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ABSTRACT

Innovative hemp stalk physically activated carbon (HSPAC) was used for reactive orange 16 (RO-16) dye fixation in aqueous solution.
The HSPAC was characterized by Energy Dispersive X-ray Spectrometer (EDX) and Scanning Electron Microscopy (SEM). The
performance of HSPAC was rated through adsorption of Reactive Orange 16 (RO-16) with respect to contact time, dose, particle size,
initial dye conc., temperature and pH. Highest HSPAC adsorption capacity was found to be 32.21 mg/g with HSPAC dosage of 1 g/L at
solution pH. The HSPAC surface reflected unique dual behavior and well demonstrated by Langmuir (R* = 0.994) and Dubinin
Radushkevich (R* = 0.994) isotherm model. Pseudo second order kinetics model was found to be in close agreement with the
experimental data, which also endorsed the unique simultaneous suitability of physisorption and chemisorption mechanisms in isotherm
models. Values of thermodynamics constants (AG® > 0, AS® < 0, and AH ° < 0) confirmed the adsorption of RO-16 onto HSPAC as non-

spontaneous and exothermic .
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1. INTRODUCTION

A Irge number of hazardous dyes and pigments generated
by textile industries are released into water reserviors as
wastewater [1]. The persistent of color creates
complications in remediating such wastewaters, even after the
conventional treatment process [2 , 3]. It is more severe in case of
dissolved acids and reactive dyes, which stay even after
conventional treatment system. Moreover, most of dyes have
mutagenic or carcinogenic effects, that cause serious health
hazards [4]. Therefore, the efficient treatment techniques are
necessary for the degradation and/or removal of dyes in
wastewater. A number of treatment methods such as ozonation [5],
oxidation [6], coagulation [7], fungal degradation [8], and
adsorption [9] have been proposed for dye removal from waste
effluents. Among these methods, adsorption technique got
reputation as efficient removal technology for dyes treatment due
to simplicity in operation, cost effectiveness and low levels of
sludge production. However, for practical applications the
development of biomaterials for adsorption is a key. A number of
adsorbents have been developed but activated carbon (AC) is
preferred for dyes adsorption [10]. Therefore, AC has been
extensively studied due to its high porosity [11], high surface area
and large pore to volume ratio which are important factors for the
effecient adsorption.

Due to such properties, dependency on activated carbon has
got worldwide attraction. In 2012 the international demand for AC
was around 4.2 million metric tons, which was anticipated to be

nature

maintained at 10% per annum increment. The elevated demand of
ACs is due to the reason of forceful pollution controlling strategies
in China and America, as for example, in China (2011-2015), the
twelfth five years plan, pursues the air and water quality to
improve through utilizing environmental friendly techniques,
which will likely increase the ACs demand.

Practically, the porosity in AC development is determined
by the composition of plant materials containing cellulose,
hemicelluloses, and lignin [12]. Such plant materials contain
special functional groups (carboxyl, alcohols, ketones, aldehydes,
and ether), which adhere to the dyes molecules in aqueous solution
to make complexes [13]. In AC preparation a variety of organic
precursor feedstock are used due to their high carbon contents
[14].

For purity enhancement of carbon contents, the
development of AC needs two popular methods namely, chemical
activation and physical activation [15]. Physical activation is
gaining much interest in industrial research as it allows numerous
advantages as compared to so called chemical activation as for
instance, high pyrolysis temperature, extensive use of chemicals
acids, bases and different salts etc are major reasons. On the other
hand, physical activation needs comparatively low temperature of
activation, with no demand of chemicals.

Presently, an increasing trend in research on AC production
derived from cheaper agriculture precursors is noticed. Being
renewable, agriculture wastes are precious precursors for AC
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production due to economically viable access. Therefore, the
abundant availability makes agriculture waste a sustainable
choice. This way the cost of waste disposal will also be reduced
with sustainable production of AC [16]. Previously, massive
research on AC production from agri-waste biomass has been
conducted such as buriti shells [17], curcas pods [18], grape
industrial waste [19] and tomato industrial waste [20].

