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The value addition of the peel of the edible fruit of Arfocarpus nobilis, a plant endemic to Sri Lanka, performed
through treatment with 0.010 M NaOH solution leads to the high removal of Cr(VI) and Cr(Ill) demonstrating its
superior nature as a biosorbent. Owing to the fact that this waste material of a locally available edible fruit employed
in the biosorption process makes it low-cost, environmentally friendly and energy efficient, which are of great
advantages when compared to chemical treatment procedures practiced at present. The static experiments conducted
using synthetic solutions of Cr(VI) and Cr(IIl) ions with NaOH-modified peel of Artocarpus nobilis fruit (NWBF)
lead to the optimum parameters of 0.200 biosorbent dosage, 120 min shaking time and 30 min settling time. Regression
analysis of linear and nonlinear fitting of adsorption data gathered through solution analysis after the suspension of
NWBF and Cr species reaches equilibrium, followed by various error function determinations indicate that the
Cr(IIM/NWBF system follows Langmuir, Freundlich or Temkin isotherms, while the Cr(VI)/NWBF follows
Freundlich and Sips isotherms. The monolayer adsorption capacities (gmax) determined through nonlinear curve fitting
are 52.90 mg g and 14.39 mg g for Cr(VI) and Cr(IIl), respectively. Adsorption characteristics of NWFB are
complicated due to non-homogeneous characteristics which lead to less precise results compared to those of
homogeneous surfaces.

Keywords: Artocarpus nobilis, isotherm, optimization, error functions, linear, non-linear

1. Introduction

Purification of wastewater to fulfill the requirements of quality parameters depending on the type of consumption has
become a necessity to maintain environment sustainability. Although many methods have been in operation,
adsorption, owing to unique advantages, has become attractive in wastewater purification through the removal of toxic
pollutants (Braket 2011; Priyantha et al. 2015a). An effective adsorbent, especially for large-scale or industrial-scale
treatment, should possess many desirable characteristics, such as low-cost, ready availability, environmental
friendliness, efficient mass transfer and chemisorption ability (Brakat 2011; Joseph et al. 2019). Adsorption is a
specific interaction between the adsorbent and adsorbate; therefore, it would not be possible to have a general
adsorbent for environmental pollutants having different chemical characteristics. Nevertheless, several materials have
demonstrated their superior ability as adsorbents, in particular, for the removal of heavy metals abd dyes from
industrial effluents. They include clay minerals, activated carbon and synthetic materials (Weng et al. 2008; Brakat
2011, Priyantha et al. 2015b; Joseph et al. 2019). These adsorbents have preferential affinity toward a particular group
of environmental pollutants thereby offering selectivity of the removal process to some extent.

It has become a novel trend to use biomaterials, such as agricultural waste and byproducts or waste from large-scale
industrial operations (Wang et al. 2009). These biosorbents offer many advantages, such as high efficiency, low-cost
and possibility of regeneration. Many biosorbents have been tested for their ability of removing heavy meal ions from
contaminated solutions; tea waste for Cu(II), Ni(II) and Zn(II) (Thakur and Parmar, 2013), coffee waste for Cr(VI),
Cu(II) and Ni(II) (Pujol et al. 2013), rice husk for Cd(II), Cr(III), Cu(Il), Ni(I), Pb(II) and Zn(II) (Priyantha et al.
2015a), eggs shell for Cr(IIl) and Cr(VI) (Daraei et al. 2014; Elabbas et al. 2016), breadfruit peel for Ni(II) (Priyantha
and Kotabewatta, 2019; Kotabewatta et al., 2020) and Jackfruit peel for Ni(II) and Cr(II) (Ranasinghe et al. 2018).
More importantly, improvement of the efficiency of removal and enhancement of selectivity can be made by chemical
processing and/or surface modification of the biosorbent through which the mode of chemical interaction could be
altered to strengthen the affinity toward chemical species. Moreover, both equilibrium and kinetics aspects, which
could be independent of each other, should be considered for sound understanding of the adsorption process
(Dissanayake et al. 2016).
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Adsorption systems can be characterized by investigating the amount of the adsorbate adsorbed as a function of
equilibrium concentration of the adsorbate in solution (Priyantha et al. 2015a; Priyantha et al. 2015b). In many
instances, the extent of adsorption is indirectly determined by analyzing the adsorbate phase for the unabsorbed
amount after the establishment of equilibrium (Lim et al. 2014). If the amount of adsorbate transferred to the adsorbent
phase is more than what is required for a monolayer, it may be predicted that adsorption isotherms such as Freundlich
and Sips which support multilayer adsorption be favored (Dissanayake et al. 2016). Nevertheless, it would not be
possible to form an adsorbed layer of a metal on another metallic layer; i.e., multilayer formation of metals. Instead,
what would be possible is to have different modes of mass transfer, such as transfer to macropores, mesopores and
micropores through intra-particle and inter-particle diffusion, and surface complexation (Zhe et al. 2013). Therefore,
unlike the mass transfer on orderly surfaces for which adsorption isotherms would directly be able to interpret
experimental results, natural biosorption systems are so complex that direct application of theory would mislead what
would really happen at molecular level. This aspect should thus be thoroughly understood although due attention has
not been paid. This situation is more complex when the biosorbent surface is modified, as the modification process
would introduce more variables.

