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Abstract This study was conducted to evaluate the
effect of equilibration time on adsorption of zinc
[Zn(I)] and nickel [Ni(I[)] on pure and modified
chitosan beads. The initial adsorption of Zn(II)
was high on molybdenum (Mo)-impregnated chito-
san beads (MoCB) during the initial 60 min. How-
ever, after 240 min, Zn(II) adsorption occurred
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more on single super phosphate chitosan beads
(SSPCB), followed by monocalcium phosphate
chitosan beads (MCPCB), untreated pure chitosan
beads (UCB), and MoCB. Similarly, Ni(I) adsorp-
tion was greatest on MoCB during the initial
60 min. At the conclusion of the experiment (at
240 min), the greatest adsorption was occurred on
MCPCB, followed by MoCB, UCB, and SSPCB.
Chemical sorption and intra-particle diffusion were
probably the dominant processes responsible for
Zn(II) and Ni(Il) sorption onto chitosan beads.
The results demonstrated that modified chitosan
beads were effective in adsorbing Zn and Ni and
hence, could be used for the removal of these
toxic metals from soil.

Keywords Chitosan - Contamination - Heavy metals -
Adsorption - Kinetic models

Introduction

Trace elements (often referred to as “heavy metals™)
occur naturally in soil; some are essential for plant
growth at low levels (also referred to as
“micronutrients”). Zinc (Zn) not only enhances crop
productivity but also improves the quality of crop
produce (Kumar et al. 2011; Srivastava and
Srivastava 2008; Srivastava et al. 2008). However,
at elevated levels, Zn may become toxic and pose
acute and chronic risks to human health and ecolog-
ical receptors through plant uptake and leaching into
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groundwater. Exposure to high concentrations of Zn
may cause serious health problems such as stomach
and skin irritations, respiratory disorders, and distur-
bance of protein metabolism (Nriagu 2007). Zinc
and its salts pose acute and chronic toxicity to
aquatic life in polluted waters and cytological disor-
ders in plants (Rout and Das 2003). Similarly, an
exposure to higher concentrations of nickel (Ni) may
result into several human (e.g., lung, nose, larynx,
and prostate cancers; birth defects; asthma and
chronic bronchitis; heart disorders; and allergic skin
reactions) and plant disorders such as iron (Fe) up-
take and metabolism (Denkhaus and Salnikow
2002). Mining activities and rapid industrialization
are major sources of elevated concentrations of these
contaminants in soil and water. Since trace elements
are not biodegradable, they tend to accumulate as
metallo-organic complexes in living organisms
(Trgo et al. 2006). However, Zinc and Ni are essen-
tial trace elements for human health and plants.
Heavy metal removal has been attempted through
conventional methods such as physical, chemical, and
various biological processes, involving sedimentation,
settling, filtration, adsorption, precipitation, co-
precipitation into insoluble compounds, and biological
and phytoremediation techniques (Sheoran and Sheoran
2006). Although these methods are adequate for the
treatment of medium to high concentration solutions,
using natural materials for the removal of heavy metals
can be both cost effective and environmentally friendly.
A large number of biosorbents such as algae, polysac-
charides, fungi, bacteria, and waste biomass from food
industries have been investigated for removal of heavy
metal(loid)s from contaminated soils. However, selec-
tion of biosorbents from readily available and inexpen-
sive biomaterials has been a challenge (Wang and Chen
2009). Chitin and chitosan are the biosorbents that are
abundantly available and could potentially fill this gap.
Chitin is isolated from the exoskeletons of crusta-
ceans and chitosan is prepared from the deacetylation of
chitin. It is the world’s second most abundant naturally
occurring polysaccharide (Abdou et al. 2008; Shahidi
etal. 1999). Chitosan has been studied with some chem-
ical modifications for retention of metals. Chitosan con-
sists of amino and hydroxyl groups that can act as
binding sites for metal ion complexation. It is a powerful
chelating agent possessing high adsorption capacity for
a variety of heavy metals including Zn, copper (Cu), and
mercury (Hg) (Burke et al. 2002; Chu 2002; Dhakal
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et al. 2005; Guibal et al. 1998; Ravi Kumar 2000). Chen
et al. (2007) modified chitosan beads with molybdenum
(Mo) and Fe. The very strong affinity for molybdate and
Fe resulted in an improved adsorption of metals and
organic contaminants to the Mo- and Fe-impregnated
chitosan beads. Based on earlier studies (Chen et al.
2007; Guibal et al. 1998) on heavy metal removal from
water using modified chitosan, we selected molybde-
num, single super phosphate, and monocalcium phos-
phate for modifying chitosan. It was hypothesized that
these modification materials can also serve as slow-
release nutrients in nutrient-deficient soils.

