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A novel adsorbent prepared from the leaf powder of Teucrium polium L. (TPLLP) was characterized and its ability for adsorption of
Cong red (CR) was inspected. Influences of CR concentration, adsorbent dosage, time of agitation, pH of solution, and temperature
on the performance of this adsorption were also examined. Three models of kinetic along with three different isotherm models were
applied for analyzing the empirical data of this adsorption. Additionally, the thermodynamic constants of were decided. The surface
area, pore volume, pore size, and pH,pc of Zn/Cu-TPLLP were found to be 2.6436 m>.g™, 0.013317 cm>.g"!, 527.393 A, and 8.8,
respectively. The achieved outcomes indicate the positive influence of temperature, concentration of CR in the range of 20 to
900 mg/L, adsorbent mass in the range of 0.005 to 0.02 g, time of adsorption from 0 to 120 min, and pH from 5.5 to 8.5. Models
of the 2™ order with R? >0.995 and Langmuir with R? >0.990 were the best among the other kinetic and isotherm models
applied in this research. Moreover, superior capacities of 526.32, 666.67, and 909.09 (mg.g') were stemmed at 27, 42, and 57°C,
respectively. The outcomes of the thermodynamic evidenced that this adsorption is spontaneous and a heat absorber.

1. Introduction

The dye of Congo red (CR) is known as typically anionic
diazo dye having four different color-assisted functional
groups [1], which has an IUPAC name of disodium 4-
amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-yl) dia-
zenylphenyl] phenyl] diazenyl-naphthalene-1-sulfonate [2]
and has various molecular structures in the aqueous solu-
tions that differ in their pH [2]; it is highly soluble in water
and stable in air and light [3]. CR dye is used in laboratories
as a pH indicator, histological dye, amyloidosis diagnosis,
and for testing the contents of HCI in gastric [3]. This dye
is also used in various industries like industry of textile due
to its significant affinity to fibers of cellulose, papermaking,
and industry of plastic, cosmetics, and pharmaceuticals [4,
5]. CR is a member of benzene compounds and contains in
its structure aromatic amines; therefore, it will be converted
to carcinogenic materials in the environment [3, 6]. More-
over, benzidine produced from metabolizing of CR poses
hazard effects on human health such as irritation of gastroin-

testinal, eye, and skin [3]. Benzidine also causes clotting of
blood, somnolence, and breathing problems [3]. Conse-
quently, it is necessary to remove CR from sewage of those
laboratories and industries before their discharge to the
aquatic system. Thus, conventional biological methods have
been established for decolorization of CR from the sewages
of laboratories and industries, e.g., fungi of white rot [7],
and foams of polyurethane and polypropylene [8] were
applied for biodegradation of CR. It was reported that the
biodegradation efficiency of CR is insufficient due to different
aromatic structures and synthetic origin of this dye [9].
Therefore, other traditional techniques like electrocoagula-
tion [10], coagulation by Fe;O, [11], membrane filtration
[12], and precipitation by chemical agents [13] were also uti-
lized for removing of CR from water. The high cost and low
removing performances of these methods prove that their
usage is ineffective. Photocatalytic degradation of CR by acti-
vated hydrotalcites [14], cobalt ferrite nanostructures [15],
nickel oxide nanoparticles [16], CuS - Bi,Cu,W,_,O¢_,,
nanocomposite [17], and zinc oxide nanoparticles [18] was
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also investigated. Despite the effectiveness of the photocata-
lytic degradation techniques towards CR, the harmfulness
of this dye may be less than that of its degradation products.

Additionally, various sorbents such as activated carbon
prepared from different materials [19-21], different clays
[22] carbon loaded by nanoparticles of cobalt [23], magnetic
nanocomposites of Co;0, and SiO, [24], binary oxide of iron
zirconium [25], nanoparticles of MgO [26], and nanoparti-
cles of SnO, [27] were used to purify the sewages from CR.
In comparison with other methods, the adsorption of CR
by these adsorbents was found to be the best in terms of its
efficiency, easy design, and operation [28]. Therefore,
adsorption was selected in this study as the standard tech-
nique for removing of CR from synthetic aqueous solutions.

Although the nanoparticles of metallic oxides and acti-
vated carbon have a high adsorptive performance, their
usages become limited due to the high costs of their produc-
tion. Hence, several low or uncostly materials were applied as
effective adsorbents for CR elimination from waters, e.g.,
hydrothermal-treated mushroom [1], powder of shrimp shell
[2], tea waste [29], bottom ash and de oiled soya [3], and con-
jugates of sodium alginate-Chlorella polypyrrole-Chlo-
rella[30]. The outcomes of these studies indicate that there
are big differences between the adsorption performances of
these cheap adsorbents towards CR. Therefore, other works
should be carried out to investigate CR adsorption by other
low-cost sorbents.

