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ABSTRACT

Sodium tripolyphosphate (TPP) crosslinked magnetic chitosan adsorbent was prepared and
immobilized with pentamine moieties. The adsorption behavior of the prepared adsorbent
toward Ag(I) and Au(III) was studied at different experimental condition using batch and
column methods. The maximum adsorption capacity was found to be 1.7 and 2.3mmol g�1

for Ag(I) and Au(III), respectively. The mechanism of interaction between metal ion and
adsorbent was found to proceed via complex formation and/or ion exchange. Kinetics and
thermodynamic studies showed that the adsorption followed pseudo-second order with
endothermic nature. The regeneration of the loaded resin was performed using 1.0M
acidified thiourea and was found to be 95–97%. The flow rate of 1.0mLmin�1 in column
experiments was found to be the most preferable rate.
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1. Introduction

Precious metals are widely used in many fields
such as catalysts, electrical and electronic industries,
medicine, and jewelry [1]. Because of the increasing
industrial need and limited sources of the precious
metals, it is necessary to establish an efficient process
for their recovery and recycling from different waste-
waters. The conventional methods for the removal of
metal ions from water and wastewater include oxida-
tion, reduction, precipitation, membrane filtration, ion
exchange, and adsorption [1–3]. Extraction of precious
metals using solid-phase extractors is one of the most
attractive and efficient method [3–5]. Recently, we
reported on the use of magnetic resins for the separa-
tion of Ag(I) and Au(III) from an aqueous solution

[5–9]. The studied magnetic resins are characterized
by ease separation from loading medium using exter-
nal magnetic field as well as higher uptake. From the
economical point of view; much attention has been
paid to the low-cost adsorbents. Chitosan has already
been described as a suitable low-cost biosorbent for
the collection of metal ions [10,11]. The high content
of nitrogen atoms in chitosan allows uptake of several
metal ions through various mechanisms such
as chelation, electrostatic attraction or ion exchange,
depending on the type of metal ion and the pH of the
solution [12]. Several reports on the modified chitosan
with different crosslinkers and different chelating
agents have been cited [13–19]. Crosslinked chitosan
with water-soluble tripolyphosphate (TPP) or carbox-
ylic acids were also used for removal of metal ions
[19–23]. Literature survey indicates that no work has
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been done on the magnetic form of TPP crosslinked
chitosan. In the present work, the objective is to pre-
pare a magnetic durable low-cost biosorbent for Ag(I)
and Au(III) recovery. For these purposes, magnetic
chitosan with TPP crosslinker was prepared and
immobilized with pentamine moiety. The adsorption
behaviour of the adsorbent obtained toward Ag(I)
and Au(III) was studied using batch and column tech-
niques. Magnetic properties for the studied resin
make it easier to be collected from its sorption med-
ium after batch experiments. Kinetics and thermody-
namic parameters of the adsorption process were
calculated. The regeneration of the loaded adsorbent
was also studied.

2. Experimental

2.1. Chemicals

Chitosan, sodium TPP, tetraethylenepentamine
(TEPA), epichlorohydrin, ferric chloride, and ferrous
sulfate were Aldrich products. Metallic gold dissolved
in aqua regia and silver nitrate were used as a source
for Au(III) and Ag(I), respectively. All other chemicals
were Prolabo products and were used as received.

2.2. Instruments

Infrared spectra were performed in KBr discs using
Nexeus-Nicolite-640 MSA FT-IR, Thermo-electronics
Co., New Jersey, USA.

2.3. Preparation of magnetite

Magnetite was prepared using the modified Mass-
art method [24]. A 250mL (0.2M) FeCl3 solution was
mixed with 250mL (1.2M) of FeSO4 solution. A
200mL (1.5M) NH4OH solution was added to the
above solution of FeCl3/FeSO4 under vigorous stirring.
A black precipitate was formed which was allowed to
crystallize for another 30min under magnetic stirring.
The precipitate was filtered off and washed with deox-
ygenated water through magnetic decantation until the
pH of the suspension was below 7.5.

2.4. Preparation of amine-loaded crosslinked magnetic
chitosan

The preparation takes place through three subse-
quent steps:

2.4.1. Preparation of crosslinked magnetic chitosan gel

Three grams of chitosan was dissolved in 100mL
of dilute acetic acid (5% v/v) to produce the chitosan
solution. One gram of magnetite was added to
chitosan solution and stirred. Sodium TPP solution
(4.0% wt/v) was prepared by dissolving one gram of
TPP in 25mL of deionized water and was adjusted to
pH=4 using 1.0M hydrochloric acid. The TPP solution
was dropped through a burette into the above chitosan
solution with vigorous stirring. A gelatinous product
was obtained and stored in the solution overnight
before filtration to give homogenous and well-
dispersed chitosan particles [20]. The gel obtained was
filtered off and washed several times with deionized
water and left to dry. The dried product obtained was
then ground and sieved.

