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Kinetic and equilibrium isotherm studies

SZENDE TONK!, CORNELIA MAJDIK?, ROBERT SZEP?, MARIA SUCIU*, ESZTER RAPO!, BOLDIZSAR NAGY?*,

ALEXANDRA GABRIELA NICULAES®

! Sapientia Hungarian University of Transylvania, Faculty of Sciences and Arts, 4 Calea Turzii, 400193, Cluj Napoca, Romania
2Babes Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos no. 11, 400028, Cluj Napoca, Romania
%Sapientia Hungarian University of Transylvania, Faculty of Economics, 1 Libertdpii Sq, 530104, Miercurea Ciuc, Romania
*National Institute for Research and Development of Isotopic and Molecular Technologies, Electron Microscopy Integrated
Laboratory, 67-103 Donath Str., 400293, Cluj Napoca, Romania

S University Politehnica of Bucharest, Faculty of Applied Chemistry and Materials Science, 1-7 Gheorghe Polizu Str., 011061,
Bucharest, Romania

Eggshell waste as adsorbent was successfully used for the removal of Cd(ll) ions from model synthetic
aqueous solutions. Batch biosorption studies were conducted in order to evaluate the effect of various
parameters, such as: contact time and initial metal ion concentration. The changes in the morphological
structure were evaluated by TEM and SEM analysis. The experimental isotherm data were analysed using
Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherm equations, using regression analysis
linear and non-linear form. Langmuir model was found to be in better correlation with experimental data
(R?=0.99). Biosorption kinetics data were tested using pseudo-first-order, pseudo-second-order, intra-particle
and liquid film diffusion models. Kinetics studies showed that the biosorption followed a pseudo-second-
order reaction. Removal efficiencies up to 92 % and a maximum adsorption capacity of 8.2 mg/g Cd(ll)
were obtained experimentally and 7.14 mg/g Cd(ll) were obtained from Langmuir isotherm model. The
percentage of metal sorption (C=11 mg/L, E,(%)=92.42), EDS analyses, and bioconcentration factor were
also calculated. The investigation findings suggested that the physical adsorption is controlling the adsorption
rate. Results of this study indicate that eggshell waste can be effectively used for the removal of Cd(ll) ions
from aquatic environments. The process is feasible, reliable and eco-friendly.
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Waters from many areas in the world are polluted with
toxic metals present in the industrial effluents,
radionuclides/hydrocarbons from oil refineries and
pesticides from agricultural industries. Unlike the organic
wastes, metals are non-biodegradable, and heavy metals
such asarsenic, selenium, zinc, manganese, lead, mercury
and cadmium, need to be removed from the environment
[1]. Heavy metals are elements having atomic weights
between 63.5 and 200.6 and a specific gravity greater than
5.0 [2]. Whenever natural eco-systems are exposed to toxic
metals, accumulation of metal ions in the human body
will occur through either direct intake or the food chain
[3]. Heavy metals are among the most toxic pollutants for
natural water bodies due to their long persistence in the
environment [4].

Cadmium metal is used in the steel and plastics industry,
while cadmium compounds are widely used in batteries.
This heavy metal is often released to the environment
through the wastewater causing diffuse and local pollution.

Food is the main source of daily exposure to cadmium,
none the less, it is considered very toxic to the aquatic life
and to humans as well. Cd (Il) can cause bone
demineralisation either through direct bone damage or
indirectly as a result of renal dysfunction [5,6]. Overdose
of cadmium causes proteins spilling in the urine and
disruption of potassium metabolism [7]. Chronic exposure
to cadmium can affect the nervous system, liver, kidney,
cardiovascular system, and may ultimately lead to death
[8, 9]. According to the Romanian legislation, the maximum
concentration limit for Cd(ll) discharge into surface waters
is 0.2 mg/L and 5:10° mg/L in potable waters [10,11].
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There are several methods for removing heavy metal
ions, such as ion-exchange, chemical precipitation,
membrane filtration, reverse osmaosis, electrochemical
treatment technologies and adsorption. Adsorption is now
recognized as an effective and economic method for
treating wastewater contaminated with heavy metals. The
adsorption process offers flexibility in design and operation
and in many cases will produce high-quality treated
effluent. In addition, because adsorption is sometimes
reversible, adsorbents can be regenerated by suitable
desorption process [12].

Biosorption has been confirmed to be a flexible
alternative method with a very promising future, best
described as cost effective, cheap, naturally available in
form of different adsorbents, and easy to handle [13-15].
Typical biosorbents can be derived from three sources as
follows: (1) non-living biomass, such as bark [16], potato
peel [17], tree sawdust [18], grape stalks [19], carrot
residues [20], grapefruit peel [21], coffee husks [22],
walnut shells [23]; (2) mushrooms [24], algae [25]
biomass; (3) microbial biomass [26] e.g. bacteria, fungi
[27] and yeast [28,29].

In this paper, hen-eggshell is used as low-cost, non-
conventional biosorbent to remove Cd(ll) ions from
wastewaters. About 250.000 tons of eggshell waste are
produced annually worldwide by the food processing
industry only [30].

