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ABSTRACT

In the present work, modified sodium hydroxide-treated pine nut shells (PNSM) were used
for the selective removal of methylene blue (MB) from the single and binary (with amaranth
dye) systems by batch method. The material was characterized and identified by different
techniques such as X-ray diffraction, Brunauer, Emmett and Teller, Fourier transform infra-
red and scanning electron microscopy (SEM). The distinctive properties such as low pore
volume (0.060 cc/g), high surface area (>266 m>/g), and existence of a variety of functional
groups made it feasible for the removal of MB efficiently. Maximum MB adsorption
(39.73 mg/g) was observed at pH; 5.9. In the binary component system, the amaranth dye
played a significant role to enhance the MB adsorption. Kinetic modeling studies showed
the applicability of a pseudo-second-order model for the selective adsorption of MB in
single and binary systems. Thermodynamic factors suggested that the adsorption was
chemical, spontaneous, and endothermic in nature. Desorption studies showed optimum
MB recovery (92.54%) with 0.1 M oxalic acid solution. The outcomes revealed that the used
agricultural waste was a probable cost-effective adsorbent for the selective removal of MB
from aqueous medium.
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1. Introduction

Large quantities of toxic dyes and pigments are
generated from dye manufacturing, textile, rubber,
paper, leather, plastic, cosmetic, and printing indus-
tries. These dyes and pigments as waste effluents are
discharged in water resources, directly or indirectly
posing severe health hazards to living beings [1].

*Corresponding author.

Every year more than 10,000 dyes with 7 x 10° metric
tons production are commercially available. Five to
ten percentage of these dyes are lost as industrial
waste effluents [2]. The occurrence of dyes in aquatic
systems decreases light diffusion which slows down
the photosynthetic activity and also exhibits the capa-
bility to chelate metal ions generating microtoxicity to
fish and other organisms [3]. The acid dyes and
water-soluble reactive removal are very severe because
they tend to pass through the traditional treatment
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procedures. Thus, for the removal of such dyes from
aqueous mediums, efficient treatment procedures are
required. A variety of chemical, physical, and biologi-
cal treatment procedures, including coagulation,
adsorption, solvent extraction, membrane filtration,
precipitation, chemical oxidation, and bioaccumulation
have been extensively used for the treatment of dye-
bearing wastewater [4]. Among these techniques,
adsorption process is noted to be superior because it
is economical, efficient, and simple [5-10]. Activated
carbon is known to be the most extensively employed
adsorbent for the removal of dyes because of its high-
adsorption capacity and effectiveness; nevertheless, its
utilization is still limited owing to high operational
costs [11]. Therefore, there is a growing interest to
search for alternative materials, which are inexpensive
and locally obtainable so that the adsorption proce-
dure will become inexpensively viable. Numerous
non-conventional, low-cost adsorbents such as saw
dust [12], fly ash [13], wheat straw [14], fungus [15],
orange peels [16], and soy meal hull [17] have been
efficiently used for the removal of various types of
dyes from wastewater. The utilization of agricultural
waste as adsorbent for the abatement of dyes has
drawn awareness of many researchers as it is richly
available, ecologically safe; there is no need to
regenerate these adsorbents (unlike activated carbon,
where regeneration is necessary); the majority of the
types of agricultural waste do not require a complex
pretreatment step or activation process before applica-
tions; and less maintenance and supervision are
required for the process operation [11]. Scientists have
also used various types of adsorbents for the removal
of dyes from single and binary systems [18-20].

