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Abstract—Membrane isolation, ion exchange, precipitation, transformation, and biosorption are all viable methods for
pollutant removal. Adsorption is a common commercial method to concentrate precious molecules or eliminate con-
taminants, and it is a cost-effective method of treating industrial wastewater. A novel method for increasing their
removal effectiveness has been developed for this purpose, using a low-cost biosorbent made from durian husk and
Evans blue (EB) dye as a subject. The EB dye adsorption percentage was determined to be 95.95% with 72.0 mg/g
adsorption amount at optimal conditions of pH 2 and 40 °C. The second-order kinetic model fit the experimental data
the best. Additionally, the results indicated that the Sips isotherm model fits the experimental data better and that the
experiment involved single-layer adsorption on the adsorbent surface. A non-linear regression of the van't Hoff plot
gave negative values of Gibbs free energy (—39.38 to —41.48 kJ/mol) at all the temperatures studied (from 20 to 60 °C),
indicating that the adsorption process is spontaneous and feasible. A negative value for the enthalpy (AH’=—23.37 kJ/
mol) indicated that the adsorption was exothermic, and the positive value of (AS°=54.55kJ/mol-K) concludes the
nature of adsorption of Evans blue dye by Durian husk likely to follow a physisorption adsorption mechanism.
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INTRODUCTION

The textile industrys industrial wastewater is one of the most
significant causes of environmental contamination; its composition
is complicated, contains both organic and inorganic pollutants, and
a variety of colors. Dyes can be classified as acid, active, basic, dis-
persion, diazo, azo, and anthraquinone dyes based on their chro-
mophore structure [1]. Of the 900,000 metric tons of dyes generated
each year, 70% are classified as azo dyes [2]. Azo dyes have a nega-
tive impact on both human health and the environment. Evans
blue dye is classified as a diazo dye due to the presence of two azo
bonds in the molecule [3]. It is heavily used in South East Asia
including Malaysia in the Batik textile industry and represents sig-
nificant pollution [4]. Because of its cheap starting costs, ease of
design, high effectiveness, and total elimination of contaminants from
aqueous solutions, biosorption in environmental engineering is a
growing market for pollution remediation globally. Biosorption is
one possible approach for dye removal in aquatic environments [4-
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6]. Durian (Durio zibethinus), often known as the “king of fruits’, is
a dicotyledonous species of plant that is a family of the Bombaca-
ceae and the genus Durio. It is indigenous to Southeast Asia. Durian
is one of Malaysia’s favorite seasonal fruits. Due to the abundance
of sources during its season, it has become a prominent agricul-
tural waste in Malaysia. Environmentalists are now concerned about
the trash generated by durian consumption. In addition to being
quite heavy owing to the weight of the prickly husk, the trash also
emits a very strong and pungent odor that may affect the surround-
ing life [7]. These durian husks waste can consequently be utilized
to derive more economic value while at the same time overcom-
ing environmental problem since the soft and spongy texture of
the inner durian shell makes it an excellent adsorbent for many
toxicants, including dye [8-13]. Evans blue is a toxic compound
[14-16] that forms a significant pollutant in the textile industry, of
which several studies for its removal via biodegradation have been
reported globally [4-6,17]. In this study, we demonstrate the utility of
durian husk in the adsorption of the dye Evans Blue for the first time.

MATERIALS AND METHODS

Evans blue dye (EB) with a purity of 99.9% was sourced from
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Sigma Aldrich, USA. A 500 mg L™ dye stock solution was prepared
in distilled water.
1. Preparation of Durian Husk Biosorbent

Durian husk was freshly collected from the roadside stall near
Bangi, Selangor. The husks were first washed with copious volume
of distilled water to discard of any impurities. Drying of the husk
was carried out at 110 °C for 24-48 h in a hot air oven. The deter-
mined weight of durian husk was soaked for 24h in 1 M KOH
solution to the ratio of 1: 1 (w:v) [18]. The husk was washed with
copious amount of distilled water and then dried as before. It was
pulverized in a laboratory grinder, rinsed with distilled water, and
dried. Ground biosorbent was sized by passing through a British
standard sieve (BSS) with a mesh of 18 (1000) Then, the KOH-
treated durian husk was sealed in zip lock containers for further
experiment.
2. Characterization of Durian Husk Biosorbent

The surface morphology of the biosorbent was characterized
using Field-emission scanning electron microscope (FESEM) while
Fourier transform infrared spectroscopy (FTIR) was used to deter-
mine the surface functional groups of the biosorbent. The deter-
mination of the point of zero charge pH,,, 0.5 g of the biosorbent
was introduced to 50 mL of 0.1 M NaCl. The pH adjustment from
2 to 12 was carried out using 0.1 M NaOH or 0.1 M HCL After 24h
of equilibrium, the final pH was determined (pHy). The graph shows
the relationship between pH; and pH;; where pH is found to be
significant between both the initial and final pH (pH—pH,) [19].
3. Batch Adsorption Study

Batch adsorption studies including several adsorption parame-
ters such as the effect of pH, initial dye, the adsorbent dosage, dye
biosorbent contact time, agitation speed and temperature [20]. The
amount of dye remaining in the solution was centrifuged at 10,000x g
for 10min and the supernatant was measured at 540 nm using
uv-vis spectrophotometer at equilibrium, the parameter g, (mg/g)
was calculated as:

_@=C),,

T M

where V is volume (L), G, and C, (mg/L) are the initial and at equi-
librium, respectively, of the liquid-phase concentrations of adsor-
bate (mg/L) and W is the mass (g) of the adsorbent used.
4. Response Surface Methodology Optimisation

The Design-Expert software was utilized to analyze the response
surface methodology (Stat-Ease Inc., Minneapolis, USA). The Box-
Behnken experimental design for Set 1 and 2 was prepared as shown
in Tables 1 and 2, respectively.

