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Abstract: Activated carbon prepared by CO; activation of pyrolysed chars of waste plastic
materials used as a high-efficiency adsorbent for the removal of a reactive dye from textile
industrial effluents. Characterizations of the synthesized plastic waste activated carbon
(PWAC) were analyzed using SEM, XRD and FTIR analysis. The effects of temperature,
initial concentration, and contact time were systematically investigated. The equilibrium
adsorption data fitted the Langmuir isotherm well and the monolayer adsorption capacity was
68.21 mg/g. Moreover, kinetics of adsorption exhibit followed the pseudo-second-order
kinetic model. Thermodynamic parameters such as Gibbs free energy, enthalpy and entropy
were determined. It was found that reactive dye adsorption was spontaneous, exothermic and
physisorption process.
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1. Introduction

In a global point of view the disposal of waste water discharged from the textile, printing, plastics and
tanning industries is a major problem for water pollution. Textile industries are produces a huge amount of
wastewater, which contains toxic, mutagenic carcinogenic substances which generate the severe threats to
aquatic creature, animals and human health [1]. It is estimated that more or less 12% of synthetic dyes are lost
during manufacturing and operating process and 20% dyes lost penetrate the industrial wastewaters [2].
Synthetic dyes are eliminated from textile industrial effluents under aerobic treated conditions; they are almost
decomposed into aromatic amines under anaerobic degradation condition [3]. Large numbers of reactive dyes
are azo compounds and also these are highly soluble in water, it is difficult to remove the dyes using chemical
coagulation [4]. Adsorption process has been renowned as a potential method due to its ease of operation,
simple design, high efficiency and low cost of application. In the past few decades the production consumption
of the thermoplastics such as polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene
terephthalate (PET) and polyvinylchloride (PVC) recorded fastest growth rate in the world plastic market. It
was reported that the world production of plastics increased from 1.7 million tons in 1950 to 288 million tons in
2012 [5].1t has been estimated that almost 60% of plastic solid waste is discarded in open space or land filled
worldwide [6]. Plastics waste are among the major and most challenging sources of solid wastes.
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Traditional methods for the treatment of waste plastics are landfill and incineration, which causes the
environmental pollution. Pyrolysis of waste plastic mixture is a potential way of conversion of waste plastic
into low-emissive hydrocarbon fuel oil, fuel gas and char an additional product is obtained, which could be
upgraded to produce activated carbon for adsorption of textile effluents, heavy metals and used as a solid fuel
[7-10].

In this study, plastic waste activated carbon (PWAC) was utilized as a novel adsorbent for removal of a
reactive blue 2 dye from aqueous solution. We examined the effects of contact time, initial dye concentration
and temperature on reactive blue 2 adsorption processes onto PWAC from textile industrial effluents. FT-IR
analysis was carried out to understand the surface functional groups on the adsorbent. Equilibrium data were
analyzed by six different equilibrium isotherm models. Kinetic data were evaluated by pseudo-first order,
pseudo-second order, Elovich and Intraparticle diffusion models. Thermodynamic parameters such as free
energy (AG), enthalpy (AH) and entropy (AS) were also determined to understand the spontaneity of the
adsorption process.

2. Materials and Methods
2.1. Preparation of the adsorbent (PWAC)

The plastic mixture used for the experiment which comprises 38% of polyethyleneterepthalate (PET),
38% of polyvinyl chloride (PVC), 19% polypropylene (PP) and 5% HZSM-5 (catalyst was obtained from a
Sud-Chemie India Pvt. Ltd) were placed in tubular reactor and heated at 10°C min to 600 °C for 1h in N,
atmosphere. 10% carbon yield was obtained after the pyrolysis and residues were powdered with mortar and
then washed with 200 ml of concentrated hydrochloric acid using magnetic stirrer for 1h to remove the
inorganic impurities. Finally the residue was rinsed with distilled water until the filtrate’s p" becomes 7. The
final char was dried in a hot air oven at 100°C and it was left to cool over-night. The final activation of char
carried out in a specially designed stainless steel reactor at 900 °C in the presence of CO,.