Teucrium polium L. (TPL) or germander is a herbal plant
that has been utilized for more than 2000 years as traditional
herbal remedies for their antifungal, carminative, antispas-
modic, antipyretic, anti-inflammatory activity, and their abil-
ity to decrease high blood pressure [31]. This herbal plant
belongs to Lamiaceae family that contains around 300 spe-
cies and the flowering time of these herbs is between June
and August. These species are abundantly distributed on hills
and mountains in different locations such as Mediterranean
countries, Southwest Asia, North Africa, and Europe [31,
32]. This plant is rich in flavonoids and commonly known
in Saudi Arabia as Ja’adeh [32].

In the case of wastewater treatment, TPL has been used
previously for preparation of Fe,O, nanoparticles, which
are used as a catalyst for photodegradation of methyl orange
dye [33] and as an adsorbent for arsenic (III) removal from
the aqueous solutions [34].

Despite the cheapness of this herbal plant and its avail-
ability in a considerable amount in many different countries,
especially in Tabuk City and others in Saudi Arabia, there is
no attempt that has been carried out till now to use the Teu-
crium polium L. leaf powder (TPLLP) as a new adsorbent for
the removal of hazardous dyes from water or wastewater.
Therefore, the main object of this work is to evaluate the
adsorption efficiency of CR by using TPLLP as a novel, avail-
able, and cheap adsorbent. To achieve this aim, the leaf pow-
der of this herb was modified by copper sulfide, zinc chloride
(ZnCl,), and oxalic acid (HO,CCO,H); the modified and
unmodified samples were characterized and the adsorptive
performances of CR by these adsorbents were compared to
select the best one. After that, influence of experimental con-
ditions along with constants of kinetics, isotherms, and ther-
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modynamic was examined for adsorption of CR by the best
adsorbent prepared and tested in this work.

2. Materials and Methodology

2.1. Materials and Chemical Agents. The leaves of Teucrium
polium L. (TPL) were supplied by a market located in Tabuk
City, Saudi Arabia. Chemical reagents such as hydrochloric
acid HCI (37%), sodium hydroxide NaOH with purity > 97
% ZnCl, with purity >97%, HO,CCO,H with purity >
99.99%, CuS with purity > 99.99%, and Na,CO; with purity
>99.00% were obtained from Sigma-Aldrich and used in
this research.

2.2. Modification of TPLLP. The leaves of TPL were twice
washed by distilled water, dried in an oven, and then con-
verted to powder by electric grinder (TPLLP). A 100g of
TPLLP was refluxed with 1 L of 20% w/w of ZnCl, at the boil-
ing point for 180 min, and after this time, the mixture was left
at room temperature for cooling. The cooled mixture was fil-
tered and the remaining solid was heated with 250 mL of 2M
HCI for 90 min to remove the excess amount of ZnCl,. Then,
the solid part of the new mixture was disconnected by filtra-
tion and repeatedly rinsed by distilled water. Then, the clean
solid was put for 30h in an oven at 130°C for dehydration.
Finally, the dehydrated solid was grinded, sieved to get
homogeneous particles, and labeled as Zn-TPLLP.

Similar conditions and processes were applied for the
mixture consisting of 100g TPLLP and 50g of CuS. The
resulted adsorbent in this case was labeled as Zn/Cu-TPLLP.

A 100 g of TPLLP was also refluxed with 1L of 20% w/w
oxalic acid solution by applying the same experimental con-
ditions and procedures mentioned above. The resulted sam-
ple was named as Ox-TPLLP.

2.3. Characterization of Adsorbents. At a 10kV accelerating
voltage, the modified and unmodified TPLLP samples were
scanned by SEM equipment to identify the surface morphol-
ogy of these adsorbents. These adsorbents were also scanned
by the instrument of FT-IR (Nicolet iS5 of Thermo Scientific
FT-IR, USA) to detect the types of the functional groups on
the surface of these samples.