The regression model is built to:

3
i=
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Table 1. Levels of the independent variables (Set 1)

Coded levels
Independent variables Factor
-1 0 +1
Initial concentration (mg/L) A 50 75 100
Adsorbent dosage (g/L) B 1 55 10
Contact time (h) C 5 14.5 24

Table 2. Levels of the independent variables (Set 2)

Coded levels
Independent variables Factor
-1 0 +1
Initial concentration (mg/L) A 50 75 100
pH B 23 4
Agitation speed (rpm) C 0 75 150

where Y, the constant is a,, the linear coefficient is a, the second-
ary coefficient is a;, the interaction coefficient is a;, and the inde-
pendent variables are X; and X;. To assess the model significance,
the fitting excellence test (R? test) is chosen.
5. Kinetics, Isotherm, and Thermodynamic Models

This approach is like the one used in batch equilibrium investi-
gations. The concentration of the solution of the absorbent-absor-
bate solution at various time intervals was determined. The quantity
of adsorbed at time t, denoted by the symbol q, (mg/g), was esti-
mated using Eq. (3). q, denotes as the adsorption capacity by 1 gram
of adsorbent at certain time of exposure. The adsorption rate is as-
sumed to be proportional to the difference between the adsorbed
concentration and the number of accessible sites in the pseudo-
first-order equation (PFO) proposed by Lagergren for solid-liquid
systems [21]. A second-order relation between the adsorption rate
and the difference between saturation concentrations is proposed
in the pseudo-second-order model (PSO), which implies that chem-
isorption is the rate-limiting step [22].
5-1. Equation for Pseudo-first-order Kinetic Model

The pseudo-first-order kinetic model equation is as follows [23]:

q;=q.(1-¢ ) )

5-2. Equation for Pseudo-second-order Kinetic Model

The pseudo-second-order equation is as follows [24]:

The model is based on the adsorption capacity onto a solid phase
[24] and the nonlinear form of PSO was initially proposed by
Blanchard et al. [25]. It is expressed as:

—k,t.

ktqit

4= 1+k,q,t )
The slope and intercept of the plot of t/q, vs. t give the values of q,
and k,, respectively.
5-3. Elovich Kinetic Model

The Elovich equation was originally developed to simulate the
adsorption of carbon monoxide on the sorbent manganese diox-
ide. The Elovich model [26] is expressed as follows:

‘31—? =aexp(-bgq,) ®)
where b is surface coverage extent (g mg ') and chemisorption
activation energy and a is the initial sorption rate (mg g min™").

For the biosorption isotherms, 17 isotherms models (Table 3)
were utilized covering from one to five parameters models, and non-
linear regression instead of linear regression was carried out and the
best model assess using several error function analyses listed below.
For the thermodynamic calculations, a dimensionless equilibrium
constant was estimated from the Langmuir equation [27].
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Table 3. Isotherm models utilized in this study

Model Formula
1 Henry’s law q.=HC,
5 Langmuir Qb C,
isotherm 4e= 1+b,C,
3 Freundlich 1
isotherm q.=K FC:F
4 Temkin 1
isotherm q.=K FC:F
1
5 Jovanovic :qumSCZ5
isotherm ¢ 1
1+K.C"
p Redlich-Peterson __KwC.
isotherms 1+ appCL"
1
K.q,,sC.’
7 Sips isotherm E:Lsi
1+K,C)
9mrCe
8 Toth isotherm qe:;n,,r
(Kr+Cl)
c
9 Hill isotherm E:qu—en
Ky+C,”
m. b Ce
10 Khan isotherm z:qK—Ka
(1+bgC) "
Qe 2peTC,

11 BET isotherm

Vieth-Sladek
12
isotherm

13 Fritz-Schlunder-III

= (1= BeprCo) (1= ByprCet aperC,)

Q= QvsbvsCe
‘ (1+bvsce)nm
Q.= QnrsKrsCe

e

isotherm 1+ qmFSC:lFs
by
14 Unilin isotherm Q.= qﬂfln( ayt Cee,h J
2by ay+Ce
(1+x+y)
15 Baudu isotherm :qubBCel
1+b,C
My
16 Marczewski-Jaroniec (KM]Ce)nM] Ty
isotherm 9e=9mmy —"M/
1+(KM/CE)
17 Fritz-Schlunder-IV - ApCo
isotherm 4 BFSCfFS

Thermodynamics parameter analysis

The Langmuir equation (Eq. (6)) was utilized to find the dimen-
sionless equilibrium constant between two phases, K;.

K,C
mL ML e

—amL 7L e 6
e 1+K,C, ©)

The K; value from Langmuir was then converted to a dimension-
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less form K using Eq. (7) as follows [27]:
K=980.6x55.5x1,000xK, @)

The molecular weight of Evans blue is 980.6 gmol . 555 is the
molarity of pure water and the term of 980.6x55.5x1,000xK; will
be dimensionless.

The dimensional constant K; relation to the unitless equilibrium
constant of K. is described in Eq. (8) where, C’ is the selected
standard of adsorbate (C’=1 mol/L); K; (L/mol) is the Langmuir
constant and y (dimensionless) is the activity coefficient of adsor-
bent in solution [27].

L of mol

K e ()
RKevmr——— ®

e
The van't Hoff equation was applied to determine the adsorp-
tion thermodynamics parameters (AG’, AH’ and AS’). The free
energy change (AG) is nearly zero when the adsorption process
reaches equilibrium. Then, Eq. (9) becomes the standard Eq. (10)
which is routinely used to compute AG’ (standard Gibbs energy
change) while Eq. (11) is the corresponding nonlinear form.

AG’=-RTInK, )
AH’ 1 AS°
InK.= R ><T+ R (10)
48 AH 1
Ke=e® * 7T (11)

The universal gas constant, R is 0.00831 kJ/molxK.
The connection among AG’, AH’ and AS’ of an adsorption pro-
cess is expressed as follows:

AG’=AH’+AS’ (12)

6. Statistical Analysis

For all models tested in this study; statistical discriminatory tests
such as root-mean-square error (RMSE), corrected AICc (Akaike
Information Criterion), accuracy factor (AF) and bias factor (BF)
and adjusted coefficient of determination (R*) were utilized in this
work. All the parameter estimations were made using CurveEx-
pert 6.0.

The RMSE was calculated according to Eq. (13) where n is ex-
perimental datapoints, Ob, and Pd, are the experimental and pre-
dicted data, respectively, while p is parameter numbers.

13)

Since R’ ignores models’ parameter numbers, the adjusted R’ is
commonly used as it has penalty for number of parameters. In the
equation (Egs. (14) and (15)), the total variance of the y-variable is
denoted by S; while RMS is the Residual Mean Square.