The main objective of this study is to fill the above void by investigation of biosorption characteristics of a cationic
and an anionic metallic species, namely Cr(IIl) and Cr(VI), at the state adsorption equilibrium, through fitting into
various adsorption isotherm systems in their linear and nonlinear forms using peel of NaOH-modified Artocarpus
nobilis fruit (NWBF) as the biosorbent. Although 0.01 M NaOH modified biosorbent (NWBF) has been recently
reported (Samaraweera et al. 2020) for its ability to remove heavy metals, equilibrium aspects have not been addressed
in detail (Zhe et al. 2013). Such investigation would be helpful to understand different modes of mass transfer, thereby
extension of adsorption equilibrium data for the design of large-scale treatment systems to remove heavy metal ions
from industrial effluents in environmentally friendly and economical manner would be feasible. Chromium species
was specifically selected for this investigation because the contamination of the environment with chromium species
has become a public health issue due to industrial emissions by metal finishing industries, iron and steel foundries,
inorganic chemical plants, and tanneries. Moreover, in aqueous systems, although chromium is present in Cr(III) and
Cr(VI) oxidation states, the latter is well-known to be highly toxic and carcinogenic to mammals, including humans.
It can also cause allergic reactions, respiratory disorders, weaken the immune system, and kidney, liver and gastric
damage (Kratochvil et al. 1998; Arris et al. 2014; Song et al. 2016; Lee et al. 2017).

2. Materials and Methods
2.1 Sample Preparation, Materials and Instrumentation

Matured Artocarpus nobilis (Wild breadfruit - WBF) fruits were randomly collected from Kandy District, Sri Lanka,
washed with tap water, and peeled off. The peel was again washed with distilled water, air-dried, and ground to obtain
particles of 0.710 mm < d < 1.00 mm. The samples were treated with acid (HNO3; or CH3COOH), base (NaOH),
complexing agent (EDTA) and salt (NaCl) allowing 1.0 h stirring and 24 h settling. Thereafter, treated biosorbent
samples were again washed with tap water followed by distilled water until the pH of washings was equal to that of
water used for washing. The samples thus prepared were stored dry under ambient conditions for further experiments.
The blank sample was prepared using the same conditions and treated with distilled water.

Analytical grade K>Cr,0O7 and Cr2(S04)3.6H>O were used to prepare standard solutions in distilled water. Analytical
grade HNO; HCl, CH3COOH, NaOH and NaCl were used for modification of WBF. The pH was adjusted using
analytical grade 0.1 M NaOH and/or 0.1 M HNOs. The total Cr concentration in solution was determined using
Thermo M series atomic absorption spectrophotometer (AAS). Scientific pH meter (Orion Model 960) was used for
pH measurements, scanning electron microscope (SEM) (Oxford Instruments Model ZEISS EVOI|LS15 )was used to
record SEM images and X-ray Fluorescence (XRF) spectrometer (Fischerscope Model DF500FG-456) was used to
record XRF spectra.
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2.2 Optimization of parameters and batch studies

