.
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Figure 2. The scan spectrum curve of DY

The calibration curve was determined by fixing the
Anmax that obeys the (Lambert beer's law) at specific
concentrations prepared for dye. After that, the
absorption has been recorded and a calibration

1.8

curve  plotted between  absorption and
concentration, the best line between points has
been drawn using the least square method. Figure 3
shows the calibration curves for DY8.
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Figure 3. The calibration curve of CIP

Preparation of Stock Solution

The concentration of a stock aqueous solution of
direct yellow (100 ppm) was established by
dissolving (100 g) of direct dye in (250 ml) bustle
ethanol, and the dye's maximal absorbance
wavelength was determined using the UV-Visible
spectrophotometer to be between 250 and 700 nm.
The standard curve for the dye of choice was
prepared at concentrations ranging from 5 to 50

ppm and used to determine the dye concentration
in ethanoic solution.

Adsorption Isotherms

To evaluate the dye's adsorption isotherm, (5),
conical flasks have been used, containing (0.2 gm)
of adsorbent. Then (100) mL of adsorbate solution
has been added into each of the flasks, which have a
concentration ranged between (5 -50) (mg/L) for
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dye. After closing, the flasks were shaken with a
water bath shaker at a constant temperature
according to the equilibrium time of the adsorption.
Then, they are centrifuged for 15 minutes, UV-Vis
spectrophotometer has been used to measure the
absorbance for the solutions at the convenient
wavelength for dye. The values obtained of
absorbance have been used to determine the
equilibrium concentration from the -calibration
curve. The adsorbate quantities were calculated in
all experiments according to equation (1) [Ennas
Abdul Hussein et al, 2020].

(Co-Ce)v
=T (1)
Where qe denotes the quantity of drug adsorbed
per unit weight of adsorbent (mg/g); CO denotes
theoriginal dye concentration (mg/L); Ce denotes
the dye concentration in solution at equilibrium
time (mg/L); (V) denotes the solution volume L,
and m denotes the adsorbent dose (g).

e

Investigate the Impact of pH on the Direct
Adsorption of Compounds

Adsorption tests at various pH values were
conducted to establish the influence of pH on the
adsorption of dye solution (4, 6, and 10). The pH of
the media was preserved between acidic and
alkaline by applying the appropriate quantities of
dilute (0.1M) hydrochloric acid and sodium
hydroxide solutions. While conducting the tests, the
dye concentration, adsorbent dose, and equilibrium
duration were held steady. A pH meter was used to
determine the pH of the samples.

Effect of Amount of Adsorbate

Initial dye concentration of (ppm) for DY was used
in conjunction with adsorbent dose 0.2, 0.4, 0.6, 0.8,
and 1 gm. Contact time, pH, temperature, and
particle size of 30 minutes, (298) K, and from 106
to 212 micrometer respectively were kept constant
according to equation (2-8).

Determination of Equilibrium Time

A 0.2 gm of clay was added to a 250 ml conical
flask. After adding (100) ml of adsorbate solution
containing (20) ppm DY, the flask was fixed in a
water route shaker at a constant temperature. The
initial time was then counted, and every ten

minutes afterward, a sample was pipit and put in
the centrifuge for fifteen minutes (at 3000 rpm). A
supernatant has been separated by decantation and
the absorption of the solution has been recorded at
Amax sample. The process has been achieved
repeatedly to the equilibrium. The contact time and
temperature were kept constant according to
equation (1) [Enaas ABD-Al-Hussien et al, 2012].

Study the Temperature effect on the Bis-azo
compound Adsorption

Adsorption  equilibrium  experiments  were
performed to determine the influence of
temperature on dye adsorption on clay using 0.2 g
of adsorbent and 100 ml of varying dye
concentrations in equal conical flasks at five
different temperatures (25, 35, 45, and 55) °C. After
adding the dye solution to the flint clay, the
reaction mixtures were stirred for 30 minutes at
200 rpm in a water bath shaker. After 90 minutes,
10 mL of each flask was sampled, centrifuged for 15
minutes at 3000 rpm, and the dye concentration
was determined using a UV-visible
spectrophotometer.

Calculations Models

The measurements were performed in vacuum
using the Gaussian 09 software (Weigend F et al,
2005) and DFT with the B3LYP hybrid functional
(Ennas Abdul Hussein et al, 2020- Lee C et al,
1988). For both atoms, the triple-z basis set 6-311G
(d,p) is wused. Additionally, the electrostatic
potential (ESP) charges are measured to obtain
maps of the molecular electrostatic potential
(MEP). These maps were used to calculate the
electron delocalization on the molecular surface
[Mclver W et al, 2005].