Every year, large quantities of pine nut shells
(PNS) (family Pinaceae, genus Pinus) are produced as
agricultural by-products all over the world. To the
best of our knowledge, no one used PNS for dye
removal. Most of the previous studies targeted the
application of agricultural by-products for dye
removal in a single system [21-24]. Industrial dis-
charges usually contain mixtures of dyes along with
other organic and inorganic matrices [25,26] and
inadequate data are available on multi-component dye
adsorption. Therefore, considering the formulation of
industrial effluents in this work, we modified PNS by
treating them with sodium hydroxide. The modified
PNS were termed as PNSM and thereafter, studied the
adsorption of methylene blue (MB) dye in single and
binary (with amaranth dye) systems on PNSM. The
effect of matrix on MB adsorption was tested by tak-
ing various counter ions to aqueous phase. The
commercial feasibility of the process was established
by desorption studies.
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2. Experimental
2.1. Chemicals and reagents

The MB (chemical formula: C;,H;3sN30S; formula
mass: 333.6 g/mol; Amax: 670 nm) and amaranth dye
(chemical formula: C,gH{{N,Na3S;; formula mass:
604.47 g/mol; imax: 520 nm) were supplied by Merck,
Germany. Sodium hydroxide and HCl were purchased
by BDH Laboratory Supplies Poole, England. The
stock solutions of both dyes (500 mg/L) were pre-
pared in Milli-Q water and used for further dilutions.
Water was purified through a Milli-Q water purifica-
tion system (Millipore Corporation, Bedford, MA,
USA). Other chemicals and reagents used were of
analytical reagent grade or as specified.

2.2. Preparation of PNS adsorbent

The PNS were collected from the local supermarket,
Riyadh, Saudi Arabia. To eliminate the adhering dirt
and soluble impurities, the PNS was first washed with
distilled water and then dried at 60°C for 24 h. The
dried PNS biomass was ground in a mortar and sieved
to 0.2-0.4-mm particle size. The existing organic con-
tent of the PNS was oxidized by treating 1.0 g of PNS
with 100 mL hydrogen peroxide (30% w/w) and the
consequential mixture was kept on magnetic stirrer for
60 min at 50°C and 100 rpm. To remove the traces of
hydrogen peroxide, the washing of PNS biomass was
done several times with distilled water. The oxidized
biomass was again treated with 0.1 M NaOH with a
water bath shaker at 25°C for 24 h with constant stirring
at 100 rpm. The chemically modified PNS (PNSM) was
washed with distilled water to get neutral pH. The
consequential PNSM biomass was dried in an oven at
65°C for 24 h to get constant weight.

2.3. Characterization of PNS biomass

The surface properties of unmodified and chemi-
cally PNSM were studied by N, adsorption-desorp-
tion isotherm at 77K (Sorptomatic V 1.03). To
determine functional groups present on biomass
before and after modification and involved in MB
adsorption Fourier transform infrared (FTIR) (Nicolet
6700 FTIR Thermo Scientific) analysis was performed.
The morphology of surface for biomass was studied
by scanning electronic microscopy (SEM) (SEM,
Hitachi Co., Japan, Model No. S3400N). To determine
the point of zero charge (pHpzc) of PNSM biomass,
the solid addition method [27] was used. The surface
active (acid and basic) sites present on PNSM
were determined by Boehm’s acid-base titration
experiments [28].
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2.4. Adsorption studies

The adsorption of dyes onto PNSM was studied by
the batch method. The adsorption experiments were
made in 250 mL glass conical flasks. For the single
component system, 0.4-g PNSM were added to 40 mL
of MB dye solution of known concentration. The solu-
tion was continuously stirred at 100 rpm at ambient
temperature (298 K) conditions for 24 h to achieve the
equilibration time. The initial pH of adsorbate solution
was adjusted by adding required amounts of 0.1 M
HNO;/NaOH solutions. At equilibration, PNSM was
filtered off and the concentrations of MB dye in the
solution phase before and after adsorption were
determined using a double beam UV-vis spectropho-
tometer. A number of parameters such as contact time,
pH, initial MB dye concentration, and temperature were
studied in order to optimize the adsorption process.

The amount of MB dye adsorbed onto PNSM at
equilibrium, g. (mg/g) was computed as follows:

1%
ge = (Co — Ce) X o ¢))

where V is the volume of MB dye solution in liter, C,
and C. are the initial and final concentrations of MB dye
in solution, respectively, m is the weight (g) of PNSM.

