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calcium alginate fungal beads (CAFB) were studied as a function of initial concentration, pH and contact time. The equilibrium adsorption

data was analyzed using pseudo-first order and pseudo-second order kinetic models and Langmuir and Freundlich isotherms. The chitosan—
magnetite nanocomposite and calcium alginate fungal beads showed significantly higher metal ion adsorption efficiency as compared to

concentration and contact time. Freundlich model fitted well to the data and the pseudo-second order described best the sorption kinetics.

-
Adsorption of Ag(I), Cr(VI) and Pb(II) onto iron magnetic nanoparticles, chitosan—magnetite nanocomposite, calcium algenate beads and |

| iron magnetic nanoparticles and calcium algenate beads. The sorption capacities of adsorbents varied with initial solution pH, metal ions
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INTRODUCTION

To date, the contamination of heavy metal ions with water
bodies and industrial wastewater is an important environmental
issue. Heavy metal ions released into the environment from
various sources and their removal is a real challenge due to
their trace quantities, formation of complexes with natural
organic matter and toxic even at very low concentrations'.
Heavy metal ions are persistent pollutant and are not biode-
gradable and cannot be metabolized or decomposed naturally.
Heavy metals can easily enter into the food chain through a
number of pathways and cause progressive toxic effects with
gradual accumulation in living organisms®. Many toxic metal
along with other pollutants are often detected in industrial
wastewater which originates from metal plating, mining
activities, smelting, battery manufacture, printing, paint and
pigment industries etc.*®.

Chromium is commonly used in industrial application,
such as in tanning processes, electroplating, pigmentation,
catalyst for corrosion inhibitors and wood preservatives. While
hexavalent and trivalent species of chromium are prevalent in
industrial wastes, the hexavalent form is considered hazardous
to health due to its mutagenic and carcinogenic properties.
The US EPA has set the maximum Cr(VI) level domestic water
supplies’ at 0.05 mg L. The excellent malleability, ductility,
electrical and thermal conductivity, photosensitivity and
antimicrobial properties of silver make it a very useful raw

material in various industries. Significant amounts of silver
is, therefore lost in the effluents discharged from such industries
and the toxicity of silver to living organisms warrants imme-
diate removal of this metal from wastewaters®. Lead(Il) also
poses a significant threat to the environment and health due to
its toxicity, incremental accumulation in the food chain due to
its persistent nature in the ecosystem. Lead(I) is introduced
into natural water bodies from paper and pulp, mining, electro-
plating, lead smelting and metallurgical finishing, dyeing,
storage-battery and automotive industries’. Due to toxic nature
and environmental impacts of heavy metals, environmental
scientists are focusing studies for the removal heavy metal ions
from wastes™'*'! which is good step to save the environment
as a results of human activities in all field of life'*".

The techniques that have been widely used to remove toxic
heavy metals from industrial effluents are ion exchange, chemical
precipitation, complexation, elecrodeposition, liquid-liquid
extraction, reverse osmosis, oxidation—reduction process, evapo-
ration, membrane separation and adsorption. But these methods
are expensive and ineffective especially when the heavy metal
ions are present in the wastewater at low concentrations.
Adsorption is one of the most economical, effective and widely
used methods for the removal of heavy metals from aqueous
environment™'"'¥,

Various researchers have been focused on the utilization
of modified chitosan'’ and other immobilized biomass for the
adsorption of heavy metals'. These techniques increases the
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accessibility of binding sites and improves the mechanical
stability”. Several studies of metal ion adsorption by modified
chitosan have been carried out in recent years, such as compo-
site chitosan biosorbent'’, chitosan biopolymer?', cross-linked
magnetic chitosan-2-aminopyridine glyoxal®, chitosan—coated
sand”, chitosan immobilized on bentonite®, chitosan coated
PVC beads*, H,SO. modified chitosan®, chitosan crosslinked
with epichlorohydrin-triphosphate®, cross-linked magnetic
chitosan-phenylthiourea resin?’, hydroxyapatite/chitosan
composite®, chitosan-tripolyphosphate beads” and glutaral-
dehyde cross linked chitosan beads™. The immobilized calcium
alginate and fungal biomass has been also used commonly for
the removal of heavy metals form aqueous solutions for the
remediation of environment®*,

Present study was designed to appraise the efficiency of
the iron magnetic nanoparticles (IMNP), chitosan—magnetite
nanocomposites (CMN), calcium algenate beads (CAB) and
calcium alginate fungal beads (CAFB) for chromium, lead
and silver ions removal from aqueous solutions. Experimental
parameters affecting the adsorption process such as pH, initial
metal ions concentration and contact time were studied. The
experimental equilibrium adsorption data was analyzed by
kinetic and isotherm models.