Hemp is also important agriculture waste in Pakistan,
which is cultivated on 840 hectares area producing > 500 tons of
plant per annum [21]. To the best of our knowledge, no study is
conducted on hemp stalk (Cannabis sativa) for production of
physically AC. In this study, our objective is to investigate hemp
stalk biomass as novel precursor for the lab scale production of
hemp stalk physically activated carbon (HSPAC). This HSPAC
will be wused for adsorption of non-biodegradable, anionic

2. EXPERIMENTAL SECTION

2.1. Adsorbate Preparation. Analytical grade anionic RO-
16 (CyH[7N;3Na,0,;S;, molecular weight 617.52 g/mol) was
chosen for adsorption studies on lab scale HSPAC. The UV/Vis
spectra of RO-16 reflected a peak at 493 nm. The dye stock
solution (1000 mg/L) was obtained by 1g dissolution of RO-16
powder in 1 liter of lab scale deionized water. Desired
concentrations of dye were obtained by precise diluting of stock
solution in definite proportion. Before and after adsorption
monitoring of the solution concentration was conducted using
double beam UV/Vis spectrophotometer (T80+ PG instrument,
UK). The known concentration of RO-16 was used as calibration
curve.
2.2. Preparation of Hemp Stalk Physically Activated. The hemp
stalks used in present study were collected from the surrounding
of Abbottabad. It was water flushed, cleaned and cut into tiny
pieces and kept at 80 °C over-night in oven for moisture removal.
Then it was put to one hour carbonization in muffle furnace (KLS
30/11, ThermConcept, Germany) at 160 °C in N2 stream. After
that physical activation of the hemp stalk was conducted in CO,
stream. In the activation process the interaction of carbon
(HSPAC) was allowed with CO, at 300 °C, which facilitates the
production of high surface area porous structures that have
molecular characteristics. After the activation process samples
were let to cool down at natural pace in CO, stream. The carbon
produced was taken for the dye treatment through batch
(WiseCube Orbital Shaker) method. Since this method did not
produce chemical wastes, needed low energy input, it is more eco-
friendly as compare to conventional chemical activation.

sulfonated reactive [22] azo dye, reactive orange 16 (RO-16). For
this aim, carbonization (160 °C) and activation (300 °C) of hemp
stalk were conducted in order to produce our desired HSPAC for
improved dye uptake from aqueous solution. Consequent physico-
chemical characteristics of HSPAC were identified under standard
optimum conditions of special technologies such as scanning
electron microscopy (SEM), and energy dispersive x-ray (EDX).
Further, the lab scale HSPAC was used for removal of RO-16 dye
from model aqueous solution as function of pH, contact time,
sorbent dose, adsorbate concentration, particle size and
temperature. The rate and mechanism of the reaction was also
assessed through kinetics and isotherm studies. Thermodynamic
analyses were also conducted to study thermal behavior of lab
scale HSPAC.

2.3. Morphology and Elemental Analysis of HSPAC. The
morphology of HSPAC before and after adsorption of RO-16 was
studied by scanning electron microscopy (Hitachi Japan, S-
3000N). The determination of standard elemental analysis was
conducted by energy dispersive X-ray (EDX) method.
2.4. Batch Experiments. The experimental parameters with
respective range are summarized in Table 1. The performance
determination of HSPAC for RO-16 removal from model solution
was determined through batch method. The adsorption system was
launched with 50 mL adsorbate solution in different borosilicate
flasks. The fixed amount of adsorbent (50 mg) was put to each
flask and shaking incubated for 140 min. After all, the samples
were centrifuged at 3000 rpm and consequent supernatant was
filtered. The residual RO-16 concentration was measured using
UV/Vis spectrophotometer (T80+ PG instrument, UK) at Amax of
494 nm. The adsorption of RO-16 at equilibrium was measured by
ge (mg/g) as follow:
Co-Cs
qe™ m \4

Where V implies on solution volume (L), C. and C, shows
initial and final concentration (mg/L), and m indicates adsorbent
mass (g).

The removal percent (% R) of RO-16 was measured by
following equation:

Ci-C¢

S(%)= x100

1

Table 1. Experimental parameters with respective range for RO-16 adsorption onto HSPAC.

