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ABSTRACT

Heavy metal pollution has become one of the most serious environmental problems today.
Keeping in view of the economic and pollution considerations; there is indeed need to
develop process and practice for the waste management, for the disposal of industrial waste
containing Cu(ll) in a scientific manner. In the present study, sweet lime peels (SLP), an
agricultural waste was utilized as an adsorbent for Cu(Il) removal from aqueous solution.
The biosorption mechanism and characteristics of SLP was studied by Fourier transform
infrared. Kinetic studies based on pseudo-first-order and pseudo-second-order rate
expressions have also been carried out. The pseudo-second-order kinetics was found to
provide the best correlation with the experimental data. The effect of two parameters,
namely, temperature (20, 30, 40, 50 and 60°C) and pH (2, 3, 4, 5, 6), were studied. The
particle size effect in relation to biosorption capacity is also discussed. The experimental data
were analysed using Langmuir, Freundlich, Redlich-Peterson, Temkin and Dubinin—-
Radushkevich isotherms. The Langmuir model was found to exhibit the best fit to
experimental data. The maximum adsorption capacity was found to be 37.45mg/g at 293 K.
Thermodynamic parameters such as free energy (AG®), enthalpy (AH®) and entropy (AS°)
were also determined. Thermodynamic study showed that the biosorption was exothermic,
spontaneous and favourable.

Keywords: Sweet lime peels (SLP); Kinetics; Adsorption isotherm; Adsorption thermodynamics

1. Introduction

Copper, one of the most widely used heavy met-
als; is mainly employed in electrical and electroplating
industries [1]. Industrial waste streams including cop-
per ore mining, metal cleaning, plating baths, paper
and pulp, wood pulp production, fertilizer industry,
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etc. are the potential sources of copper [2,3]. Copper is
essential to human life and is required for various
biological processes; but like all heavy metals, it is
potentially toxic for living organisms and ecological
systems if present in larger amounts. Copper causes
serious toxicological concerns such as widespread
capillary damage; hepatic and renal damage; gastroin-
testinal irritation and corrosion; central nervous
system irritation followed by depression; and deposits
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in brain, skin, liver, pancreas and myocardium [4-6].
Copper may be found as a contaminant in food,
especially shellfish, liver, mushroom, nuts and
chocolate [7]. Cu(ll) is also harmful and toxic to fish
life, aquatic flora and fauna even when its content is
small in natural water resources [8]. According to
World Health Organisation, International Standard of
Drinking Water; the maximum permissible concentra-
tion of copper in drinking water is 1.0 ppm [9,10].

The wastewater from the process industries
contains Cu(ll) concentrations in the range of
100-120mg/L. Current practices and methods for the
removal of copper from contaminated water bodies
are reverse osmosis, electro dialysis, ultrafiltration,
ion-exchange, chemical precipitation, phytoremedia-
tion, membrane process, electrolysis and solvent
extraction [11,12]. However, all these methods have
their disadvantages such as incomplete metal removal,
high chemical reagent requirement, energy require-
ments and inefficient and expensive, especially remov-
ing heavy metal concentrations less than 100 ppm.
Therefore, there is need to find an efficient and low
cost, easily available and eco-friendly adsorbent which
is capable of removing copper ions from industrial
wastewater [13,14].

Recently, researchers have reported that materials
with biological origins, such as agricultural and ani-
mal waste, are effective and usable in the removal of
heavy metals [8,15]. There is an increasing interest
among the researchers to find low-cost bioadsorbents,
viz. bark, tannin-rich materials, lignin, chitosan, dead
biomass, algae, xanthate, zeolite, clay, fly ash, peat
moss, bone beads, leaf mould, moss, modified wool
and modified cotton, etc. [16]. The various researchers
have carried out Cu(ll) adsorption using agriculture
waste such as apple wastes [17], banana peel [18],
carrot residue [19], wheat shell [20], rubber leaves
powder [21] and sour orange residue [22].

Citrus is subtropical and tropical crop, native to
south-eastern Asia; with records of human cultivation
extending back to at least 2,100 BC [23]. The world-
wide production of citrus fruits has been increasing in
about 140 citrus fruits producing countries [24]; and it
is 106 million metric tons [25]. Citrus fruits are mainly
used for dessert, juice and jam production [26]. The
considerable amount of waste or by-products such as
peels, seeds and pulps which represent 50% of the
raw processed fruit is generated by citrus fruits and
agro-food processing industry [27]. These by-products
are considered as a valuable source of functional
ingredients, namely, flavonoids, dietary fibres and
essential oils. In the case of Korea, about 40,000 tons of
citrus peel by-products out of 100,000tons of citrus
are being produced yearly in citrus juice processing

7823

plants [28]. Accumulation of citrus fruit waste in the
processing industries has resulted in two important
problems which are land space occupation and pollu-
tion with phenolic compounds due to dumping of this
waste. Since the sweet lime peels (SLP) are available
free of cost from processing industries, only the
drying and/or carbonisation is involved for the
wastewater treatment. Hence, recycling of this solid
waste for wastewater treatment would not only be
economical but also will help to solve solid waste
disposal problems.

Sweet Lime (Citrus limettioides Tanaka) is grown in
India as Mitha nimbu mostly in Punjab and northern
India and in the state of Tamil Nadu. In India, a num-
ber of large- and medium-scale sweet lime producing
industries exist. It is also grown in Egypt, Palestine,
Israel and neighbouring countries. Fruits are sweet or
flat taste, medium sized, with few seeds. Peel is yel-
low to yellow-orange in colour, quite smooth, thin
and adherent. Flesh is straw-yellow coloured. The dis-
posal of fresh waste peels has become a major concern
for many for the citrus processing industry [29]. The
management of these wastes, which produce odour
and soil pollution, represents a major problem for the
citrus processing industry. There is growing interest
in using large quantities of such kind of wastes avail-
able as low-cost, non-conventional alternative materi-
als and can be used for the treatment of polluted
water. This approach is an attractive and promising
option with a double benefit for the environment.