Hen eggshell typically consists of ceramic materials
constituted by three-layered structure: cuticle on the outer
surface, spongy medium layer and an inner layer (lamellar).
The chemical composition (by weight) consists of calcium
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carbonate (94%), magnesium carbonate (1%), calcium
phosphate (1%), and organic matter (4%) [31].

Since eggshell is composed mainly of calcium
carbonate, sorption onto eggshell should occur primarily
via an exchange reaction, and it should be possible to use
it as a biological sorbent for heavy metal ions [32].

In order to investigate the main characteristics of this
sorbent, in this paper, the Cd (l1) ion concentration, kinetic
and process equilibrium were analysed. Mathematical
models were also proposed for sorption Kinetics
description.

The aim of this work was to study the kinetic aspects of
Cd(I1) adsorption on eggshell. Further, the applicability of
common isotherm models (i.e. Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin) was evaluated in
relation to Cd(Il) adsorption capacities at room
temperatures. TEM and SEM image studies were used for
biomass surface morphology characterization. EDS
analysis was used in order to determine the elemental
composition of eggshell waste before and after Cd(Il)
adsorption.

Experimental part
Sorbent preparation

Hen eggshells were collected from a grocery shop (Cluj
County, Romania). The eggshells were washed with tap
water for several times and afterwards with redistilled
water for three times in order to eliminate surface
impurities. Then they were transferred to the oven at 80°C
for 24 hin order to dry. The dried eggshells were crushed
and milled. Finally, the dried biomass was grinded and
sieved (315 um). The sieved eggshell powder was then
stored in an airtight box before its utilization.

Metal solution

The stock solution, 1 g/L of Cd (lI), was prepared by
dissolving Cd(NO,),4H,0 in distilled water. The required
concentrations were obtained by diluting the stock solution
to the desired concentrations, in the 11-157 mg/L range.
All chemicals used were of analytical grade. The Cd (II)
ions concentration from different samples was determined
using a flame atomic absorption spectrophotometer
(SensAA Dual GBS Scientific Equipment, Australia).

Metal bioadsorption studies

The batch equilibrium technique was used to determine
the Cd(ll) sorption on the eggshells.

Different initial heavy metal concentrations were tested
in the range of 11-157 mg/L. All biosorption experiments
were carried out in 250 mL Erlenmeyer flasks containing 1
g dried biosorbent in 100 mL metal ion solution.

This suspension was stirred for 3 h at room temperature
on a rotary shaker at 200 rpm. In order to determine the
exact concentration of metal ions and to establish the
evolution of the removal process, the samples were
collected at different time intervals for up to 180 min
(preliminary experiments showed that this time is
sufficient for attaining the equilibrium). The biomass was
separated by centrifugation at 12.000 rpm for 5 min and
the residual metal ion concentration was measured in the
supernatant.

The amount of adsorbed heavy metal (at equilibrium)
was calculated using the following equation of Volesky
and May-Phillips [48, 49]:

(C:) B Cl) v
e T @
where: g is time tadsorption capacity at equilibrium (mg/
9), C,is the initial heavy metal concentration (mg/L), C,is
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time t heavy metal concentration (mg/L), V = 100 mL,
and m s the adsorbent quantity (g).

Experimental data were used to determine the effect of
contact time on ion biosorption onto eggshell and the
adsorption capacity, in order to establish the equilibrium
time, and to describe the kinetic models. The evaluation of
Cd (I1) uptake at equilibrium for the eggshell samples was
realised using the adsorption capacity, g, (mg/g) and
removal efficiency, E (%) values.

Microscopy investigations

Transmission electron microscopy (TEM) for eggshell
based adsorbent were performed using a Hitachi
Automatic TEM H7650 equipment (accelerating voltage
40-120 kV, zoom 200x-600000x) by dipping a holey-carbon
TEM grid into a biomass suspension. Samples were imaged
using an Olympus KeenView G2 camera, with the
transmission electron microscope operating at 120 kV.

SEM

The morphology of eggshell waste was analysed using
JEOL (USA) JSM 5510 LV SEM microscope. Prior to the
surface observation, the samples were coated with a thin
layer (10 nm) of gold under vacuum of 1.33x10-6 mBar in
order to improve electron conductivity hence image quality.

Energy-dispersive X-ray spectroscopy (EDS) analysis

The elemental composition of eggshell waste biomass
before and after adsorption of Cd(ll) was analysed with
Scanning Jeol JEM 5510 LV analyser coupled with Oxford
Instruments EDS Analysis System Inca 300 (UK).

Bioconcentration factor (BCF)

The BCF provides an index of eggshell biomass ability to
accumulate the metal with respect to metal concentration
in watery solutions. The BCF was calculated [50] as
follows:

BCF = Concentration of metal in eggshell biomass/
Initial concentration of metal in external solution.

Results and discussions

The sorption of Cd(Il) on eggshell waste was studied in
a batch system and the experimental data were evaluated.
Isotherms and kinetic model equations were applied to
the experimental data.