Adsorption and desorption of heavy metals is affect-
ed by several rate-limiting processes, such as kinetic
sorption and release reactions (Zhao and Selim 2010;
Rezaei et al. 2014). Kinetics is a generic term elucidat-
ing time-dependent phenomena (e.g., surface diffusion
and chemical kinetics) necessary to understanding the
mechanisms for metal sorption and the fate of metals in
soils (Sparks 1990). Moreover, the study of kinetics is
imperative for describing the fate of applied chemicals
and pollutants in soils over time and to improve nutrient
availability and groundwater quality (Sparks 1989).

This study was conducted to assess the efficacy of
pure chitosan and modified chitosan beads in removal of
Zn and Ni. In this study, chitosan was modified with
molybdenum (MoCB), single super phosphate (SSPCB)
and monocalcium phosphate (MCPCB) chitosan beads.
The study also investigates various kinetic models to
explain Zn and Ni sorption on pure and modified chito-
san beads.

Material and methods
Preparation of pure and modified chitosan beads

Chitosan was sourced from Qingdao Yuanrun
Chemical Co., China and used without further
purification. The average molecular weight
(MW,,) of chitosan was 200 kDa and the degree
of deacetylation was approximately 88 %. A sam-
ple (2 g) of chitosan was dissolved in 50 mL of
5 % (v/v) acetic acid solution and left overnight to
form a yellow viscous chitosan acetate solution.
Pure chitosan beads (untreated pure chitosan
beads, (UCB)) were prepared through phase inver-
sion of chitosan acetate solution using 0.5 M
NaOH (Chen et al. 2009). For bead preparation,
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chitosan solution was dropped into NaOH bath
using a peristaltic pump. In phase inversion of
chitosan, the positively charged amino groups were
coupled with negatively charged acetic acid
(Duarte et al. 2010; Fu 2006). The wet chitosan
gel beads were rinsed thoroughly with deionized
water to remove excess NaOH and subsequently
dried at 60 °C.

Three types of modified chitosan beads were pre-
pared by impregnating molybdenum (Mo), single
super phosphate (SSP), and monocalcium phosphate
(MCP). Molybdenum-impregnated chitosan beads
(MoCB) were prepared by immersing wet chitosan
beads (prepared with 50 mL of chitosan solution)in
5 g MoL ™! solution of ammonium hepta-molybdate
[(NH4)sMo0-0,4.4H,0) at pH 6 and stirred on a mag-
netic stirrer for 24 h at 200 rpm (Dambies et al.
2001). Molybdenum concentration in the chitosan
beads was obtained by mass balance between the
wet and dried beads, and was reported as a function
of dry mass of chitosan. The SSPCB was prepared by
inversing a mixture of 2.5 g SSP, 2.0 g chitosan, and
50 mL of 5 % acetic acid. Similarly, MCPCB were
prepared using a mixture of 2.0 g of MCP, 3.5 g of
chitosan powder in 50 mL of 5 % acetic acid (v/v).
All mixtures were dripped into 3 M NaOH solution
through a tube with 2-mm internal diameter to form
the beads. All chitosan gel beads were oven dried at
60 °C to obtain their dry mass. Pure and modified
chitosan beads were characterized for cation ex-
change capacity (CEC) (Gillman and Sumpter 1986)
and Brunauer Emmett Teller (BET) surface area
(Brunauer et al. 1938).

