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ABSTRACT

The aim of current research was to remove methyl violet dye (MV) from wastewater by using egg-
shells. Batch experiments were performed to investigate the effect of different parameters, such as
solution pH, adsorbent dose, contact time, dye concentration, and temperature, on adsorption of
methyl violet dye. There was maximum, that is, 88% removal of methyl violet dye from wastewater
at optimized conditions (i.e., pH 7, 0.6 g adsorbent dose, 10 min contact time, 40 ppm dye concen-
tration, and 10°C temperature). Pseudo-first-order, pseudo-second-order, and intraparticle diffusion
models were used to examine the adsorption process. Pseudo-second-order model was the best fit
model for adsorption process with (R* = 0.9916). Adsorbent was characterized by scanning electron
microscopy and Fourier transform infrared spectroscopy techniques. Adsorption isotherms such as
Langmuir and Freundlich were studied and investigated. Langmuir isotherm model was best fol-
lowed by adsorption process (R* = 0.9938). Thermodynamic parameters (i.e., AH, AG, and AS) were
also investigated and results showed that process was spontaneous and exothermic. Applicability

of developed practice with tap water was 82%.
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1. Introduction

In recent decades, environmental challenges caused
by industrialization and urbanization have become more
common and complex [1]. Dye are extensively employed
in a variety of industries, with the textile industry being the
greatest consumer and producer of dye-laden effluent [2].
Among various dyes, crystal/methyl violet is a synthetic
cationic dye used for variety of purposes such as biological
staining, dermatological agents, veterinary medicine, and
additives to chicken feed in order to prevent mold, intestinal
parasites, and to textile dyeing industries. It is a mutagen and
a mitotic toxin, as well as a known carcinogen [3]. When it
is ingested or inhaled it can induce cancer, gene mutations,
allergies, and rashes [4], blepharospasm, gastrointestinal

* Corresponding author.

and respiratory tract irritation, nausea, abdominal pain,
paralysis, peritonitis, weight loss, pulmonary edema, harm-
ful reproductive effects, or birth defects, and cancer etc.
[5]. It also triggers tumors and several eye itchiness and
has been the most visible water-soluble class, an amount
of less than 1.0 mg L™ causes an evident coloration which
inhibits photosynthetic activity [6]. The APVMA (Australian
Pesticides and Veterinary Medicines Authority) of the
NHMRC (National Health and Medical Research Council)
disregarded the registration and pertinent approvals of
the products containing methyl (crystal) violet after a 1994
special review of crystal (methyl) violet (APVMA 2014) [7].
Because an increasing number of hazardous organic
and inorganic pollutants are found in water sources, one of
today’s global concerns is to provide healthy, pure water and
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to protect human health [8]. Dye removal from wastewater
can be done in several different ways. Coagulation and floc-
culation, biological treatment, chemical oxidation, electro-
chemical treatment, ion exchange, and adsorption are some
of the procedures used [9]. Among all, adsorption is the most
appealing of these approaches for purification of dye-loaded
effluents because it is simple, effective, environmentally
acceptable, and cost-effective. Selection of an appropriate
adsorbent, on the other hand, was always a difficult task [10].
To remove colors from aqueous solution, a range of low-cost
adsorbents have been utilized, including clay materials, zeo-
lites, siliceous materials, marine algae, chitosan, [11] bagasse
pith, fuller’s earth, and silica [12], wheat bran [13], spent
tea leaves [14], orange peel [15], meranti saw dust [16],
coconut bunch waste [17], mango seed [18], luffa acutan-
gula peel [19] and many fish scale derivatives such as rohu
(Labeo rohita) [20], piau (Leporinus elongates) scales [21] etc.

Eggshell is a common solid waste product in food pro-
cessing and manufacturing plants. Because most eggshell
trash has no practical utility, it is traditionally disposed of
in landfills without being pretreated [22]. Eggshells are a
calcium source found in nature [23]. Since eggshells were
historically useless and were generally discarded in landfills
without any pretreatment, substantial waste was from the
egg-based product’s processor [24]. Calcium, magnesium,
and phosphorus are present in eggshell so eggshell has high
nutritional value (Taco, 1982), this waste was commonly
used as fertilizer, soil amendment, and or animal feed sup-
plement (Christmas and Harms, 1976) [6]. Eggshell wastes
have been used as a cement additive, a biodiesel catalyst,
and a part of bone implants over the years. According to the
study, waste eggshells were used as fertilizers (27%), ani-
mal feeds (21%), municipal dumps (26%), and several other
restricted applications [25]. The eggshells that found their
way to dumpsites can be used as an adsorbent to remove
toxins from water. Activated carbon is commonly used to
remove dyes, but it is expensive, and the recovery of used
activated carbon is challenging. While, on the other hand,
eggshell has a porous structure and pure calcium carbon-
ate as the chief component. Due to high concentration of
calcium carbonate, porous structure, and plenty of acces-
sibility, toxic dyes can be removed from wastewater using
eggshell waste as an adsorbent [26].

