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Abstract

Chromium (VI) is a well-known toxic, industrial, water pollutant which has various, adverse effects on environmental
health. Utilization of agricultural waste in effluent water treatment would minimize the problem of water pollution.
The present study deals with the use of three types of nut shells for Cr(VI) removal. Adsorbents are characterized, using
point of zero charges (pH,,), FTIR, BET surface area analysis, and SEM. The variation of different operating parameters
on metal removal was conducted. The best sorption kinetic model was pseudo-second order. The adsorption process is
both physical and chemical, and this depends on temperature. The Cr(VI) adsorption is spontaneous and endothermic.
According to isotherm studies, Langmuir isotherm model fits fairly well for all adsorbents. Regeneration studies suggest
that the adsorbents have proper regeneration criteria and can be used for multiple times. Study on RBC count of Gallus
gallus domesticus gives concrete evidence of deadly effects of Cr(VI). It also figures out that the effluent solution treated
with bio-adsorbents is less harmful. The scale-up design procedure is reported here. This study proved that groundnut
shell, walnut shell, and almond shell have immense potential and can be utilized even after regeneration as replace-
ment of commercial adsorbents for industrial wastewater. GA-ANN modeling has been developed for the best possible
wastewater treatment management.
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List of symbols D,  Absorbate’s effective diffusion coefficient in the
Ay Harkins-Juraisotherm constant absorbent phase (m?/s)
A; Equilibrium binding constant of Temkin isotherm E Adsorption free energy (KJ/mol)
(L/g) AG®  Gibbs free energy change (kJ/mol)
a, Adsorption rate (initial) (mg/(g min)) AH° Enthalpy change (kJ/mol)
B Heat of adsorption (J/mol) K Fractional power model constant (mg/g)
By Harkins—Jura isotherm constant k, Rate constant of Lagergren model (min™"
b Constant of Langmuir model (L/mg) k, Rate constant of pseudo-second-order model (g/
b, Chemisorption activation energy (g/mg) mg min)
b; Constant of Temkin isotherm K,y  Rate constant of Natarajan and Khalaf model
C External convective mass transfer (mg/qg) (min™")
C, Cr(V1) ion concentration at the adsorbent at equi- K: Constant of Freundlich model (mg/g)/(mg/L)""
librium (mg/L) k; Rate constant of intraparticle diffusion model
G Cr(VI) ion concentration (initial) (mg/L) (mg/(g min®%))
C, Cr(VI) ion concentration at equilibrium (mg/L) Kf Thermodynamic equilibrium constant
G lon concentration of Cr(VI) at time t (mg/L) KC/ Apparent equilibrium constant
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n Factor of heterogeneity

4. Sorption capacity at equilibrium (mg/g)

Gmax  Adsorption capacity of Langmuir isotherm, mg/g
q, Theoretical isotherm saturation capacity (mg/qg)
g Sorption capacity at time t (mg/g)

R Ideal gas constant (J/(mol K))

R? Correlation coefficient

R, Adsorbent particle radius (m)

R, Dimensionless factor

AS® Change of entropy (kJ/mol K)

Temperature (K)

Time (min)

Solution volume (L)

Fractional power model constant (min™"
Adsorbent mass (g)

Maximum adsorption capacity of adsorbent
(mmol/g)

XSE< <~

Greek letters
A Constant related to sorption energy (mol®/kJ?)
£ Polanyi potential (kJ*/mol?)

1 Introduction

Industrial wastes which are produced from textile, paint-
ing, leather, tanning, paper, cement, steel, and others get
discharged into water bodies. This is harmful without any
prior treatment given to the natural water bodies [1]. Chro-
mium (V1) is the most toxic water pollutant among these
heavy metals; it has six oxidation states; among them, hex-
avalent and trivalent are the most stable state. The high
toxicity of Cr(VI) is a major concern as Cr(lll) is relatively
insoluble in water. Chromium (VI) has toxic effects on both
animals and humans and is also a well-known carcinogen
[2]. Longtime exposure to Cr(VI) causes dermatitis, ulcera-
tions, and allergic skin reactions in the human body [3, 4].

To reduce water pollution, various treatment processes
are practiced. Apart from adsorption, the other processes
are precipitation, membrane separation, ion exchange,
electrochemical precipitation, reverse osmosis, nanofiltra-
tion, and others [5, 6]. These techniques have their advan-
tages as well as drawbacks [7-9]. Sludge formation with its
disposal is the main drawback of the precipitation process.
High operating cost diminishes the use of ion exchange as a
better alternative. Due to the higher operating cost of other
methods, the adsorption process is extensively used as an
efficient, simple, economic water treatment process [10, 11].

Variety of agricultural waste like coconut shell, rice husk,
shells of wheat, sawdust, wheat straw, shells of rice, pista-
chio, walnut, peanut, and almond is used as low-cost bio-
adsorbent [12-14]. The synthetic adsorbents are appeal-
ing with respect to their adsorption capacity but its high
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investment and preparation cost, hence, not suitable for
rural industrial application, particularly in the Third World
countries like India. So the green adsorbents, i.e., agricul-
tural waste like nut shells, different leaves widely available
in the rural areas without any cost, are the most suitable
for adsorptive removal. The green adsorbent means natu-
ral adsorbents without any physical and chemical treat-
ment [15]. Hence, in the batch mode Cr(VI) remotion from
aqueous solution by the shells of the groundnut, walnut,
and almond is used as low-cost green adsorbents for the
experimental investigated. Applicability of different kinetic
and isotherm models is tested [16, 17]. Desorption stud-
ies have been tested to check their reusability criteria. The
toxicity difference of metal-containing solution before and
after adsorption on red blood cells (RBCs) of Gallus gallus
domesticus is also investigated. The scale-up design pro-
cedure is reported.

Researchers used different artificial neural network
(ANN) and genetic algorithm (GA)-ANN hybrid modeling
to solve engineering problems [18-20]. The advantage
of GA-ANN modeling over the ANN is evident in the less
computational time required and gives better predictabil-
ity. Hence, in the present study [21], the model parameters
are optimized by using GA and then Lavenberg-Mar-
quardt algorithm is used for the final prediction.