Adsorption experiments

Aqueous solutions of metal ions (Zn and Ni)
(1000 mg L") were prepared from ZnSO4.7H,0O
and NiSO,4.7H,0, with initial pH 5.67 and 6.35,
respectively, and ionic strength of approximately
0.0111 for Zn and 0.0115 for Ni solutions. The
batch adsorption isotherm studies with three repli-
cates were carried out with initial Zn and Ni ion
concentration of 1000 mg L™ each. Aliquots of
2.5 g of each pure and modified chitosan beads were
placed in 500-mL beakers containing 250 mL of
metal ion solution with known initial concentrations
(1000 mg L™"). The suspensions were agitated at a
speed of 200 rpm using a magnetic stirrer at 25 °C

for 4 h. At 30-min intervals, 10 mL aliquots of each
suspension were collected. The equilibrium solution
was analyzed with ICP-OES to quantify the amount
of Zn(Il) and Ni(II) adsorbed onto the chitosan
beads. Zinc and Ni adsorption was calculated using

Eq. (1):

0, =(CoC) ="/, (1)

where Q, is the absorbed concentration in milligrams per
gram at time . Cy and C, are the initial metal concentra-
tion and the metal concentration at time ¢, respectively. V'
is the volume of solution, and m; is the weight of
chitosan bead in grams.

Adsorption kinetics

In order to explain the mechanism controlling the ad-
sorption processes of Zn(I) and Ni(II) on chitosan
beads, different kinetic models (pseudo first-order, pseu-
do second-order, Elovich, and intra-particle diffusion)
were tested (Chien and Clayton 1980; Ho et al. 2000;
Lagergren 1898; Sparks 1986; Weber and Morris 1963).
To identify the rate-controlling mechanisms during the
adsorption of Zn and Ni, three main steps were consid-
ered: (1) mass transfer of the metallic ions from the bulk
solution to the chitosan surface, (2) adsorption of the
metallic ions onto sites, and (3) internal diffusion of
metallic ions onto chitosan. The conformity between
experimental data and the model-predicted values was
expressed by the correlation coefficients. A relatively
high regression coefficient value indicates that the mod-
el closely describes the kinetics of Zn(II) and Ni(II)
adsorption.

Pseudo first-order kinetics

A pseudo first-order equation (Lagergren 1898) is gen-
erally expressed as follows:

Y k(gi-a) @)
t
where, ¢, and ¢, represent the adsorption capacity
(mg g ") of chitosan at equilibrium and at time 7, respec-
tively. k;is the rate constant (L min ') of pseudo first-
order adsorption.
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After integration and applying boundary conditions
t=0tot=tand ¢g,=0 to q, = q, the integrated form of
Eq. 2 becomes:

k
log(g,—q,) = log qe—ﬁt (3)

The values of log (g. — g,) are linearly correlated with
t. The plot of log (g. — g,) vs. t should give a linear
relationship from which k; and ¢, can be determined
from the slope and intercept of the plot, respectively.

Pseudo second-order kinetics

The pseudo second-order adsorption kinetic rate equa-
tion (Ho et al. 2000) is generally expressed as follows:

d
= kg0, 4)
t

Where k, is the rate constant (g mg ' min ") of the
pseudo second-order adsorption.

For the boundary conditions t=0to t=¢tand ¢,=0 to
q: = ¢, the integrated form of Eq. 4 becomes

| 1
=—+k 5
¢4q) 4q. ©)

which is the integrated rate law for a pseudo second-
order reaction. Eq. 5 can be rearranged to obtain Eq. 6,
which has a linear form:

t 1 1
o — ¢ 6
q, kg’ N (%) (©)

if the initial adsorption rate, # (g mg ' min') is:

h = kg (7)

then Eqs. 6 and 7 become:

t 1 1

= (¢ 8

w (®) (8)
The plot of (#/4,) and ¢ of Eq. 6 should give a linear

relationship and ¢, and &, can be determined from the

slope and intercept of the plot, respectively.
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The Elovich model

The Elovich model equation (Chien and Clayton 1980;
Sparks 1986) is generally expressed as:

—— = a exp(—fg,) ©)

Where « is the initial adsorption rate (mg g~ min ")
and [ is the desorption constant (mg g_l). During any
one experiment, to simplify the Elovich equation, Chien
and Clayton (1980) assumed « ¢ » t. By applying the
boundary conditions, g,= 0 att= 0 and ¢, = g, att=1¢
Eq. (9) becomes;

q, = %ln(aﬁ) +%ln t (10)

If metal adsorption fits the Elovich model, a plot of ¢,
vs. In(?) should yield a linear relationship with a slope of
(1/) and an intercept of (1/3) In(af).