The aims of current research was to remove methyl vio-
let dye from wastewater on eggshells by optimizing various
adsorption parameters such as pH, adsorbent dose, contact
time, dye concentration, and temperature, and to investi-
gate isotherms, kinetics, and thermodynamics. Non-linear
plots of isotherms have also been investigated.

2. Materials and methods
2.1. Collection of adsorbent

eggshells were collected from local bakery and washed
with tap water followed by rinsing with distilled water.
Eggshells were dried in sunlight for 4-5 d, grinned and
sieved to get particles of different mesh sizes, that is, 500,
200, and 100 pm. Due to high porosity, adsorption percent-
age, and surface area of 100 um sized particles, they were
selected for further adsorption experiments.

2.2. Preparation of dye stock solution

1,000 ppm stock solution of methyl violet (MV) was
prepared by dissolving 1 g of dye in a 1,000 mL measuring
flask and diluting it with distilled water up to the mark.
Fresh solutions were prepared for study of different parame-
ters by diluting stock solution.

2.3. Batch adsorption studies

For optimization of different parameters such as pH,
shaking time, adsorbent dose, dye concentration, and tem-
perature, batch adsorption experiments were performed.
Each experiment was carried out by keeping one parameter
variable while other parameters remain constant. 10 mL of
dye solution was used for each parameter study. For each
parameter, adsorption solution was shaken and centrifuged
for 3 min, filtered, followed by measuring absorbance of fil-
tered solution by spectrophotometer. Percentage removal
was calculated by equation given below:

%Removal = CGC_ o 100 (1)

0

where C is initial dye concentration (mg L) and C, is equi-
librium dye concentration (mg L™). adsorption capacity g,
(mg g™) can be obtained via following formulae:

qt:(co_ce)X% (2)

where V (mL) is volume of solution and m (g) is mass of
adsorbent used [27,28].

3. Results and discussions
3.1. Characterization of adsorbent

Eggshells are characterized by Fourier transform infrared
spectroscopy (FTIR; Perkin-Elmer Spectrum BX-II Model)
and scanning electron microscopy (SEM; Model Hitachi
S-3000N) functioning at 20 kV. FTIR was used to study
that which functional groups of adsorbent were involved
in adsorption of dye and SEM was used to study surface
morphology of eggshells.

3.1.1. Fourier transform infrared spectroscopy

FTIR spectroscopy identifies different functional groups
present on adsorbent surface [29,30] and gives information
about kind of bonding involved in dye adsorption [28].
The stretching and bending vibrations of functional groups
taking part in adsorption of adsorbate molecules were
consequently measured using FTIR spectra of eggshells.
Fig. 1 shows FTIR results of adsorbent both before and
after dye adsorption. Before dye adsorption, FTIR spectral
examination of adsorbent showed distinct peaks at 3,470;
2,929; 1,644; 1,160 and 650 cm™. Broad and strong band at
3,470 cm™ confirmed the existence of -OH stretching. -CH,
asymmetric stretching vibration is represented by band at
2,929 cm™. A prominent peak at 1,644 cm™ can be attributed
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to a -C=0 stretching in carboxyl or amide groups. Carboxyl
group show absorbance at 1,160 cm™. Characteristic band
at 650 cm™ is shown due to O-P-O bending vibrations of
a phosphate group. After dye adsorption, maxima of -OH
and -C=0 stretching vibrations were moved from 3,470 and
1,644 cm™ to 3,490 and 1,630 cm™, respectively. As a result,
it's reasonable to assume that -OH and —C=O are primary
adsorption sites for MV attachment on eggshell surfaces.
Change in wavenumber of peak at 650 to 645 cm™ indicates
that MV interacts with —-PO, functional group in eggshells.
As a result, FTIR spectra suggest that functional groups
on eggshell surface, such as -OH, -C=0O, and -PO, are
engaged in MV dye adsorption [22].

3.1.2. Scanning electron microscopy

Surface morphology and texture of eggshell powder
was examined using scanning electron microscopy both
before and after adsorption. Macroporous structure and
highly irregular surface of powdered eggshell can be seen
in images (Figs. 2 and 3) taken at a magnification of 2,000 X.
Furthermore, excessive porosity of eggshell powder particles
is also shown in Fig. 2, which might be pointed out as gas-
exchange pores. Before dye adsorption (Fig. 2), adsor-
bent surface was highly porous and rough which after dye
uptake (Fig. 3) became smoother and homogenous [8].

