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Three novel and distinct agricultural waste materials, viz., Casuarinas fruit powder (CFP), sorghum stem powder
(SSP) and banana stem powder (BSP) were used as low cost adsorbents for the removal of toxic copper(Il) from
aqueous solutions. Acid treated adsorbents were characterized by SEM, EDX and FTIR. Different factors effecting
adsorption capacity were analyzed and the efficiency order was BSP>SSP>CFP. Based on the extent of compat-
ibility to Freundlich/Langmuir/D-R/Temkin adsorption isotherm and different models (pseudo-first and second order,
Boyd, Weber’s and Elovich), chemisorption primarily involved in the case of CFP and SSP, whereas, simultaneous
occurrence of chemisorption and physisorption was proposed in the case of BSP. Based on the observations, it was
proposed that three kinetic stages involve in adsorption process viz., diffusion of sorbate to sorbent, intra particle
diffusion and then establishment of equilibrium. These adsorbents have promising role towards removal of Cu(II)
from industrial wastewater to contribute environmental protection.

Keywords: banana bunch-stem powder, casuarinas fruit powder, sorghum stem powder, removal, copper,

adsorption.

INTRODUCTION

Technological advancements and improved industriali-
zation in this modern era lead to the increased release of
heavy metal ions in to the water bodies like rivers, lakes
etc'. Copper is non-biodegradable and its accumulation
in ecological system can cause harmful effects to plants,
human and animals®. Even though trace amounts of cop-
per is nutritious, the higher concentrations exceeding the
limit 1.5 mg L™ can cause many severe diseases such as
liver and kidney damage, intestinal distress and stomach
ailments, cancer, nausea, vomiting, headache, diarrhea,
respiratory difficulties®. Excess of copper (II) leads to
different types of cancers since it can be deposited in
the brain, skin, liver and pancreas, and finally leading
to death* . In addition, Cu(II) in acidic pH can cause
toxicological concerns to fish and other aquatic life even
in trace quantities®.

The conventional treatment techniques for copper
removal from aqueous solutions include chemical pre-
cipitation, ion exchange, membrane filtration, solvent
extraction, phyto extraction, ultra filtration, reverse
osmosis, adsorption etc. In addition, a number of non-co-
nventional strategies involving the use of lignocellulosic
materials’, inorganic clay materials®, biopolymers® and
synthetic polymeric hydrogels'® have also been reported
in the recent past. However, these processes used for
the separation of metal from contaminated water are
cumbersome and involve high cost consumption ma-
terials, for example, activated carbon for adsorption'.
Hence, among all water-treatment methods described,
biosorption is a highly preferred technique due to its
efficiency, easy handling and economic bulk availability
of adsorbents'?> ™, Particularly, the adsorbent materials
from agricultural origin have high affinity for Cu(II) due
to their various functional groups including carboxyl,
amide and hydroxyl group, etc. which are often ideal

because of their susceptibility to chemical modification
and mono to multilayer adsorption behavior for better
performance®.

Therefore, the present study is focusing on the use
of three novel chemically modified agricultural waste
materials viz., Musa acuminate (banana bunch stem
powder — BSP), Casuarina equisetifolia L. (casuarinas
fruit powder — CFP) and Sorghum bicolor (sorghum
stem powder — SSP) for effective removal of Cu(II) from
aqueous solutions. A comparative analysis throughout
the study using these three adsorbents can give better
understanding of the adsorption process in terms of
efficiency to remove copper metal ion from synthetic
aqueous solutions.

EXPERIMENTAL

Raw materials such as casuarinas fruit, sorghum stem
and banana bunch-stem for the preparation of adsorbents
are available abundantly in nature. They were cleaned
with distilled water. To reduce the organic leaching and
prevent mould growth during batch sorption the raw
materials were washed with 2% formaldehyde solution'®
and completely air dried. The dried material was fine
powdered and sieved through standard sieves of particle
size 0.3 mm to 1.0 mm. In general, the adsorption capacity
is improved by modifying the nature of biosorbent by
different methods such as acid and alkali modification,
oxidation, and chemical graft'”'®. These techniques ac-
tivate the sorbent by increasing active surface area and
improving chemical reactivity by formation of surface
functional groups which helps to chemically bond with
the heavy metals. Hence, the finest powders of casuarinas
fruit (CFP) and sorghum stem (SSP) were treated (so-
aked for 24 h at room temperature) with 1IN H,SO, and
banana bunch-stem (BSP) was treated with IN HNO,.
The samples were washed with distilled water, oven dried



and cooled back to room temperature. The bio-sorbent
materials were stored in clean air tight containers and
used in the adsorption experiments. The preliminary
studies shows that the removal capacity of these treated
adsorbents is higher by about 30% compared to those
of untreated adsorbents. Hence, treated samples were
used throughout the study.