2 Experimental methodology

Groundnut, walnut, and almond shells are obtained from
the local market, washed, and then dried at 105 °C tem-
perature for 24 h. After this, dried shells are ground and
sieved to prepare a size of 250-350 pum.

Merck analytical grade chemicals are used. The metal-
stock solution of 1000 ppm is prepared by adding
2.8286 gm K,Cr,O, in 1000 ml distilled water. By diluting
it, the desired solution is prepared.

The equipment used is as follows:

WTW pH meter (Multi 340i/SET, Germany)

BET (Quantachrome, Novawin 1000, USA)

FTIR (IS5Nicholet ATR, Thermo Fischer Scientific, USA)
UV-visible spectrophotometer (DR-5000 spectropho-
tometer, Hach, USA)

5. SEM (ZEISS, EVO-Q400 ++, Germany)

HwnN =

2.1 Experimental

Detailed of the experiment is given in our earlier paper [22,
23]. The Cr(VI) ion is analyzed by UV-visible spectropho-
tometer using 1,5 diphenyl carbazide coloring reagent at
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540 nm [15, 16]. The amount of Cr(VI) adsorbed, and the
removal percentage was calculated as,
w

q: = (M

(Co—C)

0

Removal percentage of metal ion = X100 (2)

Experiments were repeated thrice with reproducibil-
ity and relative deviation within the range of £0.5% and
+2.5%, respectively.

3 Results and discussion
3.1 Adsorbent characterization

Table 1 shows the results of FTIR analysis. It indicates that
there are various activities, functional groups in fresh
and Cr(Vl)-loaded adsorbents. The existence of a broad
peak indicates that phenolic or alcoholic -OH group is
present in the adsorbents. This group involves in Cr(VI)
adsorption as the peak of groundnut shell moves from
3310 to 3302 cm™', the peak of almond shell shifts from
3324 to 3331 cm™’, and peak of walnut shell shifts from
3326to 3300 cm™' after adsorption. The frequency around
3310 cm™' shows the existence of phenolic or alcoholic
—OH group and shifts from 3310 to 3302 cm™" indicating
the chromium binding with (-OH) groups. At pH 1 or 2,
H* ion neutralizes the (-OH) groups on the surface bear-
ing and forms -OH,* site that enhances the HCrO,™ ion
to adsorb. The aliphatic C-H stretching group is involved
in adsorption of Cr(VI) as the peak moves from 2923 to
2920 cm™ for groundnut shell, the peak of almond shell
shifts from 2921 to 2934 cm™" while the peak of walnut

Table 1 FTIR analysis of fresh and Cr(VI)-loaded adsorbents

shell shifts from 2903 to 2899 cm™'. The aldehyde C-H
stretching is also responsible for Cr(VI) adsorption for
groundnut shell as the peak shifts from 2851 to 2854 cm™".
Aliphatic acid C=0 stretching takes part in Cr(VI) adsorp-
tion for groundnut shell and almond shell as the peak
shifts from 1713 to 1734 cm™ and 1735 to 1717 cm™,
respectively. Alkene groups (C=C stretching) also interfere
in the adsorption process, because peaks are shifted from
1620 to 1652 cm™' (groundnut shell), 1636 to 1650 cm™"
(almond shell), 1607 to 1598 cm™" (walnut shell) after
adsorption. Aromatic groups (C=C stretching) on walnut
shell peak move from 1509 to 1501 cm™'. Peaks at 1414,
1418, and 1371 cm™' indicate the carboxylic acid groups
(C-0O stretching) in the groundnut shell, almond shell,
and walnut shell, respectively, and it shifts 1363, 1421,
and 1325 cm™' after adsorption. Peaks at 1226, 1230 and
1240 cm™ are for stretching of C-0 that indicate ester
groups which are present in adsorbents and shifted after
Cr(VI) adsorption. The wavelength of 1023 cm™' (ground-
nut) and 1019 cm™' (almond) and 1028 cm™' (walnut) is
for deformation of glycosidic C-H with OH bending and
ring vibration. It indicates that there is a 8 glycosidic bond
between glucose and cellulose [15, 16]. The peaks at 897,
890, and 889 cm™ in Cr(VI)-loaded groundnut, almond,
and walnut shell are indicative of the presence of Cr=0 or
Cr-0 vibration which is responsible for Cr(VI) adsorption
in the adsorbent surface.

SEM (Scanning Electron Microscope) images of fresh
and Cr(VI)-loaded adsorbents are represented in Figs. 1a,
b, 2a, b, 33, b groundnut, walnut, and almond shell, respec-
tively. SEM images of fresh adsorbents showed that the
surface is porous and irregular, whereas for Cr(VI)-loaded
adsorbents the SEM images are less porous. Cr(VI) ion is
having crystal radius of 0.52 A and binds with the various
active groups which, in turn, blocked the pores partially
[15,16].

Functional groups Peanut shell  Cr(Vl) loaded Almond shell  Cr(Vl)loaded Walnutshell Cr(VI) loaded
peanut shell almond shell walnut shell
Surface —OH stretching vibrations 3310 3303 3324 3331 3326 3300
Aliphatic C-H stretching 2923 2920 2921 2934 2903 2899
Aldehyde C-H stretching 2851 2854 X X X X
Aliphatic acid C=0 stretching 1713 1734 1735 1717 X X
Unsaturated group like alkene C=C stretching 1620 1652 1636 1650 1607 1598
Aromatic C=C stretching X X X X 1509 1501
Carboxylic acid C-O stretching 1414 1363 1418 1421 1371 1325
Esters C-O stretch 1226 1244 1230 1225 1240 1244
Glycosidic C-H deformation with ring vibra- 1023 1019 1019 1013 1028 1030
tion and OH bending
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Fig. 1 a SEM analysis of fresh groundnut shell and b SEM analysis of Cr(VI)-loaded groundnut shell
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SEM analysis of fresh walnut shell