Effect of the contact time and initial Cd(ll) concentration

Experiments were carried out using a fixed amount of
eggshell biosorbent (1 g) and a stirring rate of 200 rpm, but
varying the initial Cd(Il) concentration between 10-150 mg/
L. In order to establish the evolution in time for Cd(ll)
adsorption on eggshell waste, the cadmium concentration
was investigated in relation to contact time, the results
being presented in figure 1.

The adsorption was studied for 190 min at room
temperature. Considering the initial Cd (Il) ion
concentration as a parameter in the biosorption process,
the following conclusions were drawn:

a) the contact time curve shows that the Cd(Il) removal
increases rapidly in the first minutes - due to the abundant
availability of active binding sites on the eggshell waste
adsorbent - followed by a slow decrease;

b) around 90 % of metal ions were removed in the first
120 min with gradual occupancy of porous, vacant sites
on the biomass surface. The adsorption became less
efficient in the later stages. For equilibrium studies, Cd (II)
solution was kept in contact with eggshell waste for 190
min, although no significant variation in the residual Cd (l1)
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Fig. 1 The influence of initial Cd(Il) concentration evolution over
time on the eggshell powder; C. = 11-157 mg/L, 1 g biomass,
d=0.315mm,V=100mL, T =296 K, pH = 5.65, v =200 rpm
concentration was detected after 120 min of the contact

time.

Cd (II) adsorption efficiency and sorption capacity on
eggshell waste was monitored at various initial
concentrations between 10-150 mg/L, as shown on figure
2. The results reveal that at higher initial metal ion
concentrations, more metal ions were adsorbed per unit
weight at equilibrium. Adsorption capacity increases with
the increase in concentration from 1.02 mg/g (C= 11 mg/
L) to 8.2 mg/g (C= 157 mg/L). Meanwhile, adsorption
efficiency decreases as the initial metal ion concentration
increases from 92.42% (C= 11 mg/L) to 52.23% (C= 157
mg /L).
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Fig. 2 Influence of the initial Cd(ll) concentration on the:
(a) adsorption capacity, (b) removal efficiency on eggshell powder;
C,= 11-157 mg/L, 1 g biomass, d = 0.315 mm, V = 100 mL, 296 K,
pH =5.65, v =200 rpm
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All these results indicate that if the metal ion
concentration in the solution increases, the difference in
concentration between bulk solution and surface also
increases, intensifying the mass transfer processes as this
was mentioned by Nagy et al. [33], where they reached an
83.85% efficiency of Cd(Il) removal using Lactarius
piperatus as adsorbent.

Adsorption isotherm models

Several mathematical models were developed to
quantitatively express the relationship between the extent
of sorption and the residual solute concentration.
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In order to characterize the mechanisms of Cd(ll) ions
interaction with biosorbent site, Dubinin-Radushkevich and
Temkin adsorption isotherm models, along with Langmuir
and Freundlich isotherms were selected.

Langmuir is the most important model for describing
monolayer adsorption, based on the assumption that there
are a fixed number of adsorption sites, and each site can
hold one adsorbate molecule [34]. All sites are equivalent
and there is no interaction between adsorbed molecules.

The Langmuir equation can be expressed as follows:

log g, =log k+ l log C, ©)

i
where: g, is the solid-phase adsorbate concentration at
equilibrium (mg/g), g, is the maximum adsorption
capacity corresponding to the monolayer adsorption
capacity (mg/g), C, is the concentration of heavy metals
solution at equilibrium (mg/L) and K, is the adsorption
equilibrium constant that is related to the apparent energy
of adsorption. Isotherm parameters g and b can be
obtained by plotting 1/g, against C..

The values of the Langmuir parameters (table 1), g
and K, were 7.14 (mg/g) and 0.098 (L/mg). Also, the
correlation coefficient 2 was found to be 0.9963 (table 1).
The Freundlich isotherm was also employed to explain the
observed phenomena [35]. The Freundlich isotherm is
represented by the following equation:

log g, =log k+ l log C, ®)
i
where: kis the Freundlich constants related to adsorption
capacity, C_equilibrium concentartrion (mg/L), and n is
the Freundfich constants related to adsorption intensity.
The Ing, versus InC_ plot allows the determination of the
Freundlich constants presented in (table 1).

The value of n, which is related to the distribution of
bonded ions on the adsorbent surface, represents beneficial
adsorption if itis between 1 and 10 [8]. The nvalue for the
used biosorbent was found to be greater than one,
indicating that adsorption of Cd(ll) was favorable. The
correlation coefficients R? were found to be 0.9853 (table
1). Comparing the correlation coefficients of these two
models, the obtained results indicate that the equilibrium
data in case of Cd(ll) removal were better fitted well the
Langmuir isotherm model.

The linearized forms of Langmuir and Freundlich
isotherms are shown in figure 3 and figure 4.

The Dubinin-Radushkevich isotherm expresses the
adsorption mechanism with a Gaussian energy distribution
onto a heterogeneous surface. This model was applied to
understand the equilibrium process better, and to determine
if adsorption had occurred by physical or chemical
processes [36].