Adjusted(R*) =1- Rl\fS (14)
Sy
, 2_, (1-R)(n-1)
Adjusted(R") =1 m—p-1) (15)



Adsorption of Evans blue dye by durian husk 1443

Fig. 1. SEM micrograph of raw durian husk after 48 h drying at 110 °C (a). Development of pores of durian husk after chemical modifica-

tion using 1 M of KOH (b).

The Akaike Information Criterion (AIC) AICc, which is based
on the information theory [28] is calculated as follows (Eq. (16)).

AICc=2p+nln(RTSS)+2(p+1)+zi;1&_1§j2&22 (16)

Further error function analysis are the Accuracy Factor (AF) and
Bias Factor (BF). (Egs. (17) and (18)).

(P08
Bias factor=10 = " (17)
(Srg100)
Accuracy factor=10 " (18)
RESULTS AND DISCUSSION

1. Durian Biosorbent Characterization

Based on SEM, the durian husk was porous with a honeycomb-
like structure Fig. 1(a). This structure is following the durian husk
morphology observed in previous studies [20,29-31]. Further modifi-
cation of the durian husk surface using concentrated KOH enhanced
the porosity of the adsorbents as shown in Fig. 1(b).

Table 4 shows the proportion of C, H, N, S, and O components
in durian husk green biosorbent before and after adsorption. Durian
husk has a high carbon content, which makes it a good biosorbent
when transformed into activated carbon for future adsorption stud-
ies [31]. The increase in nitrogen and sulphur after adsorption shows

Table 4. Elemental analysis of durian husk before and after EB dye

adsorption process
Control adsorbent Treated adsorbent
C [%] 4497 42.63
H [%] 5.18 5.34
N [%] 1.05 10.64
S [%] 52 12.73
O [%] 43,6 28.66

that the EB dye was adsorbed on the adsorbent surface This in-
crease of these elements proves the capabilities of durian composi-
tion as good biosorbent for dye as well as organic metal chelation
[32]. Also, Fig. 2 shows a significant carbon content in durian husk
from SEM-EDX spectrum.

Spectrum 1
C
(o]
0 1 2 3 4 s g
Full Scale 4310 cts Cursor: 2.930 (60 cts) keV|

Fig. 2. SEM-EDX of elements content in durian husk.
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Fig. 3. Comparison of FTIR spectrum of the durian husk before
and after treatment for EB with concentration of 50 mg/L
and 200 mg/L.
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Fig. 4. The plot of ApH against the initial pH of durian husk adsor-
bent surface in determining the point of zero charge of the
adsorbent. Error bars represent meantstandard error (n=3).

FTIR has qualitatively observed the presence of large functional
groups on the surface of the durian husk (Fig. 3). For the control,
a strong peak 3,338.22 cm™" indicates hydrogen bonding of the lig-
nocellulosic component in durian husk [20]. Through 77 interac-
tion and hydrogen bonding creation, functional components con-
taining oxygen frequently play a interacting role in reacting with
aromatic pollutants in [33]. The peak at 2,920.7 cm™" is related to
the vibration of the aliphatic group, alkane (CH,). Shifting of C=O
bond can be seen at 2,855.1 to 2,850 cm . Carboxyl group was ob-
served at 1,733 cm™". Alkenyl C=C bond was observed at 1,609.33
cm'. The interaction between hydroxyl and carboxyl groups on
the surface of durian husk biosorbent helps in the removal of EB
dye from water bodies, and observations are reported in previous
studies of the dye adsorption process [20,34].

2. Point of Zero Charge Study

The present study shows that pH,,,. of durian husk is at pH 4 as
illustrated in Fig. 4. pH,,. is the condition where the solutions sur-
face charge density is equal to zero [20,34]. The present result is in
accordance with previous studies utilising several agricultural by-
products as a low cost biosorbent.

3. Batch Adsorption Optimization and Response Surface Meth-
odology

Through one-factor-at-a-time (OFAT) and response surface meth-
odology (RSM), a batch adsorption experiment was carried out to
examine EB dye sorption parameters such as pH, contact time,
initial concentration, adsorbent dose, particle size, agitation speed,
and temperature. The graph of the effects of all the tested parame-

Table 5. OFAT and RSM for dye adsorption onto durian husk

ters is presented in Fig. 5. Each of the optimized parameters was
carried forward throughout the study. The study of contact time
presents an increase in adsorption amount with increase in adsor-
bate concentration. At the initial point of the first 5min, adsorp-
tion occurred rapidly as there are more vacant sites on the adsorbent
surface to be occupied with dye molecules. Adsorption at various
dye concentrations was rapid in the beginning and then gradually
decreased as adsorption progressed until equilibrium was attained
(Fig. 5(a)). Fig. 5(b) shows the effect of adsorbate pH. In this study,
the maximum adsorption of EB dye by durian husk biosorbent is
at pH 2 with 92% of removal percentage and 47.22 mg/g adsorp-
tion capacity. There is no significant difference of adsorption between
pH 1 and 2 as it shows that EB dye favours the lower and acidic
pH condition to perform high adsorption capacity. The maximum
concentration of 75mg/L can be adsorbed by durian husk with
94.1% of removal percentage were showed in Fig. 5(c). Because a
particular mass of sorbent material may only adsorb a certain
amount of dye, the initial dye concentration of an effluent is criti-
cal. To test the effect of initial dye concentration, an adsorbent -
adsorbate solution with a fixed adsorbent dose and varying initial
dye concentrations for different time intervals was prepared and
shaken until equilibrium was reached. Fig. 5(d) shows an insignifi-
cant fluctuation of adsorption capacity upon increasing the dosage
up to 10 g/L. The unstable increment at the lower adsorbent dos-
age is due to the weak binding of the dye sorbate molecule with
the adsorbent binding sites. Conversely, the adsorption amount of
EB dye by durian husk shows a downward trend after increasing
in the biosorbent dosage from 10 to 50 g/L. Fig. 5(e) and (f) depict
the study of agitation and temperature effect on the EB dye re-
moval, which show the highest removal percentage at 50 rpm and
303.15K (30 °C), respectively. Adsorption decreased with increas-
ing temperature, showing that the adsorption process requires less
energy to complete. The effect of temperature on the adsorption
process was further explored via thermodynamics parameters to
finalize the feasibility and spontaneity of the adsorption process.
Based on the Plackett-Burman screening, the parameters contact
duration, starting concentration, and adsorbent dose were deter-
mined to be important and were then subjected to RSM optimiza-
tion using the Box-Behnken design. In comparison, results from
OFAT and RSM were summarized and compared to each other as
shown in Table 5. A better comparison was achieved through RSM
optimization. The ultimate ideal circumstances were pH 2, 75 mg/L
of EB dye with an adsorption quantity of 72.0 mg/g within 5h of
equilibrium time, utilising an adsorbent dose of 10 g/L at 303.15 K.
ANOVA (Table 6) supported the BB models adequacy for experi-