EXPERIMENTAL

All chemicals and reagents used were of analytical reagent
grade; FeCl,, FeCls, carbamide and polyacrylic acid, HCI,
CH3COOH, NaOH, NazHPO4, KH2P04, chr207, CaClz and
Na-alginate were purchased from E. Merck Company
(Darmstadt, Germany). Pb(II), Cr(Il) and Ag(Il) standards were
purchased from Fluka. Stock solution of heavy metals ions
were prepared from salts of Pb(II), Cr(VI) and Ag(I) in bi-
distilled water.

Adsorbent preparation and adsorption experiments:
The iron magnetic nanoparticles, chitosan—magnetite nano-
composites, alginate and fungal beads were prepared following
reported methods***. The demonstration of magnetic iron
oxide nanopartice is shown in Fig. 1. To study the adsorption
as a function of pH, 1-6 pH for Ag(I) and Pb(II), whereas 1-7
pH for Cr(VI), contact time (0-1400 min) and initial metal
ions concentration (25-150 mg/L) were considered. The other
variables such as adsorbent dose (100 m/L), temperature (room
temperature) and shaking speed (50 rpm) during adsorption
were kept constant. The Pb(IT), Ag(I) and Cr(VI) concentration
were determined using A Analyst 30, Perkin Elmer equipped
with single element hollow cathode lamp and acetylene air
source. The amount of metals adsorbed onto adsorbent was
calculated by the simple concentration difference method. The
adsorption capacities of adsorbents were estimated using the
amount of ions retained on unit mass of adsorbent (eqn. 1)°.

_(C, —C)x(V /1000)
q m

(1

where C, is the initial concentration of chromium (mg/L), C
is the equilibrium concentration (mg/L), V is the volume of
solution (mL) and m is the adsorbent mass (g).

Statistical analysis: The data represents the mean of three
independent experiments. The regression coefficient (R?)

(A) (8)

Fig. 1. Demonstration of magnetic iron oxide nanoparticles: (a) magnetic
particles dispersed in water (b) their retention towards magnet

values of the Langmuir isotherm, Freundlich isotherm, pseudo-
first-order and pseudo-second-order models were determined
using statistical functions of Microsoft Excel (version Office
XP, Microsoft Corporation, USA)’.