3.2. Effect of pH

Series of batch adsorption studies were performed
over a pH range of 1-12 to examine the effect of solution
pH on adsorption of MV by eggshells. Results (Fig. 4 and
Table S1) showed that percentage of dye removal increased
with increase in pH of dye solution, reaching a maximum
at neutral pH, that is, 7.0. with further increase in pH, no
significant change in dye removal was found. Hence, for
next experiments, optimum pH 7.0 was selected. Surface
charge of biosorbent and degree of ionization of dye mole-
cule are affected by solution pH. Protonation of functional
groups, present on surface of eggshells such as -OH, -C=0,
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Fig. 1. FTIR spectrum of eggshells (a) before adsorption and (b)
after adsorption [22].

and -PO,, at low pH levels imparts the adsorbent surface
a net positive charge, whereas deprotonation at high pH
levels gives it a net negative charge resulting in greater
amount of dye removal. MV has a pKa of 8; at pH greater
than 8, it is completely ionized and exists as cationic spe-
cies. Positively charged dye ions and positively charged
adsorbent surface have a considerable electrostatic repul-
sion at low pH levels, as a result, dye removal was minimal.
Due to strong electrostatic attraction between negatively
charged sites on adsorbent and cationic dye molecules (at
higher/basic pH levels) a significant increase in adsorp-
tion percentage was found. Reduction of H* ions, which
challenge dye cations for specific locations on adsorbent
surface at lower pH, may also account for increase in dye
removal capability at higher pH. This competition lessens
when pH rises, and dye cations replace H' ions linked

Fig. 2. SEM results before crystal violet dye adsorption on egg-
shells [8].

Fig. 3. SEM results after crystal violet dye adsorption on egg-
shells [8].
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to the adsorbent surface, leading to higher dye uptake.
Similar results have been reported by [31].

3.3. Effect of adsorbent dose

Effect of adsorbent amount for dye removal was
examined in range of 0.1-1 g (Fig. 5 and Table S2). As
the adsorbent amount is increased from 0.1 to 0.6 g, per-
centage of dye removal also increased due to increase in
adsorptive surface area and availability of more active/
adsorption sites which are primarily responsible for this
development [32-34]. Equilibrium adsorption capacity,
on the other hand, reduces as the amount of adsorbent
increases. This could be because of overlapping or clump-
ing of adsorption sites which reduced the total adsorp-
tion surface area available to dye molecules. As adsorbent
mass increased, amount of dye adsorbed on unit mass of
adsorbent decreases, resulting in a drop in % removal of
dye as adsorbent mass concentration increased. The maxi-
mum dye removal was observed at 0.6 g, and increasing the
adsorbent dosage does not increase the adsorption yield
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Fig. 4. Effect of solution pH on adsorption of methyl violet dye
on eggshells.
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Fig. 5. Effect of adsorbent dose on adsorption of methyl violet
dye by eggshells.

considerably. Because nearly all dye molecules adhere
to adsorbent surface and an equilibrium was established
between dye molecules on adsorbent and in the solution.
Similar results have been reported by [33,34].

3.4. Effect of contact time

Effect of contact time on adsorption of methyl violet by
eggshells was examined by varying time from 5-120 min.
Results (Fig. 6 and Table S3) showed that maximum
adsorption occurred within 10 min after which there was
a decrease in adsorption efficiency. Fast reaction in begin-
ning was due to presence of vacant adsorption spots at
exterior of adsorbent. After some time, all the vacant sites
were occupied by dye molecules resulting in less increase
in dye abstraction because at saturation point dye mol-
ecules are weakly held on adsorbent surface (probably
known as second adsorption layer) [35,36]. In other words
at saturation point active sites of adsorbent were impreg-
nated with dye molecules [37].

3.5. Effect of dye concentration

Adsorption efficiency of eggshells at various initial
methyl violet concentrations, that is, 5-120 ppm was inves-
tigated. Results (Fig. 7 and Table S4) showed that percent-
age removal increased continuously from 5-40 ppm dye
concentration after which there was a decrease in percentage
removal because at saturation point all active sites of adsor-
bent were impregnated with dye molecules. Besides repul-
sion between dye molecules also takes place responsible
for decrease in percentage removal of dye [38,39].