OFAT RSM
Adsorption Removal Adsorption Removal
Factors . .
capacity (mg/g) percentage (%) capacity (mg/g) percentage (%)
pH 2
Initial concentration 75 mg/L 67.90 9324 72,00 96.00
Dosage 10g/L
Agitation speed 75 pm
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Fig. 5. Effect of contact time (a), pH (b), dye concentration (c), adsorbent dosage (d), agitation speed (e), temperature (f) on the biosorption
of several concentrations of EB dye on durian husk biosorbent. Error bars represent meantstandard error (n=3).

mental set 1, with F-value of 27.55 and p-value of 0.0001. A, B, C,
A’, B, C, and AB are important model terms here. The AB model
implies significant interaction between separate components. A
high connection exists between the experimental R? (0.9755) and
the adjusted R” (0.9372). “Adeq Precision” ratio of 14.847 indicates
a good signal. The CV% was 14.53, which is noteworthy. The
PRESS value was 3699.43. Multiple regression analysis revealed a
second-order polynomial equation (h) representing EB dye sorp-
tion (Y).

Y=+65.96—21.69A+12.30B—5.41C—28.10A>-8.37B*~10.75C
—8.94AB+0.056AC+3.66BC

Fig. 6 shows the 3D response surfaces and contour plots of the
model of the interactions between significant independent vari-
ables (A) initial EB dye concentration, (B) durian biosorbent dos-
age, and (C) contact time towards dependent variable, removal
percentage of EB dye from experimental design (Set 1). The inter-
action between the initial concentration of EB dye (A) and adsor-
bent dosage (B) on EB dye percentage removal with the constant
value of contact time (B) is depicted in Fig. 6(a). The highest EB
dye removal was found between 50 and 75 mg/L and the mass of
adsorbent dosage at 7 to 10 g/L results in 80% of EB dye removal.
The elliptical shape of the 3D wired frame and contour plot indi-
cates the mutual interaction between independent factors was a

Korean J. Chem. Eng.(Vol. 40, No. 6)
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Table 6. ANOVA result (Set 1) of the quadratic model of EB dye removal percentage by durian husk

Source Sum of DE Mean Fovalue Prob >F
squares square (p-value)
Model 10,008.06 9 1,112.01 27.55 <0.0001 Significant
Residual 282.59 7 40.37
Lack of fit 225.65 3 75.22 528 0.0708 Not significant
Pure error 56.93 4 14.23
Cor total 10,290.65 16
Standard deviation 635 R’ 09725
Mean 4373 Adjusted R® 0.9372
C.V. 14.53 Predicted R’ 0.6405
PRESS 3,699.43 Adeq Precision 14.847

Note: A: Initial concentration (mg/L), B: Biosorbent dosage (g/L), C: Contact time (hr)

@ (b)

Removal percentage (%)
Removal percentage (%)

10000

7500

1450

825 Alnitial concentration (mglL) C:Contact time (h)

©

Removal percentage (%)

55

C: Contact tme (h) 35 B Adsorbent dosage (g1)

500 100

Fig. 6. The 3D response surface plots of the interactions between significant independent variables (a) initial EB dye concentration, (b)
Durian biosorbent dosage, and (c) contact time towards dependent variable, removal percentage of EB dye from experimental design
(Set 1).

significant response surface model [35]. Fig. 6(b) illustrates the inter- removal percentage of EB dye with the constant adsorbent dosage
active terms of AC showing the effect of independent factors of (B). The highest percentage of EB dye removal was achieved at the
initial concentration (A) and contact time (C) toward the response, concentration of 75 mg/L adsorptions within 14.5h of equilibrium
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contact time. The elliptical shape describes the interaction between stant at 75 mg/L, the highest EB dye removal of 75% was obtained

factor A and C, which results in the maximum percentage of EB when increasing in adsorbent dosage with a minimum equilib-
dye removal, 70%. With the initial concentration remaining con- rium contact time of 5 h.

Table 7. ANOVA result (Set 2) of the quadratic model of EB percentage removal by durian husk

Source Sum of DE Mean Fovalue Prob >F
squares square (p-value)
Model 13,163.34 9 1,462.59 151.16 <0.0001 Significant
Residual 67.73 7 9.68
Lack of fit 49.90 3 16.63 3.73 0.1179 Not significant
Pure error 17.83 4 4.46
Cor total 13,231.07 16
Standard deviation 311 R’ 0.9949
Mean 32.16 Adjusted R® 0.9883
C.V. 9.67 Predicted R’ 0.9376
PRESS 826.26 Adeq Precision 39.733

A: Initial concentration (mg/L), B: pH, C: Agitation speed (rpm)

@ (b)

Removal percentage (%)
Removal percentage (%)

10000

7500

Kl concentraton (ng) Q9 il concentation (eg1)

Removal percentage (%)

000 200

Fig. 7. The 3D response surface plots of the interactions between significant independent variables (a) initial EB dye concentration, (b) pH,
and (c) agitation speed towards dependent variable, removal percentage of EB dye from experimental design (Set 2).

Korean J. Chem. Eng.(Vol. 40, No. 6)
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ANOVA (Table 7) was used to assess the BB models adequacy
in Set 2, and the model with an F-value of 151.16 and a p-value of
0.0001 was found to be statistically significant. The computed experi-
mental R* was 0.9949, which had a strong agreement with both
the adjusted R” (0.9883) and the projected R” (0.9376). The “Adeq
Precision” ratio of 39.733 suggests that the signal is adequate. The
coefficient of variation per cent was 9.67, which is relatively good.
The data was subjected to multiple regression analysis, with the
resulting second-order polynomial Eq. (9) in terms of coded level
reflecting EB dye elimination % (Y).