2.2. Preparation of adsorbate

An anionic dye (Reactive Blue 2) having molecular formula CyyH;;CIN;Na;0,;S;, MW: 840.11g/mol,
CI No. 61211 and Amax-604 nm was chosen as an adsorbate. A stock solution containing 1 gm of dye per litre
was prepared by using distilled water and was used to prepare the adsorbate solutions by appropriate dilution as
required. The pH of dye solutions was adjusted with 0.01M NaOH and 0.01M HCI using a pH meter.

2.3 Error Analysis

To govern the validity of isotherm, kinetics models and statistical analysis was carried out. In all
regression cases, three different error functions, i.e., the sum of the square of the error (SSE), Root mean square
error (RMSE) and chi-square between the experimental data and calculated values were evaluated using the
following equations [11-12];

Where qeexp and qeca are the experimental and calculated adsorption capacity (mg gf1 ) and n is the number of
measurements.

3. Results and discussions
3.1. Characterization of adsorbent

The Morphological characteristics of the samples were studied using JSM-5610LV Scanning Electron
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Microscope (SEM). The phase structures of PWAC were analysed by X-ray diffraction (XRD) using a
PANalytical advance X-ray diffractometer with Cu Ko radiation operating at 40 kV and 30 mA. Fourier
Transform Infrared (FT-IR) measurements were carried out using Shimadzu instrument.

3.2. Scanning Electron Microscope analysis

The surface morphology of plastic waste unactivated and activated carbon is given in Fig.1a & 1b. The
unactivated sample particles are compacted tightly and uniformly distributed and does not showed more open
porous structures. The activated sample showed that the activation stage produced extensive external surfaces
with quite irregular cavities and pores. The inner carbonaceous phase also becomes fragmented, indicating that
the carbon skeleton is severely broken and a “loose sponge” structure is formed during the activating process.
The surface of PWAC looks much smoother and pores are arranged irregularly. Small pores can be seen on the
inner waals of larger pores and it was making difficult to determine individual particle size by SEM [13].
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Fig. 1. SEM image of a) Plastic waste unactivated carbon, b) PWAC

3.3. FTIR Analysis

The FTIR spectroscopic study of the raw carbon and plastic waste activated carbon are shown in Fig.
2a, and b. Oxygen containing surface functional groups plays a very important role in the adsorption process
and initiates a chemical bonding between adsorbent and adsorbate species. A peak between 3743.83 and
3417.86 cm ' was observed from the FT-IR spectra of unactivated and activated sample of solid plastic waste
mixture, which can be ascribed to the —OH stretch of hydroxyl functional group.The peak observed at 1514.12,
1541.12 and 1220.94cm™" are related to the C—H stretching of alkane, the C=C stretching of thearomatics and
the C—-O—C stretching vibration of the esters, ether and phenol groups of the activated sample. TheC—O
stretching or —OH deformation band in carboxylic acid was observed at 1421.54 cm ' of the unactivated
sample. The band at 1093.64 cm™ could also be assigned to alcohol (R-OH) groups. The peaks found at 798.53
cm’ is due to Si-O or C-O stretching in alcohol, ether or hydroxyl groups, Si-H groups .The adsorption band
region 621.08 cm’' ascribed to C=0 out of plane band of Si—-O bending vibrations contributing to the strong
absorptions in the 400600 cm ' region observed both activated and unactivated carbon sample [14]. After
activation of the plastic waste carbon sample by using CO,, some of peaks shifted their frequency level or, in
some cases, disappeared. A similar phenomenon has been observed [15] andreported that different oxygen
groups, which were present in the raw pistachio nut shell, disappeared after the heat treatment, causing the
aromatization of the carbon structure.
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Fig. 2. FT-IR Spectra of a) Plastic waste unactivated carbon b) PWAC
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3.4. XRD Analysis of PWAC

The X-ray pattern can be used to confirm that the sample being analyzed is amorphous or crystalline.
Amorphous materials do not have long range order like crystalline materials and therefore the resulting
diffraction pattern show the typical series of peaks associated with crystalline materials. The diffraction pattern
of materials shows a broad “halo” with few or single maxima, Fig. 3. Although this “halo” pattern uniquely
identify the material being studied it confirm that the material is crystalline, which is critical knowledge needed
for characterization. While, powder X-ray diffraction is used to identify and monitor the crystalline solid form

of the active ingredient in a small molecule formulation of excipient form an amorphous or crystalline matrix
[16].