The aim of this research is to investigate the possi-
bility of using and transforming SLP waste to some-
thing valuable, namely, biosorbent. The present
investigation envisages regarding the use of dried SLP
available in large quantities for removal of Cu(Il) ions
from model waste water. The aim of the present
investigation is to study the sorption kinetics, to estab-
lish the kinetic rate coefficients for sorption of Cu(Il)
by SLP, biosorption equilibrium employing different
two-parameter isotherm models as well as thermody-
namic studies.

2. Materials and methods
2.1. Chemicals

All chemicals used in the present work were of
analytical purity. The stock solution of 1,000 ppm
Cu(l) was prepared by using CuSO, 5H,O and then
diluted to appropriate concentrations for each test in
double distilled deionised water. 1% phosphoric acid
solution was prepared in deionised (DI) water for
washing biosorbent. Acetate buffer of different
capacities were used for pH value adjustment. The
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analysis of Cu(l) was done by CHEMITO2700
spectrophotometer. PAN reagent used for spectro-
photometric analysis was prepared by adding 300 ml
of  1-(2-pyridrylazo)-2-naphthol =~ (PAN) solution
(4x10°mol/L), 50ml of 1,4-dioxane 99.8% pure
(HPLC grade) and 50ml of sulphuric acid 0.2mol/L.
All chemicals were procured from Hi Media
Laboratories, Mumbai, India.

2.2. Preparation of biosorbent from SLP

SLP collected from kitchen waste of nearby juice
centre in Mumbai, were washed thoroughly with tap
water and were dried in hot air oven for about 48 h.
The dried SLP then were crushed in mixer and sieved
so as to get adsorbent powder of different sizes; less
than 0.355mm, 0.355-0.71mm and greater than
0.71mm etc. The dried SLP adsorbent powder of
uniform sizes were then soaked in 0.1M phosphoric
acid solution for 12 h for leaching of water-soluble col-
ouring as well as aroma giving components. This was
followed by leaching of remaining water-soluble com-
ponents by water for 12h. The biosorbent thus pre-
pared by these methods was given several washings
with tap water and finally with DI water. This is then
air dried and used for further studies of adsorption.

Characterisation of biosorbent was done with
FT-IR spectroscopy for determining the available
functional groups on the surface of biosorbent. Perkin-
Elmer's VERTEX80v FT-IR spectrophotometer was
used in the range of 400-4,000cm '. Sample prepara-
tion for FT-IR was done of KBr pressed pellet method.
Used biosorbent particles were also analysed for the
confirmation of utilised functional groups on surface
area.

2.3. Detection of Cu(Il) ions from model waste water

The detection of Cu(Il) ions is done by spectropho-
tometric analysis with CHEMITO2700 spectrophotom-
eter. Reagents required for analysis are PAN solution
(4x10°mol/L), 1,4-dioxane 99.8% pure (HPLC
grade) and sulphuric acid 0.2mol/L. Stock solution of
1,000 ppm was prepared by dissolving copper (II)
sulphate pentahydrate in DI water and standard
solutions were prepared by proper dilution of stock
solution in DI water. The standard curve for Cu(Il)
detection was prepared by serial dilution of standard
solution in DI water as 100, 200, 300, ... 1,000 ppm.
0.1ml of every sample was added in 3ml of PAN
reagent, 0.5ml of 1, 4-dioxane, 0.5ml of sulphuric acid
and DI water to make up the total volume of every
sample as 5ml. The samples were analysed at 560 nm
spectrophotometrically.
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2.4. Adsorption kinetics study

Kinetics is one of the important characteristics
defining the efficiency of an adsorbent [30]. The study
of sorption kinetics describes the adsorbate uptake
rate and evidently this rate controls the residence time
of adsorbate at the solid-liquid interface, hence the
reactor dimensions are controlled by the system kinet-
ics. It depicts the minimum time required for consid-
erable adsorption to take place, uptake rate and
controls the residual time of the whole adsorption
process [31]. It gives insight into underlying adsorp-
tion mechanism involved in the process [32]. For
designing of batch and continuous adsorption sys-
tems, the rate at which sorption takes place is an
important factor to be considered.

In the present work, kinetic sorption studies were
carried out using 100 ml of Cu(Il) ion solutions of ini-
tial concentration 100 and 500 ppm. The metal ion
solutions were measured into different labelled conical
flasks containing 1.0g of adsorbent. Both flasks with
initial pH 6 were uniformly agitated in a temperature-
controlled shaker at a speed of 200rpm at 303K. At
predefined time intervals, the samples were with-
drawn, filtered and analysed for Cu(ll) uptake. The
adsorption behaviour with time was checked and fit-
ted into the kinetic model.

The equilibrium adsorption capacity was calculated
using Eq. (1)

(G —=C)V
Qe =" — 1)
The metal sorption capacity (g,) of the biosorbent
was calculated from the relationship Eq. (2)

e
qt— M

(2)

Also, the Cu(ll) percent removal (% RE) was
calculated using the following Eq. (3)

C,—C

JARE = =* = x 100 (3)

2.5. Kinetic modelling

In order to clarify the biosorption kinetics of Cu(II)
ions and the detail mechanism of adsorption rate for
the adsorption onto SLP using two kinetic models
[33], which are Lagergren pseudo-first-order and
pseudo-second-order models, were applied to the
experimental data.
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The pseudo-first-order kinetic model considers the
rate of occupation of the adsorption sites to be propor-
tional to the number of unoccupied sites [34]. The lin-
ear form of the Lagergren pseudo-first-order rate
equation [35-37] is given by Eq. (4)
In(ge — q¢) = Inge — kqt (4)

Eq. (4) linearly correlates the values of In(g.—gqy)
with t. The plot of In(q.—qy) versus t will give a linear
relationship from which k; and g. can be determined
from the slope and intercept of the graph, respec-
tively.

The pseudo-second-order kinetic model assumes
that the rate-limiting step may be biosorption involv-
ing valence forces through sharing or exchange of
electrons between the biosorbent and adsorbate
[38-41].