For binary component system, 0.4 g of PNSM was
added into 40 mL of 50 mg/L MB dye and with vary-
ing concentrations (1, 5 mg/L) of amaranth dye solu-
tions in the conical flask. The solution was shaken at
100 rpm for 6 h to achieve equilibrium. PNSM was fil-
tered off and the concentration of MB dye was deter-
mined as described above.

The adsorption kinetics experiment was carried
out by agitating 200 mL aqueous solutions of MB dye
of various concentrations with 2.0 g of PNSM at opti-
mum pH. Fifty microliters of the samples was drawn
out at various time intervals and the concentration of
MB was determined. The experiment was continued
until equilibrium was reached (when no further
decrease in the MB dye concentration was measured).
The effect of amaranth dye on the adsorption kinetics
of MB dye was also testified. For this study, 2.0 g
PNSM was shaken with 200 mL in a binary dye sys-
tem containing 50 mg/L MB and 1-5 mg/L amaranth
dyes at optimum pH. Adsorption isotherm studies
were conducted at various temperatures (298-328 K).

2.5. Desorption studies

Several acids (HCIl;, H,SOy; citric acid; acetic acid;
oxalic acid; H3PO,, and boric acid) of 0.1 M concentra-
tions and solvents (acetone (Ac); ethanol (Et); and
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methanol (Mt)) were used as eluents for the desorp-
tion studies. The PNSM (0.2 g) was initially saturated
with 40 mL MB solution of an initial concentration of
50 mg/L on a shaker at 100 rpm for 3 h. At equilibra-
tion, PNSM was filtered and washed several times
with deionized water to remove MB traces. Then,
PNSM was treated with 40 mL of aforementioned elu-
ents. The flask was again shaken in a shaker at
100 rpm (to desorb MB) for 3 h and concentration of
MB eluted was determined.

3. Results and discussion

The adsorption of MB and amaranth on PNSM was
studied in single and binary systems. Preliminary stud-
ies in the single system at C,—50 mg/L showed 20.27
and 1.03 mg/g MB and amaranth adsorption, respec-
tively. The adsorption of MB in binary system (C, of
MB—50 mg/L and C, of amaranth 5mg/L) was
12390 mg/g. In the binary system, amaranth dye
favored the adsorption of MB onto PNSM. Due to the
smaller hydrated radii of amaranth dye in comparison
to MB, it adhered first onto the surface of PNSM. The
amaranth dye is an anionic dye which made the surface
of PNSM more negative, resulting in the higher adsorp-
tion of cationic MB dye onto the surface of PNSM.

3.1. Characterization of PNS biomass

Fig. 1(a) illustrates the FT-IR spectra of raw (PNS),
modified (PNSM), and PNSM after MB adsorption
(PNSM + MB). Bands at 3,363, 2,927, and 2,900 cm *
were due to stretching of OH and C-H bonds [29].
Bands between 1,615 and 1415cm ' were due to
stretching of C=C aromatic rings. PNS biomass is a
lignocellulosic material; the presence of cellulose in
PNS was confirmed by a very weak band due to C-OH
stretching of alcoholic and carboxylic acids at
1,034 cm™'. After alkaline treatment, sharpening of
bands at 3,359, 2,925, 2,900, and 1,035 cm ' was
observed. The sharpening of band at 1,034 cm™" might
be due to rupturing of lignin structure, making carbo-
hydrates in the hetero-matrix, more accessible to bind-
ing adsorbate, and decreasing both the degree of
polymerization and cellulose crystallinity [30]. After
MB adsorption, the intensity of these bands reduced
confirming active involvement of phenolic and car-
boxylic groups in the adsorption process of MB. The
decrease in the crystallinity of the PNSM biomass after
alkaline treatment was also confirmed by X-ray diffrac-
tion (XRD) results as peak intensity of PNSM was lower
than PNS (Fig. 1(b)). The acid-base titration studies
revealed a higher concentration of acidic sites
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Fig. 1. FT-IR (a) and XRD (b) spectra of PNS biomass.