3.6. Effect of temperature

To optimize temperature parameter, solution tempera-
ture varied from 10°C-60°C. Results of experiment (Fig. 8
and Table S5) showed that crystal violet (CV) dye removal
using eggshells decreased with increase in temperature
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Fig. 6. Effect of contact time on adsorption of methyl violet dye
by eggshells.
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showing that the process of crystal violet (CV) dye adsorp-
tion on eggshells was of exothermic kind since at elevated
temperature, bonds between dye and adsorbent’s binding
sites weaken, that is, adsorbate-solvent interactions over-
come adsorbate-adsorbent interactions leading to decrease
in removal percentage of dye. Hence, process found to be
exothermic in nature [40-44].

3.7. Adsorption kinetic models

Effectiveness of an adsorbent is determined by kinet-
ics of adsorption [45]. This describes various elements that
influence rate of a chemical reaction. Adsorption of methyl
violet dye by eggshells was analyzed by three models as
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion model.

According to pseudo-first-order kinetic model, “rate
of adsorption has direct relation with number of available
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Fig. 7. Effect of dye concentration on adsorption of methyl violet
dye by eggshells.
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Fig. 8. Effect of temperature on adsorption of methyl violet dye
by eggshells.

active/adsorption sites.” Linear form of pseudo-first-order
reaction is as:

ln(qe—q,):lnqg—Kft 3)

where g, (mg g™) is amount of dye adsorbed on adsorbent
surface at time ¢, g, (mg g™) is amount of dye adsorbed on
adsorbent exterior at equilibrium time, K, is pseudo-first-
order constant. By plotting a graph between In(g, — g,)
and time f (min) we get a straight line graph. Kf and g,
can be obtained from slope and intercept of this graph
[46]. Results of experiment and graph given in Table S6
and Fig. 9. Results showed that R? value for pseudo-first-
order kinetic model was 0.9742 (less than 1). Additionally,
there was greater difference amongst calculated, that is,
8.3 x 10* mg g and experimental, that is, 0.198 mg g
g, values showing that current adsorption process does
not follow pseudo-first-order kinetic model.

Pseudo-second-order model shows that chemisorption is
involved in process [47]. Linear form of pseudo-second-order
model is given below:

t 1 t
+

9. K 4.

)

where g, (mg g') = amount of adsorbate adsorbed on
adsorbent surface at time ¢, q, (mg g™) = amount of adsor-
bate adsorbed on adsorbent surface at equilibrium time,
and K (g mg™” min™) = pseudo-second-order rate constant.
A straight-line graph (shown in Fig. 10 and statistical data
in Table S7) was obtained when we plot t/q, (min g mg™)
vs. time (min) from which slope and intercept can be deter-
mined [46]. Higher R? value of pseudo-second-order model
confirmed that it is the best fitted model for adsorption of
methyl violet dye by eggshells. Similar trend was observed
with various adsorbents [48-50].

To check the rate-controlling step, intraparticle diffu-
sion model was investigated on adsorption of methyl violet
by eggshells. Intraparticle diffusion model equation is as
follows:

log (Q.-Q,)

'
=
"

50 100 150

t (min)

Fig. 9. Plot of pseudo-first-order model for adsorption of methyl
violet dye by eggshells.
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g, =K% +1 )

where g, (mg g™) = quantity of adsorbate adsorbed at time
‘t, I = thickness of layer and K, (mg g min™) = intrapar-
ticle diffusion constant [48]. Plot obtained by data is not
linear (shown in Fig. 11 and statistical data in Table S8). It
means that only intra particle diffusion model is not the rate
limiting step, but other kinetic models are also involved in
control of adsorption speed [48]. Comparison of kinetic
parameters of three models is given in Table 1.
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Fig. 10. Plot of pseudo-second-order model for adsorption of
methyl violet dye on eggshells.
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Fig. 11. Plot of intraparticle diffusion model for adsorption of
methyl violet dye by eggshells.

Table 1
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3.8. Adsorption isotherm models

Different isotherm models, that is, Langmuir, Freundlich,
and Dubinin—-Radushkevich (D-R) isotherm models, were
used to evaluate concentration data from experiment of
crystal violet dye adsorption on eggshells. These isotherms
provide insight for relationship between adsorbate concen-
tration in solution and amount of dye adsorbed on adsorbent
surface [51].