2.4.2. Reaction with epichlorohydrine

Two grams of crosslinked chitosan obtained in the
above step was suspended in 50mL of 1.0N sodium
hydroxide, and then, 6mL of epichlorohydrine
dissolved in 50mL of acetone/water (1:1 v/v) solution
was added. The above mixture was stirred for 6 h
at 50oC in a water bath. The solid product obtained
was filtered off and washed several times with water
followed by ethanol.

2.4.3. Immobilization of tetraethylenepentamine

Two grams of the product obtained in the step (ii)
was suspended in 100mL of ethanol/water (1/1 v/v),
and then, 6mL of TEPA was added. The reaction mix-
ture was stirred at 60oC for 12 h. The product obtained
was filtered off, washed with water followed by etha-
nol and then dried in air.

The concentration of amino groups in the obtained
resin was estimated using a volumetric method [7].
Forty milliliters of 0.05N HCl solution was added to
0.1 g resin and conditioned for 15 h on a shaker. The
number of moles of HCl was measured through the
titration against 0.05N NaOH solution and phenolph-
ethalein as an indicator. The number of moles of HCl
interacting with the amino groups was calculated, and
then, the amino group concentration (in mmol g�1 of
resin) was calculated using the following equation:

Concentration of amino groups

¼ ðM1 �M2Þ � 40

0:1
mmol/g of resin ð1Þ
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where M1 and M2 are the initial and final concentration
of HCl, respectively.

2.5. Preparation of solutions

A stock solution of gold (1.4� 10�2M) was prepared
by dissolving metallic gold in an aqua regia mixture
(HNO3:HCl, 1:3 v/v). A stock solution of the silver
nitrate (1.4� 10�2M) was also prepared by dissolving
AgNO3 in distilled water. Working solutions were pre-
pared by dilution of a stock solutions to the desired
concentration using distilled water. A stock solution of
EDTA (5� 10�3M) was prepared and standardized
against a solution of (1� 10�2M) MgSO4·7H2O using
Eriochrome Black-T (EBT) as an indicator. HNO3 and
NaOH solutions were used to obtain the desired pH of
the medium. Thiourea (1.0M) acidified by H2SO4

(0.1M) was used as an eluent for stripping Ag(I) and
Au(III) adsorbed.

2.6. Adsorption studies using batch technique

2.6.1. Effect of pH

Adsorption of Ag(I) and Au(III) on resin under
controlled pH was carried out by swelling 0.1 g of dry
adsorbent in a number of flasks containing 50mL of
distilled water for 1 h. Fifty milliliters of metal ions
solution (1.4� 10�2M) was added to the flasks where
the initial concentration of the metal ions became
(7� 10�3M). The desired pH was obtained using
HNO3 and NaOH. The flasks were shaken for 3 h on a
Vibromatic-384 shaker at 300 rpm and at 28 ± 1oC on a
Vibromatic-384 shaker. Studying the adsorption of Ag
(I) or Au(III) in strong basic media was avoided due
to the precipitation of metal hydroxide.

After conditioning, the supernatant of each flask
was analyzed for Ag(I) and Au(III) using complexi-
metric titration with EDTA by the replacement titra-
tion method using potassium tetracyanonickelate(II)
[25]. The released Ni(II) ions were determined. Direct
titration with murexied indicator was used in the case
of Ag(I), whereas back titration with EBT indicator
was used in the case of Au(III).

2.6.2. Effect of contact time

The effect of contact time on the uptake of Ag(I)
and Au(III) by resin was carried out by swelling 0.1 g
of dry resin in a number of flasks containing 50mL of
distilled water for 1 h. Fifty milliliters of metal ions
solution (1.4� 10�2M) was added to the flask where
the initial concentration of the metal ions became
(7� 10�3M), and the pH of the solution was 6.9 and

0.5 for Ag(I) and Au(III), respectively. The contents of
the flask were shaken on a Vibromatic-384 shaker at
300 rpm and 28± 1oC. Five milliliters was taken from
the flasks at different time intervals where the resid-
ual concentration of the metal ions was determined
following the above method.