Contact time Initial conc.
0 - 480 min 30—-300 mg/L | 0.3 -5 gL~

Ads. Dose

Particle size pH
125-840 um 2-11 »5-50 °C

Temperature

2.5. Isotherms, Kinetics and Thermodynamics Studies. The
obtained equilibrium data has been put to analysis, in light of three
isotherm models namely Langmuir, Freundlich and Dubinin
Radushkevich (D-R). The method of kinetics studies was
analogous to that applied for equilibrium adsorption studies.
However, the kinetics studies were conducted at four
concentrations (30 mg/L, 50 mg/L, 75 mg/L and 100 mg/L).The

kinetics studies provide important information about RO-16
removal process as a time function. The pre-planned withdrawn of
samples at specific time intervals from reaction flasks were
conducted and the residual RO-16 concentrations were measured.
The thermodynamic parameters AG (free energy change; kJ/mol),
AH (enthalpy change; kJ/mol), and AS (chaos change; kJ/mol)
were also studied to understand the behavior of adsorption.
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3. RESULTS SECTION

3.1 SEM and EDX Analysis. Figure 1 shows SEM micrographs
of different magnification of HSPAC surface before (a) and after
(b) RO-16 uptake. The physically activated smooth surface of
HSPAC (Fig. la) is due to elimination of impurities
(hemicelluloses and lignin etc.) after carbonization and activation.
The efficient adsorption of RO-16 is witnessed by uniform pore
distribution of HSPAC, which facilitates dye adsorption even in

secondary and tertiary pores [23, 24]. EDX demonstrated (Fig.1)

the quantitative presence of different elements by weight in
HSPAC. The HSPAC was mainly composed of C (64.46%), O
(34.42%), K (0.87%) and Ca (0.25%) before RO-16 uptake. The
presence of RO-16 onto HSPAC was confirmed by elemental
composition change after RO-16 treatment. The sample
constituted C (63.44%), O (32.83%), and S (1.12%). The presence
of C, S and O verified the dye uptake by HSPAC.
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Figure 1. SEM micrographs (a) AC before, (b) AC after RO-16 adsorption; EDX spectra (a) AC before, (b) AC after RO adsorption.

3.2. Equilibrium Time. Adsorption on hemp stalk
physically activated carbon (HSPAC) was studied as
function of contact time in order to analyze the equilibrium
time. The concentration influence on RO-16 adsorption was
explored to determine the removal capacity. Figure 2 shows
the adsorption capacity of RO-16 at initial dye concentration
50 mg/L and 0.05 g adsorbent dose (50 mL)" solution and
natural solution pH. The removal capacity rose with raise in
contact time and reaches up to maximum 14.8 mg/g
(29.59%) in 240 min. After that there were no further RO-16

uptake and a straight line is achieved.
50

—&-q(mg/g) -—e-S(%)

40

RO-16 Adsorption

250
£ (min)

Figure 2. Effect of contact time on HSPAC-RO-16 adsorption system.
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The fast adsorption of anionic RO-16 in the beginning is

subjected to the availability of vacant charged sites on cationic
adsorbent surface, which supported rapid adsorption of anionic
RO-16 from aqueous solution. At elevated time, electrostatic
repulsion could persist between the RO-16 and HSPAC surface
due to the presence of positive charged species (H+) at low pH.
Further, due to gradual pore diffusion of RO-16 into the
aggregated adsorbent particles the adsorption rate does not alter
significantly (p = 0.01) after 240 min. Therefore, this point was
considered optimum for subsequent work on 50 mg/L of RO-16
adsorption.  Similar results were also found in some previous
literature [23].
3.3. Adsorbent Dose. The amount of HSPAC for given initial dye
concentration determines the removal capacity of adsorbent. The
amount effect of HSPAC onto RO-16 removal is depicted in
Figure 3. At first, the adsorption efficiency increased (22.7 —
38.6%) swiftly with increase in HSPAC amount. After 2 g of
HSPAC per liter of RO-16 solution, the removal capacity reached
a uniform value.
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Figure 3. Adsorbent dose effect on HSPAC-RO-16 adsorption system.
Subsequently, the RO-16 removal efficiency increased