The literature of carbon materials repeatedly refers to the crystallite and to the crystallite size, with its
graphitic connotations, in analyses of structure within activated carbon based on XRD data. The XRD diagrams
of activated carbon prepared from polymeric waste indicate the intense main peak shows the presence of highly
organized crystalline structure of activated carbon. These crystalline structures of PWAC, new diffraction peaks
appeared indicating that there was a change in chemical composition of crystals frame work as new species
formed as a result of activation. From the unactivated to activate sample, the decreases in peak intensities were
marginal which indicated a fairly intact crystal structure owing of activation process. Adsorption of dyes onto
prepared activated carbon, where the dyes adsorbed on the upper layer of the crystalline structure of the carbon
surface by means of physisorption [17].

The strong diffraction peak emerged at 20 = 22- 25° and 260 = 45.44° peaks indicates the existence of
graphite crystallite in both carbon materials [18]. It 1is generally expected that increasing the pre-
carbonization temperature promotes the growth of the graphitic micro-crystallites and sharpens at XRD
peaks of the produced activated carbon [19].The diffraction peak at 20 = 7.72° and 8.66° peak of PWAC
indicates HZSM-5 catalyst structure [20]. The both carbon material mainly showed two diffraction peaks; one
at 20 = 24-26° and other at 20 = 43-45° due to graphitic planes.The intensity and base area of peaks depends
upon the crystalinity of carbon materials. The XRD result showed that 26 = 14-19° indicates SiC and 26 = 45-
46 indicates SiO2 have a fine structure, owing to the presence of catalyst HZSM-5 [21].
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Fig.3. XRD analysis of PWAC
3.5. Adsorption Isotherm Studies

The simplest method for determination of the isotherm constants for two parameter isotherms is to
linearize the model equation and then apply linear regression. The equilibrium measurements were focused on
the determination of the adsorption isotherms. The relationship between the amounts of adsorbed dye per unit
mass of the plastic waste adsorbent (q.) and the equilibrium solution dye concentration (C,) for the temperature
range of 30-60 °C. It was found that the adsorption capacity increased as the temperature was increased from 30
°C to 60 °C.

Isotherm data should be accurately fit to a suitable isotherm model to find adsorption parameters that
can be used in a single batch design process [22]. There are several isotherm equations available for analyzing
experimental sorption equilibrium data in single-solute systems. The most commonly used are the Langmuir,
Freundlich, Temkin, D-R, Halsey and Jovanovic models.
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3.5.1. Langmuir isotherm

The Langmuir adsorption isotherm is based on the assumption that all sites possess equal affinity for
the adsorbate. It may be represented in the linear form as follows [23].

Ce 1 C.
—“=_ 4=
e E1Qm Qun

Where Q,, is the maximum reactive blue 2 uptake, mg/g, K; the Langmuir adsorption constant, L/mg. The
model provides the maximum values where they could not be reached in the experiments. The values of K,
were decreased with increasing temperature of the studied system. The K; values indicate adsorption affinity.
The monolayer saturation capacity, Qy,, were 68.21, 64.78 and 59.83 mg/L for PWAC at different temperature
respectively. From Table 1 it can be observed that the calculated isotherm parameters and their
correspondingRMSE, SSE and y” values vary for the six linearized types of isotherm models. It can be seen that
the Langmuir model yields a better fit than the Freundlich, Temkin model and other isotherm models, as
reflected by a RMSE, and * values. Langmuir isotherm showed better fit followed by Temkin isotherm model
in terms of coefficient determination values.