The intra-particle diffusion model

The intra-particle diffusion model (Srivastava et al.
1989; Weber and Morris 1963) is expressed as:

R = (£)R = ku(t)* (11)

A linearized form of the equation is expressed as:

logR = logkis + alog(¢) (12)

where R is the percent metal adsorbed, 7 is time (h), a is
the gradient of linear plots, and k;, is the intra-particle
diffusion rate constant (h ). While a depicts the adsorp-
tion mechanism and k;; may be regarded as a rate factor,
i.e., percent metal adsorbed per unit time.

Results and discussion
Physical characteristics of chitosan beads

The physical characteristics of chitosan beads are de-
scribed in Table 1. Modified chitosan beads had a larger
CEC than pure chitosan beads. The order of increase in
CEC was UCB (21.01 + 0.12 cmol kg ') < SSPCB
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Table 1 Physical characteristics of chitosan beads

Samples CEC (cmol kg " BET surface area (m”> g ') Pore size (A)
UCB 21.01 £0.12 0.186 +0.001 8.34+0.02
MoCB 34.02+0.07 6.63 +0.01 17.94 £0.01
SSPCB 24.03 £0.02 4.67+0.01 17.38 £0.03
MCPCB 32.63 +0.04 20+0.1 16.59 +0.02

(24.03 £ 0.02 cmol kg~ ') < MCPCB
(32.63 £ 0.04 cmol kg ') < MoCB
(34.02 + 0.07 cmol kg ). Similarly, the BET surface
area of modified chitosan beads was larger than pure
chitosan beads. The higher surface area and therefore,
the higher CEC of modified beads could be attributable
to the swelling and crosslinking, if any, of chitosan with
modification materials (Hastuti et al. 2016). The largest
surface area was measured on MoCB (6.63 m* g ),
followed by SSPCB (4.67 m? g~'), MCPCB
(2.0 m* g1, and UCB (0.186 m* g "). Pore size was
greatest for MoCB (17.94 A), followed by SSPCB
(17.38 A), MCPCB (16.59 A), and UCB (8.34 A).
The trend suggested modification of chitosan beads with
Mo and P resulted in higher CEC, surface area, and pore
size. However, Mo was more effective than P in enhanc-
ing these physical characteristics of chitosan beads.
Similar observations have been reported in the literature
where physical modifications, such as conversion into
gel or bead form (Benavente 2008) and chemical mod-
ifications, such as insertion of functional groups
(Benavente 2008; Rinaudo 2006), have led to changes
in the physical characteristics of chitosan.’

Adsorption kinetics

Adsorption of Zn and Ni ions increased with time
(Fig. 1), but the adsorption rate slowed down to varying
degrees. The suspension pH increased from 4.93 to
around 6.00 after 150 min, and then plateaued at pH
6.06. Initial adsorption of Zn was greatest on MoCB for
up to 30 min, but was subsequently overtaken by other
chitosan beads. After 150 min, maximum Zn was
adsorbed on MCPCB and SSPCB, followed by UCB
and MoCB. However, UCB showed maximum Zn ad-
sorption at the conclusion of the experiment after
240 min. In the case of Ni, the suspension pH increased
with time from 4.94 after 30 min to 6.00 after 150 min,
and then plateaued at 6.05. MoCB had the highest Ni
adsorption for the first 90 min, but was subsequently

over taken by MCPCB. At the conclusion of the exper-
iment, after 240 min, maximum Ni adsorption was
observed on MCPCB, followed by MoCB, UCB, and
SSPCB.

The adsorption of metal ions on cellulosic materials
could be attributed to intrinsic adsorption and coulombic
interactions resulting from the electrostatic energy gen-
erated in the interaction between adsorbent and adsor-
bate (Gang and Weixing 1998). Surface area of the
materials determines the extent of intrinsic adsorption
onto them (Igwe et al. 2008). Ghosh and Yuan (1987)
proposed the transfer of a proton to the hydroxyl groups
on the surface of adsorbent as a reason of interaction.