Selected experimental parameters, namely, biosorbent dosage, shaking time and settling time, were optimized for
efficient removal of Cr(VI) and Cr(III) species using NWBF biosorbent at 150 rpm agitation speed when needed. For
optimization of dosage, an aliquot of 50.0 mL of 10.00 mg L' of Cr(III)/Cr(VI) was shaken with NWBF by changing
mass from 0.020 g to 0.300 g maintaining 1.0 h shaking time and 1.0 h settling time. By keeping the optimized
biosorbent dosage fixed, shaking time was optimized by employing different shaking times from 0 to 180 min at 1.0
h settling time. Optimized biosorbent dosage and optimized shaking time were then kept fixed, and settling time
(waiting time) was optimized. The ambient solution pH of 5.0 for Cr(IIl) and 2.0 for Cr(VI) was used without any
alteration, and the concentration of NaOH solution used for surface modification of the biosorbent was used as 0.010
M (Samaraweera et al. 2020). The removal efficiency was calculated as per Equation (1),

Removal percentage = COC_—Cf x 100 1
0

where Cpand Cy are initial and final concentrations, respectively, of Cr(III)/Cr(VI) in solution phase.

Under the optimum conditions, adsorption experiments were carried out for different concentrations up to 330 mg L~
! for Cr(Ill) and up to 2000 mg L' for Cr(VI). The mass of metal ions adsorbed per unit mass of the biosorbent is
calculated as per Equation (2),

_ (Co—Cs)V

Qe = — @)

m

where g, is metal uptake (mg kg!) and V (L) and m (kg) are solution volume and mass of the adsorbent, respectively.
3. Results and Discussion
3.1 XRF investigation of NWBF biosorbent

Figure 1 shows the XRF spectrum of NWBF biosorbent before and after adsorption of Cr(IIl) and Cr(VI) which
indicates that the biosorbent contains mainly K and Ca elements. According to the spectra, both Cr(III) and Cr(VI)
are present on the surface of the biosorbent after treatment, and further, Cr(III) is more strongly adsorbed as compared
to Cr(IV).
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Figure 1: XRF spectrum of powdered NWBF: before adsorption ( ), after Cr(VI) adsorption ( ) and after
Cr(III) adsorption ( ). Lines indicate the specific peak locations of respective elements.

3.2 Surface titrations of NWBF biosorbent

The surface charge is an important characteristic of amphoteric colloids and suspensions. Surface charge in such
systems depends on activities of potential-determining ions, mainly H* and OH', and the ionic strength of the medium.
The surface charge density thus depends on [H*] and [OH], and it is usually calculated using Equation (3),

Charge density = i{(Ca —Cy,) —[H*] + [OH7]} &)

where F is the Faraday constant, a is the specific surface area (1.2x10° m? g!') (Kotabewatte et al. 2019), s is the
composition of NWBF biosorbent particles in the suspension, [H*] and [OH] are the equilibrium concentrations of
hydronium and hydroxyl ions, C, is the initial acid concentration, and Cy is the initial base concentration. Depending
on the surrounding pH, adsorbent surface can be negative, positive or having no charge. The pH at which the net total
particle charge is zero is called the isoelectric point (IEP) (Tran et al. 2017). If the surrounding pH is above its IEP,
the adsorbent surface bears a net negative charge, showing its ability to exchange cations, and vice versa. The IEP for
NWBF determined using surface charge density - medium pH curves constructed in NaNOjs solutions of three different
ionic strengths is 4.1, based on the point of intersection of the three curves (Figure 2).

pH
4 £ E T S 5 0
:::: 1 1 1 1 L 1 1 1
n
L
[ ]
I- .‘..‘
-0 00E 4 .
- L] . * & .
E .l *
S _gp10 Te L s,
&) . .
- .. - L] -
£ ot . ',
w H LY
= 4 - Y
- ., ' C
S 0020 - ! .
= ', %
m P L 1‘
= NLD - - -
G 0 :=
[ak] [ ]
&= -0030 = | b
= v
= %
o o ]
_op3s 1
[]
-0 040 a

Figure 2: Variation of surface charge density vs. pH for NWBF biosorbent in NaNOj3 solutions of (a) 0.001 M, (b)
0.010 M and (c) 0.10 M.