All the chemicals used were of analytical grade. The
standard copper stock solution of 1000 mg L™ concen-
tration certified for atomic absorption spectroscopy was
obtained from Loba Chemie Laboratory Reagents and
Fine Chemicals, India. Working copper solution was
prepared in bulk with deionised water and used for the
adsorption studies. The initial Cu (II) concentration of
the untreated sample was 36 mg L. The typical pH of
the experiments was about 5, and it was adjusted to the
desired value by the addition of few drops of 0.1 M HCl
or 0.1 M NaOH. Blank experiments were carried out
to study the adsorption of copper on the walls of batch
reactor and found negligible.

Instrumentation

The physical-chemical characterization of adsorbents
was performed by Scanning Electron Microscopy (SEM)
coupled to Energy-Dispersive X ray spectroscopy (EDX)
[FEI Quanta FEG 200 — High Resolution Scanning Elec-
tron Microscope] which also allows the identification and
quantification of the metal ions of the adsorbents. The
FT-IR spectra were performed using Bruker, ALPHA-T
to identify the active functional groups responsible for
the adsorption.

Batch adsorption studies

The experiments were performed in batch process
using BSP, CFP and SSP at room temperature in 250 ml
conical flask containing 50 ml of reaction mixture. Whi-
le observing the effect of each parameter, the values
of other parameters were kept constant. The removal
efficiency of each adsorbent with respect to different
parameters like adsorbent dose [2, 4, 6, 8, 10, 15 and
20 g L], time [30, 60, 90, 120, 150, 180 and 210 min],
pH [2, 3, 4 and 5], temperature [30, 40, 50, 60 and 70°C]
and initial Cu(II) concentration [35, 50, 100, 150 and
200 mg L'] was determined in individual experiments. In
each experiment, the metal ion solution equilibrated with
adsorbent were withdrawn, centrifuged and the final Cu
(IT) concentration were measured by atomic absorption
spectroscopy. The experiment was repeated thrice and
average results have been reported. The relative errors
in the experimental results were about 5%.

The adsorption capacity was determined by the fol-
lowing equation:
qde = [(CO-CE)*V]/W (1)
where, C, is the initial concentration of Cu(II) in solu-
tion, C, is the final concentration of Cu(II) in solution
after adsorption, q, (mg g™') is the adsorption capacity
of the adsorbent at equilibrium, V(L) is the volume of
suspension, and W(g) is the mass of adsorbent.
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RESULTS AND DISCUSSION

SEM, EDX and FT-IR studies

The visible observation of the surface texture and
porosity of the samples using scanning electron micros-
copy (SEM) gives better understanding of the nature of
adsorption process and was given in Figure 1. Rough
surface with some pore formation were visualized before
adsorption as an indication of large surface areas (Fig. 1a)
capable of high adsorption, whereas, a smooth surface
covering of the pores can be observed after adsorption
(Fig. 1b). EDX studies were carried out to determine the
chemical composition of adsorbents (wt% of elements).
Before adsorption: BSP: C-58.19, O-41.40, Fe-0.11,
Cu-0.00; SSP: C-55.46, O-38.33, Fe-0.13, Zn-0.02,
Cu-0.02; CFP: C-62.70, 0-36.23, Fe-0.17, Cu-0.00; After
adsorption: BSP: C-54.21, 0O-42.87, Fe-0.17, Cu-0.92;
SSP: C—46.69, 0-37.60, Fe-02.17, Zn-0.15, Cu-0.28; CFP:
C-62.95, 0-34.98, Fe-0.17, Cu-0.23. Successful loading
of copper on the surface of sorbents was confirmed with
EDX spectra of biosorbents, both prior and after batch
process. In all the adsorbents, presence of stretching for
C-O, C=0 and aliphatic C-H can be confirmed from
peaks in the range of 1023-1039 cm™, 1614-1689 cm™
and 2917-2920 cm™ respectively. But, additional peaks in
CFP above 3000 cm™ indicate the =C-H stretching and
further C=C stretching can be observed from peaks in
the range of 1450-1550 cm™. Broad peaks in the range
of 3305-3320 cm™ indicate the presence of carboxylic
acid groups in SSP and BSP, whereas, dominant sharp
peak at 3737 cm™ indicates phenolic groups in CFP
(Fig. 2). Based on the FTIR bands, adsorption of copper
ions can be partly attributed to electrostatic attraction®.