Increased Zn sorption on both phosphate-
impregnated chitosan beads (MCPCB and SSPCB)
and Ni sorption on MCPCB were clearly manifested in
this study. Reduction in Zn desorption could be attrib-
utable to the presence of P, which tends to increase the
specific sorption sites for Zn (Selim 2012; Zhao and
Selim 2010). High levels of Zn in soil tend to occupy
most of the newly formed adsorption sites due to phos-
phate addition or consume phosphate through precipita-
tion (Lambert et al. 2007).

Low adsorption of Zn on MoCB, despite favorable
physical characteristics (large surface area, CEC and
pore size), was surprising. However, Ni was adsorbed
to MoCB in reasonable amounts; greater than on pure
chitosan beads. Enhanced uptake of Zn was expected on
MoCB due to high surface area and CEC, particularly as
a strong interaction was reported between Mo and Zn
(Rodriguez and Kuhn 1995). Basak et al. (1982) report-
ed adsorption of Zn on Mo applied to soil. Similarly,
oxides of Mo are observed to react strongly with phos-
phates of Zn (Martin et al. 2000).

The adsorption kinetics of Zn and Ni onto chitosan
beads explained a faster initial stage of metal ion uptake
followed by slower adsorption. The adsorption of Zn
and Ni increased rapidly from 30 to 150 min. Thereafter,
adsorption slowed down. Zinc adsorption on UCB,
MoCB, and SSPCB plateaued after 180 min of

@ Springer
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Fig. 1 Zinc and nickel adsorption on unmodified and modified
chitosan beads as a function of time; cross pH curve; diamond
unmodified chitosan beads (UCB); square molybdenum-modified
chitosan beads (MoCB); triangle single superphosphate-modified
chitosan beads (SSPCB); and asterisk monocalcium phosphate-
modified chitosan beads (MCPCB)

equilibration, whereas MCPCB continued to adsorb Zn
even after 240 min. Similarly, Ni adsorption on UCB,
MoCB, and SSPCB plateaued after 120 min, whereas
MCPCB continued to adsorb Ni even after 240 min,
albeit at a reduced rate.

Chitosan is characterized by a high percentage of nitro-
gen, present in the form of amine groups. Amine sites are
the main reactive groups for metal ions, though hydroxyl
groups, especially in the C-3 position, bind metal ions
through chelation mechanisms (Ravi Kumar 2000;
Varma et al. 2004). The unprotonated amino groups of
chitosan mainly regulate the adsorption of transition metal
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ions on to it (Monteiro and Airoldi 1999; Onsoyen and
Skaugrud 1990).

Increase in pH of the equilibrium solution was observed
as adsorption progressed with time. This may be attributed
to rupture of internal hydrogen bonds and protonation of
amino groups of chitosan after reaction with water (Agulld
et al. 2004), given no pH control was used in the experi-
ment. The mechanism can be understood through Equa-
tion (13).

Chitosan—NH, + H,O—Chitosan-NH; + OH" (13)

In addition, chitosan acts as a weak base. At low pH,
amino groups of chitosan receive the protons available
in aqueous solution, as shown in Equation (14).
Chitosan—NH, + H*—Chitosan—NH; (14)

This reduces the concentration of H™ ions and raises
the pH of the solution. Ngah et al. (2004, 2011) ascribed
the low adsorption capacity in acidic solution to com-
petition between protons and metallic ions for available
amino adsorption sites. According to Jeon and Holl
(2003), high electrostatic repulsion may result in low
adsorption capacity in acidic solution. The following
relationship (Eq. 15) shows the influence of pH on the
uptake of metallic ions:

Chitosan—NH; + M; —Chitosan—-NH,~M;’
+HT (15)

However, as the adsorption process progresses, the
pH of the solution increases. At higher pH, the improved
adsorption performance is achieved due to the reduced
competition for binding sites and decreased electrostatic
repulsion (Benavente 2008).