The essential feature of the Langmuir isotherm can be expressed by means of Ry (Ri=1/1+bCy), a
dimensionless constant referred to as separation factor or equilibrium parameter.

The value of Ry indicated the type of isotherm to be irreversible (R;=0), favourable (0<R <1), linear
(Rc=1) or unfavourable (R >1). Further, the Ry value for Reactive blue 2onto PWAC at 30 to 60°C are 0.0529
to 0.656 indicates adsorption process is favourable[24]
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Fig. 3. Effect of Langmuir plot for the adsorption of Reactive blue 2 onto PWAC.

3.5.2. Freundlich isotherm

The empirical Freundlich isotherm is based on the equilibrium relationship between heterogeneous
surfaces. This isotherm is derived from the assumption that the adsorption sites are distributed exponentially
with respect to the heat of adsorption. The logarithmic linear form of Freundlich isotherm may be represented
as follows [25].

1
logg,. = logKEg -|-;lugl:E

These slope values had indicated adsorption intensity n and the intercept values indicated an idea about
adsorption capacity K. Where K¢ (L/g) and 1/n are the Freundlich constants, indicating the sorption capacity
and sorption intensity, respectively. The magnitude of Kr value decreased with increasing temperature,
indicating that the adsorption process is exothermic in nature. The Freundlich adsorption isotherm was showed
in Fig. 4.

The 1/n is a measure of adsorption intensity, also indicated that 0 < 1/n< 1, indicating that Reactive blue
2 is favourably adsorbed by PWAC at all studied parameters. It was learnt that, If n = 1 then that the
partition between the two phases was independent of the concentration. If the 1/n value is below one it
indicates a normal adsorption. On the other hand 1/n being above one indicates cooperative adsorption [26].

The value of n greater than one confirmed that the activated carbon underwent a favorable for
Freundlich isotherm.
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Fig.4. Effect of Freundlich plot for the adsorption of Reactive blue 2onto PWAC.

3.5.3. Temkin isotherm

Temkin isotherm, assumes that the heat of adsorption decreases linearly with the coverage due to
adsorbent-adsorbate interaction. The Temkin isotherm has generally been applied in the following linear form
[27].

gz = BInA + EInC,

Where B=RT/b constant related to heat of sorption. A(L/g) is Temkin isotherm constant, b (J/mol) is a constant
related to heat of sorption, R is the gas constant (8.314 J/mol K) and T the absolute temperature (K). A plot of
q. versus InC, (Fig. 5) enables the determination of the isotherm constants A, b from the slope and intercept.

Fig. 5. Effect of Temkin plot for the adsorption of Reactive blue 2onto PWAC.

The heat of dye adsorption (b) is directly related to coverage of dye onto PWAC due to adsorbent-
adsorbate interaction. It was increased with increasing temperature from 208 to 265 J/mol, as listed in Table 1.
This indicates that the heat of adsorption of Reactive blue 2onto the surface of PWAC decreases with increasing
temperature from 303 to 333 K and the sorption is exothermic.

3.5.4. Dubinin-Raduchkevich

Dubinin-Raduchkevich are used for estimating the mechanism of surface adsorption. Dubinin and
Raduchkevich in 1947 proposed that the adsorption curve depends on the structure of the adsorbent pores [28].
The plot of Ing. vs & at for Reactive blue 2is presented in Fig. 6. The constant obtained for D-R isotherms are
shown in Table 1. The mean adsorption energy (E) gives information about the chemical and physical nature of
adsorption [29].

The linear form of the isotherm can be expressed as follows:

Ing, = ImQp — EDEI
where Qp is the theoretical maximum capacity (mol/g), Bp is the D-R model constant (mol*/kJ?), & is the
Polanyi potential and is equal to

z=RTln(1 !
& = I +K

The mean energy of sorption, E (kJ/mol), is calculated by the following equation
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1
JZBp

E=

The Dubinin-Radushkevich, (DR) isotherm model is more general than the Langmuir isotherm as its
deviations is not based on ideal assumptions such as equipotential of sorption sites, absence of steric hindrances
between sorbed, incoming particles and surface homogeneity on microscopic level [30]. The estimated
constant, Qp gives an idea about the mean free energy which was valued as less than one. E is a parameter used
in predicting the type of adsorption. An E value < 8 kJmol™ is an indication of physisorption[25].