Results and Discussion

Adsorption of Congo Red Effect of Variable
Parameters:

Equilibrium Time

We investigated the impact of contact time on the
volume of DY8 adsorbed per unit of adsorbent at a
constant temperature, pH, and concentration. The
equilibrium period for DY8 20(ppm) at 25 °C and
pH=4 is shown in Figure 4.
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Figure 4. The effect of contact time on the adsorption of DY8 at 25 C

At 10 minutes, a sudden rise in adsorption is
observed, followed by a steady increase in
adsorption with rising contact duration up to 90
minutes, at which point a maximum value of
adsorption is achieved. Following this period, the
amount of dye adsorbed was negligible: very slight
decreases for dye adsorbed were detected,
suggesting desorption. As a result, the optimal
contact time is set at 90 minutes. Similar findings
have been published for DY8 adsorption on
calcium-rich clay ash and malachite green dye
adsorption on acid-activated low-cost carbon.
(Abida Kausar et al, 2018).

Dose of Adsorbent

The impact of adsorbent weight on Congo red dye
adsorption was investigated by varying the volume
of adsorbent (0.2, 0.4, 0.6, 0.8, and 1g, per 100 mL)
in the test solution while maintaining a constant
initial dye concentration (25 ppm) and contact
duration (90 minutes). Figure 5 illustrates the
results.
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Figure 5. Effect of adsorbent dosage on removal of DY dye.

It is obvious that the percentage elimination of the
dye (qi) reduces as the adsorbent dosage increases,
but above a value of 0.2 g, gqe approaches a maximal
value. This is more likely attributed to an improved
supply of exchangeable sites or an increased

surface region for adsorption [Aderonke Ajibola et
al,]. As shown in Figure 5, the optimal clay dose for
DY removal is 0.2 gm per 100mL. As a result, both
tests were conducted with 0.2 gm of adsorbent.

12
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Effect of pH

At pH 4, 6, and 10, adsorption tests were
conducted. The pH of the media was preserved
between acidic and alkaline by applying the
appropriate concentrations of dilute hydrochloric

acid and sodium hydroxide solutions. The dye
concentration (5-25) ppm, adsorbent dose, and
temperature (25)°C were both held stable during
the experiments. Figures 6 and 7 illustrate the role
of pH on the removal of DY dye.

10

8

qe(mglg)

0 2 4 6 8
Ce(mg/L)

10

—o—pH4
pH6
pH10

Figure 6. Effect of pH on removal of DY

As can be shown, the largest amount of dye
removed occurred at pH 4. The results collected can
be clarified by the fact that the molecular structure
of DY in solution medium varies significantly across
the pH spectrum (4-10). Since the maximal
adsorption occurred at pH 4, all DY8 adsorption
tests were conducted at this pH (Ferreira MM et al,
2016).

Adsorption Isotherms

The most critical piece of knowledge is the
adsorption isotherm, which shows how molecules
are dispersed between the liquid and solid phases
as adsorption achieves equilibrium. Adsorption was
carried out at initial concentrations ranging from 5
to 25 ppm at a temperature of 298 K. The outcome
is visualized in Figure 7.
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Figure 7. Adsorption isotherms of DY8 on clay at, (25) °C.

As shown, both of these adsorption isotherms were
of the S type, meaning that the adsorbent is either
mesoporous or nonporous and has strong
adsorption energy. Additionally, this indicates that
the adsorbate is vertical or flat in orientation and
that the adsorbent is nonfunctional. (Casandra A
et al, 2015). Adsorption data provide insight into
the  adsorbent's  effectiveness,  adsorption

isotherms, and the equilibrium distribution of a
solute between adsorbent and solution, allowing
for the estimation of adsorbent efficiency and
expense. This thesis examined three of the most
often-used isotherm equations, namely the
Langmuir and Freundlich equations. The
experimental results obtained were also compared
to the Freundlich equation's linear form [(equation
2]. The linear plots of log ge versus log Ce in
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Figure 8 illustrate the Freundlich isotherm in
action. The values of 1n and Kf are determined by
the slope and intercept of the plots, as seen in
(Table 8) (Muhammad ] et al, 2007; El said S et al,
2014).

Inge = In Ke+1/n In Ce (2)
Where ge denotes the equilibrium concentration of

dye in the solid phase (mg g-1), Ce denotes the
equilibrium concentration of dye in solution
(mg L-1), 1n is constants denote the parameters
affecting the adsorption power, and Kf denotes the
adsorption rate.
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Figure 8. The Freundlich model of a linear plot
The Langmuir model has been successfully

extended to a variety of real-world sorption
systems. It is represented mathematically as
[Eq. 3 (EI-Mahdy M. M et al, 2007; Gueu S et al,

2007).