Figure 1. SEM images of BSP, SSP and CFP (a) Before adsorp-
tion and (b) After adsorption of Cu(II) respectively

EDX and FT-IR observations correlate with the com-
positions of BSP [holocellulose, cellulose, lignin, pectin]*!,
SSP [cellulose, hemicelluloses, lignin, cutin, silica]*?, and
CFP [a-pinene, benzaldehyde, 1,8 cineole, furanoid,
a-campholenal, 4-terpineol, a-terpineol, o-terpinyl ac-
etate, spathulenol, caryophyllene-oxide, guaiol]*. The
presence of functional groups like acid, alcohol and
amine are evident from these studies. Protons of phenols/
alcohols and carboxylic acid groups in these biosorbent
facilitate them for ions getting exchanged during the
adsorption process. Hydroxyl groups in these biopolymers
may function as donors. Hence the de-protonation of
hydroxyl groups can be involved in the co-ordination
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Figure 2. FTIR spectra of acid treated biosorbents (a) BSP, (b) SSP and (c) CFP before adsorption
with metal ions*. Moreover, presence of more number Studies on effect of contact time and adsorption Kinetics
of peaks in CFP compared to SSP can be explained To better understand the Cu(Il) sorption characteri-
based on presence of good number of phytochemicals stics by the three adsorbents (BSP, SSP and CFP), both

as mentioned above.

kinetic and equilibrium models were used to describe
the data. Change in Cu(II) concentrations over time was
investigated at each 30 min interval in contact time till



210 mins, while other parameters were kept constant
(Fig. 3). An increase in contact period between adsor-
bent and Cu(Il) ions increases the adsorption of metal
ion as because more time familiarizes the metal ion to
bond with the adsorbent® %6, The results revealed that
the equilibrium was established at a point of 180 min
in case of BSP and 120 min in case of SSP and CFP
as adsorbents. The better performance of these adsor-
bents compared to the earlier used adsorbents in terms
of optimum time required is manifested in the present
case because it is 6 h using garden grass™, 25 h using
fish bones?, 36 h using porous geo polymeric spheres®.
From Figure 3, it is clear that metal sorption follow
three step sorption mechanism. During the initial rapid
and quantitatively predominant step, large number of
sites are available for uptake of Cu(II) metal ions on the
adsorbents which permits to overcome all the external
mass transfer resistances and occupying the active sites on
the biosorbent with higher affinity through bonding with
the functional groups on sorbent'. During the second
slower and quantitatively insignificant step, the diffusion
of Cu(Il) into the deeper pores creates repulsive forces
between the Cu(II) on the solid and the aqueous pha-
ses and the existence of different sorption mechanisms
might hamper the adsorption process® leading to slower
adsorption rate. During the final equilibrium phase, the
sorption process ceases due to unavailability of active
sites on biosorbents to be occupied by the metal ions
or the difficulties in adsorbate-adsorbent interactions.
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Figure 3. Effect of contact time on Cu(II) sorption, at 5 pH,
36 mg L' Cu(II), 200 rpm, 15 g L' SSP and 5 g L™
CFP and BSP and RT

Further research on kinetics of adsorption was carried
out by employing pseudo first order (Eq. 2)* and pseudo
second order (Eq. 3)* kinetic equations to examine the
mechanism of Cu(Il) adsorption (Fig. 4).

In(q. - q)) = Inq. - kit @)
tq = (1/kq.”) + (t/q.) ®)

Where q, and q, (mg g') are the amounts of copper
adsorbed on adsorbent at time t and at equilibrium,
respectively, k;, and k, are the corresponding pseudo
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Figure 4. Pseudo second order adsorption model for the sorption
of 36 mg L' Cu(II) on 15 ¢ L' SSP and 5 ¢ L™! CFP
and BSP at 5 pH and RT

first and second order adsorption rate constants. In the
present case, kinetic data is in good agreement with
pseudo second order in terms of coefficient of determi-
nation (R?) than pseudo first order in all three cases of
adsorbents and the adsorption kinetic parameters were
given in Table 1. Based on kinetic data, the predicted
q. values were close to experimental values for pseudo-
-second-order model. Suitability of pseudo-second-order
model suggests chemisorption as the rate limiting step.
This chemical adsorption can be explained by the valen-
ce forces through sharing electrons between biosorbent
(containing N and O atoms) and the sorbate ions®.