3.3 SEM images of NWBF biosorbent

SEM images give the details of morphological features and surface characteristics of the biosorbent material. The
SEM images of the NWBF biosorbent before and after exposure to Cr species are shown in Figure 3, which indicates
the surface coverage after exposure. NWBF, being a porous material having pores of different sizes, contributes to
high surface area leading to efficient biosorption [Figure 3(a)]. Also, variable-sized pores contribute to intraparticle
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diffusion. After biosorption, Cr species would diffuse into pores in addition to the surface coverage leading to the loss
of Cr(III)/Cr(VI) species from solution equivalent to more than a monolayer although multilayer formation is unlikely.
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Figure 3: The SEM images at 1000 magnification for (a) NWBF biosorbent, (b) Cr(III) adsorbed NWBF biosorbent
and Cr(VI) adsorbed NWBF biosorbent.

3.4 Selection of a suitable agent for modification of WBF

Variation of the extent of removal with different modified agents is shown in Figure 4. Accordingly, acid-treated WBF
shows a lower extent of removal of Cr(Ill) as compared to that of the blank. The extent of removal comparatively
increases upon treatment of WBF with the base, NaOH and the salt, NaCl. These observations conclude that the
surface of WBF is positive and that positively charged Cr(IlI) cannot be attached to the surface more efficiently at pH
5.0. On the other hand, negatively charged Cr(VI) ions can attach to the surface of both acid and base treated WBF
at pH 2.0. The NaCl-treated WBF shows an increased extent of removal compared to the bank. Thus, ion exchange
may take place in salt-treated WBF. Consequently, NaOH-treated WBF was taken for further experiments because
NaOH modified WBF shows high removal of both Cr(III) and Cr(VI). Although there is no significant increase in the
extent of removal after NaOH modification, long-term stability of the chemically treated biosorbent, which is due to
the protection of the surface, is a great advantage of modification, which is required for large-scale industrial
applications.
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Figure 4: Extent of removal of Cr(IIl) (red) and Cr(VI) (black) from 10 ppm solutions after modifying the biosorbent
with each reagent at 0.1 M concentration [pH 2.0 for Cr(VI) and pH 5.0 for Cr(II), 2.0 h shaking, 20 min settling and
0.200 g of biosorbent].

3.5 Effect of biosorbent dosage, shaking time, settling time and pH on extent of Cr removal

As expected, the extents of removal of both Cr(III) and Cr(VI) were increased with an increase in the dosage of the
biosorbent [Fig 5(a)]. Although the extent of removal is not completely levelled off, biosorbent mass of 0.200 g was
selected as optimum for both Cr species considering the compromise between the extent of removal and the biosorbent
dosage. The effect of variation of shaking time on the extent of removal with the optimized biosorbent dosage is shown
in Figure 5(b). The extent of removal of both Cr(III) and Cr(VI) is increased with shaking time reaching the maximum
after 100 min with small variations thereafter. Therefore, the shaking time of 120 min was selected as optimum for
both species. Thereafter, the extent of removal of Cr(IIl) and Cr(VI) investigated at the optimum dosage and at the
optimum shaking time shows that it is independent of the settling time [Figure 5(c)]. However, a settling time of 20
min was considered as optimum at which it can be assured that the biosorbent-adsorbate system has reached
equilibrium.
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Figure 5: Variation of extent of removal with (a) dosage, (b) shaking time and (c) settling time [50.0 mL of
10.0 mg L™ concentration of Cr solutions treated with NWBF, Cr(IIl) ( @ )and Cr(V) ( @ )].

3.6 Adsorption isotherms and error analysis

The distribution of metal ions between the solution and the biosorbent phase at constant temperature can be expressed
by two-parameter and three-parameter isotherm models. To obtain the best-fitted adsorption isotherm model, the mass
of adsorbate adsorbed (g.) can be plotted against equilibrium concentration (C.) as per the linearized and non-
linearized equations of each model (Table 1). Figure 6 shows that the variation of g. vs. C, of Cr(IIl) and Cr(VI) under
the optimum conditions (biosorbent dosage, shaking and settling time and pH) and non-linear fittings of the isotherm
models. The pH adjustment of adsorbate is necessary to do the experiments under optimum conditions. Although
NaOH is added to the biosorbent-adsorbate suspension for pH adjustment, Cr(III) precipitates as Cr(OH)s when ionic
concentration reaches above the value determined from its solubility product. Therefore, the maximum initial
concentration of Cr(IIl) was taken as 330 mg L' at pH 5.0 in isotherm studies. However, Cr(VI) does not show
precipitate formation within the range of pH investigated, which is an advantage for Cr(VI) studies.