2.6.3. Adsorption isotherms

Complete adsorption isotherms for Ag(I) and Au
(III) were obtained by soaking 0.1 g of dry resin in a
series of flasks each containing 50mL of distilled
water for 1 h. To each flask, 50mL of Ag(I) and Au
(III) ions at the desired concentration were added. The
initial pH of solutions was 6.9 and 0.5 for Ag(I) and
Au(III), respectively. The flasks were shaken at
300 rpm while keeping the temperature at 30, 45, or
55oC for 3 h. Later on, the residual concentration was
determined where the metal ion uptake was calcu-
lated.

2.7. Adsorption studies using column technique

Column experiments were performed in a plastic
column with a length of 10 cm and a diameter of 1 cm.
A small amount of glass wool was placed at the bot-
tom of the column to keep the contents. A known
quantity of the resin was placed in the column to
yield bed height of 0.3, 0.75, or 1.5 cm. Metal ion solu-
tion having the desired initial concentration (initial
pH of solutions was 6.9 and 0.5 for Ag(I) and Au(III),
respectively) was flowed downward through the
column using flow rates of 1, 2 or 3mLmin�1. Sam-
ples were collected from the outlet of the column at
different time intervals and analyzed for metal ion
concentration. The operation of the column was termi-
nated when the outlet metal ion concentration
matched its initial concentration. The outlet metal ion
concentrations at different time intervals over initial
concentration (Ct/Co) values were plotted versus time
at different flow rates to give the breakthrough
curves.

2.8. Regeneration experiments

Regeneration experiments were performed by
equilibrating 0.1 g of adsorbent with 100mL of metal
ion solution (7� 10�3M), and pH of solutions was 6.9
and 0.5 for Ag(I) and Au(III), respectively, for 3 h, and
the total uptake was estimated. Then, the solution was
decanted, and the adsorbent was washed thoroughly
with distilled water. The loaded adsorbent was
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equilibrated for 3 h in 100mL of thiourea (1.0M) acidi-
fied with H2SO4 (0.1M). After elution, the adsorbent
was carefully washed with distilled water for reuse in
the second uptake run. The efficiency of regeneration
was calculated by dividing the total adsorption capac-
ity in the second run by that of the first one.

3. Results and discussion

The preparation of the investigated resin is repre-
sented in Fig. 1. The ionic interaction between the pro-
tonated amino groups in chitosan (positively charged)
and negatively charged crosslinker ion (TPP) at pH=4
has been reported [20]. Resin was obtained by succes-
sive addition of epichlorohydrin and TEPA. The inves-
tigated adsorbent displays a good durability against
soaking in 0.5M HCl and 0.1M NaOH for 24 h without
any significant activity loss. The amine active sites con-
centration of resin was found to be 6.4mmol g�1.

Fig. 2(b) shows the IR spectra of resin. The spec-
trum displays bands at 1,200 and 1,520 cm�1 (not
found in Fig. 2(a)). These bands were assigned to
t P=O and t –NHþ

3 , respectively. The observed band
at 840 cm�1 corresponds to –NH of the secondary
amine for bending vibration. These findings confirm
the success of modification [20].

3.1. Batch method

3.1.1. Effect of pH

The effect of the acidity of the medium on the
uptake of Ag(I) and Au(III) was shown in Fig. 3. It is
seen that the uptake of Ag(I) increases as the pH
increases till reaching a maximum value at pH=6. This
behavior indicates the complex formation mechanism
between Ag(I) and the donor atoms (N) on the
adsorbent [3–5]. For Au(III), in acidic medium and in
the presence of high concentration of Cl�, AuCl�4
became the predominant species so the interaction
proceeded between this species ion and the proton-
ated sites of the adsorbent through ion exchange
mechanism [4,26].

RNHþ
3 X

� þAuCl�4 ¼ RNHþ
3 AuCl�4 þ X� ð2Þ

3.1.2. Kinetic studies

Fig. 4 shows the change in the uptake of Ag(I) and
Au(III) by the adsorbent as a function of time at initial
concentration of 7� 10�3 M. For both metal ions, the
acidity of the medium was adjusted at pH=6.9
(natural) and 0.5 for Ag(I) and Au(III), respectively.