from (38.6 — 52.5%) with increasing HSPAC dose (2 — 5 g/L) and
decreasing removal capacity (9.65 — 5.25 mg/g). The increase in
removal efficiency of dye could be due to availability of ample
sorption vacant sites on adsorbent. These vacant sites are easily
reachable for accommodation of less number of dye molecules in
bulk of adsorbent. When the sorbent dose increased (1 — 5 g/L),
significant high (p = 0.01) removal efficiency of HSPAC was
observed for RO-16 adsorption. Similar adsorbent dose findings
were also found by previous studies [25].
3.4. Particle Size. The effect of particle size (125 — 840 um) on
HSPAC of RO-16 was investigated and the removal capacity and
efficiency is shown in Figure 4. The significant high (p = 0.01)
increase is noticed in removal capacity of RO-16 (8.2 -19.83
mg/g) with decrease in particle size. This phenomenon could be
attributed to total surface area of adsorbent, bared to dye
molecules, which could facilitate the access of these molecules
even through primary and secondary pores. Consequently, high
number of binding sites could be accessible to dye molecules in
smaller sized particles.
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Figure 4. Particle size effect on HSPAC-RO-16 adsorption system.

3.5. Initial Dye Concentration. The concentration (25 -300

mg/L) effect of RO-16 onto adsorption of HSPAC was analyzed

and the removal capacity and percentage was portrayed in Figure

5.
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Figure 5. Initial dye concentration effect on HSPAC-RO-16 adsorption
system.
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The removal capacity of RO-16 increased from 6.81 mg/g to 17.09
mg/g with increase in dye concentration from 25 mg/L to 150
mg/L.

After 150 mg/L concentration of RO-16, the removal

capacity decreases up to 10.74 mg/g. This is because, at low RO-
16/HSPAC ratios, adsorption of RO-16 hold excited energy sites.
As the RO-16/HSPAC ratio increases the energy sites saturates
and the adsorption system begins on ground energy sites.
Therefore, the removal efficiency decreases [26, 27].
3.6. Effect of pH. The solution pH is basic parameter governing
the adsorption process for close linkage with surface charges of
adsorbent and the rate of ionization energy of dye molecules [28].
In this work, the adsorption of RO-16 onto HSPAC is analyzed
under varying pH (2 -11) and the findings are shown in Figure 6.
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Figure 6. pH effect on HSPAC-RO-16 adsorption system.

The significant (p = 0.01) high removal capacity (0.59 —
25.73 mg/g) was subjected with consistently lowering in pH from
11 to 2. The highest adsorption efficiency was found to be 51.4%
at pH 2. Similar findings were previously reported by other
scientists [29] and stated that strong ionic characters are
responsible for such phenomenon under acid environment.
Further, in acid environment, more protons are available, which
exert repulsion on anionic RO-16 towards cationic HSPAC, as
result the adsorption increases.
3.7. Effect of Temperature. Effect of varying temperatures (30 —
50 °C) on removal efficiency and capacity of HSPAC-RO-16
system was studied using 50 mg/L of RO-16 at solution pH. Fig. 7
depicts that RO-16 removal capacity rises significantly (p = 0.01)
within the temperature rise from 5.21 mg/g to 14.46 mg/g. This
phenomenon could be attributed to the fast diffusion of RO-16 ion
(due to kinetic energy) from surrounding solution into the primary
secondary and tertiary pores of HSPAC as confirmed by (Figure
7). These findings are compatible with the findings of some
previous authors (Wu et al., 2016).
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Figure 7. Temperature effect on HSPAC-RO-16 adsorption system.
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3.8. Kinetics Studies. Adsorption kinetics analysis is important
due to provision of worthy information on the rate and mechanism

reflects two linear steps during adsorption process. In first step the
RO-16 diffuses from adsorbate solution into the outer surface of

of reaction in adsorption system [30]. In order to study the | HSPAC.
adsorption kinetics of HSPAC, three models were applied namely 30 a30mgl  y-0.1241x +2,0512 @
pseudo-first order, pseudo second order and intra particle diffusion 25 | _Re=09921
as shown in their respective linear plots (Fig 8). As mentioned in ®0mght ¥ U‘é}:éfgﬂ}tgg::;-lg“
Table 2, that the initial concentration of RO-16 was 30 mg/L, 50 201 m70mgL  y=00528x + 03011
mg/L, 75 mg/L and 100 mg/L. HSPAC has high removal capacity, fu- 15 100 mg/l.  y= &652?5?285,316 ",*‘
which practically adsorbed 41.79 mg/g (83.58%) of RO-16 from % | R ‘i"“’""
50 mg/L solution. —8