SEM analysis of Cr(VI) loaded walnut
shell

Fig.2 a SEM analysis of fresh walnut shell and b SEM analysis of Cr(VI)-loaded walnut shell

The solid addition method is used to measure pH,,,. of
the adsorbents [11, 24]. 30 mL of KNO; solutions (0.01 M)
of different pH (3-10) was prepared. 0.1 g of bio-adsorbent
was poured in each conical flask and equilibrated for the
duration of 24 h. After that, the pH of supernatant solu-
tions was measured. The intersection point between the
initial pH and pH difference gives the value of pH_,.. The
similar procedure was carried out using 0.1 M KNO; solu-
tion. Adsorption of cations will be favorable at pH > pH,,.
because, at this point, the surface of the adsorbents is neg-
atively charged, which increases the electrostatic force of
attraction. At lower pH (pH < pHp,(), the positively charged
adsorbent surface attracts anions. pH,,,. values are 6.21,
6.10, and 6.42 for groundnut, almond, and walnut shells,
respectively.
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The surface area of adsorbents is 1.83 m?/gm,
11.27 m?/gm, and 10.16 m?/gm for groundnut, almond,
and walnut shell, respectively, and determined using
Brunauer-Emmett-Teller (BET) analysis.

3.2 Variation of operating parameters

The optimum pH of influent Cr(VI) solution is to achieve
maximum removal efficiency by different nut shells. The
maximum remotion occurred at pH 2.0 for groundnut shell
and walnut shell, whereas for the almond shell, it is found
at pH 1.0 (Fig. 4). At low pH, the HCrO," is predominant [10,
11]. At the acidic pH, large amount of H* ions is located
onto the surface of the adsorbent and it creates a strong,
attractive electrostatic force between the chromate ions
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Fig.3 a SEM analysis of fresh almond shell and b SEM analysis of Cr(VI)-loaded almond shell
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Fig. 4 Effect of pH on Cr(VI) adsorption

and absorbent. As the pH > 6.0 the concentration OH™ ion
increases and competes with CrO,>” ions to reach the
active sites.

Effects of different adsorbent dosage were found
by conducting experiments with varying amounts
(0.1-8 gm/L). Figure 5 shows that the Cr(VI) remotion
increases with the increasing dosages of the adsorbent. It
is also shown from the figure that the remotion efficiency
will remain the same after adsorbent dosages of 2.5 gm/L
for groundnut shell and 1.5 gm/L for almond and walnut.
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Fig.5 Effect of adsorbate dosage on Cr(VI) adsorption

The metal binding sites for adsorption increase with the
increase in adsorption dosage, but it remains constant for
the higher dosages of the adsorbent.

Figure 6 shows the change of the Cr(VI) adsorption dur-
ing different contact time. Agitation time for this study was
set for 4-5 h. Initial adsorption was rapid and reached
equilibrium at a prolonged rate. The nature of varying nut
shells and their available adsorption sites affect the magni-
tude of equilibrium time. At the beginning, the adsorption
rate was rapid, and more than 80% were absorbed within
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Fig. 6 Effect of contact time on Cr(VI) adsorption
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Fig. 7 Effect of initial Cr(VI) conc. on Cr(VI) adsorption

2 h for the walnut shell, and in the case for groundnut and
almond shell, it took 4 h. After that, the rate of adsorption
process decreases gradually and remains constant at equi-
librium. Solution concentration will remain the same after
reaching the equilibrium.

Figure 7 depicts the dependence of metal adsorption
process with initial Cr(VI) concentrations (5-20 mg/L). The
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figure indicates as the increase in the initial metal ion con-
centration, the percentage of remotion decreases, whereas
uptake capacity increases. At lower metal concentration,
the numbers of available active sites on the adsorbent
are much higher, but with the increase in initial metal ion
concentration, the available active sites became saturated
faster, hence decreasing the metal remotion percentage.

3.3 Kinetics study
3.3.1 Pseudo-first-order model

Lagergren pseudo-first-order model is [25],

In (g, —q;) =Ing, — k;t 3)

The parameters are estimated by plotting ofIn (qe - qt)
against t and listed in Table 2. The parameter k; has no spe-
cific trend with the increase in initial Cr(VI) concentration
for groundnut and almond shell, whereas for walnut shell
k, decreases as the Cr(VI) concentration increases. The R?
values are not very impressive for all the adsorbents [26].

3.3.2 Pseudo-second-order model

This model [26] is:
t 1 t

+_
a ka  q. @

The kinetic parameters are obtained from the plot of
(qi versus t and are shown in Table 2. The value of k,

t

reduces with the increase in initial Cr(VI) concentration,
and high R? value suggests that this model fits better for
all adsorbents.

3.3.3 Elovich model

Second-order kinetics was described by the Elovich equa-
tion considering energetically heterogeneous solid sur-
faces [27]. But this model failed to explain the mechanism
for adsorbate—adsorbent interaction. The linear model
equation is as follows:

1

qt:b

) In(a,b,) + ble Int (5)

By plotting g, versus Int, the different model param-
eters were determined and are shown in Table 2. As the
metal ion concentration increases, the magnitude of a,
increases, whereas the b, decreases for groundnut shell.
For walnut shell as the Cr(VI) concentration increases, both
the parameter value reduced, and for the almond shell, no
specific trend was observed. According to the value of R?
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Table 2 Different kinetic model parameters