Y=+12.76—21.42A—24.18B+5.38C+23.65A*+18.75B’— 1.18C”
—4.83AB-1.60AC—-10.39

For Set 2, Fig. 7 shows the 3D response surfaces and contour
plots of the model of the interactions between significant indepen-
dent variables (A) initial EB dye concentration; (B) pH, and (C)
agitation speed towards the dependent variable, removal percent-
age of EB dye from the experimental design. The interaction between
the initial concentration of EB dye (A) and pH (B) on the adsorp-
tion amount of EB dye at a constant speed (C). The highest ad-
sorption amount was found at 50 mg/L and the lowest point was
pH 2, which results in 95.45% EB dye removal (Fig. 7(a). Fig. 7(b)
illustrates the interactive terms of AC showing the effect of inde-
pendent factors such as initial concentration (A) and contact time
(C) toward the response, and the adsorption amount of EB dye
with the constant pH 2 (B). The highest percentage of dye removal
was obtained with adsorption concentrations of 50 mg/L and the
highest point of agitation speed of 150 rpm. The elliptical shape
describes the interaction between factors A and C which results in
the percentage removal of EB dye, 60.43%. The interaction between
the independent parameters of adsorbent dosage (B) and contact
time (C) is illustrated in Fig. 7(c). With the constant initial concen-
tration of 75 mg/L, the removal of EB dye, which is 70.28%, was
obtained when decreasing in pH with the increasing agitation speed.
The non-elliptical shape of the 3D wired frame and contour plot
indicate the least mutual interaction between independent factors
was a substantial response surface model [35].

4. Determination of Kinetic Model for Batch Adsorption Studies

Kinetic analysis used three models: pseudo-first order (PFO),
pseudo-second (PSO) and Elovich (Fig. 8). Since linearization of
nonlinear data disturbs the datas error structure, this makes it harder
to assess uncertainty, which is often reported as 95% confidence
interval range [36]. Hence, non-linear regression is preferable for
kinetic model fitting since it is conducted on the same abscissa
with a linear regression plot, showing more accurate calculations.

The estimated parameters of each model are presented in Table
8. Considering the statistical indicators, pseudo-second order is
more accurate in describing the biosorption kinetic profiles than
PFO and Elovich. Kinetic analysis using the PSO model at 75 mg/
L of EB dye gives a value of equilibrium adsorption capacity, q, of
63.59 mg/g (95% confidence interval (C1.), 60.71 to 66.47) and a
value of the PSO rate constant, K, of 0.0005 (95% C.I, 0.0004 to
0.0006). The list of other error functions analysis shows the PSO
model gave the best values with the lowest RMSE and AICc,
adjusted R® nearest to 1.0 and bias and accuracy factors near unity.
The adsorption process obeyed the PSO at a lower initial dye con-
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Fig. 8. Kinetics of 75 mg/L EB dye adsorption on durian husk pH 2
as modelled using the Pseudo-first order (a), pseudo-second
order (b) and Elovich (c) models.

centration. It was inferred that the three kinetics models discov-
ered to be suitable for fitting the current adsorption kinetics data
are as follows: Pseudo-second order>Elovich>Pseudo-first order.
As far as EB dye biosorption is concerned, the PSO model is the
best in the biosorption study using the shell waste from Theobroma
grandiflorum [3,33].

According to Fig. 9, the pseudo-second order model was uti-
lized to fit data for all EB concentrations, and the data showed excel-
lent agreement with the pseudo-second order equation with all
regressed lines showing adjR’ values >0.98.

It was often accepted that the ability to fit the kinetic data was
the best test of the PFO and PSO equations’ validity, despite the fact



that such a test has little to do with whether or not the equations
have a solid physicochemical foundation. Both k; and k, were phe-
nomenological rate constants that declined when the adsorbate con-
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Table 8. The kinetic parameters of adsorption EB dye onto durian
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centration was raised at the outset. k, and k, values varied widely
from measurement to measurement, making it difficult to draw
conclusions about the underlying physics and chemistry and ex-

Smg/L
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25mg/L
50mg/L
75mg/iL
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¢ o e > ®m O e
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2nd

100

T
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Fig. 9. Experimental data versus calculated data on pseudo-second

order kinetic analysis of 75 mg/L EB dye adsorption study.

® EXP
——Henry
Langmuir
Freundlich

Temkin

Jovano
——Red-Pet
——Sips
Toth
Hill
Khan
BET
Vieth-S
——Fritz-3

—— Unilin

husk adsorbent

Concentration (mg/L) 10 50 75 100
Model
Pseudo-1st order
q. (mg/g) 8.00 41.8 67.80 57.6
k value 0.22509 0.069377 0.107251 0.016426
RMSE 0.4 36 0.021 94
adR? 0.96 091 09764  0.648
AlCc -1952 5303  -6552  85.880 0d .
AF 0.99 1.01 1046  1.143 g R0
BF 1.01 1.04 0.995 1.146
Pseudo-2nd order
q. (mg/g) 8.40 4430 54.75 56.1
k value 022509 0.069377 0.107251 0.016426 P
RMSE 0.3 1.8 0.0150 93
adR? 0.98 0.97 0.99 0.677 80 -
AlICc -3134 2996 -7271 85702
AF 1.00 1.00 1.03 1.150 60 1
BF 1.01 1.02 1.00 1.160 5

- 240
Elovich e
q. (mg/g) 900 478 504 560 %0
k value (95%, C.J) 022509 0.069377 0.107251 0.016426
RMSE 0.6 1.1 0.036 97 0
adR’ 091 0.99 091 0.601 o e
AlICc -948 1404 -5487  86.956
AF 0.99 0.99 1.088 1.133
BF 1.04 1.02 0.999 1.138

Table 9. Error functions analysis of 17 selected isotherm models of adsorption study

40

60
Ce (mglL)

80 Baudu

F4

Fig. 10. The summary plot of experimental data and all the selected
isotherms models fitted for the EB dye adsorption onto the
durian husk biosorbent.