The linear form of the pseudo-second-order kinet-
ics is given as:

t 1 t

= _|_—
G kgl ge

(5)

If the pseudo-second-order kinetics is applicable to
the experimental data, the plot of t/g; versus f of
Eq. (5) should give a linear relationship from which g,
and k, can be determined from the slope and intercept
of the plot, respectively.

2.6. Batch adsorption experiments

The batch adsorption experiments were carried out
by agitating 0.5g of biosorbent with 50ml of copper
stock solution having different Cu(Il) concentrations
(100-1,000mg/L) in a series of conical flask of 200 ml
capacity at a temperature of 30+1°C at 200rpm on a
rotary orbital shaker. The flasks were agitated till 6h
to ensure the equilibrium. The effect of two parame-
ters, namely, temperature (20, 30, 40, 50 and 60°C)

Table 1
Different adsorption isotherms models with their equations
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and pH (2, 3, 4, 5, 6), were studied. The experimental
data were fitted in the different adsorption Isotherms.
Using different buffering capacity of Acetate buffer;
pH optimisation studies were carried out at fixed tem-
perature of 30°C in temperature control orbital shaker
incubator. For temperature optimisation study, initial
pH was adjusted to be 5. To ensure that solutions are
homogeneous and there is no air bubble in the
sample, all solutions used were sonicated for about
20min at 25Hz in sonication bath before adsorption
studies. After equilibrium, samples were withdrawn
from the shaker and the adsorbent was separated
from the solution by centrifugation at 5,000 rpm for
15min. The biosorbent was separated and the filtrate
was analysed by spectrophotometer for Cu(Il) content.
All experiments were replicated and the average
results were used in data analysis.

2.7. Adsorption isotherm modelling

The graphical depiction of the equilibrium adsorp-
tion isotherm is done by plotting a solid phase con-
centration against liquid phase concentration [42].
There are many theories relating to adsorption equi-
librium based on the mechanism of adsorption. Differ-
ent adsorption isotherms like Langmuir [43],
Freundlich, Redlich—Peterson (R-P) [44], Temkin [45]
and Dubinin-Redushkevich (D-R) were studied and
applied for pH and temperature studies. These iso-
therms as studied by other researchers [46—48] are
represented in Table 1.

2.8. Desorption and reusability studies

As acidic solutions are reported to be the most
efficient and well-known desorption agents in the
literature [30,31], desorption of Cu(l) ions was
checked with acidic solution of HCI, H,SO,, HNO;
with 0.1 and 0.2N concentration prepared in DI water.
Used adsorbents were washed with deionised water

Isotherm Equation Equation in linear form Graph drawn
i max KL Ce Ce

Langrm b= IS &= k) + [ e
Freundlich G = KeC Inge =InKg +1InCe Inge vs InCe
Redlich-Peterson — o + (z7p) ct In (%) =Kg_p + fInCe In (% vs In Ce>
Temkin ge = B) InKr + (B InCe  ge = AlInKy + AlnCe where, A =£L ge vs InC,
Dubinin— Inge = Ingmax — B Inge = I max — B2 where, ¢ = RTIn [1 +4 ] Inge vs &

Redushkevich e

E=1/v2B
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and filtered. About 1g adsorbent was taken in a
250ml flask and added with 50ml desorption solu-
tion. Samples of 200 pl were withdrawn after regular
time intervals and analysed for Cu(Il) ions. The reus-
ability of biosorbent was checked for five cycles of
adsorption—desorption.

Adsorption was carried out in 250 ml conical flask
with 100ml of 500 ppm copper ions solution. Used
adsorbents were then filtered and washed with DI
water and used for desorption. 0.1N HCl was used
for desorption. After desorption, the biosorbent was
washed with DI water and again used for adsorption.

3. Results and discussion
3.1. Fourier transforms infrared (FT-IR) analysis

In order to determine the functional groups
responsible for metal uptake, the FI-IR spectra of
unloaded and Cu(D-loaded SPL in the range of
400-4,000cm ™" were taken and compared with each
other to obtain the information on the nature of the
possible adsorbent-metal ion interactions and
presented in Fig. 1. Unloaded bioadsorbent SPL and
SPL treated with 100 mg/L solutions of Cu(Il), respec-
tively, were analysed. The chemical functional group
tends to absorb infrared radiation in a specific wave-
length range as infrared light interacted with the
unloaded SLP, it caused stretching, contraction and
bending of its chemical bonds and it is represented in
Table 2. The spectra indicate the presence of different
functional groups which are responsible for metal
sorption process. The very broad peak around
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3,428 cm ! indicates the existence of free and intermo-
lecular bonded OH groups. The peak that corresponds
to this functional group was altered after Cu(ll)
adsorption indicating their involvement in Cu(ll)
binding. The inclusion of hydroxyl groups on the
metal binding was also observed by Prasad and
Freitas [49] and Aydin et al. [50]. The oxygen on each
hydroxyl group acts as a strong Lewis base because of
the presence of its vacant double electrons, and this
hydroxyl group undergoes a complex coordination
with metal Cu(Il), which is electron deficient [51]. The
peaks observed at 2,972 cm~lcan be assigned to
aliphatic C-H groups, ~CH, vibrations (2,922cm ™),
methoxy group band (2,851 cm '), Carboxyl stretching
groups(1,739 cm ™), -C-C stretch (1,560cm™!), C-C
vibration (1,465cm™}), esters (1,299cm™!), ethers
(1,076cm™"), thicesters (880cm™") and alkyne
(669 cm ™). The absorbance peaks in the Cu(Il)-loaded
sample are lower than those in the unloaded sample
of the bioadsorbent. This indicates that the bond
stretching occurs to lesser degree due to the presence
of Cu(ll). The disappearance of the 1,076cm ™' band
suggests that the C-O stretching of ether group is the
main cause for Cu(l) adsorption onto the SLP. The
carboxylic group was found to be the major metal-
binding site [52].

3.2. Adsorption kinetics

Two kinetic models, namely; pseudo-first-order
[53] and pseudo-second-order, [38] are selected in this
study for describing the adsorption process.