Factors regulating metal adsorption on chitosan
beads

Cation exchange capacity

Greater CEC of the modified chitosan beads compared
to UCB was potentially due to impregnation of anions
(molybdate and phosphate) into the chitosan bead struc-
ture leading to greater negative charge. Cation exchange
is an important sorption mechanism for many clay min-
erals (Ikhsan et al. 2005; Kraepiel et al. 1999; Srivastava
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et al. 2005). Chitosan beads, having high CEC, provide
more available exchange sites and are responsible for
cation uptake at low pH (Stathi et al. 2010). Cation
exchange capacity indicates the improved biomass sur-
face and hence the sorption of cationic species in solu-
tion (Popuri et al. 2009).

An increase in surface charge with specific adsorp-
tion of anions and cations can be explained both by
double-layer theory, as well as by empirical reaction
equations. By using empirical equations, White (1980)
demonstrated in the case of HPO,4> -impregnated chito-
san, that the charge conveyed to the surface was large
when the HPO4* -displaced water molecules coordinat-
ed with the surface, and small when it displaced the
OH . In the first reaction, which involves the displace-
ment of water molecules, the charge on the HPO,*™ is
balanced by changes in the electrolyte ions associated
with the surface, either with an increased concentration
of cations, or a decreased concentration of anions. In the
second reaction, the charge balance is by displacement
of OH . The surface always receives some negative
charge, which is always less than the charge on the
anion (Bowden et al. 1980; Hingston 1970; Naidu
et al. 1990). Similarly, the output of Bowden’s var-
iable charge model shows the charge added to the
surface, per unit molecule of HPO,*" adsorbed (&),
is always less than two (Bowden et al. 1980). The
negative charge added to the surface by adsorption
of HPO, increases with the ionic strength of the
background electrolyte (Atkinson et al. 1967,
Hingston et al. 1972; Ryden and Syers 1975).

By using double-layer theory, Davies et al. (1978)
explained that in electrolyte solutions, the surface charge
is dominated by reactions of ionizable surface sites and
electrolyte ions. Oxonium (R3O ")/hydronium (H;0")
ions and hydroxide (OH ) ions are the principal deter-
mining ions. Bivalent cations often influence the surface
charge (Breeuwsma and Lyklema 1973). Bolan et al.
(1993) reported that the specific adsorption of calcium
ions on oxide surfaces increases positive charge on the
surface. They also observed that the formation of calci-
um surface groups can help in the specific adsorption of
calcium ions by the release of hydronium ions (H;0").
Chakrabarty et al. (2010) observed in a cadmium ad-
sorption study on chitosan that nitrogen and oxygen
atoms were responsible for metal binding due to the
presence of lone pair of electron in their atoms, which
help in binding the positively charged ion via electron
pair sharing. The easy release of a lone pair from the

nitrogen atom makes it the main binding site and forms
stable metal complexes.

Surface area and pore volume of chitosan beads

The greater surface area of MoCB, SSPCB, and
MCPCB compared to UCB could be ascribed to the
intercalation of the chitosan structure by their respective
anions (molybdate, phosphate, or hydrogen phosphate)
(Kamari et al. 2009; Sapalidis et al. 2011). These anion-
intercalates may have minimized close contact between
adjacent chitosans. Low surface area of UCB was pos-
sibly due to the formation of extensive hydrogen bonds
between chitosan structures.

Greater adsorption of Zn and Ni (Fig. 1) on modified
chitosan beads may be attributed to high BET surface
area of modified chitosan beads as contrasted with the
pure chitosan beads, with the exception of Zn adsorption
on MoCB. Slow adsorption rate after an initial rapid
adsorption can be attributed to the intra-particle diffu-
sion of solutes into the porous matrix of chitosan mate-
rials. When the external surface area of the particles is
smaller than that of their pores, the adsorption capacity
may be independent of particle size (Shen and Duvnjak
2005), because there is no big gain in the total surface
area accessible to metal ions with a decrease in the size
of its particles. For chitosan beads, which have compar-
atively smaller sorbent radius, particle size does not
influence equilibrium, while for chitosan flakes, increas-
ing sorbent radius results in decreased uptake of metals
(Guibal et al. 1998). Wu et al. (2000) also reported high
adsorption of heavy metals from fishery waste on chi-
tosan beads, in contrast to chitosan flakes. The reason
for greater adsorption was attributed to the high surface
area of the chitosan beads.