R = 0096

1ic,
Fig. 3. Langmuir isotherm for the adsorption of cadmium on
eggshell biomass; C, = 11-157 mg/L, 1 g biomass, d = 315 um, 296
K, pH = 5.65, v = 200 rpm
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equilibrium constant (L/g), b, is the Temkin isotherm

03 g0ttt constant, B is a constant related to heat of sorption (J/
o PR 4 mol). From the g, vs. InC, plot, A_and B constants were
o - determined.
o 3 Atkins, 1999 revealed that if the mean free energy and
g heat of adsorption values (kJ/mol) are lower than 20 kJ/
01 mol physical sorption process can occur [39]. Taking into
02 consideration that in our study, the calculated value of the

constant related to sorption heat, B has a value smaller
than 20 kJ/mol (table 1) we concluded that according to
this isotherm the adsorption process takes place as physical

toacs sorption.
Fig. 4. Freundlich isotherm for the adsorption of cadmium on
eggshell biomass; C, = 11-157 mg/L, 1 g biomass, d = 315 pum, Kinetics studies
296 K, pH = 5.65, v = 200 rpm In order to examine the mechanism of Cd(ll) ions

biosorption process on the eggshell waste biomass, such
The linear form of this adsorption isotherm equation can as mass transfer and chemical reaction onto eggshell
be expressed as: . waste powder biomass, pseudo-first- and pseudo-second
Ing, =lng, — & @ order, intra particle and film diffusion were used to examine
_ _ _ ) the experimental data. Linear regression was used to

where: g is the theoretical adsorption capacity (mg/g), 3 determine the correlation coefficients.

is Dubinin-Radushkevich model constant (mol? kJ?), € is In order to analyze the adsorption kinetics of Cd(ll) ions
equal to: onto eggshell waste biomass, experimental data were
1) tested with the most widely used Lagergren’s pseudo-first-

e=RTInl 1+ | order [40] and Ho's and McKay pseudo-second-order

[ Ce) ®) models [41]. The values of k, and R? along with the

where: R is the gas constant (8.314 J mol/K) and T is galculated uptake capacity g, (calc), are provided in table

absolute temperature (K). ' . -
Free energy £ per molecule, eq. 5, of adsorbate, which weAr\Z tggtg?]lg;r}?xv ?élr?g\;lé C&”&'%'&?_ g%%fé'oc)'?rxfs\é?“tjﬁg
232())? tt?or? |osft Irrr]wgeltjallls?or?se Itg/v ei\(/aenn %2}/3\',5.&' and chemical calculated uptake capacities of adsorption equilibrium
P g ' were much lower than the experimental uptake capacity

1 q,(exp)values.

25 (6) Therefore, it can be concluded that Lagergren pseudo-
_ ) first-order model is not suitable for describing the heavy
The isotherm constants g _and ( were obtained from  metal adsorption on eggshell waste biomass. By plotting

the intercept and the slope of the plot Ing, vs. €. _ t/q, versus t, the rate constant k,, the calculated uptake
If E value is between 8 and 16 k)/mol, the adsorption  capacity g (calc) and the correfation constant R’ were
process takes place by ion-exchange and if E <8 ki/mol,  calculated and summarized in table 2. The calculated

the adsorption process is physical [37]. In our case, with  uptake capacity values agree very well with the
eggshell biomass the mean free energy was 1 kJ/mol (table  experimental values and the R?values also exceed 0.9932.
1), which corresponds to physical adsorption. This indicates the applicability of Ho and McKay pseudo-

The Temkin isotherm assumes that the adsorption heat  second-order model for describing Cd(I1) adsorption on the
of all the molecules in the layer decreases linearly with the selected adsorbent.

coverage of molecules due to the adsorbate-adsorbent The pore diffusion coefficient, D (cm?s) for the removal
repulsions and the adsorption of cadmium ions uniformly  of Cd(ll) ions by eggshell waste biomass was calculated
realized on the surface [38]. (assuming a spherical geometry of the adsorbent, and an

The equation of this model can be expressed as: average size of 0.315 mm) using the following equation

9e=Bln A +BIn C, ) [42]:
RT r
. . & D =0.003-
5=4 ® > ®
where: T is absolute temperature (K) and Ris the universal Based on the pseudo-second-order model, t,, was
gas constant (8.314 kJ/K mol), A_is Temkin isotherm  estimated using the equation:
Table 1

LANGMUIR, FREUNDLICH, DUBININ-RADUSHKEVICH AND TEMKIN CALCULATED COEFFICIENTS USING LINEAR
REGRESSION ANALYSIS FOR CD(l1) BIOSORPTION ON EGGSHELL POWDER,; C, = 11-157 mg/L, 1 g biomass, d = 0.315 mm,
V =100 mL, 296 K, pH = 5.65, v = 200 rpm

Langmuir Freundlich Dubinin-Radushkevich Temkin
KL | quma B! n K B E AT B
(L/mg)| (mg/g) (mgl oL lng) R2 (mol? kJ?)| (kJ/mol) R! (Lig) | (J/mol R!
)
CdfII) | 0098 7.14 | 0.9963|2.17 1.16 0.9833| =107 1 09386 | 2.10 | 2x10% |0.9477
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Table 2
PSEUDO-FIRST-ORDER AND PSEUDO-SECOND-ORDER RATE CONSTANTS, CALCULATED AND EXPERIMENTAL g, VALUES FOR Cd(ll)
BIOSORPTION ON EGGSHELL POWDER BIOMASS USING DIFFERENT INITIAL CONCENTRATIONS; C, = 11-157 mg/L, 1 g BIOMASS,
d=0.315mm, V =100 mL, 296 K, pH = 5.65, v = 200 rpm.