S_ i
Unloaded SLP
g -
£ %1
g Loaded SLP
£ |
E 8 -
e
&
=
8 .
0
3 223 8 R NHEZ = ®
3 238 £ B 38R g 8 2
T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Fig. 1. FT-IR spectra of unloaded SLP and Cu(I)-loaded SLP.



D.C. Panadare et al. | Desalination and Water Treatment 52 (2014) 7822-7837

Table 2
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Major functional groups in SLP and Cu(Il) adsorbed SLP biosorbent

Functional group

Band position, wavenumber (cm™)

Unadsorbed SLP biosorbent

Cu(II) adsorbed SLP biosorbent

O-H stretch (cellulose) 3428.65 3411.19
C-H Stretch (aliphatic) 2972.58 2969.51
CH, vibration 2922.64 2920.88
Methoxy group 2851.63 2850.91
Carboxyl stretching groups 1739.85 1743.46
C-C stretch (aromatics structure) 1560.77 1550.95
C-C vibration 1465.26 1464.93
C-O stretch 1299.51 1299.12
C-O stretch of metal-carboxylate complex (COO-Cu) 1076.27 -

—OH bend (carboxylic acids) 1019.07 1018.93
Thioesters 880.89 465.62
Alkyne 669.37 669.28

3.2.1. The effect of Cu(ll) initial concentration and
contact time

The adsorption kinetic study was undertaken in a
batch reactor (250ml) and performed at 30°C. The
required amounts of the SLP adsorbent were weighed
accurately and were placed in cylindrical glass reactor
containing copper solution. At different time intervals,
the samples were collected and were then analysed
for Cu(Il) concentration.

Fig. 2 shows the influence of contact time on the
adsorption of Cu(ll) onto SLP investigated at two ini-
tial concentrations of Cu(Il), namely, 100 and 500 mg/
L. It can be seen that, with an increase in the initial
Cu(Il) concentration, from 100 to 500 mg/L; the equi-
librium adsorption capacity of SLP increased from
8.08 to 28.88mg/g and the percentage removal
decreased from 87.79 to 57.76% within 30min. The
higher initial concentration of Cu(Il) ions will enhance
the adsorption process as it provides more driving
force to overcome all mass transfer resistances of Cu
(I) ions between the aqueous and solid phase [54],
but its rate gradually decreases with passage of time
reaching a maximum. Similar results were obtained
by Demirbas et al. [31] and Tong et al. [14]. Steepness
decreases drastically from 30 to 120min and then
gradually becomes constant. The initial faster rate
may be due to the availability of the uncovered sur-
face area of the adsorbent initially, since adsorption
kinetics depends on the surface area of the adsorbent.
In addition, the variation in the amount of Cu(Il) ion
removed the adsorbent could be related to the nature
and concentration of the surface groups (active sites)
responsible for the interaction with Cu(II).

3.2.2. Kinetic model fitting

The kinetic data obtained from Cu(ll) adsorption
experiments were analysed using the pseudo-first-
order kinetic model according to Eq. (4) and is illus-
trated in Fig. 3. From the plot, the pseudo-first-order
rate constant, k;, and the sorption capacity, g., were
computed from the slope and intercept of the plot and
shown in Table 3. The value of the correlation coeffi-
cient of Cu(Ill) was found to be 0.82, which is very
small as compared to standard correlation coefficient
which is equal to 1. There is about 75.6% difference in

90 35
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14 & &
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156 s <
0 T T T 0
0 100 200 300 400 500 600
Time (min)
+% RE for 100 ppm 4 % RE for 500 ppm

< qt for100 ppm 4 qt for 500 ppm

Fig. 2. Effect of contact time for the adsorption of Cu(Il)
ions at different initial concentrations (initial pH of
solution=6, adsorbent dosage=1g, temperature=30°C,
agitation rate =200 rpm).
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Fig. 3. The pseudo-first-order kinetic model fitting for the
adsorption of Cu(Il) onto SLP at various initial copper
concentrations.

the calculated adsorption value (4 ca1=1.97mg/g) and
experimental value (qeexp=8.08mg/g) for the initial
concentration of 100 ppm. From these results, it can be
said that the adsorption of Cu(Il) onto the SLP is not
a first-order reaction which can be explained by the
behaviour of parameter k;. Higher the value of para-
meter ki, which is time scaling factor, shorter is the
time required for the system to reach the equilibrium
[55]. Plazinski et al. [55] reviewed the theoretical
description and fundamental consideration on the
pseudo-first-order and pseudo-second-order models.
The satisfactory predictability of first-order model can
be given only if the system is not very close to equi-
librium which is not fulfilled by our experimental
data as indicated in Fig. 3. The applicability of the
pseudo-first-order equation depends on the range
time at which the data recorded [51].

Fig. 4 depicts the plot of t/q vs. contact time for
the pseudo-second-order equation for the sorption of
Cu(I) ions. From the plot, the values of the pseudo-
second-order rate constant k, the initial adsorption
rate 11 and the sorption capacity g. computed from the
slope and intercept are presented in Table 3. The
experimental data showed a good compliance with
the pseudo-second-order equation and the correlation
coefficients for the linear plots were about 0.99 for
both initial concentration conditions. The rate constant
(k) value of Cu(l) increased with increasing
concentration. It is observed from the graph that
biosorption strictly followed the pseudo-second-order
kinetics and not at all the pseudo-first-order. The
maximum adsorption capacity calculated from graph

Table 3
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The pseudo-first-order and pseudo-second-order kinetic
parameters for Cu(Il) at different initial concentrations

Kinetic model Co (mg/L)
100 500
ge experimental (mg/g) 8.08 28.88
Pseudo-first-order
ge calculated (mg/g) 1.97 14.64
ky (min™?) 0.011 0.014
R? 0.82 0.82
Pseudo-second-order
ge calculated (mg/g) 8.10 29.32
k, (g/mgmin) 0.028 0.0035
h=kyq.> (mg/gmin) 1.81 3.03
R? 0.99 0.99
70
60 - *
50 - .
.
L4 a
=
30 ’
*
20
» A
10 "
L3 P
o, A
o : :
0 100 200 300 400 500 600
Time (min)
+ 100 ppm A 500 ppm