Kinetic models

The pseudo first-order, pseudo second-order, Elovich
equation, and intra-particle diffusion models are pre-
sented in Figs. 2 and 3, and the results of the parameters
and correlation coefficients (R?) are listed in Table 2.

Pseudo first- and second-order kinetics
The R* values suggested the adsorption of Zn on MoCB
was well described by both pseudo first- (Fig. 2a) and

second-order (Fig. 2b) kinetics, but Zn adsorption on
UCB, MCPCB, and SSPCB did not fit well with pseudo

@ Springer
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Fig.2 Zinc adsorption data fitted with different kinetics models a
pseudo first-order, b pseudo second-order, ¢ diffusion model, and
d Elovich equation. Diamond unmodified chitosan beads (UCB);
square molybdenum-modified chitosan beads (MoCB); triangle

first-order kinetics. The pseudo second-order kinetics
equation has been used to explain adsorption of Zn on
chitosan derivates (Li et al. 2007). The first-order kinetic
process is mainly used for reversible reaction with an
equilibrium being established between liquid and solid
phases, albeit does not fit well to the initial stages of the
adsorption process (Ding et al. 2006; Low et al. 2000).

As per the R? values, the kinetics of Ni adsorption on
both modified and pure chitosan beads fitted well with
pseudo second-order kinetics (Fig. 3a). The pseudo
second-order kinetics equation (Fig. 3b) fitted best with
the data on Ni adsorption on all types of chitosan
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single superphosphate-modified chitosan beads (SSPCB); and
asterisk monocalcium phosphate-modified chitosan beads
(MCPCB)

beads—both pure and modified, suggested that Ni ad-
sorption on chitosan probably followed a chemisorption
mechanism (Gerente et al. 2007; Vijaya et al. 2008).

Intra-particle diffusion model

Zinc adsorption on UCB and MoCB was observed to
follow the intra-particle diffusion mechanism as de-
scribed by its best fit in the Webber-Morris model
(R* = 0.95 for both UCB and MoCB) (Fig. 2¢). Zinc
adsorption on SSPCB and MCPCB was also described
adequately by intra-particle diffusion models (R* = 0.93
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Fig.3 Nickel adsorption data fitted with different kinetics models
a pseudo first-order, b pseudo second-order, ¢ intra-particle diffu-
sion model, and d Elovich equation. Diamond unmodified chito-
san beads (UCB); Square molybdenum-modified chitosan beads
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(MoCB); triangle single superphosphate-modified chitosan beads
(SSPCB); and asterisk monocalcium phosphate-modified chitosan
beads (MCPCB)

Table 2 Comparison between kinetic models for Zn and Ni adsorption on different chitosan beads

Metal Sorbent Pseudo first-order Pseudo second-order Elovich equation Intra-particle diffusion
R? K, e R? K, e R? a 3 R? k

Zinc UCB 0.9334 2579 0.0087 042 0.00057 782 0.89 40.1 0.00064 0.95 359.67
MoCB 09717 1596 0.0023 096 0.00063 11.71 0.88 2534 0.00122 0.95 135.21
SSPCB 09192 32.6 0.0071  0.12  0.00015 6098 0.85 46.60 0.00055 0.92 427.87
MCPCB 09129 37.19 0.0076 0.57 0.0002 1642 0.82 4463 0.00054 091 435.62

Nickel UCB 0.9308 291 0.0081 0.99 0.0054 7.12 090 1827 0.001911 0.97 121.69
MoCB 0.8396 1.52 0.0205 0.99 0.0193 654 094 1975 0.001877 0.99 125.63
SSPCB 0.6549 2.17 0.0260 0.99 0.0175 5.9 093 175 0.002095  0.98 110.36
MCPCB  0.9298 476 0.0145 099 0.00466 8.16 0.89 21.11 0.001591 0.96 146.5
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and 0.91, respectively). It can be assumed that intra-
particle diffusion is negligible, as Zn concentration at
the sorbent surface tends to be zero during the initial
stage, (McKay et al. 1986).