Pseundo-first-order

Pseundo-second-order

C qe (exp)
ki ge (calc) k2 ge (calc)
(mg/L) (mg/g) R? R
{1/min) (mg/g) (g'mg-min) (mg/g)
11 1.02 1.31x 102 0.90 0.95 1.92x 1072 1.20 0.9720
62 47 1.34x 10 2.78 0.7798 1.27x= 1072 4.78 0.0816
99 5.73 0.98x 104 237 0.79%6 1.45x 1072 3.63 0987
120 717 2.4 107 4.72 0.9414 0.97x 1072 7.60 0.9932
157 82 2.47% 102 6.42 0.9234 0.65x 107 8.86 0.9901
1 135 min) is the gradual equilibrium stage with intra-particle
Ly = g (10) diffusion dominating.

The heavy metal sorption is governed usually by either
the liquid phase mass transport rate or the intra-particle
mass transport rate. Hence, diffusive mass transfer is
incorporated into the adsorption process.

Intra-particle diffusion (Weber and Morris intra-particle
diffusion equation) [43] plots for Cd(Il) biosorption on
eggshell waste biomass are shown is figure 5a. It can be
observed that the data present multilinear plots comprising
three regions.

The first region (from 10 to 40 min), is attributed to the
diffusion of adsorbate through the solution to the external
surface of adsorbent or boundary layer diffusion of solid
molecules. The second, linear portion (region from 40 -

The third portion is attributed to the final equilibrium
stage for which the intra-particle diffusion starts to slow
down due to the extremely low adsorbate concentration
leftin the solution [44]. Plots of g, against ¢, are linear (R*-
values, table 3) but with intercepts ranging between
+0.0023 and +7.42 (plots do not pass through origin). The
calculated intra-particle diffusion rate constants and pore
diffusion coefficients (assuming spherical geometry for
the adsorbent) are also listed in table 3.

The pore diffusion coefficients are values in the 1.14 x
10° - 4.07 x 10° cm?/s range. Therefore, it can be
concluded that the intra-particle is not the rate determining
stage for Cd(ll) biosorption on eggshell waste biomass.

Table 3
INTRA-PARTICLE DIFFUSION RATE COEFFICIENTS FOR CD(Il) BIOSORPTION USING EGGSHELL WASTE BIOMASS; C =11-157 mg/L,
1 g of biomass, d = 0.315 mm, V=100 mL, 296 K, pH 5.65, 200 rpm

Region 1, 10-40 minutes

Region 2, 40-135 minutes

Region 3, 135-190

C D minutes
(mg/L) = (em¥s) kip R? kep R? kip g2
(mg/g-min'?) (mg/g-min'?) (mg/g-min'?)

1.14 .

11 10': 0.088 0.949a 0.073 0.9386 0.59 10~ 0.7677

62 Ei?;‘_;x 0378 0.967a 0.052 05792 10.58: 102 0.7677
4.07x - - -

o9 102 0.147 06624 0217 09364 43 28w 10~ 0.7677
3687« . _ _ .

120 102 0.330 0.7234 0.390 0.9749 0.58x 10~ 0.76190

157 ziE:-l; 0388 0.9094 0.493 09748 0.5%x 104 0.7677

Intercept: 0.0023 -3.23 0.06-234 023-742
REV.CHIM.(Bucharest)# 68¢ No. 9 ¢ 2017 http://www.revistadechimie.ro 1955



o
& o

X
i
¢ o W XM XX

Vo oW om e

Fig.5. Plots of the intra-particle diffusion (a)

_ X X X X ® X ) < - and liquid film diffusion (b) models for
,f oy xR X ‘ L AARAL g g;f l"' . Cd(ll) biosorption using eggshell waste
lg,: 3 S LILEFLLL 5 - biomass; C, = 11-157 mg/L, 1 g of biomass,
S _ma"t Tis an g d =0.315 mm, V=100 mL, 296 K,

" A B g pH = 5.65, v = 200 rpm

B f#*""”‘*”” 05 ‘.c-*ﬂ“ e '

L5 % 5% ha ) 95 115 135 155 0 o w0 - 0 .
v‘]*mm]l‘l ‘:"‘ir‘]
#11 mgfl W62 mgll A 99mgfL 1ML « 157 mgil (a) #11mgll WI5Tmgl l:b)
Liquid film model [45] was also applied to Cd(Il) ions SEM analysis

biosorption on eggshell waste biomass (fig. 5b) for two
concentrations (11 and 157 mg/L). Linear plots of -In(1-F)
against twere obtained, and rate constants and intercepts
were calculated (table 4). As none of these plots exhibit a
zero intercept, it could be suggested that kinetics of the
considered process is not controlled by diffusion through
the liquid surrounding the adsorbent grains.
Table 4
LIQUID FILM DIFFUSION RATE COEFFICIENTS FOR CD(Il)
BIOSORPTION ON EGGSHELL WASTE BIOMASS AT DIFFERENT
INITIAL CONCENTRATIONS; C, = 11-157 mg/L, 1 g OF BIOMASS d =
0.315 mm, V=100 mL, 296 K, pH 5.65, 200 rpm