Fig. 4. The pseudo-second-order linear equation obtained
by the linear method for the adsorption of Cu(Il) onto SLP
at various initial copper concentrations.

resembles the maximum adsorption capacity observed
during the experimentation. The highest second-
order rate constant (k) for Cu(ll) was found to
be 0.028 g/mgmin at 30°C. These results indicate that
{ecal are close to the geexp- The experimental data for
the adsorption kinetics of Cu(l) on SLP fit
the pseudo-second-order kinetic model. The pseudo-
second-order model was based on the assumption that
biosorption followed a second-order mechanism,
which meant that the rate of occupation of adsorption
sites was proportional to the squares of number of
unoccupied sites [56].
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3.3. Batch adsorption studies and its modelling

The influence of several operational parameters,
viz. temperature, initial pH, and time on biosorption
of Cu(Il) ions by SLP is investigated. The experimental
data points were fitted to the Langmuir, Freundlich,
R-P, Temkin and D-R isotherm equations. The linear
equations of the four isotherm models are listed in
Table 1. The constant parameters of the isotherm
equations were evaluated.

3.3.1. Effect of particle size

As adsorption capacity mainly depends upon the
total available surface area for adsorption; which in
turn mainly depends on the amount and size of
adsorbent. Three different sizes of adsorbents were
selected as, less than 0.355mm, 0.355-0.71mm and
greater than 0.71 mm, etc. The initial concentration of
600 ppm was taken to check the maximum adsorption
capacity with initial pH 5 at 30°C for 7h. The
unadsorbed Cu(ll) ions concentration was checked
spectrophotometrically. Preliminary adsorption studies
of Cu(ll) ions onto the SLP indicated that sorption
capacity is dependent on its particle size.

The sample with particle size less than 0.355 mm
gave the maximum adsorption capacity (31.94mg/g)
and this is attributed to the larger surface area of the
adsorbent. The adsorption capacity for the biosorbent
size 0.355-0.71mm was found to be 29.85mg/g.
Decrease in the size of biosorbent increases the adsorp-
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tion capacity by 7%, while increase in size to 0.71 mm
decreases the adsorption capacity (2542mg/g) by
15%. Diffusional resistance to mass transfer in the case
of adsorbent with larger particle sizes is higher and
most of the internal surface of these particles may not
be utilised for adsorption. Consequently, the amount
of metal ions adsorbed is less in such cases. Since
the extent of adsorption is considerably higher in
the case of SLP samples of 0.355mm particle sizes,
it was decided to limit the discussions of the
adsorption experiments to that with SLP of 0.355mm
particle size.

3.3.2. Effect of pH on the adsorption capacity

pH is an important parameter affecting the adsorp-
tion of metal ions from aqueous solution [57]. This is
partly because hydrogen ions themselves are strongly
competing with adsorbate [58]. The results are
expressed as the amount of Cu(Il) ions adsorbed on
SLP biosorbent at any time (g, mg/g), adsorbed Cu(Il)
ions per gram of SLP at equilibrium (g, mg/g) and
concentration of Cu(ll) ions that remain in solution at
the equilibrium (C,, mg/L). The constant parameters
of Langmuir, Freundlich, R-P, Temkin and D-R iso-
therm equations are calculated and represented in
Table 4.

The uptake and percentage removal of Cu(ll) from
the aqueous solution are strongly affected by the pH
of the solution. The influence of the pH on adsorption

Table 4
Constants and regression coefficients for different adsorption isotherms at different pH
Isotherm Parameters pH2
Langmuir Jmax (Mg/g) 21.14
Ky (L/mg) 0.05
Ry, 0.0358
R? 0.97
Freundlich n 1.71
Kr (L/9) 1.61
R? 0.90
Redlich-Peterson B 041
Krp (L/g) 0.47
R 0.82
Temkin A (L/mg) 2.25
K=RT/b 0.06
R? 0.90
Dubinin—Radushkevich Jmax (Mg/g) 17.86
B 0.0029
E (kJ/mol) 0.43
R? 0.98

pH 3 pH 4 pH 5 pH6

21.55 24.27 24.33 21.79
0.17 0.30 0.79 0.78
0.0116 0.0065 0.00253 0.00256
1.00 1.00 1.00 1.00
2.64 2.20 4.40 4.82
4.53 4.16 10.33 9.83
0.91 0.76 0.91 0.92
0.62 0.54 0.78 0.79
1.51 1.42 2.34 2.29
0.97 0.82 0.99 0.99
5.88 22.72 29329.30 59016.80
0.04 0.05 0.02 0.02
0.91 0.76 0.92 0.92

19.83 26.58 23.01 20.80
0.0012 0.002 0.0003 0.0003
0.67 0.52 1.33 1.33
0.98 0.96 0.99 0.99
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of Cu(l) onto SLP adsorbent related to two factors.
First one is the charge of surface functional groups
(i.e. hydroxo, carboxo) onto the SLP biosorbent cell
wall and the second one is metal ion chemistry in
solution [59]. The pH of the aqueous medium affects
the solubility of metal ions. The concentration of the
counter ions on the functional groups of the SLP
bioadsorbent cell walls is also affected by pH.

The capacity of Cu(Il) removal at the equilibrium
increases with the initial pH from 2 to 5, beyond that
capacity decreases at pH 6 as shown in Table 4. The
maximum Cu(Il) adsorption was found to occur at pH
around 4-5. The optimum pH for the Cu(Il) adsorp-
tion in our study was found to be 4-5; which is also
found by different investigators for the different bio-
sorbents (Table 5).