According to Langmuir isotherm model, adsorption
occurs at specified homogenous locations on adsorbent sur-
face [52]. It deals with monolayer adsorption. Linear form
of Langmuir model is as follows:

1 1{ 1 J1[53] ©)

qe B qmax K C

max” L e

where K, = Langmuir constant (dm~ mol™) and g, = mono-
layer adsorption capacity (mg g™). This equation can be
written simply as:

=1 +(QJ )
% ImaKs \dma

When we plot a graph between C, (mg L™)/g, (mg g™) vs. C,
(mg L™), then a straight line was obtained [46]. Separation
factor (R,) was used to investigate whether the process is
favorable or unfavorable. Process is favorable only when

0 <R, <1 while it is unfavorable when R, > 1 and linear for
R, =1 and irreversible for R, = 0. Formula of R, is as follows:

R, = L
1+bC,

®)

where b = Langmuir adsorption equilibrium constant
(L mol™), C, = initial dye concentration (L mol™). From b
and C, we can determine R, [48]. Results (Table S9) showed
that process of adsorption was linear in nature (confirmed
by R, = 1). Statistical results of Langmuir adsorption iso-
therm (Table S10 and Fig. 12) showed that R* value of this
model was 0. 9928 (close to unity) showing that data was
the best fit to Langmuir isotherm model. Non-linear plot of
Langmuir isotherm model is given in Fig. S1.

Freundlich isotherm is an empirical equation used to
explain the adsorption process on heterogeneous surfaces.
Linear form of Freundlich adsorption isotherm model is:

lnqezKF+llnP 9)
n

Comparison of kinetic parameters of three models, that is, pseudo-first-order, pseudo-second-order, and intraparticle diffusion model

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Intraparticle diffusion kinetic model

Experimental g, =0.198 mg g™
Calculated q,=8.3 x 10* mg g
R?=0.9742

K, (min™) = 0.03086

R?=0.9918
K, (min™) = 0.7537

Experimental q,=0.198 mg g™
Calculated g,=0.197 mg g

Experimental g,=0.198 mg g
Calculated g,=0.107 mg g
R*=0.9773

K., (min™) = 0.0087
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In case of solution, this equation can take form as:
1
Ing, :Kf+flnC[ (10)
n

where K = Freundlich constant, n =slope, 4, (mg g™') =amount
of dye adsorbed per gram of an adsorbent. By plotting
Ing, vs. InC, a straight line graph (Fig. 13 and Table S11)
was obtained. From intercept and slope of graph “K/ and
“n” can be calculated [46]. R? value for Freundlich iso-
therm model was 0.9757, that is, less than that of Langmuir
adsorption isotherm model which confirmed that statisti-
cal data follows Langmuir isotherm model. Non-linear plot
of Freundlich isotherm model is given in Fig. S2.

Dubinin-Radushkevich isotherm model is an empir-
ical model that explains mechanism of adsorption with a
Gaussian surface distribution on a heterogeneous surface.
This model has a semi-empirical equation that follows pore
filling mechanism [54]. Equation for Dubinin-Radushkevich
is as:

Ing, =Ing,, —Be’ (11)
15
2 10

Qﬁ
U5
0
0 0.00005 0.0001 0.00015
C, (mol/ L)

Fig. 12. Langmuir isotherm plot for methyl violet dye adsorption
by eggshells.
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Fig. 13. Freundlich isotherm plot for adsorption of methyl violet
dye by eggshells.

where B = activity coefficient, Ing,,, = imaginary inundation
capacity, € is Polanyi potential as follows:

= RTln(1+1] (12)
C

e

where T = temperature, R is general gas constant. Energy of
transference of one mole of solute from infinity to adsorbent
surface is mean sorption energy denoted by .

1

B=— (13)
/2B

where B = activity coefficient [46]. Results of experiments
and graph for D-R isotherm was given in Table S12 and
Fig. 14 and non-linear graph was shown in Fig. S3. Value
of R? for D-R isotherm model is 0.9443 which is less than
that of Freundlich adsorption isotherm model and value of
energy (calculated from D-R isotherm model) indicated the
process to be chemical as well physical in its kind.

On comparing results of different isotherm models
(Table 2), we found that data fits the best to Langmuir iso-
therm model rather than Freundlich and D-R isotherm
models since R? value of Langmuir isotherm model is very
close to unity as compared to other models. Comparison of
adsorption capacities of different adsorbents for methyl vio-
let dye exclusion is given in Table 3.

3.9. Thermodynamics of adsorption

Effect of temperature on adsorption of methyl violet
dye is an important parameter that determines whether the
process was exothermic or endothermic [61]. Equation used
to calculate thermodynamic parameters is as:

ads (1 4)

where C , (mg L) = amount of dye adsorbed on surface of
adsorbent at equilibrium while C_ (mg L) = amount of dye

7
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Fig. 14. D-R isotherm plot for adsorption of methyl violet dye
on eggshells.
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Table 2

Comparison of isotherm models parameters, that is, Langmuir, Freundlich and Dubinin—-Radushkevich model

Langmuir isotherm model
Freundlich isotherm model
Dubinin—-Radushkevich isotherm model