C ks
Intercept R!
(mg/L) | (L/min)

11 0.013 -0.14 0.9579
62 0.012 - 0.62 0.7683
a9 0.008 -095 09343
120 0.023 -0.50 0.9427
137 0.024 -0.29 09157

Taking into consideration all the results obtained by
applying kinetic models on Cd(ll) biosorption by eggshell
waste biomass experimental data, it can be concluded
that the rate-determining step is the biosorption process.

TEM analysis

The TEM micrographs show progressive changes on the
textural structure of the eggshell particles, enabling the
direct observation of the surface morphological structure
of the adsorbent. Comparing figure 6 control biomass (a)
and Cd(l1) adsorbed biomass (b) the differences between
two samples become evident. Figure 6b shows
morphology changes on surface; the biomass surface
changes obviously after Cd(ll) adsorption, having a
tendency to form dark blots and agglomerates, which can
be attributed to the metal ions. These surface structure
modifications can be explained by the fact that the Cd ions
are bound onto the eggshell waste biomass.

@k

Fig. 6. TEM photographs of (a) control (8000x) and (b) Cd(ll)
adsorbed (8000x) eggshell biomass.
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Figure 7 exhibits the scanning electron microscopy (SEM)
images for the calcareous layer of eggshell waste loaded
with Cd(I). In order to examine the textural and surface
morphologies of this biomass, micrographs were taken of
the biomass before and after metal ion adsorption, at 50
Um magnification. It could be seen with the naked eye
that the eggshell waste had a smooth, dense and porous
surface texture (fig. 7a) whereas the porous texture
disappeared after contact time with Cd(ll) (fig. 7b).
Interaction of eggshell waste with Cd(ll) has resulted in
the formation of agglomerates with irregular shape
deposits on its surface. During metal sorption the texture
of eggshell waste becomes more and more rough and
irregular. All in all, we can see a clear change in the surface
structure following the sorption experiments. Our results
are similar to the experiments of Ahmad [46] and Putra
[47] where they studied Pb(ll), Cu(ll), Zu(ll) and Cd(ll)
adsorption on eggshell waste.

.

eggshell waste
Results indicate that the adsorption of metal ions on the
eggshell waste surface is likely due to the ion exchange
reaction [46].

EDS analyses

EDS analysis was performed in order to determine the
elemental composition of the eggshell waste, our
biosorbent, before and after its exposure to Cd(ll) metal
ions. Values listed in table 5 indicate that our samples
contained large proportions of C, O and Ca (it is known
that eggshell consists of CaCO,). After adsorption Cd(ll)
clearly appears in the elemental composition of the
eggshell waste. Figure 8 presents the EDS spectrum of the
biosorbent before and after Cd(ll) treatment. As shown in
figure 8, a new peak appeared around 3keV representing

Fig. 8 EDS spectrum of eggshell waste before Cd(ll) adsorption
REV.CHIM.(Bucharest)¢ 68¢ No. 9 ¢ 2017



Table 5

THE CONTROL AND TREATED EGGSHELL WASTE ELEMENTAL CONTENT FROM EDS
SPECTRA ; VALUES EXPRESSED AS MEANS OF 10 REPLICATES

Wit(%) Content of the Wit %) 'I_:'nntent of thle
Element trol eeeshell waste eggshell waste adsorption
con of Cd (200 mgLl)
C 32.008 =7.494 23468 = 7417
0 44 587 =3 388 43926 =4.168
Na 1.969 £ 5084 ]
Mg 0336 = 0.064 0306 =0.080
Al 02650124 04180370
Fig. 8 EDS spectrum of eggshell waste after Cd(ll) g 0 0.035 < 0.057
adsorption I
P 0.185 = 0.088 0210+0.151
5 0366 0286 0514 £0.193
Ca 219497810 288019282
Cd 0 22820902
Cu 0 00720058

the feature of Cd(Il). The appearance of the EDS feature of
Cd on the surface of eggshell waste implies its ability of
metal ion binding [47].

Bioconcentration factor (BCF)

The bioconcentration factor (BCF) was calculated based
on the metal concentrations in eggshell waste and the
dissolved metal concentrations of water solution. The BCF
values for Cd(ll) in eggshell waste at different
concentrations are shown in figure 9. The BCF values for
Cd(ll) significantly decreased when Cd(Il) concentration
was increased in the experimental solution. After
equilibrium, the BCF was 12.2 at initial concentration of 11
mg/L. In this case the BCF value at lower Cd(ll)
concentrations was remarkably higher (about 10 times
higher) than with higher metal concentrations. This
observation is noteworthy as it strongly suggests that
eggshell waste biomass is a promising biosorbent
candidate for removing Cd(Il) from aqueous solution even
at lower Cd concentrations.

| ¥

BCF

+ ¢ rY
0 25 50 75 100 125 150

Initial concentration(mg/L)

Fig. 9. BCF values for Cd(ll) in eggshell waste at different
concentrations

Conclusions

The results obtained in this study highlight that eggshell
waste can be used as biosorbent for Cd (II) ions removal
from aqueous solutions.