Model Parameter RMSE R’ adR? AlICc BF AF

1 Henry 1 161 0.75 0.71 14.93 0.67 1.60
2 Langmuir 2 0.49 0.97 0.96 227 1.08 1.14
3 Freundlich 2 0.81 0.92 0.88 1041 1.11 123
4 Temkin 2 0.50 0.97 0.96 2.53 0.98 1.16
5 Jovanovic 2 0.27 0.99 0.99 —-7.53 1.05 1.08
6 Redlich-Peterson 3 0.21 1.00 0.99 -11.36 1.03 1.05
7 Sips 3 0.20 1.00 0.99 —~12.54 0.95 1.04
8 Toth 3 0.22 0.99 0.99 -10.23 1.03 1.06
9 Hill 3 0.20 1.00 0.99 —2.54 0.95 1.09
10 Khan 3 0.29 0.99 0.99 3.82 1.05 1.08
11 BET 3 0.38 0.99 0.97 8.12 1.07 1.11
12 Vieth-S 3 0.29 0.99 0.99 3.83 1.05 1.08
13 Fritz-3 3 0.23 1.00 0.99 —-0.02 1.03 1.05
14 Unilin 3 0.54 0.97 0.95 13.64 1.08 1.14
15 Baudu 3 0.14 1.00 1.00 -7.71 0.99 1.05
16 Fritz-4 4 0.15 1.00 1.00 11.69 0.98 1.06
17 Marczweski 4 6.37 1.00 11.69 0.98 1.06 0.00
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Fig. 11. The equilibrium data of biosorption isotherm fitted to 17 isotherm models.

trapolate valuable results. The PFO and PSO equations may be fit- PFO equation typically gave lower estimates of q, than did the
ted to most kinetic data even if the experimental conditions affect- experiments. This mismatch was due to a delay in the onset of the
ing the adsorption kinetics were not completely controlled. The adsorption process, which was likely brought on by the existence
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Table 10. Sips, Redlich-Peterson, Toth, Jovanovic, Hill model parameters for EB dye adsorption
Model Parameter Value 95% CI Lower 95% CI Upper
1 Sips Qs (mg/g) 72.029 66.19 77.86
ks (I/g) 0.0052 0.000809 0.01129
ng 0.5311 0.3968 0.6653
2 Redlich-Peterson Kgp (Vg) 0.227446 0.1859 0.2689
ofp (I/mg) 0.000635 0.000105 0.00227
Lrp 1.793568 1.2578 2.3292
3 Toth Qi (mg/g) 89.81 48.905 67.868
ky 9.4663 3.9787 13.914
ny 1.540996 1.1155 2.863
4 Jovanovic Gy (mg/g) 102.38 96.052 112.65
K, 0.00255 —0.3974 0.405
K, —0.01251 —0.20 0.1794
5 Hill Gtz (Mg/g) 72.029 66.192 77.864
ny 1.8829 1.4068 2.359
ky 190.82 85.68 295.44

of boundary layer or external resistance regulating. In the adsorp-
tion process that followed the PSO equation, the chemical reaction
is not always the rate-limiting step because a good fit alone is not
enough to reveal the true nature of the rate-limiting step [37-39].
5. Adsorption Isotherm Model

All 17 isotherms models were fitted to the data (Figs. 10 and
11). Based on Table 9, the Sips isotherm model was found to be
the best fit model out of the 17 fitted isotherm models used in the
current investigation with an adjusted R” value of 0.99, lowest val-
ues for RMSE and AICc, while values of accuracy factor (AF) and
bias factor (BF) closest to unity. The Sips isotherm is generated by
combining both the Langmuir and Freundlich isotherm models in
a single equation.

Table 10 is the list of five three-parameter isotherms models out
of 17 which have a very good fitting of the experimental result of
adsorption data. The best-fit adsorption data was obtained from the
Sips isotherm model based on the calculated value of g,,s=72.029
mg/g, similar to the actual equilibrium maximum adsorption of
experimental data, q,=72 mg/L. Data on the use of agricultural waste
for EB dye removal is scarce with one report is by using the shell
waste from Theobroma grandiflorum where the maximum adsorp-
tion capacity (q,,) was 37.5mg/g, with the Avrami as the best
kinetic model, and incidentally the Sips isotherm also as the best
model [33]. In another report using the Aqai stalk a maximum
adsorption capacity (q,,) of 46.6 mg/g is obtained with the Avrami
as the best kinetic model similar to Theobroma grandiflorum and
incidentally the Sips isotherm also as the best model [3]. At this
point, durian husk is the best agricultural waste biosorbent so far
(Table 11). As far as EB dye is concerned, sorption work using
other sorption materials is also limited in the literature despite the
EB dye being highly used in the textile industry [4,5,17,40].

Theory

Isotherm Studies

Dye molecules in the aqueous phase reach a dynamic equilib-
rium with those on the adsorbent surface under isothermal condi-
tions during the adsorption process, and this equilibrium is expressed

by the isotherms. These adsorption isotherms allow for a straight-
forward estimation of the optimal loading of adsorbents [41]. The
most fitted isotherms, which are system dependent, provide a bet-
ter explanation of the adsorbent-adsorbate binding. Adsorption
equilibrium has been modeled in various ways. The following are
explanations of the best isotherm models in this study including
the Langmuir and Freundlich models, two models often reported
in adsorption studies.

Langmuir

The Langmuir isotherm, assumes that all adsorption sites are the
same and have the same energy, and the adsorbent is structurally
homoge-neous for monolayer adsorption to occur [42]. This iso-
therm model predicts the existence of monolayer coverage of the
dye at the outer surface of the adsorbent due to the exponential
decay of intermolecular forces with increasing distance. This model
predicts a constant monolayer adsorption capacity and simplifies
to the linear Henry’s model for both low and high solute concen-
trations [43]. Expression of the Langmuir Isotherm is as follows:

— qu_bLCe
4 1+b,C,

where g,; (mg/g) is the maximum monolayer adsorption capacity
predicted by Langmuir isotherm, and b; (I/mg) (together with q,,,;)
are the Langmuir model constants. Weber and Chakravorti proposed
a separation factor (RL) to predict the affinity between the sorbate
and sorbent whether it is favorable or unfavorable [44] as follows:

1
Rj=——
L71+Ch,

An alternative to the Brunauer-Emmett-Teller (BET) method for cal-
culating the surface areas of porous solids is to use the Langmuir
isotherm [45]. The BET isotherm model can be reduced to the Lang-
muir isotherm if the adsorbent surface is assumed to be homoge-
neous and completely coated by dye molecules. Therefore, the specific
surface area S,, (m’/g) of the adsorbent may be determined using
the following equation, which requires knowledge of the maximal
monolayer adsorption capacity (q,,;) determined using the Lang-
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Table 11. Reports of previous study on adsorption of selected dyes by using agricultural wastes