Figure 6 provides a clear indication on biosorption of Cr(III) and Cr(VI) onto the surface of NWBF. The Cr(III)/NWBF
system follows Type I(b) while the Cr(VI)/NWBF system follows Type IV(b) diverse shape as per [IUPAC isotherm
classification. The behaviour of Type I(b) suggests that NWBF have wider micropores and possible narrow mesopores,
and Type IV(b) also gives evidence for the presence of mesopores on NWBF (Thommes et al. 2015).
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Equilibrium data are important for designing a biosorption system to contribute to building an adsorption mechanism.
Thus, data were further analyzed using five different isotherm models, namely Langmuir, Freundlich, Temkin,
Dubinin—Raduskevich (D-R) and Langmuir—Freundlich isotherm (Sips model) (Table 1). The most suitable model is
identified using non-linear and linear regression analysis, and error functions determination.

Table 1: Non-linear and linearized equations of isotherm models used for analyzing data

Name of the isotherm Non-linear form Linear form
. QmaxKLCe Ce 1 1
Langmuir Qe = —7— —=—0C,+
g ¢ 1 + KLCe CIe Qmax ¢ KLQmax
Freundlich qe = KpC} Ing, = InKp + nlnC,
) RT RT RT
Temkin qe = —InK;C, qe = —InK; +—1InC,
br br br

qe = qDReXp{_KDRgz}

1
) g=RTm(1+—J
D-R model . C, Ing, = Ingpg — Kpge?

E =

KCM™"
Sips model Qe = qm+ In <
K.C,Y™ +1

de
dm — qe

1
= —InC, + InK
) nne+ns

gmax (mg kg!) = maximum saturated monolayer adsorption capacity of an adsorbent; C. (mg L!) = adsorbate

concentration at equilibrium; ¢. (mg kg') = amount of adsorbate uptake at equilibrium;
K, (L mg') = constant related to the affinity between an adsorbent and adsorbate;
Kr (mg"™ kg'! L™) = Freundlich constant; n (dimensionless) = Freundlich intensity parameter, which indicates the
magnitude of the adsorption driving force or the surface heterogeneity;
grp (mg kg') =  adsorption capacity; Kgp (mol*> J?) = constant related to the sorption energy;

E (J mol") = mean adsorption energy; R = gas constant, T = temperature in Kelvin; g, (mg kg'') = maximum
adsorption capacity; Ks = Sips constant; 1/n = Sips model exponent.

The Langmuir isotherm model describes that the biosorbent material has uniformly distributed energetically
equivalent sites, and monolayer biosorption takes place on the surface of the biosorbent. The Langmuir model states
that a limited number of ions can sorb on the surface, and after saturation, no further adsorption occurs. On other hand,
the Freundlich isotherm model describes that the biosorption takes place in heterogeneous surface with uneven
distribution of the ions on the biosorbent surface and it is accounted with multilayer adsorption. The D-R isotherm
model was developed to account for the mean biosorption free energy from which the prediction of adsorption type is
available and the Temkin isotherm is used to describe the effect of temperature. The Sips model is the combination of
the Langmuir and Freundlich models which follows the Langmuir at high adsorbate concentrations, while at low
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concentration, it tends toward the Freundlich model (Khamwichit et al. 2022). The isotherms stated above, Langmuir,
Freundlich, Temkin and D-R models are two-parameter isotherms, while the Sips model is a three-parameter isotherm.
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Fig 6: Nonlinear fittings of experimental data ( == ) of variation of amount of Cr adsorbed vs. initial
concentration of (a) Cr(IIl) and (b) Cr(VI) and the Langmuir ( === ), Freundlich ( === ) Temkin (

), D-R ( === ) and Sips ( === ) [50.0 mL of 10.0 mg L' concentration of metal ion solutions, 0.200 g
dosage, 120 min shaking time, 30 min settling time, 300.15 K temperature, pH = 2.0 for Cr(VI) and pH = 5.0 for
Cr(III) treated with NWBF]

The linear forms of the adsorption isotherm relationships are given in Figure 7. The regression analysis can be
performed using Equation (3) to determine the coefficient of determination (R?). The strength of the relationship
between the dependent and independent variables can be predicted using the R? value, which ranges from 0 to 1, with
values close to 1 showing a good fit.