Ce/qe=1/qmKi+ Ce/qm (3)
The Langmuir constants q m and KL are related to
the performance of adsorption and the capacity of

adsorption, respectively (Erdem, B et al, 2016). The
linear plots of Ce/qe versus Ce demonstrate the
application of the Langmuir isotherms (Figure 9).
Additionally, the slope and intercepts were used to
determine the values of gqm and KL. The parameters
obtained from the two isotherms for DY8
adsorption clay are mentioned in Table (1).
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Q
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Figure 9. The linear plot of Langmuir isotherm

Table 1. The parameters obtained of the four isotherms for DY8

adsorption clay.

qm KL (mg/l)- RL R2
angmuir (mg/g) a
6.17 0.632 0.059 | 0.650
. n Ke(L. g'1) R2
Freundlich =5 = 0.40 0.969

When R2 values from Langmuir and Freundlich
plots are compared, it is clear that the experimental
data suits the Freundlich isotherms the better. (RL)
was also calculated using the equation RL =1 /
(1+KLCO). The RL value obtained is 0.059,
indicating that 0 RL > 1, indicating that adsorption
happens normally at 298 K. Additionally, the strong
Kf value (0.40) showed that the adsorbent had a
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high potential for the adsorption of DY (Lee C et al,
1984). The Freundlich constant value of n= 0.65, n
(1< n <10) indicates that clay has a strong affinity
for DY8 molecules.

Thermodynamic Calculations

To get a deeper understanding of how temperature
affects adsorption, it is necessary to research the
thermodynamic  parameters of adsorption,
including AHe, ASe and AGe. AHe has been
determined for all adsorption processes using the
Van's Hoff equation (equation (4) (Piccin | et al,
2011) by plotting the logarithmic value of the
adsorption equilibrium constant (Keq) against the
7.9
7.8
7.7
7.6
7.5
7.4
7.3
7.2
7.1

7
6.9
6.8

LnKeq

temperature as (1/T).
InKeq= —+=> (4)

The gas constant is represented by R. In Keq should
have a linear relationship with 1/T (in Kelvin). The
Van's Hoff plot has a slope equivalent to -AH/R and
an intercept equal to AS/R. The obtained values for
AHo and AS are shown in Table (2), along with the
Gibbs free energy of adsorption (AGo), which is
determined using the following equation (5)
(Nichola C et al, 2012; Gueu S et al, 2007) Figure
10.

AG® = —AH’-TAS (5)

y =-2803.1x + 16.316
R*=0.998

4 DY8

1T

0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

Figure 10. Vant Hoff plot of the dye onto the clay

Table 2. Thermodynamic parameters of the DY adsorption on clay at
20(mg/ L).

o o AG’ kJ/mol
AHKJ/mol | AS]/Kmol 1= o 2" T 308 K | 318K | 328K
-0.33 19.55 -6.16 | 6.35- | -6.55 | -6.74

The data in Table (4) suggest that the values of the
difference in (AG) for dye adsorption on clay are
negative at all measured temperatures (298-328)
K, indicating that dye adsorption on clay occurred
spontaneously and in a thermodynamically
favorable manner. AG decreased (increasingly
negative) as the temperature rose from (2983-328)
K, implying that spontaneously increased as
temperature increased. The fact that the three
systems have negative AH values indicates that the
dye adsorption onto clay was an exothermic
operation. Additionally, the positive AS indicates
that the degrees of freedom at the solid-liquid
interface improved during dye adsorption onto the
clay. To a certain degree, physisorption and
chemisorption may be categorized according to the

magnitude of the enthalpy transition. Usually,
values of AH 40 k] / moles are regarded as
physisorption [Karaca, S et al, 2004; Blanchard, G et
al, 1984].

Adsorption Kinetic

The adsorption kinetics of 20 mg/L dye onto clay at
298K was investigated using three commonly used
kinetic models: the Laguerre pseudo-first-order
equation (equation r), the pseudo-second-order
equation (equation 6), and the intraparticle
diffusion equation [Tran H. N et al, 2017;
El-Mahdy et al, 2020]. (Equation 7) and the
resulting data are summarized in Table 4 and
depicted in Figure 10.