Q, (mgg™) = 1.08E-08
K, (mg g™') = 1.80E+03
B=Q, (kJ* mol?) =0.6188

b (dm® mol™) = 8.6E-06 R?=0.9928
n(Lgl)=021 R*=0.9757
€2 (k] mol™) =2 R?>=0.9443

Table 3
Comparison of adsorption capacities of different adsorbents for
methyl violet dye exclusion

Adsorbent Adsorption References
capacity (mg g)
Eggshell 25.73 Present study
Ground nutshell 0.524 [55]
Bean pod 0.380 [55]
MWCNTs/MnO,Zn0O,Fe,0, 5.00 [56]
nanoparticles
Keratin nanoparticles 1.57 [57]
Coniferous pinus bark 0.72 [58]
Breadfruit 6.88 [59]
Activated carbon 18.47 [60]
14.200
14.000
13.800
¢ 13.600
=
~ 13.400
13.200
13.000
2.900E-03 3.400E-03 3.900E-03
1/T

Fig. 15. Van't Hoff plot of methyl violet dye adsorption by egg-
shells.

remaining in solution at equilibrium. Van't Hoff equation
relates AH and AS with K_by the following equation:

AH AS

InK =—=—+ (15)
° RT R

where R is the universal gas constant = 8.31 J mol™ K™
and T = temperature in Kelvin. A straight-line graph was
obtained by plotting InK_ against 1/T from which AH and
AS can be determined. Equation which relates Gibb’s free
energy with enthalpy and entropy is as:
AG =AH -TAS [62] (16)

Van't Hoff plot is shown in Fig. 15. Statistical data for
thermodynamic parameters is given in Table S13. Negative

Table 4
Calculated thermodynamic parameters

AG (k] mol™) AH (k] mol™) AS (k] mol™)
-31.017 9.723 0.149
-31.857 9.723 0.147
-32.755 9.723 0.145
-33.210 9.723 0.142
-34.047 9.723 0.140
-34.931 9.723 0.138
-35.878 9.723 0.137

Table 5

Results of regeneration study
Adsorbent Eggshells
Adsorbate Crystal violet
Desorbing agent used HNO3
Contact time 10 min
% age removal 78%

AG value confirmed the process to be spontaneous in nature
and randomness of process increased as confirmed by pos-
itive AS. Positive value of enthalpy change determine that
process is of endothermic nature [63-65] as given in Table 4.

3.10. Desorption study

Regeneration of adsorbent is an important parameter
in determining the proficiency and effectivity of adsorbent
used [34,66]. Nitric acid solution (1 M HNO,) was used for
desorption of methyl/crystal violet dye. For this 0.6 g of dye
loaded coconut husk (adsorbent) was shaken with 1 molar
nitric acid solution for 10 min to recover both adsorbent
and adsorbate. Results (Table 5) showed that nearly 78%
of desorption takes place. Yet, removal efficacy of adsor-
bent decreased after regeneration but can be reused for
treatment [37,48,62,67-69].

3.11. Applicability of developed process with tap water

Applicability of procedure with a real system was inves-
tigated by treating the adsorbent with tap water [48] pro-
viding optimized conditions (i.e., solution pH of 7.0, 0.6
adsorbent dose, 10 min contact time, 40 mg L™ dye concen-
tration, and 0°C temperature). Results showed that nearly
82% of methyl violet removal was take place confirming
the applicability of developed practice with real samples
(results are shown in Table 6).



S. Khadam et al. / Desalination and Water Treatment 268 (2022) 99-112

Table 6
Results of developed procedure with tap water
Adsorbent Eggshells
Adsorbate Methyl violet
Water used Tap water instead of distilled water
Percentage removal 82%

4. Conclusion

Eggshell works as an effective adsorbent to remove
methyl violet dye from wastewater. Maximum adsorption
occurs at pH 7.0, 0.6 adsorbent dose, 10 min contact time,
40 ppm dye concentration, and 10°C temperature resulting
in 88% removal of methyl violet dye. Adsorption of methyl
violet by eggshells followed pseudo-second-order kinet-
ics. FTIR was used for functional groups analysis and to
investigate which functional groups are involved in adsorp-
tion process. SEM was used to study surface morphology
of eggshells. Langmuir isotherm best fitted to adsorption
of methyl violet dye by eggshells. Thermodynamic study
revealed that the process was endothermic and sponta-
neous. Desorption study showed that eggshells are recy-
clable and hence are effective and efficient adsorbent for
wastewater treatment.
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Table 54
Results of experiment to study the effects of dye concentration