. . s
R? = (correlation coefficient,7)? = =~ (3)
SxSy
Zx-y-—zxizyi
where Sy, = ann , Sy is standard deviation of X’s, S, is standard deviation of y’s, x is independent variable

and y is dependent variable.

The parameters of linear and non-linear regression analysis determined for each isotherm model are given in Table 2.
The linear and non-linear parameter values are much similar for both Cr(III)/NWBF and Cr(VI)/NWBEF systems. The
R? values of linear forms of the Cr(III)/NWBF and Cr(VI)/NWBF systems decrease in the order, Sips > Langmuir >
Temkin > Freundlich > D-R and Freundlich > Langmuir > Temkin > Sips> D-R, respectively. Accordingly, the best
linear fitted model is the Sips isotherm for Cr(III)/NWBF system and the Freundlich isotherm for Cr(VI)/NWBF
system. The Freundlich parameter, n, for Cr(IIl) /NWBF and Cr(VI)/NWBF systems spread between 0.40 —0.52. The

10



256
257
258
259

value of the n parameter gives information on the heterogeneity of biosorbent sites: values of n significantly lower
than 1 would reflect high heterogeneity (adsorption is a chemical process). The biosorbent contains -OH, -COH, -
COOC- and Ph-OH groups (Kotabewate et al. 2019). Thus, the adsorbate molecules attached to these functional groups

and make chemical bonds.
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Table 2: Parameters of isotherm models determined by experiment data

Model Linear Non-linear

Cr(III) Cr(VI) Cr (IIT) Cr(VID)
Langmuir
Gmax (mg kg™ 1.584x10* 6.572x10* 1.439x10* 5.290x10*
Gmax (mg g™ 15.84 65.72 14.39 52.90
K, (mg L) 0.0111 0.0064 0.0127 0.0207
R? 0.9783 0.8952 0.9689 0.9988
Freundlich
Kr(mg™ kg L™ 6.745x10? 3.552x10° 7.857x10? 2.346x103
n 0.5298 0.4070 0.4990 0.4912
R? 0.9565 0.8990 0.9655 0.9978
Temkin
Kr (L mg™h) 0.1134 0.2894 0.1324 0.3960
br (J mol™) 0.7282 0.2580 0.8077 0.2716
R? 0.9761 0.8519 0.9756 0.9991
D-R model
Kpr (J mol )2 0.0003 0.0013 7.3823 0.0013
gpr (mg kg™ 1.1122x10* 5.3217x10* 8.144x10° 4.981x10*
E (J mol™) 38.87 19.76 0.26 19.61
R? 0.7645 0.6074 0.8148 0.9841
Sips
gm (mg kg™ 1.263x10* 6.877x10* 1.263%10* 6.877x10*
Ks (L/mg)'/ 0.0109 0.0232 0.0131 0.0232
n 0.8966 1.2981 0.9429 1.3364
R? 0.9860 0.8151 0.9620 0.9994

Adsorption behavior of an adsorbate can be further understood by evaluating different error functions, namely,
Average relative error (ARE), Sum square error (SSE), Hybrid fractional error function (HYBRID), Sum of absolute
error (EABS), Non-linear chi-square test (y?) and Marquardt’s percent standard deviation (MPSD). The general
equations for these error functions are given in Table 3. The main challenge of using SSE is that, at higher
concentration, the squares of error increase. The MPSD error function is a modification of geometric mean
distribution, and it is based on the number of degrees of freedom of a system. The HYBRID model is aimed to improve
the applicability of the SSE at a lower concentration, and error function divided by the measured value and ARE
function is used to get a meaningful idea of the accuracy of the experiment, arranging average of different absolute
errors in order.
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Table 3: Different error functions used in isotherm analysis.