Obviously, the equilibrium time for the uptake of Ag
(I) and Au(III) reached within 60min. The uptake-time
data obtained were treated in the form of two simpli-
fied kinetic models including pseudo-first order and
pseudo-second order. The pseudo-first-order model is
expressed as [27]:

logðqe � qtÞ ¼ log qe � k1
2:303

� �
t ð3Þ

where k1 is the pseudo-first-order rate constant
(min�1) of adsorption, and qe and qt (mmol g�1) are
the amounts of metal ion adsorbed at equilibrium and
time t (min), respectively. On the other hand, the
pseudo-second-order model is expressed as [28]:

t

qt
¼ 1

k2q2e
þ 1

qe

� �
t ð4Þ

where k2 is the pseudo-second-order rate constant of
adsorption (gmmol�1min�1). The kinetic parameters
for the pseudo-first- and pseudo-second-order models
are determined from the linear plots of log(qe – qt) ver-
sus t or (t/qt) versus t, respectively. The validity of
each model could be checked by the fitness of the
straight lines (R2 values). Accordingly as shown in
Table 1, the adsorption of Ag(I) and Au(III) on the
adsorbent is perfectly fit pseudo-second-order model
rather than pseudo-first order one. In addition, the
experimental and theoretical values of qe (obtained
from pseudo-second-order model) are closely similar,
confirming the validity of that model to the adsorp-
tion system under consideration. This implies that the
rate-determining step of the adsorption reaction
depends on both the concentration of the active sites
and the textural properties of the resin.

The adsorption takes place through multistep
mechanism including: (i) external film diffusion; (ii)
intraparticle diffusion and (iii) interaction between
adsorbate and active site [29,30].

qt ¼ Kit
0:5 þ X ð5Þ

where qt is the amounts of metal ion adsorbed at time
t, Ki is the intraparticle diffusion rate constant (mmol
g�1 min0.5), and X is the intercept of the straight line
which is proportional to the boundary layer thickness.
Fig. 5 shows the plots of qt versus t0.5 for Ag(I) and
Au(III) on resin. The plot of Ag(I) displays a straight
line with positive intercept to Y-axis. This suggests
that the rate of adsorption is controlled by intraparti-
cle diffusion as well as boundary layer thickness [31–
33]. The plot of Au(III) displays two straight line
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regions. In region I, the straight line passes through
the origin indicating that the rate is initially controlled
by intraparticle diffusion [31–33]. In region II, the

positive values of X obtained after extrapolation of the
line indicates that the rate is mainly controlled by
boundary layer diffusion [8,34,35].
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3.1.3. Adsorption isotherms

Fig. 6 shows the adsorption isotherms of Ag(I) and
Au(III) on resin at different temperatures. The adsorp-
tion curves show maximum uptake values for Ag(I)
and Au(III) at 1.7 and 2.3mmol g�1 at 30˚C, respec-
tively. These values are comparable with the values
reported by others in Table 2 but with faster kinetics
[1–3,40]. These values increase as the temperature
increases. The adsorption data were plotted according
to Langmuir equation [5–9].

Ce

qe
¼ Ce

Qmax

þ 1

KLQmax

ð6Þ

where Ce is the equilibrium concentration of metal
ions in solution (mmol L�1), qe is the adsorbed
amount of metal ions at equilibrium concentration
(mmol g�1), Qmax is the maximum adsorption capacity
(mmol g�1), and KL is the Langmuir binding constant
which is related to the energy of adsorption
(L mmol�1). Plotting Ce/qe against Ce gives a straight
line with slope and intercept equal to 1/Qmax and 1/
KLQmax, respectively. The values of KL and Qmax at
different temperatures for adsorption of Ag(I) and Au
(III) were calculated and reported in Table 3. It is seen
that the value of Qmax (obtained from Langmuir plots)
at 30oC is mainly consistent with that experimentally
obtained, indicating that the adsorption process is
mainly proceeding through monolayer coverage. It is
also seen that Au(III) displays a higher KL values than
Ag(I). This may be related to the stronger electrostatic
attraction between AuCl�4 and adsorbent than com-
plex formation in the case of Ag(I).

The degree of suitability of adorbent toward metal
ions was estimated from the values of separation fac-
tor constant (RL), which gives indication for the possi-
bility of the adsorption process to proceed. RL> 1.0
unsuitable; RL= 1 linear; 0 <RL< 1 suitable; RL= 0 irre-
versible [27]. The value of RL could be calculated from
the relation

RL ¼ 1

1þ KLCo

ð7Þ

where KL (L mmol�1) is the Langmuir equilibrium
constant, and Co (mmol L�1) is the initial concentra-
tion of metal ion. The value of RL at initial concen-
tration and at 30oC are 0.165 and 0.097 for Ag(I) and
Au(III), respectively, indicating the suitability of the
adsorbent for the adsorption of Ag(I) and Au(III)
from their aqueous solutions.
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Fig. 4. Effect of time on the adsorption of Ag(I) and Au(III)
on resin at initial concentration 7� 10�3M and at 28oC.