A wide variety of interactions between metal ions and
adsorbents like ion exchange, chelation, adsorption by
physical forces and entrapment in inter and intra-fibrillar
capillaries as well as space of the structural polysac-
charide network. As a result, concentration gradient
and diffusion are responsible for effective uptake of
Cu(II) in solution and making biosorption as a complex
process¥. Moreover, some non-conventional adsorbents
contain cellulose and the polar hydroxyl groups on the
cellulose that could be involved in chemical reaction
and hence bind heavy metals from solutions®. Hence,
simple Elovich equation (Eq. 4) was also employed for
its applicability on adsorption process (Fig. 5), where,
q, is the amount of Cu(II) sorbed at a time t, a is the
initial copper(II) sorption rate (mg g”' min™) and b is the
desorption constant (mg g™') during any one experiment.
Their values were given in Table 2.

q, = 1/b In(ab) + 1/b In(t) 4)

The interactions between adsorbate and adsorbent
materials follow film diffusion, pore diffusion and intra-
particle transport among which pore diffusion and intra-
particle diffusion are often rate-limiting in a batch reactor
whereas film diffusion is more likely the rate limiting
step for a continuous flow system*. Hence, Weber’s intra
particle diffusion (Eq. 5) model was analyzed and showed
reasonably good correlation. The estimated model and
the related statistic parameters K; = rate constant of
the intraparticle transport (mg g™ min'?), 6 = constant

Table 1. Pseudo first and second order Cu(Il) adsorption kinetic parameters using BSP, CFP and SSP as biosorbents

Model Pseudo-first-order Experimental Pseudo-second-order

Je k4 2 1 1 I 2
Adsorbent [mg 9_1] [min'1] R ge [Mmgg™] e [Mmgg] ka[g mg™ min™] R
BSP 1.04 0.0046 0.658 6.57 7.35 0.66 0.993
SSP 1.12 0.0207 0.924 1.89 2.1 0.20 0.999
CFP 1.02 0.0138 0.883 4.87 5.35 0.65 0.998
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Figure 5. Elovich’s and b. Weber’s intraparticle diffusion kinetic adsorption models for the sorption of 36 mg L™ Cu(II) on 15 g L™
SSP and 5 g L™! CFP and BSP at 5 pH and 303 K temperature

Table 2. Weber’s intraparticle, Boyd and Elovich’s kinetic
parameters, of adsorbents, BSP, SSP and CFP

Adsorbent | BSP | SSP | CFP
Weber's intraparticle diffusion model
Kq 0.11 0.04 0.09
0 5.53 1.50 3.97
R? 0.781 0.961 0.870
Boyd model
R | 0.862 | 0.927 | 0.850
Elovich's parameters
a [mg/g/min] 8089.91 68.72 307.22
1/b [mg/g] 0.46 0.18 0.44
R? 0.678 0.949 0.913

related to the thickness of the boundary layer (mg g™')
were reported in Table 2.
g.= K07+ 0 )
Information about boundary layer effect can be obta-
ined from a plot of g, versus t*° (Fig. 5). Higher value
of 0 shows that the solute adsorbed by the boundary
effect is higher®. A linear graph results when intrapar-
ticle diffusion is involved in the adsorption process. The
process of intraparticle diffusion would be the controlling
step if this line passed through the origin. On the other
hand, if the line does not pass through the origin then
there is some degree of boundary layer control which
further shows that intraparticle diffusion is not the only
rate-controlling factor, but can be controlled by the
other mechanisms. In the present study, Weber’s intra
particle diffusion linear data not passing through the
origin clearly indicates that the existence of pore diffu-
sion process along with intra-particle transport during
adsorption. Further, the kinetics data subjected to Boyd
kinetics model analysis, Bt = —0.4977 — In(1 — F) where
F represents the fraction of solute adsorbed at any time,
t (min) revealed the deviation of the metal ions uptake
from aqueous system on the adsorbent suggesting that
the adsorption mechanism was governed by external mass
transport where particle diffusion is the rate limiting
step. Though Boyd plot was reasonably linear in case of
SSP as adsorbent (R? = 0.927), but has intercept, hence,
internal diffusion may not be the sole rate controlling

step in the adsorption process™®.