RESULTS AND DISCUSSION

Influence of initial metal concentration: Initial metal
concentration is considered very important to overcome mass
transfer resistance of the metal between the aqueous solution
and solid phase. The influence of initial metal ion concentra-
tions on uptake capacities of the adsorbents were studied at
pH 5 for Pb(II) and Ag(I) and at pH 2 for Cr(VI). The concen-
tration range of metals ions were studied from 25 to 150 mg/L
and adsorption responses can be seen in Fig. 2. In case of
Pb(I), the sorption capacities (q mg g) increased from 24.38
to 78.66 mg g for iron magnetic nanoparticles, 24.45-80.66
mg g"' for chitosan-magnetite nanocomposite, 24.41-91.9 mg
¢ for calcium algenate beads and 24.43-118.58 mg g for
calcium alginate fungal beads when initial metal ion concen-
tration increased from 25 to 100 mg/L for iron magnetic nano-
particles and chitosan—magnetite nanocomposite and 25-150
mg/L for calcium algenate beads and calcium alginate fungal
beads. However, by increasing the initial metal ion concen-
tration, the percentage removal decreased. The percentage
removal decreased from 99.5 to 91.89 %, 99.80 to 94.23 %,
99.63 to 61.43 % and 99.71 to 79.26 % for iron magnetic
nanoparticles, chitosan—magnetite nanocomposite, calcium
algenate beads and calcium alginate fungal beads, respectively.
The Ag(I) sorption capacities increased from 20.77 to 74.96
mg g, 24.85 t0 94.79 mg g, 20 to 96.8 mg g and 24.05 to
129.99 mg g for iron magnetic nanoparticles, chitosan—
magnetite nanocomposite, calcium algenate beads and calcium
alginate fungal beads, respectively by increasing the initial
concentration from 25 to 150 mg/L. The Cr(IV) sorption
capacities (q mg g") increased from 20 to 71.46 mg g, 24.79
t094.36 mgg’,20.15t096.8 mg g and 23.76 to 126.4 mg g’!
for iron magnetic nanoparticles, chitosan—magnetite nanocom-
posite, calcium algenate beads and calcium alginate fungal
beads, respectively. In case of Ag(I) and Cr(VI) the percentage
removal again decreased by increasing the metal initial concen-
tration. Among all the adsorbent investigated, calcium alginate
fungal beads showed maximum metal adsorption capacity and
order for the removal of metallic ions [Ag(I), Pb(II) and Cr(VI)]
was found as; calcium alginate fungal beads > calcium algenate
beads > chitosan—magnetite nanocomposite > iron magnetic
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Fig. 2. Effect of metal ion concentrations on adsorption of Pb(II) (A), Ag(I)
(B) and Cr(VI) (C): iron magnetic nanoparticles-iron magnetic
nanoparticles, chitosan—-magnetite nanocomposite-chitosan—
magnetite nanocomposites, chitosan—magnetite nanocomposite-
calcium algenate beads and calcium alginate fungal beads — calcium
alginate fungal beads

nanoparticles. Results showed that the removal efficiency (q
mg g') increased by increasing the metal ions initial concen-
tration. This might be due to the available of number of moles
of metals to the surface area and functional adsorption became
dependent on initial concentration. The initial concentration
provides an important driving force to overcome all mass
transfer resistance of metal ion between the aqueous and solid
phases’. This may be explained by the fact that at very low
concentration of metal ions, the ratio of sorption surface area
to the total metal ions was high and metals ions were unable
to diffuse. However, at higher concentrations, the diffusion to
the adsorbent surface by inter particle diffusion may occur®.
The decrease in percentage adsorption may be attributing to
lack of sufficient surface area to mount up much more metal
ions accessible in solution®. The results obtained from this
investigation were found to be similar with many other reported
work for Pb(II) and Ag(I) onto calcium algenate biomass
beads”, immobilized iron magnetic nanoparticles for Cr(VI)*
calcium algenate biomass beads™ and onto immobilized iron
magnetic nanoparticles™.

Influence of contact time: To evaluate the effect of
contact time, the adsorption experiment was carried out with
different time intervals ranging from 10 to 1440 min, while
keeping the other parameter constant. The results showed that
percentage removal of metallic ions increased by increasing
the contact time initially, then become almost stable, denoting
attainment of equilibrium. The sharp increase was observed
in first 2 h and attained equilibrium at 4 h. So, equilibrium
reached in a contact time of 4 h, at this point the amount of
ions being adsorbed onto adsorbent was in a state of dynamic
equilibrium with the amount desorbed from the adsorbent. This
state of equilibrium was termed as the equilibrium time which
reflected the maximum ions sorption capacity. In first 2 h, the
fast adsorption was probably due to the fact that, initially the
sites on adsorbent were vacant and the solute concentration was
high and beyond this period no significant increase in metal
ions uptake was observed which may be due to the saturation
of active sites on the surface of sorbents. It is reported that
more functional groups may participate in adsorption of the
metal ions until equilibrium reached as a function of contact
time”. In case of Ag(l), at equilibrium condition, the order of
sorption capacity was as; chitosan—magnetite nanocomposite
(93.97 mg g > calcium alginate fungal beads (93.48 mg g')
> calcium algenate beads (83.41 mg g') > iron magnetic
nanoparticles (73.3 mg g") (Fig. 3a). In case of Cr(VI), the
adsorption order was observed as; chitosan—magnetite
nanocomposite (95.21 mg g'') > calcium alginate fungal beads
(91.03 mg g') > iron magnetic nanoparticles (75.43 mg g) >
calcium algenate beads (68.75 mg g™') at the equilibrium time
(Fig. 3b). The trend of Pb(II) adsorption was found similar to
Ag(I) (Fig. 3c). The data showed that the adsorption took place
in two steps, a rapid surface adsorption within first 2 h and
slow intercellular adsorption later on. It is well known that
rapid initial sorption is due to extracellular binding and slow
sorption results from intracellular binding>’. This two stage
sorption mechanism i.e. first rapid and quantitatively predo-
minant and the second slower and quantitatively insignificant,
has also been reported in literature based on adsorption of
heavy metal ion adsorption onto plant biomass’.