The technology of BET (NOVA-2200 Ver. 6.11) was
applied at 77.35K for 22h to estimate the surface area and
porosity of these adsorbents. Furthermore, five solutions of
0.05M Na,CO, with different initial values of pH (2, 4, 6, 8,
and 10) (pH;) were prepared. 40 mL of each solution was
mixed with 0.2 g of the ideal adsorbent in a 150 mL plastic
bottle. The bottles were shaken in shaker incubators at 27°C
and 175 rpm for 26 h. Then, each solution was separated by
filtration and the final pH (pHy) of each one of these five
solutions was measured using a pH meter. Finally, the values
of (pH; - pH;) were computed and plotted against the values

of pH; to assess the pH,p, value of this adsorbent.
2.4. Adsorption Experiments

2.4.1. Determination of the Ideal Adsorbent. To identify the
best and the most effective adsorbent prepared in this work
towards CR, 20 mL of 100 mg/L CR solution was mixed with
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TaBLE 1: Summary of the empirical conditions for adsorption of Congo red by Zn/Cu-TPLLP.
. . ; Adsorption time Adsorbent dosage Temperature

Experiment type Concentration of CR (mg.L™! . H o

periment typ (el (min) ® P (C)
Influence of dosage 60 1320 0.005-0.035 7 27
Influence of time 60, 150, 300 0-420 0.02 7 27
Influence of pH 300 1320 0.02 f '15; 27
Influence of temp and CR conc. 300 1320 0.02 7 27-25

q, and 9 (mg.g™"): amount of CR adsorbed at time ¢ and equilibrium (min), K; (1/min), and K, (g.mg™'.min™") rate constants of the kinetic models for the 1**

and 2"

orders, correspondingly. Ky (mg.g™'.min™")1/2: intraparticle diffusion rate constants. C: another kinetic constant.

TaBLE 2: Kinetic models applied in this work.

Kinetic model Linear equation

Plot Parameters

Pseudo 1% order

Pseudo 2™ order

Intraparticle diffusion q, =Ky vVt +C

log (9, - 4,) =log (q.) ~ K, 572

k, = —slope

lo — vs.t
g (4.~ 4:) g, =exp (intercept)

3 (slope)?
— vs.t 2 intercept
q
‘ .= (slope)”!
—_— K 4 = slope
, VS.

C =intercept

g, and g, (mg.g™"): amount of CR adsorbed at time ¢ and equilibrium (min), K; (1/min), and K, (g.mg'.min"") rate constants of the kinetic models for the 1**
and 2" orders, correspondingly. Kdif (mg.g'.min™')1/2: intraparticle diffusion rate constants. C: another kinetic constant.

0.03 g of raw leaf powder of TPL (TPLLP) in a 30 mL amber
bottle. The sealed amber bottle was agitated by a shaker incu-
bator for 30 h at 180 rpm and 27°C. Then, the mixture was fil-
tered and the Jenway UV-6800 UV-Vis spectrophotometer
was applied for measuring the balance concentration of CR
in the filtrate at 500 nm. Similar experiments were carried
out for the adsorption of this dye by the other three
adsorbents (Zn-TPLLP, Zn/Cu-TPLLP, and Ox-TPLLP).
Equations (1) and (2) were used for computing the CR per-
centage removal and amounts of CR adsorbed at equilibrium
(4,» mg.g™") by each of these adsorbents.

C,-C
ook = (C =) L 10, (1)
C,
v
qd.= E (Co - Ce)’ (2)

where C, and C, are the initial and final concentrations of CR
solution, respectively.

2.4.2. Influence of Experimental Conditions. The experiments
of CR adsorption by the ideal adsorbent (Zn/Cu-TPLLP) were
achieved in a batch system to examine the influence of the
most important factors like Zn/Cu-TPLLP dosage (0.005-
0.035g), contact time (0-420min), and pH (5.5-11.5) as the
CR solution color will be changed to blue at pH less than 5,
CR concentration (20-1000 mg.L’l), and temperature (27-
57°C) on the adsorption. All of these experiments were carried
out by mixing 20 mL of CR solution with the required amount
of Zn/Cu-TPLLP in amber bottles (30 mL). Then, the sealed

amber bottles were shaken at 180 rpm in a shaker incubator.
After the required time for each experiment, the suspensions
were filtered and the remaining CR concentrations were mea-
sured as mentioned in Section 2.2. The experimental condi-
tions applied in this work are listed in Table 1.

Equations (2) and (3) are used for the calculation of the
amount of CR adsorbed at equilibrium (g,, mg.g"') and time
t (g, mg.g™"), respectively.

4= (C.,-C) )

where Ct is the CR concentration (mg.L-1) at contact time .
m is the mass of Zn/Cu-TPLLP (g), and V is the volume of
CR solution (L).