Groundnut shell

C, (mg/L) 7.5 10 15 20
Pseudo-first order

k;(min™")x 1072 1.9 26 2.8 2.5

Gexp (MY/Q) 7.15 9.48 13.85 17.56

ca (Ma/g) 9.43 2417 47.8 39.8

R? 0.89 0.80 0.71 0.92
Pseudo-second order

k, (g/(mg min))x 1073 2.10 1.40 0.8 0.6

Gexp (MA/9) 7.15 9.48 13.85 17.56

e (MA/g) 8.75 11.84 17.68 23.46

R? 0.99 0.99 0.98 0.98
Elovich

a, (g/(gm min))x 107" 3.73 4,50 5.91 6.41

b, (mg/g)x 107" 5.36 3.97 265 1.91

R? 0.97 0.97 0.95 0.96
Fractional power model

K (mg/q) 113 118 175 174

v(min™) 0.34 0.39 0.38 0.43

R? 0.98 0.99 0.97 0.97
Natarajan and Khalaf

Kyq (min™)x 1073 12.0 12.0 9.8 9.2

R? 0.95 0.98 0.96 0.97
Intraparticle diffusion model

k; (mg/(g min®2))x 107" 3.8 5.2 7.9 10.8

C (mg/qg) 1.59 177 2.10 1.74

R? 0.98 0.99 0.98 0.97
Walnut shell

Pseudo-first order

k, (min~")x 1072 3 3 2.8 24

Gexp (MY/Q) 7.29 9.61 14.16 18.44

et (MA/g) 439 8.32 13.93 16.17

R? 0.87 0.95 0.93 0.94
Pseudo-second order

k, (g/(mg min))x 1073 16.2 8.8 4.6 29

Gexp (MA/9) 7.29 9.61 14.16 18.44

G (Ma/g) 7.57 10.1 15.04 19.76

R? 0.99 0.99 0.99 0.99
Elovich

a, (g/(mg min)) 3121 355 253 18.13

b, (mg/g)x 107" 15.6 9.04 5.64 3.99

R? 0.98 0.98 0.97 0.98
Fractional power model

K (mg/9g) 442 4.95 7.24 8.1

v (min™) 0.01 0.13 0.13 0.15

R? 0.95 0.95 0.98 0.98
Natarajan and Khalaf

kyq (Min™")x 1073 10.0 9.4 9.2 7.1

R? 0.94 0.91 0.94 0.98
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Table 2 (continued)

Walnut shell

Intraparticle diffusion model
k; (mg/(g min®))x 107" 12

2.1 35 54

C (mg/qg) 5.63 6.73 9.17 10.88

R? 0.89 0.90 0.90 0.98
Almond shell
Pseudo-first order

ki (min™")x 1072 24 2.0 33 3.1

Gexp (MA/9) 7.23 9.5 13.97 18.04

e (MA/g) 10.01 11.29 47.8 56.7

R? 0.89 0.92 0.76 0.78
Pseudo-second order

k, (g/(mg min))x 1073 34 22 1.1 0.7

Gexp (MA/9) 7.23 9.5 13.97 18.04

Gca (Ma/g) 8.3 1.1 17.25 2294

R? 0.99 0.99 0.98 0.98
Elovich

a, (g/(mg min))x 107" 8.91 7.98 8.32 8.49

b, (mg/g)x 107" 6.78 468 2.8 2.02

R? 0.93 0.95 0.95 0.96
Fractional power model

K (mg/q) 1.81 1.93 2.30 2.55

v (min™") 0.27 0.29 0.34 0.37

R? 0.96 0.95 0.95 0.98
Natarajan and Khalaf

kyq (Min™)x 1073 14 11.3 12 9.2

R? 0.96 0.96 0.95 0.95
Intraparticle diffusion model

k; (mg/(g min®))x 107" 3 43 7.3 11

C (mg/qg) 2.89 3.17 3.35 2.58

R? 0.95 0.97 0.96 0.98

and trend of parameters, application of Elovich model is
significant for groundnut shell and walnut shell.

3.3.4 Fractional power model

Freundlich equation is modified to get the fractional
power model [28] which can be described by the follow-
ing linear equation:

Ing; =InK+vint (6)

Table 2 presents the value of both constants and other
parameters. An increasing trend of K was noticed with the
increase in initial Cr(V1) ion concentration for the ground nut-
shell, but the value of v has no specific trend which limits
its applicability for groundnut shell. For walnut and almond
shell, both the constants decrease with the increase in ini-
tial Cr(VI) concentration. The v is a positive constant less
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than unity and shows the time dependence of liquid-phase
adsorption of Cr(VI) onto different nut shells. The value of
K suggests the strength of the site for Cr(VI) binding. From
Table 2, it can be observed that the strength of binding of
Cr(V1) onto walnut shell is much stronger than the other nut
shells used. The higher values of the correlation coefficient
for all the three nutshells validate the appropriateness of
fractional power.

3.3.5 Natarajan and Khalaf model

The kinetic equation of Natarajan and Khalaf model [29] is
given as:

CO _ kad
o0(2) = (53"
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The value of k, is determined by plottinglog ( )ver-

sus tand is shown in Table 2 and observed that as the ini-
tial metal concentration increases, the value of k,4
decreases for all three adsorbents.

The heterogeneous reversible first-order kinetics is the
main assumption of this model. It explains the relation-
ship between the concentration of initial and at time t.
The high values of correlation coefficient signify that the
adsorption process depends on the concentration of Cr(VI)
at the aqueous solution at any given time. The high val-
ues of correlation coefficient signify that the adsorption
process depends on the concentration of Cr(VI) at the
aqueous solution at any given time. The correlation coef-
ficient value R? for all adsorbents is less in comparison with
pseudo-second-order model.

3.3.6 Intraparticle diffusion model

The adsorption process is a complex process with more
than one rate-limiting step. Weber and Moris first explored
the possibility of intraparticle diffusion-controlled adsorp-
tion process and developed a model equation for the same
[301].

q, = kt>> +C 8)

Equation parameters are shown in Table 2. The intrapar-
ticle diffusional rate constant increases with the increase in
initial Cr(VI) concentration. Though the R? value indicates
the fitness of the equation, it has not passed through the
origin; hence, it is not the rate-limiting step [30].