The correlation of coefficients (R’= 0.99) for initial four 2
concentration levels confirmed the applicability of pseudo second 0 .
order model (Table 2). As the constant (k,) is showing upward 0 25 50 75 100 125 150
trend with increasing concentration (30 — 75 mg/L), which R
supports that the chemisorption is the step of determination in N T30 T=UUTK T AE0T6
adsorption system. After 75 mg/L the K, upward trend inversed, . h: _R2=0,9657 o8 (b)
confirming that the chemisorption is not the only rate limiting ~ 32 1 MEE. Y 0}‘3:_41{:8501# G
factor. Therefore, both physisorption and chemisorption control IR R
the adsorption system at high concentrations (100 mg/L) of RO- T + 100 mg/L -‘"?;M"‘__ O
16. Similar adsorption kinetic model was also fit best on the _%b 16 1 g— "_ g
experimental data of Cu(Il) and Cd(II) adsorption onto chitosan - g | A
[31]. The intra particle diffusion model is responsive to diffusion ——Ah——A——a— A
mechanism of adsorbate in aqueous solution. The correlation of 0 T - : : :
coefficients (R? = 0.965; R*= 0.940) for two concentration levels g & N Pq_;f;.m) o L k5

support the intraparticle diffusion best fit (Table 2) after pseudo
second order model. The plot curve of this model (Figure 8)
Table 2. Kinetics models constants for HSPAC-RO16 adsorption system.

Figure 8. Pseudo-second order kinetic model (a) and intraparticle
diffusion model (b) for HSPAC-RO-16 adsorption system.

Adsorbent-Adsorbate HSPAC - RO-16

Pollutant Concentration (mg/L) 30 50 75 100

Pseudo-first-order

e, exp (ME/L) 7.21 14.46 18.23 18.21

e, cal (ME/g) 3.95 3.64 4.92 4.23

K (/mins) 0.0097 0.0092 0.0159 0.0111

R’ 0.953 0.0840 0.0918 0.0931

Pseudo-second-order

e, exp (ME/) 24.7 41.79 58.77 85.98

e, cal (ME/g) 8.05 14.14 18.93 19.19

K, (/mins) 0.0075 0.0092 0.0092 0.0085

R’ 0.992 0.993 0.998 0.999

Intra-particle Diffusion

Kp; (mg/g min)"* 0.023 0.0241 0.0303 0.0263

C; (mg/g) 4.60 11.49 15.8 15.27

R’ 0.965 0.850 0.853 0.940
In second step the intraparticle diffusion of RO-16 occurred | compatibility with adsorbate, surface characteristics, and

from outer surface into the inner body of HSPAC adsorbent.
Further, the value of Ci (0 <) is consistently increasing,
confirming the intraparticle diffusion is not the inhibiting step of
the adsorption system. Thus, it is endorsed that the film and
intraparticle diffusion, both is governing the adsorption system
[32]. These findings are compatible with the results of previous
authors [33].

3.9. Isotherm Models. Adsorption isotherm concerns with the
linkage between adsorbate quantities uptaken by adsorbent with
remaining concentration of adsorbate in solution. A number of
isotherm equations have been used for experimental analysis of
adsorption process. The parameters and constants used in these
isotherm equations provide evidences of the adsorbent

adsorption mechanism. The adsorption mechanism of this work is
illustrated by Langmuir, Freundlich and D-R isotherm models.
The experiments for isotherm model description (Table 3) of RO-
16 were conducted from 25 to 30 °C, adopting standard conditions
of experiments as described previously.

Langmuir explained the Langmuir isotherm [34], which
reflects monolayer attachment mechanism on homogenous
adsorbent surface. Following linear equation is used for this

isotherm model.
Ce 1 Ce
—=—
qge KLgmax
Where q. is removal capacity at equilibrium, C. is

adsorbate concentration at equilibrium, g, is highest removal

qmax
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capacity, and K; is the equation constant, which is related to
energy of adsorption.

Contrarily, Freundlich suggested the Freundlich isotherm
model [35], which describes the Van der Waals attachment of
solute concentration over surface of non-uniform adsorbent.
Subsequent equation can be used to express the Freundlich
calculations.

qe=KF Ce'™

Where Ky and 1/n are Freundlich coefficient and
exponential coefficient (heterogeneity factor) respectively, which
shows corresponding removal capacity and removal intensity in
adsorption system. The Ky and 1/n values are calculated by plot qe
vs Ce.