At lower initial pH, in the solution, Cu(ll) exists as
different anion species and the surface of the adsor-
bent would also be surrounded by H;O" ions which
decrease the Cu(ll) interaction with binding sites of
the adsorbent hindrance effect and repulsive force. As
the pH increased, the overall surface on the sorbent
became negative and sorption increased. On the other
hand, at higher pH, copper hydroxides are formed
thereby both species are adsorbed at the surface of
adsorbent [66].

At different pH, the experimental data points were
fitted in Langmuir isotherm (Fig. 5) and isotherm con-
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The maximum Cu(ll) adsorption capacity of SLP is
equal to 24.33mg/g at pH 5. The results suggest that
the pH has very limited effects on the adsorption
capacity of Cu(ll) onto the SLP. In general, the
amount of Cu(ll) adsorbed increased as the pH
increased, and sharply reached the maximum
adsorbed concentration equal to 24.33mg/g at pH 5
from 21.14mg/g at pH 2 and then again decreased to
21.79mg/g at pH 6. The low removal efficiency
observed at low pH can be attributed to the competi-
tion between H* and Cu®" ion on the surface sites [3].
Indeed, at pH<4, the Cu(l) removal was relatively
less, whereas the removal increased in the pH range
from 4 to 5.

The equilibrium parameter used to predict if an
adsorption system is favourable or unfavourable
which is essentially expressed in terms of Langmuir
model constant is termed as separation factor (Rp)
[21,67] and expressed by Eq. (6)

1

R =—
T+ Gk

(6)

For all the experimental pH conditions, the values
of Ry, lie between 0 and 1 (see Table 4) for the initial
copper concentration range from 100 to 1,000mg/L,
signifying favourable adsorption of copper onto SLP.

The adsorption of Cu(Il) onto the SLP adsorbent

stants, correlation coefficient are presented in Table 4. was also analysed by the Freundlich isotherm
Table 5
Different biosorbents with their maximum adsorption capacity and optimum pH
Biosorbent Adsorption capacity Optimum pH Reference

(mg Cu(Il)/g adsorbent)
Apple wastes 10.8 5.5-7 Lee and Yang [17]
Banana peel 4.75 6-8 Annadural et al. [18]
Capsicum annuum Seeds 8.2 5 Ozcan et al. [58]
Carrot residue 327 3-5 Nasernejad et al. [19]
Cassava peel (Manihot esculenta) 41.77 4.5 Kosasih et al. [51]
Collagen-tannin resin 16.52 5 Sun et al. [60]
Cotton boll 11.4 6 Ozsoy and Kumbur [54]
Dehydrated wheat bran 51.5 5 Ozer et al. [61]
Dried sunflower leaves 89.37 5-6 Benaissa and Elouchdi [35]
Grapeseed activated carbon 32.15 5 Ozgimen and Ersoy-Meri¢boyu [62]
Hazelnut shell activated carbon 15.33 5.8 Demirbas et al. [31]
Orange peel xanthate 77.6 5-5.5 Liang et al. [63]
Peanut hull 21.25 55 Zhu et al. [36]
Pine cone powder 5.76 3-5 Ofomaja et al. [64]
Pineapple leaf powder 9.28 5 Weng and Wu [65]
Rubber leaves powder 15 4-5 Wan Ngah and Hanafiah [21]
Sour orange residue 21.7 4-6 Khormaei et al. [22]
Wheat shell 10.8 5 Basci et al. [20]
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Fig. 5. Langmuir isotherm at different pH at constant

temperature of 30°C.
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Fig. 6. Freundlich isotherm for different pH at constant
temperature of 30°C.

equation shown in Table 1. The linearised form of
Freundlich isotherm is plotted as Ing. versus InC, and
is shown in Fig. 6. The values of Kr and n were found
and are given in Table 4. All the values of intensity of
adsorption (n) are greater than one indicating a
favourable physiosorption; where n represents the
bond energies between Cu(ll) ion and adsorbent [68].
The relative adsorption capacity K increases with an
increase in pH.

R-P isotherm 1is a three-parameter model
incorporating the features of the Langmuir and the
Freundlich isotherms into a single equation shown in
Table 1 and plotted in Fig. 7. The R-P adsorption
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Fig. 7. R-P isotherm for different pH at constant
temperature of 30°C.

model dissolves to Langmuir form for f=0 and
second Henry’s law for f=1. The values of the R-P
isotherm parameters ar, Kr-p, f and the correlation
coefficient R* for adsorption of Cu(Il) onto the adsor-
bents SLP are presented in Table 4. The values of
for all the adsorbents lie between 0 and 1, indicating
favourable adsorption. The values of Kr_p indicate
that the adsorption capacity of SLP increased with
increasing pH. The higher correlation coefficient
values also signify well, the prediction of the experi-
mental data by the R-P model.

For different pH, the Temkin isotherms are plotted
in Fig. 8 and isotherm parameters computed for Cu(Il)
adsorption onto the SLP are listed in Table 4. It is
observed that the values of the correlation coefficients
(R? are in the range of 0.96-0.98, signifying satisfac-
tory representation of the equilibrium experimental
data with the Temkin equation (Table 1) for sorption
model. It can therefore be presumed that the Cu(ll)
adsorption is characterised by uniform distribution of
binding energy and the heat of adsorption of the mol-
ecules in the layer decreases linearly with coverage of
the adsorbate on the surface of the adsorbent particles
[69].

D-R isotherm is another isotherm equation
proposed by Dubinin having characteristics of the
sorption curves, which are related to the porosity of
the adsorbent [70]. The linear form of the D-R iso-
therm is given in Table 1 and plotted in Fig. 9. Where
Kp_r is related to the adsorption energy and gmax is
the maximum adsorption capacity, ¢ is the Polanyi
potential and E is the mean energy of sorption. The
D-R isotherm parameters for the adsorption of Cu(Il)
are estimated and shown in Table 4. It is observed



7832

0.40

0.10

0.00

InC,

+®pH2 XpH3 X pH4 ApH5 OpHo6

Fig. 8. Temkin isotherm for different pH at constant
temperature of 30°C.
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Fig. 9. D-R isotherm for different pH at constant
temperature of 30°C.

that the theoretical maximum adsorption capacity as
evaluated using D-R equation is the highest for the
adsorbents at pH 4. The mean free energy of adsorp-
tion, E, estimated using the Polanyi Potential and
the D-R isotherm constants were in the range of
0.43-1.33kJ mol ', which signifies of physical adsorp-
tion reaction due to weak van der Waals forces. It is
known that if the magnitude of the mean free energy
lies between 8 and 16kJ mol_l, the mechanism of
adsorption process can be explained by chemisorption
or ion exchange [71,72]. It has also been observed that
the values of the correlation coefficients for the D-R
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isotherm plots are the lowest in comparison to the
other four different isotherm models used for this
study. It can therefore be concluded that the D-R
equation does not represent the experimental data
satisfactorily.