2.4.3. Kinetic Studies. The experimental results of Section 2.3
for adsorption of 60, 150, and 300 mg.L™' of CR solutions by
Zn/Cu-TPLLP at 27°C and various times (0-420 min) were
analyzed by the linear forms of three different kinetic models
(Table 2) to determine the parameters of these models. Then,
the obtained kinetic data were used for the investigation of
the rate and mechanism of this adsorption.

2.4.4. Isotherm Studies. The experimental data of Section 2.3
for adsorption of 20-1000mg/L CR solutions by Zn/Cu-
TPLLP (0.02 g) at a contact time of 22 h and various temper-
atures (27, 42, and 57°C) were analyzed by the linear equa-
tions of Langmuir, Temkin, and Freundlich isotherm
models (Table 3) to evaluate the performance of this adsorp-
tion and to characterize the surface of Zn/Cu-TPLLP.
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TaBLE 3: Isotherm models used in this work.

Model name Linear form Plot Constants
e = (slope) ™!

LangmUir isotherm Ce/qe = (1/qmaxKL) + (Ce/qmax) (Ce/qe) VS'Ce slope
L intercept

1
Freundlich isotherm In (q,) =In (Ky) + - In (C,)

Temkin isotherm 9.=B; In (Ky) + B, In (C,)

Ky =exp (intercept
In (q,) vs.In (C,) P=ep ( . PY)
n = (slope)”
B, =slope
In (C i
Ve ( e) KT =exp (M)

slope

Gmax (Mg/g): maximum adsorption capacity. K, K, and K;: constants of Temkin, Freundlich, and Langmuir, respectively. #: constants associated with

intensity of adsorption. B,: constants associated with the adsorption heat.

SE1 10RV
Sample

wWo3Bmm SS36

50um

FIGURE 1: SEM images of TPLLP (a), Ox-TPLLP (b), Zn-TPLLP (c), and Zn/Cu-TPLLP (d).

Moreover, the values of R; (parameter of equilibrium)
related to the fundamental characteristics of the Langmuir
model were computed by applying Equation (4).

1

R=—,
L7 1+K,C,

(4)

where KL is the Langmuir constant and Co is the highest CR
initial concentration.

2.4.5. Thermodynamic Studies. The thermodynamic con-
stants (AH", AS’, and AG") were assessed from the outcomes
of Section 2.3 for adsorption of 100, 150, 200, 300, and 500
mg.L'1 CR solutions based on Equations (5) and (6).

In (&> =
CE

AG’ = AH' - TAS, (6)

AH' AS' )
RT R’
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FIGURE 2: Spectra of FT-IR for TPLLP, Ox-TPLLP, Zn-TPLLP, and Zn/Cu-TPLLP.
where AH" is the enthalpy change, AS® is the entropy change, 2
AG’ is the change in standard free energy, T is the tempera- 154
ture of adsorption (K), and R is the universal constant of L
gases (8.314]J/Kmol).
“~ 0.5 4
s
. . =0 : : .
3. Results and Discussion T s 10 12 14
3.1. Adsorbent Characterization. Figures 1(a)-1(d) are the -1
SEM images for adsorbent samples labeled as TPLLP, Ox- -1.51
TPLLP, Zn-TPLLP, and Zn/Cu-TPLLP, respectively. In com-
- . . -2-
parison between the image of an unmodified adsorbent (a) pH;
and images of the other three modified samples (b), (c),
and (d), it can be detected that the surface of TPLLP is signif- FIGURE 3: pHypc of the adsorbent of Zn/Cu-TPLLP.
icantly changed due to the modification process, where most
of folds in the modified adsorbent were collapsed and their 28
structures became distracted. Moreover, the surfaces of the 28 //\«—4
modified adsorbents contain many heterogeneous holes and g 50
. . . ~ 40
pores which are supportive to the adsorption phenomena. ~ 30
Figure 1 also reveals that the density of the micropores on n
the adsorbent surface modified by ZnCl, and CuS (Zn/Cu- 0+ . . . . . . . .
TPLLP) is higher than that of the other three adsorbents. 0 0005 001 0015 002 0025 003 0035 004
The spectra of FT-IR for unmodified and modified m (g)

TPLLP are demonstrated in Figures 2. This figure reveals that
the unmodified sample of TPLLP has seven peaks at 3335.93
cm’! for stretching the hydrogen banded of O-H, 2923.91
cm™ for C-H alkyl stretching, 2854.17cm™ for stretching
of C-H, 1727.26cm™ for C=0 stretching (aliphatic alde-
hydes), 1513.56 cm™ for N-H (2°-amide) II band, 1158.35
cm’ for stretching of C-O, and 1025.46cm™ for bending
of C-H in-plane. Similar peaks with small shifting can be
detected in the case of Zn-TPLLP and Zn/Cu-TPLLP samples
(Figure 2). Figure 2 also demonstrates that three new peaks
appeared in the case of Ox-TPLLP at 1616.92, 1318.54, and

F1GURE 4: Influence of Zn/Cu-TPLLP dose on Congo red adsorption
capacity.