During the experiment, in the first 120 min around 90 %
of metal ions were removed. As time passed by, initial metal
ion concentration decreased. With the increase of initial
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Cd (l) ions concentration, the quantity at equilibrium
increased, whereas the adsorption efficiency decreased.

According to our experimental conditions, the Langmuir
isotherm model describes best the adsorption fact which
indicates that a monolayer adsorption took place. The
Temkin and Dubinin-Radushkevich constants point to
physical sorption as the form of the adsorption process.

By comparing various kinetic models, and taking into
consideration that pore diffusion coefficients have higher
values than rate determining range, that none of the plots
of the liquid fill model exhibit a zero intercept and the kinetic
data showed that the biosorption of Cd(ll) ions onto
eggshell waste biomass followed well the pseudo-second-
order kinetic model.

TEM and SEM images taken before and after Cd (l1) ions
adsorption show surface structure modifications on
eggshell waste due to ion exchange reactions which took
place.

By means of EDS analysis we determined the elemental
composition of the eggshell waste during the experiments.
EDS spectrum and values prove that eggshell waste is
capable of metal ion binding.

Our results indicate that at lower Cd (II) concentration
the bioconcentration factor is 10 times higher than at higher
metal concentrations.

Based on the results obtained, it can be concluded that
eggshell waste is an effective, green and alternative
adsorbent for removing Cd (Il) from aqueous solutions.

References

1.ALLURI, H.K., RONDA, S.R., SETTALLURI, V.S., BONDILI, J.S.
BONDILI, SURYANARAYANA, V., VENKATESHWAR, P, Afr. J. Biotechnol.,
6, 2007, pp. 2924-2931

2.SRIVASTAVA, N.K., MAJUMDER, C.B., J. Hazard. Mater., 151, 2008,
pp. 1-8

3.YOO, H.Y., LEE, H.Y., JEONG, W.J. et.al. J. of Kor. Environ. Sci., 11,
2002, pp. 993-999

4 MEHMET, E.A., SUKRU, D., CELALETTIN, O., MUSTAFA, K., J. Hazard.
Mater., 141, 2007, pp. 77-85

5.%**WHQO - CADMIUM IN DRINKING-WATER. BACKGROUND
DOCUMENT FOR PREPARATION OF WHO GUIDELINES FOR DRINKING
WATER QUALITY. GENEVA, 2003

1957



6.BERNARD, A., INDIAN J. Med. Res., 128, 2008, pp. 557-564
7.MATHIALAGAN, T., VIRARAGHAVAN, T., J. Hazard. Mater., B94, 2002,
pp. 291-303

8.AHMAD, A., RAFATULLAH, M., DANISH, Md., Holz Roh Werkst., 65,
2007, pp. 429-436

9.SEMERJIAN, L., J. Hazard. Mater., 173, 2010, pp. 236-242
10.***ROMANIAN GOVERNMENT DECISIONS, HG 188/2002 MODIFIED
WITH HG 352/2005

11.***ROMANIAN LAW 458/2002 MODIFIED WITH LAW 311/2004
12.FENGLIAN, F, WANG, Q., J. Environ. Manage., 92, 2011, pp. 407-418
13.0FOMAJA, A.E., NAIDOO, E.B., MODISE, S.J., J. Hazard. Mater.,
168, 2009, pp. 909-917

14, APIRATIKUL, R., PAVASANT, P, Bioresour. Technol., 99, 2008, pp.
2766-2777

15.ZHENG, W.,, XIAOMING, L., QI, Y., JING-JI, L., J. Hazard. Mater., 147,
2007, pp. 534-539

16.CUTILLAS-BARREIRO, L., ANSIAS-MANSO, L., FERNANDEZ-
CALVINO, D., ARIAS-ESTEVEZ, M., NOVOA-MUNOZ, J.C., FERNANDEZ-
SANJURJO, M.J., ALVAREZ-RODRIGUEZ, E., NUNEZ-DELGADO, A., J.
Environ. Man., 144, 2014, pp. 258-264

17.AMAN, T.; KAZI, A. A.; SABRI, M. U.; BANO, Q., Colloid. Surface. B.,
63, 2008, pp.116-121

18.NAGY, B., MANZATU, C., TOROK, A., INDOLEAN, C., MAICANEANU,
A., TONK, S., MAJDIK, K., Rev. Roum. Chim., 60, 2015, pp. 257-264
19.VILLAESCESA, I., FIOL, N., MARTINEZ, M., MIRALLES, N., POCH, J.,
SERAROLS, J., Water Res., 38, 2004, pp. 992-1002

20.NASERNEJAD, B., ESSLAM ZADEH, T., BONAKDAR POUR, B.,
ESMAAIL BYGI, M., ZAMANI, A., Process Biochemistry, 40, 2005, pp.
1319-1322