Effect of adsorbent dose

The study of varying pattern of adsorption with amo-
unt of adsorbent gives the adsorption efficiency of each
adsorbent. It was clear from the experimental results

(Fig. 6) that the adsorbent dose can greatly affect the
adsorption of Cu(Il) and adsorption increased with
increase in adsorbent concentration in reaction mixture
due to the availability of more number of active sites
on the surface of adsorbent’’. However, in the case of
CFP, percent removal of copper (II) decreased with the
increase in adsorbent dosage beyond 10 g L™. This may
be due to overlapping of adsorption sites as a result
of overcrowding of adsorbent particles in the form of
aggregates leading to a reduction in total surface area
of adsorbent and increase in diffusion length®.
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Figure 6. Effect of biosorbent quantity on Cu(II) uptake by
BSP, SSP and CFP at 5 pH, 36 mg L™ initial Cu(II)
concentration, 250 rpm and 303 K

Effect of pH

Solution pH is critical during adsorption as it governs
the adsorption affinity of the adsorbent by affecting
surface charge and metal speciation in solution which
in turn depends on degree of ionization and the type of
adsorbate species. Hence, it was thought of important to
study the effect of pH on the removal of Cu(II). Patrulea
et al.>reported that the protonation of the primary amine
groups with positive charge in the acidic media effects
the adsorption process by electrostatic repulsion of the
cationic Cu(II) ions present in the medium. According
to previously reported findings, precipitation of Cu(II)
ions as copper hydroxides, such as Cu(OH)*, Cu(OH),,
Cu(OH),", Cu(OH),*~ occurs at pH values higher than
5 and beyond this point the adsorption efficiency results
could be hampered because of the higher concentration
of OH™ ions in the medium®. In general, a decreasing



trend in adsorption can be observed after pH 7 due to
the formation of the copper hydroxyl precipitates and
soluble hydroxy complexes' *. Therefore, the effect of
pH on adsorption using BSP, SSP and CFP was studied
in the initial pH range of 2 to 5 in solution. It is reported
in the literature that the uptake of Cu(Il) increases with
increase in pH in acidic medium and is predominantly
removed in the pH vicinity of 5% *!. Similar pattern of
increasing adsorption percentage with increase in pH was
observed from 2 to 5 (Fig. 7). In particular, the sorption
of Cu(Il) increased slowly in the pH range 2 to 4, sta-
bilized at pH 4 to 5 in all three cases of adsorbents. As
explained previously, the lower adsorption rate at lower
pH values is due to the higher concentration of H* ions
present in the reaction mixture inducing repulsive forces,
between Cu(Il) ions for the adsorption sites of biosor-
bents where the adsorbent surface acquired a positive
charges and hence the repulsive forces*. In addition,
an increase in removal with an increase in pH can be
attributed to the release of H* ions from the sorbent
sites which help in increase of electrostatic attraction
force between the active surface and Cu(II) ions where
the negative charged carboxylic/phenolic surface provides
affinity site for the uptake of divalent copper ions.
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Figure 7. Effect of pH on Cu(II) uptake using 10 g L™' BSP, SSP
and CFP at 303 K, 36 mg L™ initial Cu(I) concentra-
tion, 250 rpm agitation speed

Effect of temperature

The adsorption percentage increased with an increase
in temperature in case of SSP and CFP, whereas, in case
of BSP, the adsorption percentage did not significantly
change with increasing temperature (Fig. 8). The en-
hanced metal sorption capacity of CFP and SSP with
an increase in temperature may be attributed to the
rise in the kinetic energy / mobility of metal ions from
the bulk solution towards the adsorbent surface leading
to an increase in collision frequency between sorbent
and sorbate as well as extent of penetration within bio-
sorbent structure overcoming the rate of intraparticle
diffusion** ¥, Additionally, at high temperature, there
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Figure 8. Effect of temperature on Cu(Il) uptake by 20 g L' BSP,
SSP and CFP at 5 pH, 36 mg L™ initial Cu(II) con-
centration and 250 rpm agitation speed