In(qe —q¢) = Inge - ky t (5)
t 1 1

PRI (6)
q: = Kpt*? + ¢ (7)

Where ge is the equilibrium adsorption potential
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(mg g-1), qt is the time-dependent adsorption (mg g-1 min-1/2), and C denotes the intercept. The
capacity, k1 is the pseudo-first-order model's rate constants qe, k1, k2, and kD are determined using
constant (min-1), and K2 is the pseudo-second- the slopes and intercepts of the three equations'
order model's rate constant (mg min-1). The initial linear plots (Figure 11) in addition to the h value
adsorption rate is described as h= k2 qge2. kD listed in Table 3.

denotes the intraparticle diffusion rate constant

3 y = -0.0564x + 2.8857 14 "
R?=0.8368 " = 0.0528x + 7.98
2 R*= 06514
10
1
7 . ®
00 ~
g L ¢ *0Y8
£ *0V8
3 i
2 2
4
3 o
0 20 40 60 80 100 0 20 40 60 80 100
4 Time (mine) b Time(min)
o D 8 y= 1.0135x- 2.4152
R?=0.9955

w
—
DN
[ee]

qe(mg/g)
F =N

¢DY8

w

~

c t1/2

Figure 11. The liner plot of a) pseudo-first, b) second-order kinetics c) intraparticle diffusion models of DY8 adsorption at 20 (ppm).

The correlation coefficient (R2) values in Table 4 that the straight line extrapolated to the origin did
indicate that the adsorption process follows a not enter the origin, indicating that the intraparticle
pseudo-first-order model. Additionally, the plot of diffusion stage is not the only rate-controlling step
the intra-particle diffusion model demonstrates butthat many other stages play a significant role.

Table 3. Comparison of the pseudo-first, second-order kinetics, and intraparticle diffusion models of DY8 adsorption at 20 (ppm).

, intrapartical

'(I‘OC) ?eex , pseudo-first -order pseudo-second -order diffusion

P: ge(calc) | Ky R2 ge(calc) | Kz h R2 Kp R2
298 | 6.75 17.9 0.056 | 0.836 | 18.93 0.00349 | 0.125 | 0.651 | 1.013 0.995
T Qe pseudo-first -order pseudo-second -order ar;:;:gzl:lcal

oC .

Q) | (exp) ge(calc.) | Ky R2 ge(calc.) | Ko h R2 Kp R2
298 | 6.75 17.9 0.056 | 0.836 | 18.93 0.00349 | 0.125 | 0.651 | 1.013 0.995
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Quantum Studies

The structure of the DY8 dye and the active
adsorption site were optimized using theoretical
calculations. In Figure 11, the HOMO (High
Occupied Molecular Orbital) (donate electron
orbital) and LUMO (Low Occupied Molecular
Orbital) (accept electron orbital) orbitals, as well as
the HOMO-LUMO orbitals and the optimized
structure of DY8 dye, were seen. The energy gap
(AE= ELUMO-EHOMO) between the boundary
orbits is another critical element in describing

a.u o

0.00336 '
& 9 , @ )
y @
»
ﬂu
0.00000
-0.19985

molecular behavior; therefore, when the energy
gap is reduced, the activity is improved (Mustafa
M. Kadhim et al, 2020). The energy difference has
a value of (0.20321). The electron density was
referred to as the overall electron density (TED);
red-colored locations indicated a negative charge,
which corresponds to the electronegativity of the N,
S, and O atoms inside the DY8 dye molecule; this is
an electrophilic attack, while the blue zone shows
the strongest positive area capable of accepting
electrons from the donor compound (Figure 12).

HOMO

AE (LUMO-HOMO) = 0.20321 a.u

LUMO

Figure 12. HOMO-LUMO molecule orbitals energies of DY8

The electrostatic surface potential (ESP) indicates
the position of the molecule's adsorption on the
metal surface, which matches with the direction of

the carbonyl group, oxygen, nitrogen, and sulfur
atoms. Figure 13 shows the ESP of the DY8.
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TED

ESP

Figure 13. TED and ESP maps of DY8 structuree

Conclusions

The primary assumptions that can be taken from
the previous observations and explanation are as
follows: adsorption systems can be described by
electrostatic attraction (physical adsorption). The
results of the kinetics examination indicate that dye
adsorption on clay ideally suits the pseudo-first-
order model, while DY8 dye was better suited to
the  Freundlich isotherm for equilibrium
adsorption. Additionally, the thermodynamic
analysis indicates that all of the systems studied
were random and exothermic, based on the values
of AG and AH. While DFT calculations suggested

that RS dye molecules possess an optimal location
for adsorption onto clay through the interaction of
their electrons with the clay, these observations
were corroborated by experimental evidence.
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