The DR Theoretical saturation capacity, Qp and the Langmuir maximum adsorption capacity, Qo
were both estimated as Q, =67.79 mg g’ and Qp = 46.90 mgg™. Qp is always lesser than the maximum
adsorption capacity as the case was made evidence in this research.

T T
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Fig. 6. Effect of DR plot for the adsorption of Reactive blue 2onto PWAC.
3.5.5. Halsey adsorption isotherm

The Halsey adsorption isotherm can be given as [32].

InKy — InC_]
Qe = ep [~ ——
H !
and a linear form of the isotherm can be expressed as follows
InKy InC,
Ing, = -
Ny Ny

This equation is suitable for multilayer adsorption and the fitting of the experimental data to this
equation attest to the heteroporous nature of adsorbent where k(mg/L) and n are the Halsay isotherm constants.
The kandn values are represented in table 1. The plot Ing, vs InC. was showed in Fig. 7.
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Fig. 7. Effect of Halsey isotherm plot for the adsorption of Reactive blue 2onto PWAC.
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3.5.6. Jovanovic adsorption isotherm

The model of an adsorption surface considered by Jovanovic [33] is essentially the same as that
considered by Langmuir. The Jovanovic model leads to the following relationship [22].

Qe = Qmaxi1-e" e}
The linear form of the isotherm can be expressed as follows:
Inq. = Ingma,; — K;C,

The SSE and chi square values for the Jovanovic model were slightly higher for Langmuir model. But
RMSE value is higher than that of all other models indicate Jovanovic did not suitable for the adsorption
process. Fig.8 represents the Jovanovic adsorption isotherm. Where K (L/g) is a parameter. K; and qm.x (ng/g)
is the maximum Reactive blue 2uptake is represented in table 1 at different temperatures.
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Fig. 8. Effect of Jovanovic isotherm plot for the adsorption of Reactive blue 2onto PWAC.
3.5.7. Error analysis

The error analysis values for Langmuir, Freundlich, Temkin, D-R, Halsey and Jovanovic isotherm
models at 303, 313 and 333K are presented in Table 1. it would seem (that), it can be concluded that the
most applicable isotherm to relate Acid red 114-PWAC adsorption system is Langmuir isotherm. The
values of regression coefficients, R*and the non-linear error functions (SSE, RMSE and chi-square) are
in accordance to one another. despite the fact that the linear regression coefficients, R* of the Freundlich
are less than 0.99 at 303,313 and 323K. Thus, Langmuir is still considerable to describe this adsorption
system. The D-R is the least applicable isotherm as the linear regression coefficients, R* were less than 0.7 and
the non-linear error functions (SSE and chi-square) are higher in value at all temperature range. The SSE value
more than 5% is not recommended due to intolerant margin of deviation between the experimental data and the
model calculated data. The Halsey and Jovanovic isotherm regression coefficients, R? were less than 0.8 and the
non-linear error functions (SSE and chi-square) are higher in value at all temperature indicates the non-
suitability of adsorption. Langmuir models show a high degree of correlation with low root mean square error
(RMSE), SSE and chi-square values.
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Model Isotherm Constants Reactive dye
30 °C 45 °C 60 °C
Langmuir Qo(mg g™) 67.79 61.59 51.65
K (L mg") 0.0896 0.0614 0.0524
R’ 0.9965 0.9976 0.9985
SSE 0.0211 0.0187 0.0181
X 0.0309 0.0234 0.0193
RMSE 0.1371 0.1181 0.1301
Freundlich I/n 0.3865 0.4239 0.4296
K{(mg g")(L mg")"™ 11.5053 8.1613 6.3410
R’ 0.8938 0.9291 0.9399
SSE 0.0894 0.0566 0.0430
X 0.0702 0.0462 0.0369
RMSE 0.2755 0.2199 0.1900
Temkin Br(KJ mol™) 12.2696 11.8922 10.2769
or(L mg") 1.5049 0.8484 0.6624
b 208.7046 222.3182 265.3515
R’ 0.9855 0.9933 0.9929
SSE 59.2728 20.8845 14.6062
X 2.0596 0.8218 0.5264
RMSE 7.2080 4.3688 3.7145
Halsey Ky(mg g") 555.5709 141.5419 73.6934
n 2.5872 2.3590 2.3280
R’ 0.8938 0.9291 0.9399
SSE 2.8347 1.5529 1.1609
% 2.1547 0.7858 0.4966
RMSE 1.6434 1.1532 1.0291
D-R K-DR(mol® KJ-*) 1.860E-05 3.441E-05 5.314E-05
Qu(mg g") 46.90 40.96 34.67
R’ 0.7409 0.7337 0.7426
SSE 1.1559 1.1284 0.9755
X 0.3592 0.3555 0.3171
RMSE 0.9557 0.9813 0.9372
E
Jovanovic Qmax 1.0466 1.0543 1.0632
K, 0.0090 0.0089 0.0081
R’ 0.4902 0.5430 0.5642
SSE 0.0180 0.0215 0.0268
X 0.1423 0.1567 0.1759
RMSE 838.2393 797.2756 752.1067