may be an enlargement of pore size of biosorbents and
increase in number of active sorption sites due to bond
rupture of functional groups on adsorbent*’. However,
in case of BSP as adsorbent, a slight decrease in the ad-
sorption percentage with an increase in temperature was
observed (Fig. 8). This observation can be explained based
on (i) increased escaping tendency of already adsorbed
molecules from adsorbent into the bulk solution due to
increase in total energy of sorbate molecules at higher
temperature® and (ii) dissolution of sorbing solution
because adsorbent functional groups are soluble at high
temperatures*. Though, this seems to be corroborates
with the well-known fact that sorption capacity is expected
to decrease with an increase in solution temperature
when sorption process is exothermic, the present case
involves both physical and chemical adsorptions and
such simultaneous occurrence of both adsorptions was
reported earlier by Ho et al. McKay* and Panday et
al.®, Thermodynamic parameters calculated as a function
of temperature were presented in Table 3. The positive
value of AS reflects the affinity of the adsorbent for the
adsorbate and suggests some structural changes in both
of them. In addition, positive value of AS may show
the increasing randomness at the solid/liquid interface
during the adsorption. AS value is zero when the entire
process is reversible. The negative AS value indicated
the decrease in the randomness of the system and the
adsorption process is not irreversible®.

Effect of initial Cu(IT) concentration

Initial metal concentration of the solution is the driving
force to overcome all the mass transfer resistances of
the metal between aqueous and solid phase and hence
a higher initial concentration of metal ions may increase
the adsorption capacity!. Incompletion of adsorption
sites during adsorption reaction and the aggregation
of adsorbent particles at higher concentration are the
important factors which contribute to the adsorbate con-

Table 3. Thermodynamic parameters for the adsorption of Cu(Il) onto 10 g L' of BSP, SSP and CFP at 5 pH, 35 mg L' initial

Cu(II) concentration and 250 rpm agitation speed

T AG [kJ/mol] AH [kJ/mol]

BSP SSP CFP BSP SSP CFP
303 —9.54 ~1.30 —2.76 —31.01 43.44 16.41
313 —8.83 —2.78 —3.40
323 —8.12 —4.25 —4.03 AS [kJ/mol]
333 —7.41 —5.73 —4.66 BSP SSP CFP
343 —6.70 —7.21 —5.30 —0.07 0.15 0.06
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centration effect. Figure 9 shows the effect of metal ion
concentration on its removal from the aqueous solution
for adsorbent materials. On changing the initial concen-
tration of Cu(Il) from 35 to 200 mg L™, the amount
adsorbed increased from 1.75 to 6.10 mg g in case
of BSP, 1.42 to 5.92 mg g™ in case of SSP and 1.24 to
3.73 mg g in case of CFP as adsorbent. A continuous
decline of percentage removal with increase in metal
ion concentration was observed. This appears to be due
to increase in number of metal ions competing for the
available binding sites in the biomass and also due to
the lack of binding sites for the attachment of Cu(II)
ions at higher concentration levels'!.
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Figure 9. Effect of initial Cu(II) concentration in solution on
adsorption of Cu(II) using 20 g L' BSP, SSP and CFP
at 5 pH, 250 rpm and 303 K

Adsorption isotherms

Adsorption isotherms are significant in describing the
mechanism of adsorption for analyzing the interaction of
metal ion on the surface of adsorbent. Figures 10a and
10b described the Langmuir and Freundlich adsorption
isotherms respectively for Cu(II) removal using BSP,
SSP and CFP. The values of characteristic parameters

Langmuir, Freundlich, D-R and Temkin models were
given in Table 4. The Temkin isotherm equation explicitly
takes into the account of adsorbent-adsorbate interac-
tions by ignoring the extremely low and large value of
concentrations. It assumes that the heat of adsorption of
all the molecules in layer decreases linearly rather than
logarithmic with coverage due to adsorbent-adsorbate
interactions™. The best fitting order of these models is
concluded to be

Freundlich > Temkin > Langmuir > D-R : for BSP
and SSP
Langmuir > Temkin > D-R > Freundlich : for CFP