3.4 Rate-limiting step prediction

The adsorption mechanism has one or more than one rate-
controlling mechanismes, just like chemical adsorption, film
diffusion, or intraparticle diffusion of ions on the active
sites of the surface. To illustrate Cr(VI) ion diffusion process
on the pores of different bio-adsorbents, the equation of
Fick’s was used [10]

e rVr ©

q, is replaced by g,, and the plots of % versus t%° for

groundnut shell, walnut shell, and aImond shell depicted
multi-linear segments and are presented in Fig. 8a-c.
These figures indicated that more than one phenomenon
governs the adsorption process. Even at the initial point of
time, one factor may be rate controlling, which may
change with time [31]. The plot of I versus t°° divided into

three linear segments each of them represents the differ-
ent mechanism of mass transfer. First linear segment

represents film diffusion mass transfer, second one repre-
sents intraparticle diffusion, and the last linear segment
represents adsorption-desorption equilibrium. For
groundnut shell, film diffusion segment took 79 min,
whereas intraparticle diffusion took 1 min. For the walnut
shell, film diffusion segment took 70 min, whereas intra-
particle diffusion took 4 min. For the almond shell, film
diffusion segment took 71 min, whereas intraparticle dif-
fusion took 3 min. These signify that film diffusion mass
transfer controls the entire adsorption process; this may
be due to the formation of the thin film.

3.5 Adsorption isotherm models
3.5.1 Langmuir isotherm

This model is based on the monolayer adsorption on the
homogeneous surface having energetically equivalent
sites [32], and the linearized form is

1, C
de  bGmax

(10)
dmax

R, a dimensionless factor is expressed as [15]

1
R =
LT 140G, (an

R, values indicate that either the process is irreversible
(R,=0) or linear (R =1), favorable (0 <R, < 1) or unfavorable
(R >1).Table 3 shows that q,,,,, decreases as temperature
increases for all the adsorbents, whereas the value of b
increases for all the adsorbents. The values of R indicate
favorable adsorption for all applied conditions for all the
adsorbents [33]. According to the value of R? and the trend
of parameters, application of the Langmuir model is highly
significant for all the adsorbents.

3.5.2 Freundlich isotherm

It applies for multilayer adsorption and interaction of
adsorbed molecules on the heterogeneous surface. This
model considers an exponential decrease in sorption
energy on adsorbent sorption centers completion [34].
Expression of this model is as follows:
1
logg, = log K; + p log C, (12)
Table 3 shows the parameter and both the value of
K: and n increase as the temperature increases for all
adsorbents. The parameter n must lie between 1 and 10
for favorable adsorption, and Table 3 indicates favorable
adsorption for all adsorbents.
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Fig.8 a Plot of g/q, versus t°° for groundnut shell, b plot of g,/q, versus t°* for walnut shell, and ¢ plot of g/q, versus t°° for almond shell

3.5.3 Dubinin-Radushkevich isotherm

The isotherm equation [35, 36] is
InC

abs = InXm — A€’ (13)
Here € is Dubinin—-Radushkevich isotherm constant, and
it has been also termed as Polanyi potential and is defined

(371 by
1
Ce
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€=RTIn [1+ (14)

The sorption energy E is estimated as

F=——

—21 (1)

The value of E gives the nature of adsorption; for
chemical adsorption, this value is 8 kJ/mol <E< 16 kJ/
mol, and for physical adsorption, it is £ <8 kJ/mol. Table 3
indicates the physical adsorption for all adsorbents in
the temperature 303 K and 313 K, but in the case of
323 K temperature, chemical adsorption occurs for all
adsorbents.
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Table 3 Different adsorption isotherm constants

Groundnut shell

Temperature (K) 303 313 323
Langmuir model
dp (Mg/g) 22.94 20.03 19.24
b (L/mg) 1.34 4.09 13.33
R, (C=7.5mg/L) 0.09 0.032 0.0099
R, (C,=10mg/L) 0.069 0.024 0.007
R, (Cy=15mg/L) 0.05 0.02 0.005
R, (C4=20 mg/L) 0.04 0.012 0.004
R? 0.99 0.99 0.99
Freundlich model
K; (mg/g)/(mg/L)"" 12.13 15.1 16.65
n 2.38 3.18 574
R? 0.98 0.98 0.95
Dubinin—-Radushkevich model
E (KJ/mol) 2.29 439 10.54
q, (mg/qg) 19.95 17.2 15.33
R? 0.91 0.96 0.70
Temkin model
A; (L/9) 10.38 59.26 3053.4
b; 454.2 690.5 1297.3
B (J/mol) 5.55 3.77 2.07
R? 0.99 0.99 0.87
Harkins-Jura
Ay 56.56 86.21 155.28
B, 0.47 0.44 0.51
R? 0.81 0.84 0.99
Walnut shell
Temperature (K) 303 313 323
Langmuir model
qp (Mg/g) 24.52 21.14 21.07
b (L/mg) 1.79 5.81 25
R, (Cy=7.5mg/L) 0.07 0.022 0.005
R (C,=10mg/L) 0.05 0.02 0.004
R, (Cy=15mg/L) 0.04 0.011 0.003
R, (C4=20 mg/L) 0.03 0.009 0.002
R? 0.98 0.96 0.99
Freundlich model
K; (mg/g)/(mg/L)"/" 14.79 17.69 21.82
n 2.29 3.25 443
R? 0.98 0.96 0.99
Dubinin-Radushkevich model
E (KJ/mol) 2.94 5.98 9.57
q, (mg/qg) 20.78 16.61 17.81
R? 0.83 0.78 0.86
Temkin model
A; (L/g) 12.68 114.89 1465.6
b; 394.2 709.1 968.7
B (J/mol) 6.39 3.67 2.77
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Table 3 (continued)

Walnut shell
R2 0.97 0.88 0.94
Harkins-Jura
An 58.58 854 127.7
B, 0.30 0.21 0.04
R? 0.94 0.99 0.95
Almond shell
Temperature (K) 303 313 323
Langmuir model
gm (Mmg/g) 24.25 20.12 19.78
b (L/mg) 1.40 4.70 17.54
R, (Cy=7.5mg/L) 0.087 0.03 0.008
R, (Cy=10mg/L) 0.07 0.02 0.006
R (Cy=15mg/L) 0.05 0.014 0.004
R, (C4=20 mg/L) 0.034 0.011 0.003
R? 0.99 0.99 0.99
Freundlich model
K; (mg/g)/(mg/L)"" 12.83 15.37 18.17
n 2.38 3.42 5.21
R? 0.99 0.99 0.94
Dubinin-Radushkevich model
E (KJ/mol) 2.58 5.08 10.21
q, (mg/g) 20.19 16.57 15.96
R? 0.83 0.88 0.72
Temkin model
A; (L/9) 9.88 90.9 2186.4
b; 397.97 743.51 1167.6
B (J/mol) 6.33 35 23
R? 0.98 0.98 0.89
Harkins-Jura
Ay 54.17 90.17 145.56
B, 0.38 0.41 0.32
R? 0.91 0.92 0.97

3.5.4 Temkin isotherm

This isotherm [38] was based on the interaction of adsor-
bent-adsorbate and refers that with the increase in sur-
face coverage, the heat of adsorption increases.