(3.22 meq/g) while, the concentration of basic sites was
0.22 meq/g. The Brunauer, Emmett and Teller (BET)
results showed an extremely high surface area for PNS
biomass (Table 1) which was reduced after alkaline
treatment and MB adsorption on PNS which might be
due to the introduction of functionalities and adherence
of MB ions on the adsorbent surface blocked the pores
of PNS. The SEM images of PNS showed a rough adsor-
bent surface with some irregular structures (Fig. 2(a)).
After alkaline treatment, PNSM surface showed
disappearance of those irregularities but fine pores dis-
persed over the surface (Fig. 2(b)). After MB adsorption,
PNSM surface was totally occupied (Fig. 2(c)).

3.2. Effect of pH

Fig. 3(a) illustrates the effect of solution pH on MB
adsorption on PNSM biomass. Under highly acidic
conditions (i.e. pH; 1.58-2.55), the surface of PNSM was
highly protonated. The electrostatic and the adsorption
capacity increased from 17.76 to 18.66 mg/g. A two-
fold increase in the adsorption capacity was observed
between pH; 2.55 and 5.9. Maximum MB adsorption
(39.73 mg/g) was observed at pH; 5.9 which might be
due to the proton reduction in aqueous medium. The
surface charge of PNSM was determined by the solid
addition method [27]. As seen in Fig. 3(b) the observed
point of zero charge (pHpzc) of PNSM was 6.35, which

Table 1
BET surface area analysis

20 30 40

20 (degree)

60

was nearer to pH; at which maximum MB adsorption
was observed. A further increase in pH; from 5.9 to
9.87 showed no appreciable change in MB adsorption.
Therefore, pH; 6 was optimized for adsorption
studies. At equilibrium, for initial pH range (pH;)
1.58-5.9, the observed final aqueous phase pH (pHy)
was higher than the initial pH while, the pH¢ was lower
than the pH; for pH; 7.98-9.87 range, indicating
buffering effect of PNSM in acid and alkaline
mediums [31].

3.3. Effect of contact time and adsorption kinetics

Contact time studies were carried out in single and
binary (with amaranth) systems. The initial concentra-
tion (C,) range for MB adsorption in the single system
on PNSM was 25-200 mg/L while, in the binary sys-
tem C, for MB was 50 mg/L (C, for amaranth was 1
and 5mg/L). In the single system, the equilibration
time for MB C, ranging 25-200 mg/L was 120 min,
showing no effect of concentration on equilibration
time. However, the adsorption capacity for the afore-
mentioned concentration range increased from 8.91 to
78.82 mg/g (Fig. 4(a)). In the binary system, the con-
centration of amaranth affects equilibration time,
reducing it to 90 min. The adsorption capacity in the
binary system with C, for MB—50 mg/L and C, for
amaranth 1 and 5mg/L increased to 12829 and

BET surface area Pore volume Pore radius

Sample (m?/g) (cc/g) (nm)
Pine nut shells before modification (PNS) 266 0.060 45.36
Pine nut shells after modification (PNSM, before adsorption) 176 0.029 19.83
Pine nut shells after modification (PNSM, after MB adsorption) 110.9 0.014 11.78
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Fig. 2. SEM images of PNS (a), modified (PNSM) (b), and PNSM after MB adsorption (c).
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Fig. 3. Effect of pH on MB adsorption on pine nut shells (a) and point of zero charge (pHpzc) plot (b).
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Fig. 4. Effect of contact time on MB adsorption at various concentrations in single system (a) and in binary system
(at various amaranth concentrations) (b).



M. Naushad et al. | Desalination and Water Treatment 57 (2016) 15848-15861 15853
ONa
OQS{\
HO ~
(ﬁ (o]
PNSM ——OH + NaO —ﬁ N=— / \
o}
7\ 7 N\
‘Ef* ,sfo
= =
z 9 ONa
- ON
% Oxn ./ 2
: s
o HO 0
PNSM _0_g N=—N ‘/ \
Il
o]
7\ 7\
_ -0
z 075\
- ONa
= ONa
=
O~ /
HO Ss =
i -
PNSM ——0——sS N=——N 7 N
[
0]
7\ 7 N\
/ =-% interaction ﬁo
i /S a=
: ;: o R o~ b
H SC \N X \\Na:f\.’ Dipole-dipole interaction
I | “CH,4
CH, CH,

Fig. 5. Mechanism for the adsorption of MB onto PNSM.