Langmuir isotherm model fitted the results quite well
for removal of copper ions by CFP (Table 4) suggesting
that (a) the surface of the sorbent is homogenous, (b)
all sites are energetically equivalent and each binding
site accepts only one Cu(II) molecule, (c) the sorbed
molecules are organized as a monolayer and (d) no
interaction between sorbed molecules. Similar obse-
rvations were reported in the Cu(Il) removal by saw
dust!, fish bones?” and chitosan®. Table 4 showed that
the best correlation of the experimental results was
obtained with the Freundlich isotherm model with BSP
and SSP and it also confirmed favorable from 1/n values
<1. This suggests that Cu(II) ions were adsorbed onto
these adsorbent surfaces in different ways. Dubinin—
Radushkevich (D-R) isotherm can be generally applied
to express the adsorption mechanism with a Gaussian
energy distribution onto a heterogeneous surface®'. The
approach was usually applied to distinguish the physical
and chemical adsorption of metal ions with its mean free
energy. Compared to other adsorbents, D-R isotherm
fitted well to CFP. Table 5 described the favorable shape
factor values which were between 0 to 1 determined
from the Langmuir isotherms for all three cases of ad-
sorbents (BSP, SSP and CFP) at different initial Cu(II)
concentrations?’.

Table 4. Copper (II) biosorption isotherm parameters i.e. Langmuir, Freundlich, D.R. and Temkin models by 20 g™ of adsorbents,
BSP, SSP and CFP at 5 pH, 303 K and 250 rpm agitation speed

Langmuir Isotherm Freundlich Isotherm D-R Isotherm Temkin Isotherm
Adsorbent 2 Kr 2 2 2
KL [L/m m [mg/ R n 1/n R B mol/ R B A R
Ll q] gm [Mg/g] [(mg/g)(L/mg)” 1 D ol al T
BSP 0.100 6.494 0.949 0.989 0.417 | 0.999 [ 1x10° 3.327 0.862 | 1.552 | 4.721 | 0.973
SSP 0.029 7.937 0.956 0.537 0.540 | 0.993 | 8x10” 2.291 0.840 | 1.675 | 5.339 | 0.961
CFP 0.034 4.545 0.990 0.451 0.449 | 0.957 | 1X107 2.565 0.959 | 1.014 | 2.757 | 0.972
Langmuir adsorptionisotherm Freundlich adsorptionisotherm
40 09
- 0g .  —+-BSP y=0417x-0005
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Figure 10. Linear adsorption isotherm plots for a. Langmuir’s model and b. Freudlich’s model on Cu(Il) uptake by BSP, SSP and CFP at 5 pH,

250 rpm agitation speed and 303 K temperature



Table 5. The shape factor Langmuir parameter, RL values for
Cu(II) uptake by adsorbents, BSP, SSP and CFP

Ry
Co[mgL™] BSP SSP CFP
50 0.167 0.408 0.370
100 0.091 0.256 0.227
150 0.063 0.187 0.164
200 0.048 0.147 0.128

A comparison of the copper ions uptake capacities of
BSP, CFP and SSP with other biomaterial based sorbents
is presented in Table 6. However, a direct comparison
may not be possible due to a variety of parameters and
conditions employed in each referenced work. In spite
of lower removal capacity of these adsorbents, conside-
ring the fact that these three adsorbents are abundantly
available, the efficient Cu(II) removal from industrial
wastewater could be achieved by utilizing these waste
materials as adsorbents in large quantities.

Table 6. Comparison of maximum adsorption capacities of
various adsorbents for Cu(II) ions

Adsorbents Gm Mg g ]
Pretreated black tea waste 43.1
Pretreated fish bones? 102.9
Grapeseed activated carbon®® 48.8
Chestnut shell activated carbon® 100.0
Mushroom biomass®5? 9.1
Pineapple leaf powder5® 9.3
Spent activated clay®* 10.9
Calcium alginate immobilized cnts®® 84.9
Banana bunchstem powder (This study) 6.5
Sorghum stem powder (This study) 7.9
Casuarinas fruit powder (This study) 4.5
CONCLUSIONS

The maximum adsorption efficiencies of the three
adsorbents for Cu(II) removal from aqueous solutions
were 6.5, 7.9 and 4.5 mg L' using BSP, SSP and CFP
respectively and can be correlated with their micropo-
rous structures, where, rough surface with some cavities
for all three adsorbents indicating high possibility of
adsorption. It is evident from the kinetic data that the
chemosorption is the possible adsorption mechanism
involved in Cu(II) removal using BSP and CFP as ad-
sorbents, whereas, a combination of both physisorption
and chemical attachment involved when SSP was used
as an adsorbent. Adsorption isotherm studies describe
that both mono and multilayer adsorptions occur in the
present studies with preference to monolayer adsorption
in case of CFP and multilayer adsorption in case of
BSP and SSP. Presented results affirmed suitability of
low-cost, adsorbents (BSP, SSP and CFP) for copper
removal from aqueous environment.
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