Biosorbent Dyes Adsor.ption Regression Best B‘est . Thermodynamic Ref
capacity isotherm kinetic ~ parameters
AH’: —1.865 (kJ/mol)
AS’: 5.683 (J/molK)
AG’: (kJ/mol)
410.85mg/g  Non-linear ~ Langmuir Pseudo  303K:~0319 [36]
Methylene blue 2nd 313 K: -0.096
323 K: -0.024
Modified Durian shell R 0.99
Exothermic
. . Pseudo
49.05 mg/g Non-linear ~ Langmuir st - [58]
. . Pseudo
Basic green 4 250 mg/g Non-linear - ond - [59]
Basic brown 16 77.6% - - - - [29]
AH’: 3.83 (kJ/mol)
AS’: 22.84 (J/molK)
AG’: (kJ/mol)
Methyl red z§2542106/0m ofe Linear Freundlich ;’Islzudo 303K:13.74 [34]
’ 318 K: 14.34
333K:14.72
Durian seed Endothermic
AH’: 11.98 (kJ/mol)
AS’: 17.16 (J/molK)
Remazol AG": (kJ/mol)
brilliant blue iZ;ZZ)m gg L Freundlich gzzudo 303 K: 13.08 (34]
reactive ’ 318K: 14.16
333K: 14.16
Endothermic
Durian shell Basic brown 77.6% - - - - [29]
Jute stick Methylene blue 142.87 mg/g Langmuir - - [60]
AH’: 9.66 (kJ/mol)
AS’: 82.64 (J/K)
AG’: (kJ/mol)
. . . Pseudo 293 K: —33.96
Prickly pear peel Methylene blue 260 mg/g Non-linear  Freundlich nd 303K —34.54 [61]
313 K: -35.62
R* 0.993
Exothermic
Langmuir
Palm shell-waste based Methylene blue 163.3 mg/g Freundlich - [62]
Spent coffee ground 986.8 mg/g Sips - [63]
Theobroma grandiflorum  Reactivered 192 64.1 mg/ . . .
shell § Direct blue 53 37.5 mg/i Non-linear Sips Avrami - [33]

muir equation and the predicted area of a dye molecule A (nm”).

6.023x10”xAxq,,
i 1,000

Freundlich Isotherm

When it comes to adsorption, the empirical Freundlich isotherm
model is more accurate in describing reality than is the idealized
Langmuir isotherm, which is limited to the formation of a mono-
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layer. This relationship helps to explain the phenomenon of multi-
layer adsorption, in which adsorption heat and affinities are not
uniformly distributed over the heterogeneous surface [46,47]. The
equation is as follows [47]:

1

9= KFC:P

in which K (I/g) is the Freundlich isotherm constant, and ny is the
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Freundlich exponent. 1/n/s magnitude between 0 and 1 is a mea-
sure of the intensity of adsorption or the heterogeneity of a surface;
a value below unity indicates a chemisorption process, while a value
above 1 denotes cooperative adsorption [46,47].

Jovanovic Isotherm Model

This models consideration of an adsorption surface assump-
tion is comparable to Langmuirs. A second approximation for local-
ized monolayer adsorption in the absence of lateral interactions
corresponds to this scenario. The main difference between this
model and the Langmuir model is that in the former, surface bind-
ing vibrations of an adsorbed species are taken into account [48].
The equation is as follows [47]:
)
Maximal adsorption capacity in the Jovanovic model, expressed in
milligrams per gram (mg/g), is denoted by q,,» Assumptions simi-
lar to those of the Langmuir isotherm were used by Jovanovic [48]
when he created his model, which additionally took into account
the surface binding vibrations of the adsorbed species. One further
approximation for lateral-interaction-free monolayer localized ad-
sorption is the Jovanovic isotherm. At very high concentrations, it
follows the Langmuir isotherm instead of Henrys law [47]. For
Jovanovic local behavior, this isotherm predicts a quasi-Gaussian
function with a bias toward high adsorption energies. To get the
equivalent Jovanovic equation for multilayer adsorption (three
parameters) [48], the equation is as follows:

KC

qe:qm](l_er

q.= qm](l— e—K“ Cc)eKmC«-

Redlich-Peterson Isotherm Model

The features of both the Freundlich and Langmuir isotherms
are incorporated into the three-parameter model. This model is a
mixture of the two, therefore the adsorption mechanism does not
follow the rules of ideal monolayer adsorption [49]. Numerous
applications exist for the Redlich-Peterson isotherm model, which
include homogeneous and heterogeneous systems. The equation is
as follows [47]:

_ KgpC,
e aRPCf N

where Kpp is the Redlich-Peterson model isotherm constant (L/g),
op is the Redlich-Peterson model constant (mg/L), and [y is
the Redlich-Peterson model exponent, which should be in the
range (0,1). Redlich-Peterson equation is reduced to the Henry
equation at =0 and to the Langmuir equation at f=1. Adsorp-
tion equilibrium is represented by a linear dependence on concen-
tration, which holds true over a wide concentration range. This is
because the numerator is based on the Langmuir isotherm model,
which allows it to enter the Henry zone at infinite dilution [50]. To
solve the equations, this isotherm model uses a minimal approach.
This method optimizes the degree to which the theoretical models
predictions agree with the points in the experimental data [51].

Toth Isotherm Model

Using an empirically modified version of the Langmuir equa-
tion, this isotherm model attempts to minimize the discrepancy
between the experimental and projected values. This isotherm
model is commonly employed for the modeling of heterogeneous

adsorption systems, as it adequately accounts for both low and
high adsorbate concentrations. This isotherm model assumes a
non-normal distribution of adsorption energies, where the major-
ity of sites have energies that are lower than the mean or the peak
[52]. The equation is as follows [47]:

quCe

9= —
K;+C,)

where K is the Toth isotherm constant and n; is the Toth isotherm
exponent, and q,,r (mg/g) is the maximal monolayer adsorption
capacity predicted by Toth isotherm. The n; scale measures the
degree of surface variation. It follows from the Langmuir isotherm
equation that the process takes place on a homogeneous surface if
n; approaches unity. Therefore, (n;) is a parameter that represents
the heterogeneity of the adsorption system; the system is deemed
heterogeneous when (ny) is not equal to the unity value [53]. Fur-
thermore, as a result of the independent association between tem-
perature and the parameter ny, an increase in temperature causes
a quick increase in K.