Influence of pH on adsorption: The pH of aqueous solu-
tion is a critical parameter in adsorption as it strongly affects
metal sorption through surface charge and ionization process.
It affects the solution chemistry and functional groups activity
on the biomass surface and interaction of metallic ions as well.
To understand the adsorption of Ag(I), Cr(VI) and Pb(Il) as a
function of pH, a range of pH was studied and results are
shown in Fig. 4. The effect of pH on the adsorption capacity
of sorbents, a pH range of 1-6 for Ag(I) and 1-7 for Cr(VI)
and Pb(II) were studied. In case of Ag(I) the sorption capacity
(qmg g") increased from 16.96 to 64.41 mg g™, 21.1 to 88.74
mg g, 25.8 t0 82.79 mg g and 30.57 t0 93.14 mg g for iron
magnetic nanoparticles, chitosan—-magnetite nanocomposite,
calcium algenate beads and calcium alginate fungal beads,
respectively when pH increased from 1 to 5. For Cr(VI), the
maximum adsorption was observed at pH 2. The adsorption
capacities of iron magnetic nanoparticles, chitosan—magnetite
nanocomposite, calcium algenate beads and calcium alginate
fungal beads increased from 40.35 to 73.69 mg g, 53.69 to
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Fig. 3. Effect of contact time on (A) Ag(I), (B) Cr(VI) and (C) Pb(II)

adsorption (explanations as given in Fig. 2)

93.48 mg g, 40.77 t0 67.21 mg g and 58.81 to 88.75 mg g
as pH increased from 1-2 and further increase in pH decreased
the adsorption capacity from 73.69 to 28.75 mg g™, 93.48 to
38.77 mg g, 67.21 t0 30.86 mg g and 88.75 to 35.48 mg g
in case of iron magnetic nanoparticles, chitosan—magnetite
nanocomposite, calcium algenate beads and calcium alginate
fungal beads, respectively. Similar to Ag(I) adsorption, the
Pb(II) adsorption was also recorded to be maximum at pH 5
for all type of adsorbents (Fig. 4c). The results clearly showed
that pH play a significant role in the adsorption of Ag(I), Cr(VI)
and Pb(II) onto all types of adsorbents under investigation.
The lower adsorption at low pH may be due to the fact that
overall surface charges become positive, which inhibits the
approach of positively charged metal cations. It is likely that
protons compete with metal ions for the ligands and thereby
decrease the interaction of metal ion with the adsorbent. As
the pH increased there is a net negative charge on the cell wall
components that will promote reaction with metal cations.
Moreover, as the pH increased the ligands (carboxyl, sulthydryl,
phosphate, efc.) expose which increases the negative charge
density on the surface, resulting in greater attraction between
metallic ions and ligands®.
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Adsorption isotherms: The adsorption isotherms are
characterized by definite parameters, whose values express
the surface properties and affinity of sorbent for heavy metal
ions adsorption®. Two isotherm models were selected to fit the
experimental data, namely Langmuir and Freundlich isotherm
models. The mathematical expressions of isotherm models are
represented in eqns. 2 and 3, respectively.

C, 1, C
P 2
qe qmaxKL qmax ( )
lo =———+logk
29 = log c) g 3)

where q. is the metal ion adsorbed (mg/g), C. the equilibrium
concentration of metal ion solution and K, and k and 1/n are
the Langmuir and Freundlich equations constants, respectively.