3.6. Adsorption Kinetics

Kinetic models have been proposed to determine the mechanism of the adsorption process which
provides useful data to improve the efficiency of the adsorption and feasibility of process scale-up[34]. Physical
and chemical properties of the adsorbents as well as mass transfer processes are some influential parameters to
determine the adsorption mechanism [35].The analysis of experimental data at various times makes it possible
to calculate the kinetic parameters and to take some information for designing and modeling of the adsorption
processes. To understand the adsorption mechanism of PWAC for acid red 114, the adsorption kinetics were
investigated using pseudo first-order, pseudo-second order the Elovich and Intraparticle diffusion kinetic

equation models.
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3.6.1. Pseudo first-order kinetic model

The pseudo-first-order kinetic model [36] can be expressed as

logila, — 4.1 = loga, — (55 .303)t

According to this equation, a plot of log (q.-q) versus time should be linear. However, in our
experiments, q. remains unknown due to slow adsorption process and therefore, linearity in the plots of log(q.-
qy) versus time (t) could not be observed. It has been observed in many cases that the first order equation of
Lagergren does not fit well for the whole range of contact time and is generally applicable over the initial stage
of adsorption process[37].

log {a,-q,)

Fig. 9. Effect of Pseudo first order plot for the adsorption of Acid 114 onto PWAC

Fig. 9 shows a plot of linearization form of pseudo first-order model at different temperatures were
studied. The slopes and intercepts of plots of log (q.-q;) versus t were used to determine the pseudo first-order
constant k; and equilibrium adsorption density q.. However, the experimental data deviated considerably from
the theoretical data. A comparison of the results with the correlation coefficients is shown in Table 3. The
correlation coefficients for the pseudo first order kinetic model obtained at all the studied temperatures were
less than 0.98. Also the theoretical q. values found from the pseudo first-order kinetic model did not give
reasonable values. This result suggests that the adsorption system is not suitable for pseudo first-order
reaction[38].

3.6.2. Pseudo Second Order Kinetic Model
To describe the dye adsorption, the modified pseudo second order kinetic equation is expressed as[39]

t_t 1

a  Koui  9e ‘
where K, is the rate constant of pseudo-second-order model (g/mg.min) and q. is derived from the linear plot of
t/qq versus t. The second-order rate constant was used to calculate the initial adsorption rate (h) given by the
equation

h = Kzq

The rate constants and correlation coefficients (R?) of the kinetic models are listed in table 1.
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Fig. 10. Effect of Pseudo second order plot for the adsorption of Acid 114 onto PWAC