780.67 cm. The presence of these various functional groups
on the surface of these adsorbents implies the chemical activ-
ity of these adsorbents.

According to the results of the BET surface analyzer
(0.3806 m*.g™", 0.001467 cm™.g"", 151.065 A), (0.7680m*.g™",
0.006674cm>.g", 157.279A), (1.5875m’g", 0.007757
cm’.g’, 400.197A), and (2.6436m>.g", 0.013317cm’.g",
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Ficure 5: Influence of pH solution on Congo red adsorption by
Zn/Cu-TPLLP (temperature =27°C, C,=300mg.L™!, m=0.02g,
and time =22 h).
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Fi1GURE 6: Influence of contact time on Congo red adsorption by
Zn/Cu-TPLLP (temperature =27°C, C, =60, 150, and 300 mg.L™",
m=0.02 g, and time = 0 — 420 min).
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FiGURE 7: Kinetic model of the 1** order for Congo red adsorption
by Zn/Cu-TPLLP (temperature =27°C, C, =60, 150, and 300 mg.
L', m=0.02g, and time = 0 — 420 min).

527.393 A) are the surface area, pore volume, and pore size of
TPLLP, Ox-TPLLP, Zn-TPLLP, and Zn/Cu-TPLLP,
respectively. This means that the surface area and pore char-
acteristics of TPLLP < Ox — TPLLP < Zn — TPLLP < Zn/Cu
— TPLLP. This confirms that the hydrothermal modification
of TPLLP by ZnCl, and CuS$ has an effective role in the
improvement of the porosity and surface area of this raw
material.

Figure 3 depicts the relationship between the values of p
H; and (pH; - pHy). The pH solution value at which the sur-

face of this ideal adsorbent will be neutrally charged is 8.8.
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FIGURE 8: Kinetic model of the 2" order for Congo red adsorption
by Zn/Cu-TPLLP (temperature =27°C, C, =60, 150, and 300 mg.
L', m=0.02g, and time = 0 — 420 min).
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FIGURE 9: Model of intraparticle diffusion for Congo red adsorption
by Zn/Cu-TPLLP (temperature =27°C, C, =60, 150, and 300 mg.
LY, m=0.02g, and time = 0 — 420 min).

3.2. Results of Adsorption Experiments

3.2.1. Adsorbent Performance. The percentage removal of CR
from aqueous solutions by TPLLP, Ox-TPLLP, Zn-TPLLP,
and Zn/Cu-TPLLP adsorbents was determined to be 17.87,
45.11, 54.94, and 78.75 percent, respectively. Moreover, the
values of 11.91, 30.08, 45.06, and 52.50 (mg.g"') are the
amounts of CR adsorbed at equilibrium (g,) by these adsor-
bents and the same order. These values prove that the
effectiveness of these adsorbents for the removing of CR is
as follows:

TPLLP < Ox — TPLLP < Zn — TPLLP < Zn/Cu — TPLLP
(7)

This can be explained by the surface areas and pore char-
acteristics of these adsorbents which are augmented in the
same order (Section 3.1). The outcomes of this section con-
firm that Zn/Cu-TPLLP is the ideal sample that can be



Adsorption Science & Technology 7
TABLE 4: Parameters of the 1°- and 2™%-order kinetic models for adsorption of Congo red by Zn/CuS-TPLLP.
Kinetic model
C, (mgL™) ey, (mg.g™") 1" order 2" order
doca (Mmgg™) Ky (h) R gy (mggh) K, (gmg'h)  R? Rate

60 44.35 21.63 0.009 0.884 45.87 0.001167 0.999 0.054
150 104.50 68.33 0.011 0.903 114.94 0.000233 0.995 0.027
300 185.59 105.66 0.013 0.934 196.08 0.000230 0.998 0.045

applied for CR adsorption. Thus, the other experiments of
this work were conducted by using Zn/Cu-TPLLP only.