123.83 mg/g, respectively (Fig. 4(b)). Compared to the
single system, a six-fold increase in MB adsorption in
the binary system was observed at similar experimen-
tal conditions. This showed that amaranth was playing
a significant role to enhance MB adsorption. The
adsorption mechanism is shown in Fig. 5.
Pseudo-first-order [32] and pseudo-second-order
[33] kinetic models were applied which are given as:

k
log (g. — q+) = log g — ﬁ X t 2)

t 1 t
a:@ﬁ—% (3)

where g. and g, are the adsorption capacities
at equilibrium and at time ¢, k;, and k, are the

pseudo-first-order and pseudo-second-order rate
constants. The slopes and intercepts of the plots
log (ge—qy) vs. t and t/q; vs. t denote the rate con-
stants and adsorption capacities, respectively.

The parameters as obtained from linearized plots
(Fig. 6(a—d)) are given in Tables 2a and 2b. For both
single and binary systems, the experimental adsorp-
tion capacity (ge.exp) values at various MB concentra-
tions were much closer to the calculated adsorption
capacity (geca) values for pseudo-second-order model.
These results were further confirmed by higher regres-
sion coefficient (R*) values for pseudo-second-order
model confirming better applicability of this model to
adsorption data. From aforementioned results, it could
be inferred that the MB adsorption onto PNSM was
chemical in nature. In general, the adsorption process
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Fig. 6. Pseudo-first-order (a), pseudo-second-order (b) plots for the adsorption of MB in single system on PNSM at
various concentrations; pseudo-first-order (c), and pseudo-second-order (d) plots for the adsorption of MB (C,—50 mg/L)
in binary system (in presence of amaranth at various concentrations) on PNSM.

Table 2a

Kinetic studies parameters for MB adsorption at various initial concentrations in single system on PNSM.

Pseudo-first-order

Pseudo-second-order

Co (mg/L) e,exp (ME/ Q) e,cal (Mg/g) Ky (1/min) R? fe,cal (Mg/g) k, (g/mg-min) R?

25 8.91 6.896 0.0189 0.9813 8.72 0.0085 0.9877
50 20.27 13.561 0.0493 0.9812 21.41 0.0073 0.9991
100 39.68 20.267 0.0493 0.9812 40.65 0.0048 0.9962
150 59.53 28.314 0.0269 0.9689 59.52 0.0030 0.9908
200 78.92 48.607 0.0329 0.9790 80.64 0.0019 0.9924
Table 2b

Effect of amaranth concentration on kinetic studies parameters for MB adsorption (C,—50 mg/L) on PNSM in binary

mixture

Pseudo-first-order

Pseudo-second-order

Concentration of Je,exp

amaranth (mg/L) (mg/g) Jecal (MG/E) k1 (1/min) R? Jecal (MG/E) k (g/mg min) R?

1 128.28 104.09 0.0553 0.9967 142.86 0.00069 0.9985
123.90 95.21 0.0481 0.9951 136.99 0.00070 0.9991
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is supposed to occur on the surface sites on the adsor-
bent where exchange and sharing of electrons via
valance forces occurred. The process continues until
the functional sites on the surface are fully saturated.
In the single system, as the C, of MB increases from
25 to 200 mg/L, the pseudo-second-order rate constant
(ky) decreases (Table 2a) which may be due to the
decrease in the adsorption rate with increase in initial
MB concentration.

Intra-particle diffusion model was given by Weber
and Morris [34] as:

g =kivVt+1 4)
where k; is the intra-particle diffusion constant and I
represents the value of the thickness of the boundary
layer. The slope and intercept of plot g; vs. Vf gives
intra-particle diffusion rate constant and boundary
layer thickness values.