Type of errors Equations

n
ﬂz Geimeas ~ 9e,calc
ARE n e meas

i=1

i

n
Z(Qe,meas - Qe,calc)f
i=1

SSE
n 2
100 Z (qg,meas - qe,calc)
HYBRID n—p = qg,meas ;
n
EABS ;Me,meas - qe,calc|
n 2
Z (qe,meas - qe,calc)
X2 = Qemeas
n 2
100 1 Z (Qe,meas - Qe,calc)
MPSD n—p : Qe meas

The error terms of both linear and non-linear isotherm models vary without any trend (Table 4). Both linear and non-
linear forms of the Langmuir isotherm applied to the Cr(III)/NWBF system show low error values for HYBRID,
MPSD and y? functions; for the Cr(VI)/NWBF system, linear Sips model shows the smallest error for ARE function
and non-linear Sips model shows the smallest error for MSPD and x> functions. Considering both R? and error
function values, it is argued that the Cr(III)/NWBF system follows the Langmuir, Freundlich or Temkin isotherms,
while the Cr(VI)/NWBF follows the Freundlich or Sips isotherms.

Table 4: Error values of different adsorption isotherms.

Error Langmuir Freundlich Temkin D-R Sips
function
ARE 5.72 8.56 6.63 96.50 541
SSE High High High High High
Cr(ITT) HYBRID 3631.40 8026.52 4210.10 High 6152.58
Linear EABS 3366.74 4602.59 3341.04 High 3581.98
Model MPSD 6.98 11.47 9.04 160.71 8.06
x2 217.88 481.59 252.61 High 369.15

13
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ARE 26.62 20.40 19.20 36.36 16.69

SSE High High High High High
Cr(VI) HYBRID High High High High High
ﬁgzg EABS High High High High High
MPSD 5162.54 4925.58 4320.71 6727.49 4388.83
72 29317.02 26687.45 2053543  High 21188.06
Cr(Ill) Non- ARE 5.67 8.20 543 100 6.15
ﬁg‘c’g SSE High High High High High
HYBRID 4754.50 7299.60 4909.47 High 7509.64
EABS 3552.97 3797.18 3285.74 High 4144.49
MPSD 7.47 12.04 9708.47 115.47 8.71
72 285.27 437.98 294.57 High 450.58
Cr(VI) ARE 15.89 26.19 17.93 3491 16.42
?gg;inear SSE High High High High High
HYBRID High High High High High
EABS High High High High High
MPSD 4633.89 7306.66 4343.32 6791.06 4237.58
72 23620.21 58725.99 20750.90  High 19752.80

*High = Error Value > 3x10*
3.7 Biosorption mechanism

The NWBF surface has various functional groups, such as carboxylic acids, esters and alcohol (Kotabewatte et al.
2019). The functional groups are deprotonated during the treatment with NaOH solutions becoming the surface of the
biosorbent negatively charged. At the pH of 5.0, the Cr(IIl) ions are attached to these functional groups forming
chemical bonds. However, at a pH of 2.0, Cr,O7?ions are more likely to be reduced to Cr(IIl) with concomitant
protonation of deprotonated functional groups (Saha et al. 2010). Thus, Cr(VI) ions mainly attach to the surface as
Cr(III) ions. Figure 8 shows a graphical illustration of this process.

Figure 8: Biosorption mechanism for Cr(IIl) ions at 5.0 pH and Cr(VI) ions at 2.0 pH.

14



324

325
326
327
328
329
330
331
332
333
334
335

336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

Conclusion

Peel of Artocarpus nobilis fruit modified with dilute sodium hydroxide solution (NWBF) behaves as an effective
biosorbent for removal of both Cr(III) and Cr(VI) under optimum conditions leading to high monolayer adsorption
capacities of 52.90 mg g and 14.39 mg g'! for Cr(VI) and Cr(IlI), respectively, based on non-linear curve fitting of
the Langmuir adsorption isotherm. According to linear and non-linear regression analyses, and error function
determinations, the Cr(III)/NWBF system follows Langmuir, Freundlich and Temkin isotherms while Cr(VI)/NWBF
system follows Freundlich or Sips isotherms. Thus, monolayer formation would be extended to transfer of adsorbate
species Cr(VI) and Cr(II) to micropores and mesopores possibly through intraparticle diffusion, which appears to be
a multilayer process based on solution analysis. Moreover, Cr(VI) species available as Cr,O;* would be reduced to
Cr(IIT) by organic functionalities present in the biosorbent thereby improving the affinity toward biosorption. The
present study demonstrates that NWBF has a great potential to be used as a low-cost adsorbent for removal of both
Cr(IIT) and Cr(VI), two highly toxic species found in industrial effluents.
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