3.2.2. Influence of Zn/Cu-TPLLP Dose. To define the optimal
mass of Zn/Cu-TPLLP that will be required for the adsorp-
tion of CR dye and to examine the dosage influence, the
values of the % removal of CR from its solutions were plotted
against Zn/Cu-TPLLP doses (Figure 4). This figure shows
augmenting the values of CR %R with increasing the mass
of Zn/Cu-TPLLP in the range of (0.005-0.02 g). This incre-
ment was resulted from increasing the active sites of the
adsorbent which are directly proportional with the amount
of an adsorbent [35]. Figure 4 also displays that there is no
significant change in the value of %R when the adsorbent
mass increased from 0.02 g to 0.035 g because the adsorbent
molecules in the case of their high doses will be assembled
together to form a cluster [36]. For this, 0.02g of Zn/Cu-
TPLLP was selected as the ideal dose in this work. Similar
trends were reported for the adsorption of MnO, on CuS
surface [37].

3.2.3. Impact of pH. The process of adsorption is strongly
affected by the solution pH of the adsorbate, as the adsorbent
charge and ionization degree of the dye molecules depend on
the value of pH. For this reason, the influence of this factor
was considered in this work (Figure 5). As indicated in
Figure 5, q, (mg.g™') was positively affected when pH elevated
from 5.5 to 8.5. This was due to the strong attraction between
the anions of CR (pK, =4) and the positive charges on the
surface of Zn/Cu-TPLLP (pHp = 8.8). On the contrary, g,
(mg.g') was negatively influenced by increasing pH value
over 8.5 as a result of the strong repulsion between the nega-
tive ions of CR and the negative charges of this adsorbent.
Similar outcomes were reported for the adsorption of CR
on the surface of some solid wastes [3].

3.2.4. Kinetic Studies. Figure 6 illustrates the contact time
impact on the adsorption of CR solution (60, 150, and 300
mg/L) by a fixed mass of Zn/Cu-TPLLP (0.02g). According
to this figure, there are three different adsorption stages,
where the adsorption amount rapidly increased in the 1%
stage (0-10min), gradually increased in the 2™ stage (10-
120 min), and almost was constant after 120 min (3" stage).
This proves that most of the sites were vacant at the first stage
of this adsorption, and then, CR molecules gradually accu-
mulated on these sites till fully occupied. The same outcomes
were observed for CR adsorption by tea waste [29]. Although
Figure 6 demonstrates that the equilibrium of this adsorption
was achieved in 2 h, other experiments were performed at 22

TaBLE 5: Parameters of the intraparticle-diffusion kinetic model for
adsorption of Congo red by Zn/CuS-TPLLP.

First region Second region

Cu
K K,
-1 dif 2 dif 2
60 3.654 4.692 0.965 0.304 37.661 0.918
150 9.409 -6.492 0.992 0.584 92.176 0.807
300 17.613 1.601 0.987 0.881 167.580 0.971
900 ~
800
700
= 600
g 500
ji 400 -
<t 300
200 _¥
100
0 ad T T T T T 1
0 200 400 600 800 1000 1200
C; (mgL™)
—e— 27°C
—e— 42°C
57 °C

FiGure 10: Influences of initial concentration and temperature on the
adsorption of Congo red by Zn/Cu-TPLLP (temperature = 27, 42.57°C
,C,=20-1000mg.L™!, m =0.02 g and time = 22 h).

0 100 200 300 400 500 600 700
C, (mgL™)
e 27°C

e 42°C
57 °C

FIGUurg 11: Langmuir isotherm for adsorption of Congo red on
Zn/Cu-TPLLP (temperature =27,42.57°C, C, =20 — 1000 mg.L'l,
m=0.02g, and time =22 h).



h to ensure that all adsorption constants have been essentially
studied at equilibrium.

Moreover, the slopes and intercepts of the plots of
Figure 7 (kinetic model of the 1* order), Figure 8 (kinetic
model of the 2™ order), and Figure 9 (kinetic model of intra-
particle diffusion) were applied for computing the dynamic
parameters of this adsorption. The calculated values were
recorded in Table 4 for the first- and second-order models
and in Table 5 for intraparticle diffusion model. In compari-
son between the parameter values of the first- and second-
order models (Table 4), it can be seen that R? (correlation
coefficient) values of the first order are less than those of
the second order and the empirical values of g, (q,, ) are
significantly similar to the values of g, calculated from the
slopes of the second-order plots (g,, .,). These outcomes
prove that the kinetic model of the pseudo 2™ order can be
applied for describing the kinetic empirical data for this
adsorption. This confirms that this adsorption occurred due
to the chemical interactions between the functional groups
of Zn/Cu-TPLLP and molecules of CR [38]. The same out-
comes were observed for CR adsorption by conjugates of
sodium alginate-Chlorella polypyrrole-Chlorella[30]

Figure 9 reveals that each one of these plots is not linear
for the total interval of time; none passed from the origin
point and has two linear parts which have significant values
of R%. These results are evidence that the rate of this adsorp-
tion is controlled by intraparticle diffusion and other mecha-
nisms [39]. Furthermore, the small values of C constant
(Table 5), which are associated with the adsorbent layer
thickness, prove that the external diffusion of CR molecules
has a negligible role in the controlling of this adsorption rate
[40]. Similar trends were noted for methylene blue adsorp-
tion by ZnCl,-modified Neem [41] and Lamiaceae [42].