The slowest step during the adsorption process is
the rate-determining step. Generally, the initial part
of the adsorption is rapid due to external diffusion
while the latter part (i.e. intra-particle mass transfer)
is slow, will be a rate-determining step. Thus, intra-
particle diffusion is one of the factors that affects the
rate of attainment for the adsorption to reach equilib-
rium state [35]. Fig. 7(a) and (b) illustrates Weber
and Morris plots for the adsorption of MB in single
and binary systems on PNSM. The plots showed
multi-linearity with deviation from origin, confirming
that intra-particle diffusion is not the only mecha-
nism involving in the adsorption process [36].
Initially, due to film diffusion the adsorption rate
was very high. As MB concentration on PNSM

(a) 80 | 4 25mgL
m 50mg/fL
70 4 100 mg/L X
% 150 mgfL

x
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x

x
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9 12 15

t 1/2
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external surface increases, there is an immediate
occupation of active sites of the adsorbent. As

reaction continues, the adsorption was controlled by
intra-particle diffusion. Since the rate of adsorption
slows down, this region is also known as the rate-
determining step. Finally, the plateau segment was
reached, indicating attainment of the equilibrium
state. At this point, maximum MB adsorption on
PNSM occurred. The equilibrium stage at the end
was due to the decrease in the number of active sites
available for the adsorption as well as low bulk con-
centration of MB. The values of k; and I are given in
Tables 3a and 3b. For the single system, the intra-
particle diffusion rate, k; increases with the increase
in initial MB concentration while for the binary sys-
tem, a very little decrease in k; values with the
increase in initial amaranth concentration was
observed. The increase in MB adsorption in the sin-
gle system was due to the higher number of MB
molecules present in the solution which largely
occupy the active sites on PNSM surface. In the bin-
ary system, the increase in amaranth concentration
leads to a competition to occupy surface active sites.

Table 3a
Intra-particle diffusion parameters for MB adsorption in
single system at various initial concentrations on PNSM

C, (mg/L) K; (mg/g min'/?) I R?
25 0.6852 1.1259 0.9761
50 1.3627 6.9274 0.7836
100 2.0251 18.812 0.8775
150 2.4472 31.970 0.9620
200 4.3389 32.612 0.9574
140
(b) + 1mg/L
120 5 mg/L _._.___‘-_____.I.--—-"'"I
100
*
80 L]
g
60
a0
20
0
0 3 6 9 12 15
tir

Fig. 7. Weber and Morris plots for the adsorption of MB at various concentrations in single system on PNSM (a) and in
binary system (in presence of amaranth at various concentrations) on PNSM (b).
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Table 3b

Effect of amaranth concentration on intra-particle diffusion
parameters for MB adsorption (C,—50 mg/L) in binary
system on PNSM

C, (mg/L) K; (mg/g min'/?) I R?
1 8.6569 41.665 0.7735
5 8.1976 40.554 0.8014

An increase in I values with an increase in initial MB
concentration, attributes to a greater effect of the
boundary layer at a higher MB concentration in the
single system while, in the binary system, a slight
decrease in I values was observed. Thus, the thicker
the boundary layer surrounding the adsorbent
eventually the higher the uptake of MB [37].

3.4. Effect of concentration and adsorption isotherms

The effect of MB concentration as a function of
reaction temperature (298-328 K) was studied. Ini-
tially, the adsorption of MB on PNSM was rapid, and
then slows down attaining equilibrium point. The
adsorption increases with an increase in the initial MB
concentration as it is providing a driving force to
overcome mass transfer resistance between solid/solu-
tion interfaces. Though, the adsorption increases with
an increase in the reaction temperature, no profound
effect of the reaction temperature on the MB adsorp-
tion was observed (Fig. 8).

The efficacy of adsorption process is determined by
adsorption isotherms. In this study, the adsorption data
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Fig. 8. Effect of concentration on MB adsorption onto
PNSM at various temperatures.
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were modeled by two parameters Langmuir and Fre-
undlich isotherms. The linearized forms of Langmuir
[38] and Freundlich [39] models are given as:

¢ o
Ge  bGm = Gm

1
logge = log K¢ + alog C. 6)

where g, is the Langmuir constant for maximum solid
phase loading on adsorbent, b is an energy constant
related to the heat of adsorption, K¢ is a Freundlich
constant related to bond energy and n represents
adsorption deviation from linearity. The slopes and
intercepts of the plots Co/g. vs. C. and log g vs. log C,
gives values of g, K¢, and n.