The Langmuir isotherm assumes that solid surface has a
finite number of identical sites which are energetically uniform.
According to this model, all adsorbed species interact only
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with a site instead of each other and the adsorption is limited
to monolayer. It is then assumed that once a metal ion occupies
a site, no further sorption can take place. Freundlich isotherm
equation assumes that a multilayer sorption with a hetero-
geneous energetic distribution of active sites, accompanied
by interaction between adsorbed molecules and is an empirical
relationship which describes the adsorption of solutes from a
liquid to a solid surface*. The linear plot of the Freundlich
isotherm model for sorption is presented in Fig. 5. For Freundlich
isotherm model, the R* values with respect to the sorption of
Ag(I) was noted to be 0.973, 0.884, 0.968 and 0.960 and for
Cr(VI) 0.921, 0.881, 0.971 and 0.958 for iron magnetic nano-
particles, chitosan—magnetite nanocomposite, calcium algenate
beads and calcium alginate fungal beads, respectively. For
Langmuir isotherm model, the R* values with respect to the
sorption of Ag(I) was noted to be 0.785, 0.951, 0.877 and
0.830 and 0.832, 0.787, 0.874 and 0.903 in case Cr(VI) for
iron magnetic nanoparticles, chitosan—magnetite nanocom-
posite, calcium algenate beads and calcium alginate fungal
beads, respectively.

Similar trend was observed for Pb(I) both for Freundlich
and Langmuir isotherms. The values of R* were found to be
smaller for Langmuir model versus Freundlich model for all
types of sorbents for the adsorption of Ag(I), Cr(VI) and Pb(Il).
The R? and quax values for Ag(I), Cr(VI) and Pb(Il) suggested
that the Freundlich isotherm model described the sorption well
as compared to Langmuir model.

Kinetic modelling: In order to examine the mechanism
of adsorption and potential rate controlling step, such as mass
transport and chemical reaction processes, kinetic models have
been used to test the experimental data. A kinetic study with
dissimilar time intervals with fixed metal and adsorbent

concentration was performed. Kinetics of absorption has been
extensively examined by first order expression given by
Lagergren’s pseudo-first-order and pseudo second order
approach, eqns. 4 and 5.

t
log (9, —q,)=logq, - {kl,ads m} 4)
t__r .t
qt k2,adsqz qe (5)

where (. is the mass of metal adsorbed at equilibrium (mg
¢, q. is the mass of metal at time t (min), k.4 is the first
order reaction rate constant of adsorption (min™), ks is the
pseudo-second order rate constant of adsorption (mg g"' min™).

A comparison between pseudo first order and pseudo
second order kinetic model plots are shown in Fig. 6. The
results indicated that 71.25, 83.71, 75.46 and 88.48 mg g of
Ag(l) and 59.46, 89.67, 62.63 and 84.56 mg g of Cr(VI)
were adsorbed on to iron magnetic nanoparticles, chitosan—
magnetite nanocomposite, calcium algenate beads and calcium
alginate fungal beads, respectively. The estimated q. values
for pseudo-second order kinetic model was found to be in
accordance with the qey, (exp) [73.3, 93.97, 83.41 and 93.48
mg g for Ag(I)] and [75.43, 95.21, 68.75 and 91.03 mg g
for Cr(VI)] sorption onto iron magnetic nanoparticles, chitosan—
magnetite nanocomposite, calcium algenate beads and calcium
alginate fungal beads, respectively. The kinetic behaviour of
Pb(II) was found similar to Ag(I). Data confirms that pseudo-
first order kinetic model was not best to describe the sorption
kinetics of Ag(I), Cr(VI) and Pb(Il) for the adsorption onto
iron magnetic nanoparticles, chitosan—-magnetite nanocom-
posite, calcium algenate beads and calcium alginate fungal
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Fig. 5. Comparison of isotherm models: (A) and (B) Freundlich model for Ag(I) and Cr(VI), (C) and (D) Langmuir models for Ag(I) and

Cr(VI), respectively (explanations as given in Fig. 2)
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