Table S1
Results of experiment to study the effects of solution pH Dye concentration (ppm) C, % adsorption
o c % adsorption 4.2356 58.06
e 10 3.609 81.49
1 2.3467 58.19 20 4.6366 84.93
2 2.5067 61.63 30 4.2607 89.5
3 2.64 63.67 40 3.7093 91.81
4 244 67.26 50 4411 90.57
5 2.2533 70.03 60 4.6867 90.21
6 2 74.78 70 4.8872 89.88
7 1.0267 80.41 80 5.4387 88.53
8 1.36 798 90 6.0652 87.23
9 1.6267 78.96 100 6.5915 86.15
10 17,867 78.28 120 8.1203 82.97
11 1.76 77.96
12 1.16 77.1
Table S5
Results of experiment to study the effects of temperature
Table S2
Results of experiment to study the effects of adsorbent dosage Temperature (°C) C % adsorption
Adsorbent dosage (g) C, % adsorption 10 4.787 89.6
0.1 2.2133 7591 20 53634 864
02 204 77 66 30 7.0175 84.87
04 19333 78.67 40 77694 53.24
0.6 1.8933 79.03 50 8.3961 81.89
038 17867 80.11 60 8.8221 8057
1.0 1.7733 80.06
Table S6
Table S3 Investigational statistics for pseudo-first-order kinetics

Results of experiment to study the effect of contact time

Time (min) C, % adsorption
5 1.44 82.203
10 1.0133 87.48
20 0.9733 86.33
30 1.36 83.19
40 2.5067 80.56
50 1.5333 78.3
60 2.5067 77.73
70 1.6267 76.9
80 1.9467 75.94
90 1.9733 75.6
100 2.04 74.79

Time (min) C,(mgL") g¢,(mgg") 4,-q9,  log(q,-q)
5 1.44 0.123 01779  -2.987
10 1.0133 0.139 0.16189 -2.845
20 0.9733 0.148 0.15289