The essential feature of the Langmuir model can
be expressed by dimensionless constant separation
faction (Ry). It is given as:

1

R =
L1 rC,

)

The value of Ry, reflects the nature of adsorption. If
Ry >1 (unfavorable), 0<Ry<1 (favorable), R;=1
(linear), Ry =0 (irreversible).

Fig. 9(a) and (b) illustrates linearized Langmuir
and Freundlich plots. The parameters obtained by lin-
earized plots are given in Table 4. Results showed
higher regression coefficient (R*) values for the
Freundlich model at various temperatures confirming
better fitting of the model to experimental data. Table 5
presents a summary of previously applicable models
on the MB adsorption on various adsorbents. The val-
ues of Ry in between 0 and 1 showed a favorable
adsorption process.

3.5. Adsorption thermodynamics

The thermodynamic studies for the adsorption of
MB at various concentrations on PNSM were carried
out for temperature range 298-328 K. The adsorption
capacity at various concentrations increases with an
increase in the temperature confirming chemisorption
process. Thermodynamic parameters such as Gibb’s
free energy change (AG°), standard enthalpy change
(AH"), and standard entropy change (AS°) were also
determined.

The AG® values are calculated as:

AG® = AH® — TAS® (€))
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Fig. 9. Langmuir (a) and Freundlich (b) isotherm plots for the adsorption of MB on PNSM.
Table 4
Isotherm studies parameters for the adsorption of MB on PNSM
Langmuir isotherm Freundlich isotherm
Temp. (K) G (mg/g) b (L/mg) R? Ry K; (mg/g) (L/mg)"" n R?
298 175.43 0.0241 0.9697 0.0766 0.2396 0.9205 0.9931
308 177.42 0.0252 0.9767 0.0735 0.2089 0.8981 0.9955
318 179.45 0.0259 0.9786 0.0716 7.5680 1.1376 0.9945
328 182.08 0.0266 0.9763 0.0699 8.4411 1.0794 0.9950
Table 5
Summary of MB adsorption results on various adsorbents
Models applicable
Adsorbent Isotherm Kinetics Thermodynamics  Refs.
Garlic peel Freundlich Pseudo-second-order  Endothermic [40]
Coir pith carbon Langmuir and Temkin = Pseudo-second-order = Endothermic [41]
Sugar extracted spent rice biomass Langmuir Pseudo-second-order  Endothermic [42]
Eucalyptus sheathiana bark Langmuir Pseudo-second-order  Endothermic [43]
PNSM Freundlich Pseudo-second-order  Endothermic Present study
Th 1 f K i :
e values of K, are given as e AS®  AHP . 1 w0
PRTTRTR T

o CAe

K. c.

)

where Cp. (mg/L) and C. (mg/L) are the equilibrium
concentrations of adsorbate on solid and in solution
phase, respectively.

Von't Hoff equation was used to calculate the
value of AH® and AS° given as:

The plot In K. vs. 1/T (Fig. 10) was used to evalu-
ate AH® and AS° values. Table 6 presents the
thermodynamic studies’ data for the adsorption of
MB at various concentrations on PNSM. The
negative values of AG° indicate that spontaneous
adsorption process and spontaneity increases with
increase in the temperature. The positive values of
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Fig. 10. Van't Hoff plot for the adsorption of MB on
PNSM.

AS° indicated the disorderliness at the adsorbent sur-
face during the adsorption process. Moreover, the
positive value of AH® proved that the adsorption of
MB on PNSM was an endothermic process.