RT RT
= —InA;+ —1InC
de an T+bT ne, (16)
The constant B (J/mol) can be calculated from
RT
B=—
b; (17)
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Linear plot for Temkin adsorption isotherm gives val-
ues of Ay, by and B and is presented in Table 3. A; and
b; values increase with the increase in temperature for
all adsorbents, whereas the value of B decreases for the
increase in temperature for all the adsorbents.

3.5.5 Harkins and Jura isotherm

This model that is originally applied for the gas—solid system
is extended to solution-solid systems and assumed that con-
densed-type adsorbed films are formed on the adsorbent
surface [39]. The isotherm is expressed as

2
1 _ [ By (1
(a) —<A—H> <AH>'°9Ce (18
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As per Table 3, the value of A, has an increase for all the
adsorbent with the increase in temperature, whereas By,
decreases for the walnut shell. But no specific trends were
found for the other two adsorbents. According to the cor-
relation coefficient data, this model is not suitable for the
Cr(VI) adsorption onto the nut shells.

From the statistical point of view, the Langmuir iso-
therm was the best-fitted isotherm for all the adsorbents
used.

3.6 Thermodynamic studies

Three different temperatures (30, 40 and 50 °C) were cho-
sen to describe the influence of temperature on Cr(VI)
adsorption. The results show that the adsorption capacity
of all three adsorbents is increased with the increase in
temperature; hence, the adsorption process is facilitated
by a higher temperature. The thermodynamic behavior
[40] of the sorption was calculated from the following
equations

AG® = —RT InK? (19)
and
AS®  AHO
InK® = = - ——
TR TR 20

where the value of the thermodynamic equilibrium con-
stant can be obtained from the apparent equilibrium con-
stant, KC/ at different temperature and initial concentration
of Cr(VI) for each adsorbent system and extrapolating to
zero [10] where

K/ =2 (21)

Table 4 shows the thermodynamic parameters as cal-
culated. The negative value of AG® for all adsorbents indi-
cates the spontaneous nature of Cr(VI) adsorption. Further,
it decreases with the increase in temperature and shows
that the degree of spontaneity increases at a higher tem-
perature. The AG®° value showed ranges between 0 and
—20 kJ/mol which indicates the physisorption process [41].

Table 4 Thermodynamic parameters

Parameters  Temper- Groundnut  Walnut shell Almond shell

ature shell

(K)

AG° (kJ/mol) 303 -0.74 —1.47 -0.85

313 -3.67 -4.58 -4.03

323 -6.96 -8.64 -7.69

AS® (kJ/ 3175 366.6 349.7
mol K)

AHC (kJ/mol) 95.49 109.75 105.2

Positive values of AS° reflect a increase in the degree of dis-
orderliness at the adsorption interface during the adsorp-
tion of Cr(VI). The endothermic nature of the adsorption
process by various nutshells was confirmed by the positive
values of AH° [10, 42].

3.7 Mechanism of adsorption

The nature of nut shell’s surface, different functional sites
and their interaction behavior with adsorbing molecule
govern the mechanism of adsorption. The FTIR spectra of
fresh nut shells and Cr(VI) adsorbed nut shells suggest the
possible interaction of Cr(VI) ion with phenolic or alcoholic
—-OH group. The spectral differences between the begin-
ning of adsorption and after the adsorption suggest that
the aliphatic C-H stretching and the aliphatic acid C=0
stretching might take part in the adsorption process. The
adsorbent pH,, value is important as it detects the ionic
state of the adsorbent.

In this study, maximum adsorption occurs at lower pH
1 or 2 for the nut shells and is less than the pHpzc. Hence,
the active sites of the all the nut shells are charged posi-
tive [10, 11]. At low pH, chromium present in HCrO,™ form
binds with the positively charged active groups by elec-
trostatic attraction forces. The strength of electrostatic and
hydrogen bonding interaction has been further confirmed
from the result of Temkin and D-R isotherm models. D-R
isotherm also indicates the governing of physical adsorp-
tion process in the temperature 303 K and 313 K, while at
the 323 K temperature it shifts toward a chemical adsorp-
tion process for all the adsorbents. The weak interaction
between Cr(VI) and the adsorbents can further be con-
firmed from the regeneration studies of different nut shells
by changing the pH of the solution. The film diffusion is
the main mass transfer process for Cr(VI) remotion in the
nut shells.