3.2.5. Outcomes of Isotherms. The results associated with the
influences of solution temperature and concentration on the
performance of this adsorption are represented in Figure 10.
The plots of this figure show that the adsorption of CR by
Zn/Cu-TPLLP was positively influenced by the solution tem-
perature because the CR solution viscosity and the move-
ment energy of CR molecules decrease and increase,
respectively, with rising temperature [43]. Figure 10 also
shows that the values of g, at each temperature were regularly
augmented by increasing the CR concentration from 20 to
800 mg.L™". This can be explained by the fact that increasing
the concentration of adsorbate will improve the force of
dynamics that reduces the resistance of the mass movement
of CR molecules between the adsorbate solution and the
adsorbent surface [44]. Moreover, there is no variation in
the values of g, that can be seen when CR concentration
increased above 800mg.L" because all adsorption sites
become full at this high concentration.

Furthermore, the analyzed experimental data of the iso-
therms of this adsorption are presented in Figure 11 (Lang-
muir model), Figure 12 (Freundlich model), and Figure 13
(Temkin model). Intercepts and slopes of the plots of these fig-
ures were used for calculation of the values of the isotherm fac-
tors recorded in Table 6. Langmuir model has the highest
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FiGure 12: Freundlich isotherm for adsorption of Congo red on
Zn/Cu-TPLLP (temperature =27,42.57°C, C, =20 — 1000 mg.L'l,
m=0.02g, and time = 22 h).
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FiGure 13: Temkin isotherm for adsorption of Congo red on
Zn/Cu-TPLLP (temperature =27,42.57°C, C,=20-1000 mg.L‘l,
m=0.02g, and time =22h).

value of R? compared to the other two models (Table 6), which
confirms that the empirical data of this adsorption are better
to be described by Langmuir model. According to these out-
comes, it can be suggested that this adsorption is a monolayer
and the adsorption sites of Zn/Cu-TPLLP are homogeneous
[45]. Additionally, all values of R; (dimensionless adsorption
factor) and 1/n (Table 6) are less than unity, which confirms
that the empirical conditions used in this adsorption were suit-
able [46]. Similar outcomes were reported for the adsorption
of CR on the surface of some solid wastes [3] and
hydrothermal-treated shiitake mushroom [1].

Moreover, high adsorption capacities of 526.32, 666.67,
and 909.09 (mg.g") (Table 6) were obtained at the tempera-
tures of 27, 42, and 57°C, respectively. This proves that
Zn/Cu-TPLLP as a cheap and effective adsorbent will meet
special interesting in the purification processes of wastewa-
ters and water from CR.

3.2.6. Thermodynamic Outcomes. The values of In (g,/C,) for
adsorption of 100, 150, 200, 300, and 500 (mg.L™") CR solu-
tions by 0.02g of Zn/Cu-TPLLP were calculated and plotted
vis. T™' (K™!) (Equation (5)) (Figure not shown). Slopes and
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TABLE 6: Isotherm constants for adsorption of Congo red by Zn/CuS-TPLLP.
Isotherm parameters
Temperature Langmuir Freundlich Temkin
s (mgg!) K (Lmg™) R R Kp(mgg!) (Lmg")" Un n R K (Lmg!) B K
27°C 526.32 0.0063 0.137 0.997 7.174 0.676 1.479 0.965 0.120 91.81 0.963
42°C 666.67 0.0176 0.054 0.997 22.294 0.604 1.656 0.957 0.366 115.89 0.965
57°C 909.09 0.0270 0.036 0.990 30.560 0.698 1.433 0.944 0.539 162.73 0.952
TaBLE 7: Thermodynamic constants for adsorption of Congo red by Zn/CuS-TPLLP.
Initial concentration (mg.L™") AH (KJ.mol ™) AS® (kJ.mol™) 300K AG gl;]é_;rlréol D 330K R?
100 53.299 0.1876 -2.9847 -5.7989 -8.6131 0.944
150 54.046 0.1887 -2.5699 -5.4007 -8.2314 0.980
200 57.560 0.1994 -2.2706 -5.2621 -8.2536 0.988
300 60.070 0.2062 -1.7958 -4.8891 -7.9824 0.999
500 63.024 0.2124 -0.7000 -3.8863 -7.0725 0.998
TaBLE 8: Adsorbents used for adsorption of Congo red.
Adsorbents Q max (mg.g™) Temperature Sources
526.3 27°C
Zn/Cu-TPLLP 666.7 42°C This work
909.1 57°C
232.0 30°C
Treated shrimp shell particle (TSSP) 264.6 40°C (2]
288.2 50°C
182.1 30°C
Raw shrimp shell particle (RSSP) 234.7 40°C (2]
256.4 50°C
Bottom ash 1.1 (3]
Deoiled soya 1.1 [3]
Montmorillonite 714.3 [21]
217.9 20°C
Hydrothermal-treated shiitake mushroom 211.9 35°C [1]
209.4 50°C
Tea waste 323 [29]
Conjugates of sodium alginate-Chlorella polypyrrole-Chlorella 772.7 30°C [30]