The adsorption studies and modelling of the data
into various isotherms showed that the Cu(Il) adsorp-
tion onto SLP follows the Langmuir isotherm, D-R
isotherm at all pH levels as well as R-P isotherm at
pH 3, 5 and 6. Thus, it can be concluded that adsorp-
tion is monolayer. Several researchers have also inves-
tigated the effect of pH on biosorption of Cu(l) by
using different bioadsorbents and found similar
results (Table 5). Langmuir model presented the best
adjustment for Cu(ll) removal by SLP with high
regression coefficient.

3.3.3. Effect of temperature

The effect of temperature on the adsorption of Cu
(I onto the SLP is plotted in the form of Langmuir
(Fig. 10), Freundlich (Fig. 11), R-P (Fig. 12), Temkin
(Fig. 13) and D-R (Fig. 14) isotherms. The estimated
isotherm parameters are represented in Table 6.

The adsorption of Cu(ll) onto SLP at different
temperatures is well correlated by Langmuir isotherm
model in comparison with Freundlich and Temkin
isotherms which give lower correlation coefficients.
The adsorption equilibrium data were well fitted in
the Langmuir isotherm, which signifies that the sur-
face is uniform and all adsorption active sites are
equivalent. For favourable adsorption, Freundlich con-
stant (1) tends to have values between 0.1 and 1.

Smaller value of n implies stronger interaction
>
~
0 10 20 30 40 50 60
5
203K  X303K X313K A323K 0333K

Fig. 10. Langmuir isotherm for different temperatures at
constant pH of 5.
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Fig. 11. Freundlich isotherm for different temperatures at
constant pH of 5.
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Fig. 12. R-P isotherm for different temperatures at
constant pH of 5.

between solute and adsorbent, while 7 equal to 1 indi-
cates linear adsorption leading to identical adsorption
energies for all sites. A value for n < 1 indicates a nor-
mal Langmuir isotherm while n > 1 is indicative of
cooperative adsorption [73]. Therefore, the adsorbed
Cu(l) do not interact or compete with each other.
Moreover, the monolayer is formed at the adsorbent
surface and equilibrium is established.

From Table 6, the maximum adsorption capacity
(max) calculated from Langmuir isotherm equation
defines the total capacity of the adsorbent. The
adsorption capacity decreased from 3745 to
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Fig. 13. Temkin isotherm for different temperatures at
constant pH of 5.
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Fig. 14. D-R isotherm for different temperatures at
constant pH of 5.

35.81mg/g with an increasing of temperature from
293 to 333K. The gmax values decreased with the
increasing of temperature reveals that the adsorption
process was favourable at low temperature and exo-
thermic in nature, while the opposite trend indicates
the process absorbs energy (endothermic). Several
studies have been conducted using various types of
adsorbents for Cu(ll) adsorption. Again, to confirm
the favourability of the adsorption process, the sepera-
tion factor is calculated and presented in Table 6. The
values were found to lie between 0 and 1, confirming
that the ongoing adsorption process is favourable.
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Table 6
Constants and regression for different adsorption isotherms at different temperatures
Isotherm Parameters 293K
Langmuir Jmax (Mg/g) 37.45
K (L/mg) 0.0045
Ry 0.306
R 0.9
Freundlich n 0.40
Kw(L/g) 9.67
R? 091
Redlich-Peterson p 227
Kg-p (L/Q) 0.61
R? 0.96
Temkin A (L/mg) 2.62
K=RT/b 6.58
R? 0.97
Dubinin—Radushkevich Imax(Mg/g) 33.85
B 0.0006
E (k] /mol) 0.94
R? 0.98

303K 313K 323K 333K

37.17 36.76 35.84 35.81
0.0036 0.0030 0.0022 0.0018
0.354 0.403 0.478 0.526
0.99 1.00 0.99 0.99
0.39 0.42 0.44 0.47
9.51 8.20 719 6.36
0.91 0.90 0.90 0.90
2.25 2.10 1.97 1.85
0.61 0.58 0.56 0.53
0.96 0.94 0.93 0.92
2.62 2.57 2.54 2.50
6.59 6.83 6.94 7.10
0.97 0.98 0.98 0.98

33.65 30.39 32.40 31.89
0.0006 0.0011 0.0009 0.0010
0.94 0.70 0.77 0.73
0.98 0.94 0.98 0.98

The mean energy of adsorption values were in the
range of physical adsorption reactions. Although
the correlation coefficients of D-R plots are lower than
that of Langmuir plots, gmax values are consistent with
the experimental values. On the other hand, gmax values
slightly decrease with temperature increase, confirming
the exothermic process [74]. In light of the above dis-
cussion, the D-R isotherm is more applicable.

3.3.4. Adsorption thermodynamics

The spontaneity of a process is determined by the
values of thermodynamic parameters such as enthalpy
change (AH®), entropy change (AS°) and Gibbs free
energy change (AG®). Standard Gibbs free energy is
calculated by the following Eq. (7):

AG = —RTInKy (7)

where Ky, (L/mol) is the equilibrium constant obtained
from Langmuir model, T (K) is the absolute tempera-
ture and R (8.314]/molK) is the gas universal
constant. The relationship between Gibbs free energy
change, entropy change and enthalpy change can be
expressed as shown below in Eq. (8):

AG = AH —TAS (8)
Fig. 15 shows the plot of Gibbs free energy

change versus temperature and the thermodynamic
parameters AS° and AH®° were calculated from the

slope and intercept of the plot and are summarised in
Table 7.