3.6. Effect of counter ions

The industrial, municipal, and domestic effluents’
matrix along with dyes also contains many anions and
cations. Therefore, in this study, we have tested the
potentiality of PNSM for the removal of MB

Table 6
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(Co—50 mg/L) in the presence of the counter ions.
A control experiment was also carried out to compare
the values. The adsorption capacity of MB during the
control experiment was 20.27 mg/g while, the adsorp-
tion capacity of MB in the presence of K* ions was
the highest and in the presence of Ca®" ions was the
lowest (Table 7). The MB adsorption capacity in the
presence of monovalent sodium (Na™) and potassium
(K*) ions for concentration range 5-25 mg/L varied
between 17.730-16.608 and 18.904-16.977 mg/g,
respectively, while in the presence of divalent magne-
sium (Mg®*) and calcium (Ca**) ions for concentration
range 5-25 mg/L the MB adsorption capacity varied
between  15.307-14.890 and 17.157-16.095 mg/g,
respectively (Table 7). Here, it is noteworthy that
hydrated radii and ionic charge of the counter ions
played a critical role in hindering MB adsorption. The
hydrated radii of Mg2+ (1.08) was the highest, there-
fore causing maximum hindrance in MB adsorption
followed Ca”" (0.96) > Na* (0.79) > K" (0.53).

3.7. Desorption studies

Fig. 11 illustrates MB recovery plot. The recovery
of MB with acids was maximum while, the recovery
with solvents such as EtOH, MeOH, and Ac was
27.48, 747, and 6.75%, respectively. Among the acids,
92.54% (maximum) MB was eluted by 0.1 M OA fol-
lowed by 0.1 M PA (84.86%), 0.1 M SA (83.35%), 0.1 M
CA (78.07%), 01 M HA (76.01%), and 0.1 M AA
(35.32%), and 0.1 M BA (9.35%). Similar results for MB
desorption were reported elsewhere [30].

Thermodynamic studies parameters for the adsorption of MB on PNSM

MB initial concentration (C,, mg/L) Temp. (K) ke AG® (=) (k]/mol) AH’ (k] /mol) AS° (J/mol K)
25 298 8.917 56.29 36.09 0.31
308 9.263 59.39
318 9.869 62.49
328 10.121 65.59
100 298 7.452 49.82 9.78 0.20
308 7.567 51.82
318 7.664 53.84
328 7.724 55.82
200 298 8.033 51.62 12.57 0.21
308 8.045 53.39
318 8.132 5541
328 8.435 58.15
500 298 2.125 18.67 12.18 0.10
308 2.160 19.72
318 2.185 20.66
328 2.226 21.81
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Table 7
Effect of counter ions on MB adsorption on PNSM
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Counter ions

Concentration of counter ions (mg/L)

Adsorption capacity of MB (mg/g)

Na* 5 17.730
10 17.534
15 17.215
20 16.894
25 16.608
K* 5 18.904
10 18.484
15 17.667
20 17.231
25 16.977
Mg?* 5 15.307
10 15.292
15 15.166
20 15.067
25 14.890
Ca** 5 17.157
10 16.969
15 16.702
20 16.325
25 16.095
120
B %Adsorption 0O %Desorption
100
c
.2
2 80
o
4
L
c 60
.2
a
S
< 40
<
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20
0 1]

0.1IM HA 0.1IMSA 0.1IM PA 0.1MAA 0.IM OA 0.1MCA 0.IMBA  Ac

Fig. 11. Batch desorption studies of MB from PNSM.

4. Conclusions

In the present research, we have tested the fate of
PNSM for the selective adsorption of MB from a bin-
ary mixture of dyes. It was observed that PNSM had a
higher adsorption capacity for MB in comparison to
amaranth dye. The adsorption of MB onto PNSM was
also favored by the presence of amaranth dye. The

MeOH  EtOH

Eluents

anionic nature of amaranth dye might increase anion
concentrations over the PNSM surface, resulting in a
higher adsorption of cationic MB dye onto the surface
of PNSM. The kinetics data were best fitted in the
pseudo-second-order rate equation as evident from
the values of regression coefficients (R?). The adsorp-
tion isotherm studies showed that the Freundlich
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model was better fitted. The positive value of AH® and
AS® indicated endothermic adsorption process and MB
adsorption caused the randomness in the system.
Thus, it could be concluded that PNSM is an economi-
cally appealing and ecologically safe adsorbent for
selective MB dye adsorption.
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