From the results, pseudo second-order kinetic model gave R*> 0.99 for all temperatures. The values of
the rate constants decreased with increasing temperature. The q. values calculated from the linear plot of the
pseudo-second-order kinetic model were also found to be in agreement with experimental q. values (table 2).
Since pseudo-second-order kinetic model fitted better with this system than the pseudo first-order kinetic
model, coupled with the high agreement between its calculated and experimental g. values it can be suggested
that the adsorption was controlled by physisorption. This process involves valence forces through exchange of
electrons between adsorbate and adsorbent. Also the decrease in rate constant K, as the temperature increases
reveals the fact that it is faster for the adsorption system with Reactive blue 2to reach equilibrium.

3.6.3. Elovich model

We can write the Elovich kinetic model as [40]

aQ

at

o
= aexp(—80]

In this model, a is known initially as the rate of adsorption with the unit of mg.g '.min"". B is known as
coefficient of desorption as g.mg ' . We can rewrite the Elovich kinetic model equation, with assumptions of

aft > t and by using two boundary conditions. These conditions are Q = 0 for time of t = 0 and Q = Q; for time

of t = t. With these assumptions, the Elovich model equation can be written as
: 1 .
Q@ = flnaf + - Init)
[+

If Reactive blue 2adsorption with using PWAC obeys the Elovich kinetic model, Q, vs In t must give a
line with a slope of values of (1/B); In(aff) can be found as the intercept. This procedure has been applied in Fig.
11.
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Fig. 11. Effect of Elovich plot for the adsorption of Reactive blue 2 onto PWAC

The correlation coefficient R?showed that the pseudo-second-order model, indicative of a
physisorption mechanism, fit the experimental data slightly better than the Elovich and the pseudo-first order
models. In other words, the adsorption of Reactive blue 2could be approximated more favorably by the pseudo-
second-order kinetic model.

Table 2 lists also the kinetic constants obtained from the Elovich equation. On increasing the
temperature from 30 to 60 °C, the wvalues of P have slight significant variation. However, the
constant o decreased as the temperature increased. This behavior suggests that more than one mechanism
controls the adsorption process [41]. For the Elovich model, the correlation coefficients (R?) are relatively high
(>0.96). It indicates that the Elovich model can also be suitable for describing the adsorption kinetic of Reactive
blue 2onto PWAC.

The Elovich equation provides the best correlation for all of the sorption process, whereas the pseudo
second-order equation also fits the experimental data well. This suggests that the sorption systems studied
belong to both the Elovich equation and the pseudo second-order kinetic model with experimental data. The
adsorption system obeys the pseudo second-order kinetic model for the entire adsorption period and thus
supports the assumption behind the model that the adsorption is due to physisorption.

3.6.4. Intraparticle Diffusion Model

The most-widely applied intraparticle diffusion equation for sorption which describes the diffusion
mechanism and rate controlling steps given by Weber and Morris [42] is

i
ar = kiat? +C
where, q, is the fraction dye uptake (mg/g) at time t, ki, is the intra-particle diffusion rate constant (mg/g min'?)
and C is the intercept (mg/g). The plot of g, versus t"* will give ki as slope, C represents the effect of boundary
layer thickness between solute and adsorbent. Minimum is the intercept length, adsorption is less boundary
layer controlled.

o, {ma‘g}

Fig. 12. Effect of Intraparticle plot for the adsorption of Reactive blue 2 onto PWAC.
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The correlation coefficient (R”) values of intraparticle diffusion models were higher and also give the
intercept value. The value of intercept indicates that the lines were not passing through origin, signifying that
adsorption involved intraparticle diffusion, nevertheless that was not the only rate-controlling step [43], and
thus some other adsorption process affect the intraparticle diffusion. This was due to the surface adsorption or
boundary layer adsorption. Almost all the correlation coefficient (R?) value was greater than 0.98 for 30 to 60
°C. So the intraparticle diffusion takes place along with the boundary layer effect[44].