The Gibbs free energy is the measure of the degree
of spontaneity and feasibility for the adsorption
process. Higher the negative values of AG®, more is
the energetically favourable adsorption process [51].
Table 7 shows the decrease in the negative values
of AG® with increasing temperature which indicated
that the adsorption process of Cu(ll) onto SLP was
spontaneous in nature and the adsorption process was

9.0
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E
£ o . g
= -94 y =0.0299% - 19.215
= R*=09714
\31 -0.6
>
@ 98
L)
=
<
g -100
&
2
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10.4 - *

-10.6
280 300 320 340

Temperature (K)

Fig. 15. Gibbs free energy change (AG®) vs. the adsorption
temperature.
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Table 7
Thermodynamic parameters for adsorption of Cu(Il) onto
SLP in the aqueous solution

T (K) Ky AG® AH® AS°
(L/mol) (kJ/mol) (kJ /mol) (kJ/mol K)

293 71.48 —10.40

303 57.40 —10.20

313 46.57 —10.00 —-19.22 —-0.23

323 34.42 —9.50

333 28.33 -9.26

more favourable at lower temperature. The negative
value of AH® (—-19.22kJ/mol) implies that exothermic
process occurred during adsorption of Cu(Il). More-
over, it also predicts the adsorption as a physical
adsorption. Negative value of AS® (—0.023k]J/mol)
denoted the decrease in randomness at the solid-
solution interface during adsorption, resulting in the
reversibility of the process [14]. Negative value of AS’
suggested that decrease in randomness at the solid-
solution interface during biosorption due to some
structural alterations in the SLP biosorbent during
metal binding [75].

3.4. Batch desorption studies

Desorption experiments were carried out in order
to estimate the metal releasing capacity of SLP loaded
with Cu(Il) ions. As per the graphical results, HCI can
be the most effective eluent for Cu(Il) ions as it gave
90.9% desorption within 5min; where 0.1N HNO;
and 0.1N H,S0, also gave 88.8 and 75% desorption,
respectively, and attended the equilibrium after 8 min.
Thus, HCI can be effectively used for the Cudl)
desorption. Adsorption capacity of biosorbent when
checked repeatedly for five cycles of adsorption and
desorption showed a decrease in the capacity by 18.7,
25.8, 36.9, 484% after each adsorption—-desorption
cycle. Remarkable decrease in the adsorption capacity
of biosorbent after the fifth cycle makes it unfit for
further use. However, no physical damage was
observed to SLP biosorbent. Hence, further adsorp-
tion—desorption cycles were not studied. Thus,
desorption process with 0.1 N HCI can be sufficiently
applied to the real desorption system which can also
be an economical and time-efficient process.

4. Conclusions

This study can be considered as a positive base for
further study such as continuous process for heavy
metal ions removal in model waste water and batch
study using industrial wastewater, due to its effi-
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ciency of Cu(l) adsorption in aqueous solution. The
FT-IR spectrum showed the degradation of hydroxyl
and carboxyl group as it formed complex with Cu(Il).
The SLP had significant adsorption capacity for Cu(Il)
ions about 29.32mg/g. Adsorption is monolayer and
depends upon particle size, pH and temperature. Cu
(IT) adsorption is maximum at pH 5 at lower tempera-
ture, i.e. 20°C. Desorption of Cu(Il) ions can also be
possible easily in acidic environment, specially 0.1N
HCI which has 90% elution property. The kinetic data
was analysed using two kinetic models, particularly
pseudo-first-order and pseudo-second-order. The
pseudo-second-order kinetic model was found to
agree well with the experimental data. The adsorption
process was found to be controlled by three steps of
diffusion mechanisms. The temperature and pH equi-
librium data fitted well with Langmuir isotherm
model and the monolayer adsorption capacity was
found to be 37.45mg/g at 293 K. Thermodynamic con-
stants were also evaluated using equilibrium constants
from Langmuir isotherm. The negative values of
Gibbs free energy change (AG®), enthalpy change
(AH®) and entropy change (AS°) show that the process
of adsorption of Cu(ll) onto SLP is spontaneous,
exothermic and favourable.

Abbreviations

de  — equilibrium adsorption capacity (mg/g)

qi — metal sorption capacity of the adsorbent at time
t (mg/g)

kq — the pseudo-first-order rate constant (min )

t — the contact time (min)

k,  — pseudo-second-order rate constant (g.
mg ' min~)

Co — initial concentration of Cu(Il) ions in solution
(mg/L)

Ce — equilibrium concentration of Cu(Il) ions in
solution(mg/L)

C¢ — concentration of Cu(Il) ions in solution at any
time t (mg/L)

Vv — volume of liquid (L)

M  — weight of the adsorbent (g)

max — maximum monolayer biosorption of the Cu(Il)
(mg/g)

Ky — Langmuir constant related to the affinity of
binding sites (L mg ")

Krg  — Freundlich constant, it gives adsorption capacity
of biosorbent (mg/g)

n — Freundlich exponent related to adsorption
intensity (1/n is heterogeneity factor)

Kr. — Redlich-Peterson isotherm constant (Lg )
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ag ~ — Redlich-Peterson constant (L mg ')

p — Redlich-Peterson exponent which lies between 1
and 0

A, b — Temkin constant related to heat of sorption (J/
mol)

Kt — Temkin isotherm equilibrium binding constant
(Lg™

R — universal gas constant (8.314] K" mol ")

T — the temperature (K)

B — gives the mean free energy E (k] mol ") of
sorption per molecule of the sorbate when it is
transferred to the surface of the solid from
infinity in the solution (mol®kJ )

E — the apparent energy of adsorption from
Dubinin—-Radushkevich isotherm model
(k] mol ™)

AH® — enthalpy change (kJ/mol)

AS° — entropy change (k]/mol K)

AG® — Gibbs free energy change (kJ/mol)
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