The kinetics of Ni adsorption on pure and all the
modified chitosan beads was reasonably described
by Webber-Morris equations (R* ranging from 0.90
to 0.95) (Fig. 3c), suggesting an intra-particle diffu-
sion mechanism for Ni sorption onto chitosan beads.
Guibal et al. (1998) observed intra-particle diffusion
mechanism controlling the sorption kinetics of
metals on chitosan beads. They proposed chitosan
gel bead formation allowed an expansion of the
polymer network that improved access to the inter-
nal sorption sites by reducing steric hindrance due to
metal ions, enhancing diffusion.

This suggests Ni adsorption follows chemisorption
mechanisms. Rudzinski and Plazinski (2009) suggested
both pseudo second-order and Elovich equations were
similar when certain conditions were fulfilled.

Zinc and Ni adsorption data fitted to different kinetics
equations indicated no single mechanism operating and
controlling the adsorption phenomenon and probably
suggests several mechanisms are involved. This
assumption is affirmed by Guibal et al. (1998) stating
that no single controlling-mechanism can be applied to
accurately describe the sorption mass transfer for chito-
san flakes. No single equation best describes all the
sorption studies and conformity of data to a particular
equation does not necessarily indicate the equation to be
the best one (Sparks 1989). Eddy and Odoemelam
(2009) reported Zn adsorption on tiger nut shell follow-
ed the Webber-Morris model. It was observed that the
adsorption plots of Zn and Ni did not show the stage
corresponding to the diffusion of metallic ions through
the external film, while these describe intra-particle
diffusion mechanism as the rate-limiting step. These
findings conform to the observation of Bhattacharyya
and Sharma (2004); the plot of uptake vs. the square root
of time should be linear when intra-particle diffusion is
involved in the adsorption process and if these lines pass
through the origin then intra-particle diffusion is the
rate-controlling step. When the plots do not pass through
the origin, this is indicative of some degree of boundary
layer control, suggesting other kinetic models control the
rate of adsorption, all of which may be operating simul-
taneously (Ozcan et al. 2005). Several models operating
simultaneously have also been observed in Cu(II) adsorp-
tion on chitosans (Ngah et al. 2008).

@ Springer

Elovich model

Zinc adsorption on pure and modified chitosan beads
did not show a good fit with the Elovich kinetic model
(R*=0.83 to0 0.89) (Fig. 2d). Similarly, Ni adsorption on
all chitosan beads did not fit well with the Elovich
model (Fig. 3d).

Conclusions

Modified chitosan beads had higher adsorption ca-
pacity for Zn and Ni, in contrast to pure chitosan,
evincing their great potential for metal removal in a
wide range of environmentally friendly applications.
Modified chitosan beads showed improved physical
characteristics in terms of their CEC, BET surface
area and pore size, in contrast with pure chitosan
bead, with MoCB the most promising. However,
phosphate-impregnated chitosan beads (both SSPCB
and MCPCB) adsorbed greater quantities of Zn than
UCB and MoCB. Nickel adsorption was greatest on
MCPCB followed by MoCB, UCB, and SSPCB.

Zn sorption on pure and modified chitosan beads most-
ly followed pseudo first-order and particle diffusion pro-
cesses, except for Zn sorption on MoCB, which also
displayed pseudo second-order kinetic modeling. Howev-
er, among all kinetic models, the particle diffusion model
best described Zn sorption on chitosan. Nickel sorption
followed pseudo second-order, Elovich, and intra-particle
diffusion models, with the pseudo second-order giving a
better fit, followed by Elovich and intra-particle diffusion
mechanisms.

These observations suggest that the adsorption of
Zn and Ni on pure and modified chitosan beads
follows chemical adsorption and intra-particle diffu-
sion, but several other adsorption mechanisms may
also occur simultaneously. However, the kinetic
models can only attempt to theoretically describe
the adsorption process, and are never confirmatory.
Therefore, further study to confirm the mechanisms
that explain metal adsorption on chitosan is
recommended.
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