Dubinin-Radushkevich (D-R) is widely accepted equation,
which proposed that mostly pore-filling mechanism is observed
through Van der Waal attachment in adsorption system instead of
covering around adsorbent in layers [36]. This approach is
frequently adopted to discriminate the physisorption phenomenon
from chemisorption. The equation of this model is as follow:

In=1n qpg- P2

Where qpr (mg/g) denotes removal capacity, B (kJ/mol)?
implies adsorption energy constant and € shows potential of
Polanyi, in this study it describes the quantitative adsorption of
liquid adsorbate.

Further, for one molecule of adsorbate uptake E can be measured
as follow:

1
Y, 2BDR]

Bpr denotes constant of isotherm, same time the parameter
¢ can be measured as

E=[

1
RT In=[ —
nlg]

Where R (8.314/mol/k) is universal gas constant, T is
absolute temperature, and Ce is equilibrium adsorbate
concentration (mg/L).

The D-R model is strongly linked to temperature of the
adsorption system. At varying temperatures the experimental
Table 3. [sotherm constants for HSPAC-RO-16 adsorption system.

adsorption data when plotted as logarithmic function of quantity
adsorbed (In q.) versus £ (potential of energy), total suitable data
will be appeared at the same characteristic curve [37]. Here we
discuss on values and constants of aforesaid isotherm models.
3.9.1. Langmuir Isotherm Model. The q (41.32 mg/g) calculated
by the isotherm model was in close compliance with the q (32.21
mg/g) found experimentally (Table 4). The model followed the
best value of regression of coefficient (R2= 0.994), which
confirmed that monolayer chemisorption mechanism dominates
the adsorption system of HSPAC-RO-16. This confirms that a
bond of chemical nature is acting, which electrostatically attracts
RO-16 towards HSPAC surface in aqueous solution. Hence, the
energy of activation corresponds to the sorption of RO-16 in
chemical bond formation. The RL (0.423 L/mg) value confirms
the adsorption favorability of RO-16 onto HSPAC surface [23].
Similar model also best fit on adsorption of RO-16 onto chitosan
[22].

3.9.2. Freundlich Isotherm Model. The linear isotherm
plot for RO-16 adsorption is depicted in Figure 9. The R2 (0.969)
value is much lower than rest of the models, confirming worst
fitting of the equilibrium data for the HSPAC-RO-16 adsorption
system. However, it could be considered for heterogeneity of the
HSPAC surface. This endorsed the non-uniform composition of
binding sites of HSPAC for multilayer attachment of RO-16. The
calculated n (> 1) value (Tab. 3) recommends the adsorption
process favorable [38]. The very low KF value favors the weak
bond linkage (Van der Waals) between RO-16 and HSPAC during
physisorption phenomenon. The measured I/n (< 1) value
(0.0675) suggests the adsorption favorable, which supports
feasibility of HSPAC for RO-16 adsorption in aqueous solution.
3.9.3. D-R Isotherm Model. The linear plot (Figure 9) supports
that the regression of co-efficient (R*=0.994) of R0-16 adsorption
shows well fit to D-R model isotherm. The adsorption energy
constant § was estimated as (0.008 mol/j). The mean free energy
of RO-16 from infinite up to active adsorption site onto HSPAC
surface was 7.832 kJ/mol (Table.3).

Isotherms Model Adsorbate, RO-16 Units of parameters
Langmuir
Jexp 32.21 mg/g
Jeal 41.32 mg/g
Ry 0.423 L/mg
R’ 0.0994
Fricundlich
1/n 0.675
N 1.48
Kg 0.857 L/g
R’ 0.969
D-R
dpr 37.40 mg/g
B 0.008 (mol/j)°
E 7.832 kj/mol
R’ 0.994

Previously suggested, that adsorption system having E
value (8 < 16 kj/mol) will have attachment through chemisorption

[39]. Hence, it could be deduced that D-R model suggests the
attachment of RO-16 onto HSPAC as physisorption phenomenon
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as also confirmed by Freundlich isotherm model (R* = 0.969). The
R’ value of HSPAC-RO-16 adsorption system for D-R isotherm
(Table 3) is exactly the same as the R* value of Langmuir isotherm
model. It attests that the HSPAC surface is dual natured showing
simultaneous chemisorption and physisorption behavior to RO-16
uptake. It confirms that some molecules of RO-16 are adhered
through strong chemical bond and the remaining through weak
Van der Waal forces. Therefore, there could also be the
probability of multilayer adsorption of RO-16 onto HSPAC; as
also confirmed by pseudo second order model kinetics, which
previously verified that the chemisorption is not the rate limiting
step as physisorption also governs the adsorption system.