30 1.36 0.153 0.148 ~2.602
40 2.5067 0.16 0.1418  -2.509
50 1.5333 0.1640 0.1369  —-2.496
60 2.5067 0.173 0.12789  -2.345
70 1.6267 0.186 0.11489 -2.184
80 1.9467 0.189 0.11189 -1.968
90 1.9733 0.191 0.10989 -1.852
100 2.04 0.194 0.10689 -1.624
120 2.0933 0.198 0.10289 -1.435
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Table S7 Table S9
Investigational statistics for pseudo-second-order kinetics Calculations for R; values
Time (min) C,(mgL™) g, (mg g™) t/g, b Initial dye concentration R,
5 1.44 0.123 17.24 (mol L)
10 1.0133 0.139 34.352 8.5749 x 107 1.22555E-05 1.000000236
20 0.9733 0.148 72.256 8.5749 x 107 2.45111E-05 1.000000471
30 1.36 0.153 104.167 8.5749 x 107 4.90221E-05 1.000000943
40 2.5067 0.16 160.143 8.5749 x 107 7.35332E-05 1.000001414
50 1.5333 0.1640 200.356 8.5749 x 107 9.80443E-05 1.000001886
60 2.5067 0.173 250.285 8.5749 x 107 0.000122555 1.000002357
70 1.6267 0.186 333.789 8.5749 x 107 0.000147066 1.000002828
80 1.9467 0.189 390.423 8.5749 x 107 0.000171577 1.0000033
90 1.9733 0.191 460.425 8.5749 x 107 0.000196089 1.000003771
100 2.04 0.194 540.587 8.5749 x 1077 0.0002206 1.000004243
120 2.0933 0.198 630.214 8.5749 x 107 0.000245111 1.000004714
8.5749 x 1077 0.000294133 1.000005657
Table S8
Investigational statistics for intraparticle diffusion model
Time (min) C, (mgL™) q,(mg g™) Bz Coefficient values + ane standard deviation
5 144 0.123 223607 e e e
10 1.0133 0.139 3.16228
20 0.9733 0.148 447214 ®
30 1.36 0.153 547723 & 107
40 2.5067 0.16 6.32456
50 1.5333 0.1640 7.07107 5
60 2.5067 0.173 7.74597
70 1.6267 0.186 8.3666
80 1.9467 0.189 8.94427 T T T T 1
90 1.9733 0.191 9.48683 20 40 60 80 100x10°
100 2.04 0.194 10 Ce
120 2.0933 0.198 10.9545 Fig. S1. Non-linear plot of Langmuir isotherm model.
Table S10
Experimental data for Langmuir isotherm model
C, (mgL™) C, (mol L) C,(mgL™) C, (mol L) C,, (molg™) C/C,, (gL™
5 1.22555E-05 4.2356 1.02E-05 2.01553E-07 1.987
10 2.45111E-05 3.609 1.99E-05 4.58107E-07 2.754
20 4.90221E-05 4.6366 2.23E-05 8.8051E-07 4.658
30 7.35332E-05 4.2607 3.56E-05 3.79632E-06 5.984
40 9.80443E-05 3.7093 4.17E-05 5.63943E-06 7.124
50 0.000122555 4.411 4.99E-05 7.26853E-06 8.625
60 0.000147066 4.6867 5.77E-05 8.94164E-06 9.487
70 0.000171577 4.8872 6.83E-05 1.03237E-05 11.254
80 0.000196089 5.4387 7.99E-05 1.16239E-05 12.987
90 0.0002206 6.0652 8.73E-05 1.3328E-05 14.584
100 0.000245111 6.5915 9.22E-05 1.52941E-05 15.547
120 0.000294133 8.1203 9.99E-05 1.94263E-05 15.999
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Table S11
Experimental data for Freundlich isotherm model
C, (mgL™) C, (mol L) C,(mgL™) C, (mol L) logC, logC._,.
5 1.22555E-05 4.2356 1.02E-05 —4.989700043 —4.9897
10 2.45111E-05 3.609 1.99E-05 —4.700492701 —4.5424
20 4.90221E-05 4.6366 2.23E-05 —4.650916831 —4.5871
30 7.35332E-05 4.2607 3.56E-05 —4.448916135 —4.4489
40 9.80443E-05 3.7093 4.17E-05 —4.380384994 —4.3804
50 0.000122555 4.411 4.99E-05 —4.302160632 -4.3235
60 0.000147066 4.6867 5.77E-05 —4.239200688 -4.1992
70 0.000171577 4.8872 6.83E-05 —4.165325026 -4.1653
80 0.000196089 5.4387 7.99E-05 —4.09772508 —4.1287
90 0.0002206 6.0652 8.73E-05 —4.058886273 -4.0589
100 0.000245111 6.5915 9.22E-05 —4.035410413 —4.029
120 0.000294133 8.1203 9.99E-05 —4.00056495 -4.0119
Coefficient values + one standard deviation Coefficient values + ane standard deviation
15)(1045_ Kf =4.9779 £ 7.74e-012 5| =0.0523 £ 0105
n =073308 £676e-010 15¢10 =11205 + 0.266
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Fig. S2. Non-linear plot of Freundlich isotherm model. Ce
Fig. S3. Non-linear plot of D-R isotherm model.
Table S12
Experimental data for Dubinin-Radushkevich model
C, (mgL?) C, (mol L) C,, (mol g™) InC_,, € g2
5 1.02E-05 2.01553E-07 -15.4172120 2.803599264 0.684134292
10 1.99E-05 4.58107E-07 -14.5961640 2.641102728 6.975423622
20 2.23E-05 8.8051E-07 -13.9427641 2.613247784 6.829063983
30 3.56E-05 3.79632E-06 —-12.4814784 2.499751505 6.248757587
40 4.17E-05 5.63943E-06 -12.0857282 2.46124693 6.057736448
50 4.99E-05 7.26853E-06 -11.8319561 2.41729648 5.843322271
60 5.77E-05 8.94164E-06 -11.6247916 2.381922646 5.67355549
70 6.83E-05 1.03237E-05 -11.4810638 2.340416232 5.477548139
80 7.99E-05 1.16239E-05 -11.3624513 2.302436198 5.301212447
90 8.73E-05 1.3328E-05 -11.2256465 2.280615396 5.201206584
100 9.22E-05 1.52941E-05 -11.0880456 2.267426038 5.141220836
120 9.99E-05 1.94263E-05 -10.8488838 2.247849059 5.052825392
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Table S13

Investigational statistics for thermodynamic parameters

S. Khadam et al. / Desalination and Water Treatment 268 (2022) 99-112

C,(mgL™) C, (mol L) C, (mol L) T (°C) T (K) 1/T K InK_

4.2857 1.050E-05 1.223E+01 0 273 3.663E-03 1164611.1 13.968
4.787 1.173E-05 1.223E+01 10 283 3.534E-03 1042651.6 13.857
5.3634 1.315E-05 1.223E+01 20 293 3.413E-03 930598.68 13.744
7.0175 1.720E-05 1.223E+01 30 303 3.300E-03 711246.36 13.475
7.7694 1.904E-05 1.223E+01 40 313 3.195E-03 642413.90 13.373
8.3961 2.058E-05 1.223E+01 50 323 3.096E-03 594462.90 13.295
8.8221 2.162E-05 1.223E+01 60 333 3.003E-03 565757.53 13.246
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