3.8 Regeneration studies

Regeneration capability decides the usefulness of an
adsorbent because multiple uses of adsorbent reduce
the operational cost. NaOH solutions of different con-
centrations (0.1-0.75 M) used for desorption of Cr(VI)
are presented in Table 5. This table indicates that as the
concentration of NaOH solution increases, desorption of
Cr(VI) also increases, which suggest that Cr(VI) adsorption
is chemical [40]. Regeneration of the adsorbents was done
up to second cycle, and Cr(VI) removal capacity after each
desorption cycle is shown in Table 6 which depicts that
with the successful regeneration of the adsorbents, the
adsorption capacity decreases.
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Table 5 Desorption of Cr(VI) from loaded adsorbents using differ-
ent regenerant

Table7 Comparison of Cr(VI) adsorption capacities of natural
adsorbents

Strength of Desorption percentage of Cr(VI) from loaded

NaOH (M) adsorbents
Groundnut ~ Walnut Shell Almond Shell
Shell

0.1 11 21 13

0.2 28 39 34

0.3 37 45 44

0.4 47 53 56

0.5 55 64 62

0.6 57 70 63

0.75 57 71 63

Table 6 Regeneration of adsorbents

Adsorbent Cr(VI) removal percentage (%)
Initial Cr(VI) concentration =20 mg/L, adsor-
bent dose=1g/L
Fresh After first regen-  After second
eration regeneration
Groundnut shell 87.8 69.8 415
Walnut shell 92.2 82.7 58.7
Almond shell 90.2 75.1 50.4

3.9 Comparison of the adsorptive capacities

The experimental adsorption capacity was compared
with the other previously reported natural adsorbents
and presented in Table 7. Adsorptive capacities of all
these shells are quite good and comparable with others.

3.10 Effects on biological indicator (RBC)

3.10.1 Blood collection and separation of red blood cell
(RBC)

Chicken blood sample was collected from Govt. recog-
nized slaughter house (Chitpur Slaughter House, 400,
Borough-ll, B.K Paul Avenue, Rabindra Sarani, Gara-
nhatta, Beniatola, Kolkata-700005, West Bengal, India).
To prevent coagulation of collected blood sample from
adult chicken (Gallus gallus domesticus), 2% EDTA solu-
tion was used [63]. Caution was taken while collecting
the blood samples. Before the separation of RBC, the
blood samples were cleaned by adding 0.9% saline solu-
tion in a centrifuge for 10 min at 1000 rpm. This proce-
dure was repeated until the collection of fresh RBC.
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Serial no. Adsorbent Adsorption References

capacities
Gmax MI/9
1 Rice straw 12.17 [10]
2 Rice bran 12.34 [10]
3 Rice husk 11.39 [10]
4 Hyacinth root 15.28 [10]
5 Neem leaves 15.95 [10]
6 Coconut shell 18.69 [10]
7 Sugar beet Pulp 17.2 [43]
8 Maize cob 13.8 [43]
9 Chlorella vulgaris 23.0 [44]
10 Scenedesmus obliquus 15.6 [44]
11 Wheat straw black carbon 21.34 [45]
12 Hazelnut shell 17.70 [46]
13 Waste tyres 48.07 [47]
14 Coconut tree saw dust 3.46 [48]
15 Spent grain 18.94 [49]
16 Larch bark 15.8 [50]
17 Wool 41.15 [51]
18 Olive cake 3344 [51]
19 Sawdust 15.82 [51]
20 Pine needles 21.50 [51]
21 Maple sawdust 0.14 [52]
22 Fagus orientalis L 16.13 [53]
23 Agave lechuguilla 6.6 [54]
24 Eucalyptus bark 45.00 [55]
25 Acorn of Quercus ithabu- 31.48 [56]
rensis
26 Rice straw 3.15 [57]
27 Coconut coir 6.3 [58]
28 Jackfruit leaf 32.29 [59]
29 Mango leaf 357 [59]
30 Onion peel 19.88 [59]
31 Macadamia nutshell 45.23 [60]
powder
32 Canadian peat 461 [61]
33 Coconut fiber 471 [61]
34 Raw coconut fiber 18.60 [62]
35 Groundnut shell 2294 Present study
36 Walnut shell 24.52 Present study
37 Almond shell 24.25 Present study

3.10.2 Study of RBC

Three milliliters of RBC suspension was exposed to
500 pL of synthetic Cr(VI) solution of 20 mg/L concen-
tration. In other batches, 3 ml of RBC suspension was
exposed to 500 L of different adsorbent-treated Cr(VI)
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solutions, which is collected from the adsorption process
at time intervals of 20, 60, and 120 min. After this, RBC
suspensions were incubated for 1 h at 37 °C for further
analysis. After the incubation period, RBC suspensions
were washed three times. Then, slides are viewed and
counted in the optical microscope (93309, Olympus
microscope, Hemocytometer, India). The microscopic
count at a different time interval of treatment is shown
in Fig. 9.

3.10.3 Toxicity

In Fig. 9, untreated Cr(VI) solution showed decreasing
RBC count after 1-h exposure as compared to the control.
This result indicates that untreated Cr(VI) solution gives
enough stress to the RBC. Application of treated Cr(VI)
solution shows improvement in red blood cells count. As
the increase in treatment time Cr(VI) percentage in solu-
tion decreases, which in turn recover the deficiency in RBC
count.

4 Scale-up design

The mass balance equation for the adsorption process is
171

V(G- C) = Wq, (22)

RBC Count x 10° (mL™)

1L —a— Control

—e— Groundnut treated water
—A— Walnut treated water
—w— Almond treated water

0 1 1 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120
Time (min)

Fig.9 Effects of untreated and treated Cr(VI) containing solution
on RBC

When the system reaches equilibrium, the equation
became

V(G —C) =Waq, (23)

The best-fitted isotherm model for all the three sys-
tems is the Langmuir isotherm model, and this was used
for design purpose. By combining the Langmuir isotherm
equation with the mass balance equation, the following
is obtained

w_ <(C0—CE)(bCe+1)>

= 24
4 bCedmax (24

From the sets of known values of b and g,,,, for the
individual bio-adsorbents, the equation was further sim-
plified, and a relationship for ¥ was obtained by using C,
and C,. Figure 10 shows the mass of walnut shell required
to remove Cr(VI) ion at the initial concentration of 20 mg/L.
Table 8 shows the adsorbent amount required for 80%
remotion of Cr(VI).