21.TORAB MOSTEDI, M., ASADOLLAHZADEH, M., HEMMATI, A.,
KHOSRAVI, A., J. Taiwan Inst. Chem. Eng., 44, 2013, pp. 295-302
22.0LIVEIRA, W.E., FRANCA, A.S., OLIVEIRA, L.S., ROCHA, S.D,, J.
Hazard. Mater., 152, 2008, pp.1073-108

23.KAMAR, F.H., NECHIFOR, A.C., MOHAMMED, A.A., ALBU, PC.,
CRACIUN, M.E., Rev. Chim. (Bucharest), 63, no.5, 2015, p. 615

24 NAGY, B., MAICANEANU, A., IONDOLEANU, C., MANZATU, C.,
DUMITRESCU-SILAGHI C., MAJDIK, C., J. Taiwan Inst. Chem. Eng., 45,
2014, pp. 921-929

25.NECHIFOR, A., C., NAFTANAILA, L., RIKABI, A. A. K., DINU, A.,
PANAIT, V., MIRON, A., R., Rev. Chim. (Bucharest), 65, no. 4, 2014,
p.386

26.ALMAGUER CANTUR, V., MORALES RAMOS, L.H., BALDERAS
RENTERIA, ., Water Sci. Technol., 63, 2011, pp. 1607-1613

1958 http://www.revistadechimie.ro

27.SIMONESCU, C.M., DIMA, R., FERDES, M., MEGHEA, A., Rev. Chim.
(Bucharest), 63, no. 2, 2012, p. 224

28.MAIDIK, C., BURCA, S., INDOLEAN, C., MAICANEANU, A., STANCA,
M., TONK, Sz., MEZEY, P, Rev. Roum. Chim., 55, 2010, pp. 871-877
29.STOICA, L., STANESCU, A.M., CONSTANTIN, C., BAICIOIU, G., Rev.
Chim. (Bucharest), 65, no.7, 2014, p. 844

30.STADELMAN, W.J., Encyclopedia of Food Science and Technology,
2000, p. 593-599

31.CHOJINACKA, K., J. Hazard. Mater., B121, 2005, pp. 167-173
32.NAGY, B., SZILAGYI, B., MAIDIK, C., KATONA, G., INDOLEAN, C.,
MAICANEANU, A., Environm. Progr. & Sust. En., 33, 2014, pp. 1158-1170
33.LANGMUIR, I., J. Am. Chem. Soc., 38, 1916, pp. 222-2295
34.FREUNDLICH, H.M.F,, J. Phys. Chem., 57, 1947, pp. 385-471
35.DUBININ, M.M., Chem. Rev., 60, 1960, pp. 235-266

36.SARI, A., TUZEN, M. J., Hazard. Mater., 152, 2008, pp. 302-308
37.TEMKIN, M.1., PYZHEV, V, Acta Physicochim. 12, 1940, pp. 327-356
38.ATKINS, P, Physical chemistry 6" Ed. Oxford University press,
London, 1999, pp.857- 864

39.LAGERGREN, S. Handlingar, Band 24, 1898, pp. 1-39

40.HO, Y S., MCKAY, G., The Water Res. 34, 2000, pp. 735-742
41.PANG, X.Y., Gong, F,, E-J Chem., 5, 2008, pp. 802-809

42 WEBER, WJ., MORRIS, J.C., J. Sanit. Eng. Div. Am. Soc. Civ. Eng.,
83, 1963, pp. 31-60

43.MANE, V.S., BABU, PV.V, Desalination, 273, 2011, pp. 321-329
44,BOYD, G.E., ADAMSON, A.W.,, MYERS, L.S. Jr., J. Am. Chem. Soc.,
69, 1947, pp. 2836-2842

45.VOLESKY, B.A., MAYPHILLIPS, H.A., Appl. Microbiol. Biotechnol.,
42,1995, pp. 797-806

46.ZAYED, A., GOWTHAMAN, S., TERRY, N., J. Environ. Qual., 27,
1998, pp. 715-721

47.ALBU, P, C., AL ANI, H., N., A,, CIMBRU, A., M., POPA, G. A,
NICULAE, A, G., MIRON, A. R., Rev. Chim. (Bucharest), 67, no. 4,
2016, p. 813

48.MIRON, A. R., CHIVU, AM., A, RIKABI, A. A. K. K., ALBU, P C., Rev.
Chim., (Bucharest), 65, no. 12, 2014, p.1399

49.MIRON, A., R., NECHIFOR, A., C., RIKABI, A. A. K. K., TANCZOS,
S.K., EEMJ, 14, 2015, pp.373-379

50.MIRON, A., R., RIKABI, A. A. K. K., NICULAE, A., G., TANCZOS,
S.K., Rev. Chim., (Bucharest), 66, no. 1, 2015, p.6

5L.MIRON, A., R, RIKABI, A. A. K. K., NICULAE, A., G., Radu, D. A,,
lordache, |., Tanczos, S.-K, Rev. Chim., (Bucharest), 65, 2014, no. 10,
p.1129

Manuscript received: 18.10.2016

REV.CHIM.(Bucharest)¢ 68¢ No. 9 ¢ 2017