These unique findings of isotherm models having corresponding
high R? values are in the following order: Langmuir = D-R >
Freundlich (Table 3). However, Langmuir model (R? = 0.994) has
key role in the HSPAC-R)-16 adsorption system as confirmed by

energy value (E = 7.832 kj/mol) of D-R isotherm.
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Figure 9. Isotherm fitness to HSPAC-RO-16 adsorption system: (a)
Langmuir; (b) Freundlich; (c) D-R.

AH (kJ mol™) AS (kJ mol™)

Table 4.Thermodynamic constants and parameters for HSPAC-RO-16 adsorption system.
AG (kJ mol™)

3.10. Thermodynamic Analysis. The thermodynamic parameters
(Table 4) were specified to perceive the nature of HSPAC-RO-16
adsorption system. Determination of equilibrium constants of
thermodynamics, change in free energy, and chaos change were
undertaken for assessment of viability of thermodynamics and
spontaneity of the system. The calculation of thermodynamic
constants was conducted with the following equation:
AG®=-RT InK,

Where AG° shows (free energy change in kj/mol) R

denotes (universal gas constant = 8.314 j/mol/k), Ke indicates
(thermodynamic equilibrium constants) and T reflects (absolute
temperature in K). Under different thermal conditions the constant
(Ke) is calculated from plot (In ge/Ce Vs qe).
As witnessed by Table 4 that the non-spontaneous nature of the
adsorption process was confirmed by positive AG°. Gradual
increase of AG® value from 303 k to 323 k supports the dominant
chemical bonding as also confirmed by Langmuir model in the
adsorption system. Other parameters (AH° and AS°) can be
quantified from plot of Van’t Hoff equation (In K° Vs 1/T) as
following:

InK°=

R RT

As summarized in Table 4 the negative AH® value confirms
the exothermic in the HSPAC-RO-16 system. The negative AS°
reflects the decrease in RO-16 concentration in liquid solid
interface. In the liquid solid interface of the present scenario, the
adsorption process is integrated by two steps: (a) stripping out of
previously adsorbed solvent molecules (RO-16) at elevated
temperatures, (b) the adsorption of RO-16 onto HSPAC. The RO-
16 molecules have to move several molecules/revolution to their
respective binding sites onto HSPAC surface, which results in
exothermic adsorption of dye [40]. Hence it proves RO-16
concentration decreased onto HSPAC surface in result of pore
striping mechanism (due to high temperature), which is also
supported by physical bonding of D-R and Freundlich isotherm
models. The negative (AH®) may reflect, increase desorption of
RO-16 that may lead to decrease adsorption capacity at high
temperatures. Similar finding analogies could also be found
elsewhere in adsorption of Reactive orange 12 and direct yellow
12 onto activated carbon [41, 42].

-60.79

4. CONCLUSIONS

In this study, the performance of HSPAC adsorbent was tested for
RO-16 adsorption. The adsorption system (HSPAC-RO-16) was
found to be strongly associated with contact time, dose, particle
size, initial dye concentration, temperature and pH. The
equilibrium time for HSPAC-RO-16 adsorption system was found
to be 140 min. Dramatic increase in RO-16 uptake was noticed at
pH 2, which gradually decreased with rise in pH. Highest
adsorption capacity (qm) was found to be 37.92 mg/g. Isotherm
studies reflected the unique fitness of the experimental data on

Langmuir and D-R models to confirm the dual behavior of
HSPAC for RO-16 adsorption. This behavior was confirmed by
pseudo second order model kinetics in which only chemisorption
was not rate inhibiting step, i.e. it was physisorption as well. The
process in adsorption system was found to be exothermic and non-
spontaneous with negative chaos value. Hence, it is confidently
concluded that the HSPAC could be used as competent adsorbent
for RO-16 removal from aqueous solutions.
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