5 Modeling of the network
Genetic algorithm (GA) is one of the techniques of opti-
mization used in some cases during the last decade

[20]. The use of a neural network to prune the choice of
inputs is well documented in the past [63]. The use of the

20

Adsorbent: Walnut shell
Initial Cr(VI) conc.: 20 mg/L
pH: 2

Symbol % removal of Cr(VI)

15| —=— 90

—o— 80
—A— 70
—v— 60

Mass of adsorbent, g
S
T

Volume of effluent, L

Fig. 10 Variation of minimum value of cross-validation with respect
to number of processing elements in hidden layer
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Table 8 Mass of adsorbent required for 80% Cr(VI) ions removal

Volume of effluent Groundnut shell ~ Walnut shell (g9 Almond
@] ) shell (g)
2 1.7 1.5 1.6
4 33 3.0 3.1
6 5.0 4.5 4.7
8 6.6 6.0 6.2
10 8.3 7.4 7.8

Levenberg—Marquardt algorithm (with the maximum of
1000 iterations and the possible application of stopping
criterion within 100 iterations for improvement) for this
purpose (optimize the number of nodes in the hidden
layer within the value of 1-25) is also well documented.
The choices of data that are not normalized are now a
usual practice and are demonstrated in the past in our
previous efforts [20, 21]. Therefore, this analysis is per-
formed with the use of original data. The inputs of the
GA are presented in Table 8 along with their range. Apart
from the adsorbent number, the measurable quantities,
e.g., pH, adsorbent dosage, contact time, temperature,
and initial metal ion concentration, are considered. The
predictable parameter, i.e., the output, is the percentage
removal. For the elimination of the random error, the data
have been independently randomized three times and are
subsequently analyzed three times [63], and the predicted
data are recorded. The division of data related to training,
cross-validation, and the predicted output is divided into
the usual 70, 20, and 10 percent, respectively, for the pre-
sent study.

The roulette selection rule, the 1 point crossing overrule
(crossover probability of 0.9), and the uniform mutation
rule (mutation probability of 0.1) have been used. For the
present analysis, the size of the population is chosen as 15
and 100 generations have been set for the evolution of the
present GA network.

5.1 Network performance

Figure 11 shows the change in the MSE (minimum value
of cross-validation) to that of the various generations for
the three different randomizations. The optimized network
can be considered keeping in mind the smallest numeri-
cal value achieved relating to the minimum value MSE for
cross-validation during one of the generation numbers.
Table 9 presents this MSE numerical value.

Table 10 represents the final performance of out-
put regarding the statistical error parameters. The
excellence of the performance is determined from the
numeric value of the error parameters presented in
Table 10. The observation yields the numerical value of
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—— Randomisation number 1
—— Randomisation number 2
\ —o— Randomisation number 3

Minimum cross-validation MSE per generation

10 R 1 R
50 100

Generation number

Fig. 11 Design of single batch adsorption system using Langmuir
isotherm model for groundnut shells mass against volume of Cr(VI)
ion containing aqueous solution at the initial concentration of
20 mg/L

the cross-correlation coefficient (R) to be exceeding the
lower limit of 0.97 to the upper limit 0.997. This alone
presents the effectiveness of the modeling. This obser-
vation can also be ratified by the numerical value of the
AARE and SD. The visual inspection of Fig. 12 indicates
that the closeness of the output to the experimental
data reiterates the excellent performance of the GA
modeling (Table 10).

Table 9 Range of experimental and GA analysis data

Measurement type Range
Input parameters
Adsorbent number 1-3
pH 1-8
Adsorbent dosage (g/1) 0.1-2
Temperature (°C) 30-50
Contact time [t (min)] 15-240
Initial concentration [C, (mg/I)] 7.5-20.0
Output parameter
Percentage removal (%) 7.5-99.99
Total number of data points 93
Name of adsorbents Peanut shell,
almond shell,
walnut shell
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Table 10 Performance of the

optimized hybrid network for :{izr;dnooﬁwlsa— 2?:5': Vua?d’:lt?gnOf AARE S (0) MSE e 7

three different randomizations

for the prediction of 0.001079 0.036425 0.047484 9376595  0.996147 1.786908

percentage removal 0.000385 0031176  0.038012 5135990 0997108  0.662516
0.000907 0.043044 0.073009 29.04295 0.975954 5.028228

Adsorbents : Peanut shell, Almond shell, Walnut shell
Metal type: Cr(VI)
100 - 4 Randomisation 1

[ ¥ Randomisation 2 B

I o Randomisation 3

L o
- L
3 L
Q
2
2 L
-9
=
>
S
5 op }
Iy [ .
) L
8 L
=
8 -
5 L
o

1 1 1 1 I . | 1 1 i 1 1 13l
1 10 100

Percentage removal, Experimental

Fig. 12 Comparison of percentage removal for experimental to the
prediction

6 Conclusions

In this present study, groundnut shell, walnut shell, and
almond shells were utilized to remove Cr(VI) in batch
mode. The results of this investigation indicate that
Cr(VI) adsorption depends on solution pH. Optimum pH
for groundnut and walnut shell is 2, and for the almond,
the shell is 1. The Cr(VI) removal efficiency of natural
bio-adsorbents is quite high and is strongly dependent
on operational parameters. The adsorption capacities of
the nut shells are found to be 22.94 mg/g, 24.52 mg/g,
and 24.25 mg/g, for the groundnut, walnut, and almond
shells, respectively. Among the applied kinetic models,
the pseudo-second order fits well for all three adsor-
bents. The prediction of rate-limiting steps reveals that
film diffusion controls the Cr(VI) adsorption process for
all three adsorbents. The Langmuir isotherm describes
better process equilibrium than others. Dubinin—-Radush-
kevich model predicts that Cr(VI) adsorption on ground-
nut shell, walnut shell, and almond shell are governed
by both physical and chemical adsorption depending

on temperature. The adsorption process has also been
found to be spontaneous and endothermic. The regen-
eration of the bio-adsorbents also finds its reusability as
an adsorbent. Study of effects on RBC also gives a sup-
porting proof of toxicity of Cr(VI) and the applicability
of the used adsorbents for Cr(VI) removal. The scale-up
design is also described. GA—-ANN modeling successfully
predicts metal removal. Lastly, easy availability with high
adsorption capacity and good recovery make all of these
three green bio-adsorbents a potential alternatives for
the removal of toxic Cr(VI) ion from wastewater.
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