The Toth isotherm models equation is preferred over Sips' because
it can characterize the datas behavior at both high and low con-
centrations. Do [54] states that the slope of this isotherm model is
constant at zero loading but begins to decrease at a given loading
at a pace significantly faster than that for the Langmuir equation.
The effect of heterogeneity; as measured by ny, is responsible for
this. As the adsorption process continues, molecules are physically
attracted to higher-energy sites, but as the adsorption proceeds, they
are attracted to lower-energy sites, resulting in a slower increase in
the adsorbed amount vs pressure than that predicted by the Lang-
muir equation.

Sips Isotherm Model

The Sips isotherm model was developed by fusing the Lang-
muir and Freundlich isotherm models in order to forecast the het-
erogeneity of the adsorption systems and to avoid the restrictions
associated with the rising concentrations of the adsorbate in the
Freundlich model. Next, an expression with a finite limit at high
concentration is generated. The Sips model is correct because it
effectively localizes the adsorption without involving the adsorbate-
adsorbate interaction [55]. The equation is as follows [47]:

1

_ qumSC:S
e 1
1+K.C°

where K (/g) is the Sips isotherm constant, q,,s (mg/g) is the maxi-
mum monolayer adsorption capacity by Sips isotherm and ny is
the Sips model exponent. However, the Sips isotherm model devi-
ates from Henry’s law since it reduces to the Freundlich model at
low adsorbate concentrations. However, the monolayer adsorp-
tion feature of the Langmuir model is predicted at high adsorbate
concentrations. The equations parameters are controlled by opera-
tional conditions such as changes in concentration, pH, and tem-
perature [56]. The primary flaw of the Sips model is the same as
that of the Freundlich model: when pressure (or concentration) is
low, neither model predicts the accurate Henry’s law limit [54].
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Fig. 12. Kinetic plot of 75 mg/L EB dye adsorption on durian husk
biosorbent at various temperatures.
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Fig. 13. Langmuir equilibrium adsorption isotherms at various tem-
perature for EB dyes by durian husk biosorbent.

The Hill Isotherm Model

The Hill equation was proposed to explain the binding of vari-
ous species onto homogeneous substrates, and it derives from the
non-ideal competitive adsorption model. The model postulates that
the adsorption process is a cooperative event in which the bind-
ing ability of a ligand at one site on a macromolecule can affect the
binding capacity of other sites on the same macromolecule [57].
The equation is as follows [47]

_ quCZH

K,+C"
Maximum uptake saturation (in mg/L) as determined by the Hill
isotherm, q,,z;, the Hill constant (K), and the Hill cooperativity
coefficient (ny) of the binding interaction (dimensionless). Bind-
ing is cooperative if n;;>1, non-cooperative or hyperbolic if n,=1,
and non-cooperative if ngy<1.

e
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Table 12. Thermodynamics parameters calculated from the non-
linear plot of van't Hoff and the dimensionless Langmuir

constant
AG’ AH’ AS°
T (K -
) Ke (kJ/mol)  (kJ/mol)  (kJ/(mol-K))
293.15 11,163,410 —39.38
303.15 10,217,862 —40.38
313.15 8,640,632 —41.04 —23.37 54.55
323.15 8,235,740 —41.44
333.15 3,786,779 —41.48
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Fig. 14. The nonlinear van’t Hoff plot of dimensionless constant,
K against temperature, K of EB dye adsorption process.

6. Thermodynamic Studies

Fig. 12 depicts the kinetic plot of EB adsorption for different
concentrations at different temperature ranges, respectively. The q,
constants from the PSO model were utilized to plot the Langmuir
isotherm model to generate the Langmuir constant, K;.

Fig. 13 depicts the plot of Langmuir isotherms of 75 mg/L EB
dyes adsorbed by durian husk at various temperatures.

Table 12 summarizes the results for determining the parame-
ters of thermodynamics. Based on the vant Hoff plot in Fig. 14,
the standard Gibbs free energy (—~AG”) negative values indicate that
the process of EB dye adsorption onto durian husk biosorbent is
spontaneous without or with low input of energy and heat [27].
The present study indicates that the adsorption process is likely a
physisorption process as adsorption with AG’ values ranging from
—400 to =80 kJ/mol corresponds to chemisorption. A combination
of Sips isotherm as the best model and physisorption or chemisorp-
tion as the process governing sorption has been reported in several
previous studies that include biosorption metals and dyes [29,64].

The adsorption thermodynamics parameters H’ and S° were
determined, as indicated in Table 12. In general, the vant Hoff plots
slope defines whether the system is endothermic (positive slope) or
exothermic (negative slope). As the solution temperature increased
from 293.15 to 333.15K, there appears to be a decrease in the maxi-
mum adsorption capacity of EB. This might be due to two possi-
ble reasons: a constant increase in widening sorption site on durian
husk was unfavorable to an adsorbed dye molecule, and desorp-



Adsorption of Evans blue dye by durian husk 1455

tion phenomena produced by weak adsorption contact through-
out the adsorption phase [65,66]. The fact that the conventional
adsorption enthalpy was negative (H’=—23.37 kJ/mol) suggests that
the adsorption was an exothermic reaction, which agrees with much
dye biosorption by agricultural waste works. As far as EB dye is
concerned, the two studies using agricultural wastes previously
discussed by Cardoso et al. [33] did not present thermodynamic
studies in their report. Similarly, other sorbent materials used for
EB dye removal [3,67] also did not report thermodynamic studies.

CONCLUSIONS

Durian husk biosorbent is largely made up of irregular and shape-
less particles, with sizes on the order of 1 mm with elemental anal-
ysis showing the presence of nitrogen, hydrogen, oxygen, and carbon
atoms in its amorphous structure. The adsorption of EB dye onto
durian husk was more favorable at pH 2. Dye sorption reached
equilibrium in 300 min. Statistical analysis implied the pseudo-sec-
ond order and the Sips isotherm as the best models for kinetics
and isotherm, respectively. The maximum biosorption capacity of
durian husk for EB was 72mg g '. The process was spontaneous,
favorable and exothermic. Raw durian husk was able to remove
95.95% of EB dye from an aqueous solution. All these facets sug-
gested that durian husk can be a low-cost biosorbent in the treat-
ment of dye eftluents, especially EB dye.
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