intercepts of the resulted curves were used for evaluating the
AH® and AS’ values, respectively. Then, the values of AG” at
each temperature were calculated from the obtained values
of AS” and AH" based on Equation (6). The calculated values
of these parameters (AG’, AS’, and AH®) are listed in
Table 7. The AG® negative values imply that the adsorption
of CR by Zn/Cu-TPLLP in the range of 300-330 K is spontane-
ous [2]. Endothermic adsorption of CR by this adsorbent can
be confirmed by the positive AH®[46], which is agreed well
with the outcomes of Section 3.2.5 (effect of temperature part).
Additionally, AH* values are in the range of 53.229-63.024
kJ.mol" (higher than 20.9kJ.mol"), implying that CR was

chemically adsorbed on the surface of Zn/Cu-TPLLP [47].
This is in consistent with the kinetic part results. Furthermore,
AS’ and AH’ positive values prove that the force of driving for
this adsorption is effected by AS® rather AH"[48].

3.3. Comparison with Other Low-Cost Adsorbents. The capac-
ities of CR adsorption by Zn/Cu-TPLLP and other common
low-cost adsorbents are given in Table 8. As shown, Zn/Cu-
TPLLP, due to its significant chemical activity, has adsorp-
tion capacity higher than those of the common low-cost
adsorbents used for removal of CR from the aqueous solu-
tions before this work. Thus, the low cost of Zn/Cu-TPLLP
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is along with its higher adsorptive performance which con-
firms the importance and novelty of this adsorbent among
the other low-cost adsorbents previously used for removing
of CR from wastewaters.

4. Conclusions

In this research, the leaf powder of Teucrium polium L.
(TPLLP) was modified by oxalic acid, CuS, and ZnCl,.
The modified and unmodified samples were characterized
and tested for adsorption of Congo red (CR). The sample
modified by the mixture of CuS and ZnCl, (Zn/Cu-
TPLLP) was the best (%R=78.75) among these four
adsorbents. Thus, Zn/Cu-TPLLP was selected in this work
as a novel adsorbent for adsorption of CR dye from the
aqueous solutions. The surface area, pore volume, pore
size, and pH,p,- of Zn/Cu-TPLLP were found to be
2.6436m’.g"", 0.013317cm’.g’, 527.393 A, and 8.8, respec-
tively. Impacts of temperature, pH, concentration of CR
solution, dosage of Zn/Cu-TPLLP, and contact time on
this adsorption were studied. It was noted that this
adsorption is positively affected when temperature, pH,
adsorbent dose, CR concentration, and time of contact
were augmented in the ranges of 27-57°C, 5.5-8.5, 0.005-
0.02g, 20-900mg.L", and 0-120min, respectively. The
capacities of this adsorption almost were equal when CR
concentration, Zn/Cu-TPLLP dosage, and time of adsorp-
tion were increased over 900mg.L’, 0.02g, and 120 min,
correspondingly. Additionally, it was found that this
adsorption negatively influenced when pH increased in
the range of 8.5-11. Kinetic and isotherm results proved
that this adsorption was described well by the kinetic
model of the 2™ order and the isotherm model of Lang-
muir. Kinetic and thermodynamic outcomes confirmed
the chemisorption nature of CR by Zn/Cu-TPLLP. Sponta-
neous and endothermic properties of this adsorption were
proved by the results of thermodynamic. The high capac-
ities of this adsorption (526.32, 666.67, and 909.09 mg.g™")
imply that Zn/Cu-TPLLP will meet special interesting in
the field of polluted water treatment among the other
low-cost adsorbents.
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