3.7. Adsorption Thermodynamics

The standard Gibbs free energy AG™ (kJ mol "), standard enthalpy change AH" (kJ mol '), and standard
entropy change AS” (J mol 'K ") were calculated using the following equations:

AG' = —RTInK,
LK _AST AH
TR0 TR RT

Where R is the universal gas constant (8.314 J mol’ K '), T is the temperature in Kelvin and K, is the
equilibrium constant.

The plot of In K¢ vs. 1/T was linear and the values of AH® and AS® were resolved from the slope and
intercept. The values of these parameters are show in table 5. The value of enthalpy change AH® (-20.60KJmol
") is negative indicating the adsorption is exothermic process.

The negative values of AG° at all temperatures (30, 45 and 60 °C, respectively) verified the
thermodynamic feasibility and spontaneity of the adsorption process. The negative value of AS® (-55.31 J.
mol 'K™") suggests that the disorder at the solid—liquid interface decreased during dye adsorption and that no
significant changes occurred in the internal structure of the adsorbents upon adsorption [45]. When the value of
AS® is higher than -10 kJ mol™, a dissociative mechanism controls the adsorption process [46-48]. The values of
AG® at all temperatures studies as presented in table 2 were indications that the sorption process was
physisorption since the values are between-20 to 0 kJ mol™ [49].

o Temperature

Kinetic Model 30°C 45 °C 50°C
Pseudo-first Order K, (min™) -0.0335 -0.0336 -0.0372
R’ 0.9760 0.9754 0.8915

SSE 3.1023 3.1797 3.6641

X 2.7754 4.2998 2.8896

RMSE 1.7449 1.7665 1.9043

Pseudo-second Order K, (g/mg min) 0.0017 0.0012 0.0010
h 0.7056 0.5072 0.3966

Qe 16.44 15.11 13.78

R’ 0.9956 0.9961 0.9907

SSE 0.4183 1.0570 0.9890

X 0.0800 0.1902 0.1372

RMSE 0.6369 1.1011 0.9869

Elovich o 1.5069 1.1153 09114
B 0.2227 0.2240 0.2410

R’ 0.9828 0.9751 0.9676

SSE 5.8826 8.5167 6.4924

v 0.5141 1.3267 1.6274

RMSE 2.5640 3.2405 2.6466

IPD K; 1.8971 1.8718 1.6292
R’ 0.9859 0.9265 0.9974
SSE 28.6374 25.1262 14.1283

X 3.7825 3.1541 1.8981

RMSE 5.7855 5.4072 4.0347
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Thermodynamic parameters for the adsorption of Reactive blue 2onto PWAC

Dye T(K) | AG'(kJ/mo) (Alg;mol) AS’ (kJ/mol K) Ea(kJ/mol)
303 | -3.8576

Reactiveblue2 | 318 | 59841 -20.6050 155.3168 2.8481
333 | -2.2010

Conclusions

In this present study, plastics waste was converted to activated carbon as low cost sorbent used for the
sorption of reactive dye from textile industrial effluents. We could conclude that the analysis by SEM and XRD
showed that the adsorbent material has a micro porous and crystalline structure. Equilibrium data fitted very
well in the Langmuir isotherm equation, confirming the monolayer adsorption capacity of Reactive blue 2 onto
PWAC with activation energy a monolayer adsorption capacity of 68.21 mg/g. The non-linear analysis shows
the adsorption process was strongly followed Langmuir adsorption isotherm model. The rate of adsorption was
decrease with increase in temperatures of the reactive blue 2 dye onto PWAC adsorption system. The kinetic of
adsorption of Reactive blue 2 obeyed well with the pseudo-second-order model. The results of the intraparticle
diffusion model suggest that the diffusion was not found the rate determining step. Thermodynamic study
reveals the spontaneous and exothermic nature of adsorption process owing to negative values of free energy
and enthalpy change with activation energy Ea= 2.8481kJ/mol. The adsorption technique is favourable for the
physisorption mechanism. The validity of the kinetic models analyzed using SSE, Chi square and RMSE
methods find the adsorption was best fitted by pseudo second order kinetic model.
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