Fig. 2. Infrared spectrum of resin; (a) before modification
and (b) after modification.
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Fig. 3. Effect of pH on the adsorption of Ag(I) and Au(III)
on resin at initial concentrations of 7� 10�3M and at 28oC.
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3.1.4. Thermodynamic studies

The values of KL at different temperatures were
treated according to Van’t Hoff equation [36]

lnKL ¼ �DH�

RT
þ DS�

R
ð8Þ

where DHo (Jmol�1) and DSo (Jmol�1 K�1) are
enthalpy and entropy changes, respectively, R is the
universal gas constant (8.314 Jmol�1 K�1), and T is the
absolute temperature (in Kelvin). Plotting ln KL

against 1/T gives a straight line with slope and inter-
cept equal to DHo/R and DSo/R, respectively. The
observed increase in both values of Qmax and KL at
elevated temperature indicates the endothermic nature
of the adsorption process. Plotting ln KL against 1/T
gives a straight line with slope and intercept equal to
DHo/R and DSo/R, respectively. The values of DHo

and DSo were calculated and reported in Table 4. The
positive values of DSo may be related to the liberation
of water of hydration during the adsorption process

causing the increase in the randomness of the system
[37,38]. The positive values of DHo indicate an endo-
thermic nature for the uptake process. The observed
greater positive value of DSo for Au(III) than that of
Ag(I) may be related to the mechanism of interaction
between metal ion and active sites. The chelation
mechanism for Ag(I) with active sites gives more
ordered form than electrostatic attraction mechanism

Table 1
Parameters of pseudo-first- and pseudo-second-order models for the adsorption of Ag(I) and Au(III) on resin

Resin q
exp.
e (mmol g�1) Pseudo-first order Pseudo-second order

k1 (min�1) qcalc.
�

e (mmol g�1) R2 k2 (gmmol�1min�1) qcalc.
��

e (mmol g�1) R2

Ag(I) 1.7 0.057 1.03 0.98 0.093 1.8 0.99

Au(III) 2.3 0.042 1.5 0.87 0.090 2.4 0.98

⁄Calculated from pseudo-first-order model.
⁄⁄Calculated from pseudo-second-order model.
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Fig. 5. The intraparticle diffusion kinetic model of the
adsorption of Ag(I) and Au(III) on resin at initial
concentrations of 7� 10�3M and at 28oC.
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Fig. 6. Adsorption isotherms of Ag(I) and Au(III) on resin
at different temperatures.
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for Au(III) adsorption. Another explanation may be
discussed through the chelation mechanism through
directional coordinate bonds for Ag(I) which may give
controlled monolayer adsorption, whereas ion pair
mechanism through nondirectional electrostatic attrac-
tion for AuCl�4 may give a less controlled monolayer
formation. Gibbs free energy of adsorption (DGo) was
calculated from the following relation [38]:

DG� ¼ DH� � TDS� ð9Þ

The values of DGo at different temperatures were
calculated and reported in Table 4. The negative val-
ues of DGo indicate that the adsorption reaction is
spontaneous. The observed increase in negative values
of DGo with increasing temperature implies that the
adsorption becomes more favorable at higher temper-
atures [39].

3.2. Column method

3.2.1. Effect of flow rate

The breakthrough curves of the uptake of Ag(I)
and Au(III) by the adsorbent at different flow rates (1,
2, and 3mLmin�1) and a fixed bed height of 1.5 cm
are shown in Fig. 7 and Table 5. Obviously, the break-
through and exhaustion of the resin occurs faster at
higher flow rates. Also as the flow rate increases, the
metal ions appear in the effluent rapidly resulting in
much sharper breakthrough curves. This behavior
may be attributed to the insufficient residence time of
the metal ions on the column, which negatively affects
the interaction process as well as the diffusion of
metal ions through the pores of the adsorbent [40]. It
is also seen that, for all flow rates, Au(III) displays
longer breakthrough time than that of Ag(I). This indi-
cates the efficient interaction of Au(III) (as AuCl�4 ) rel-
ative to complex formation interaction of Ag(I).

3.2.2. Effect of bed height

As shown in Fig. 8 and Table 5, the bed height
was varied from 0.3 to 1.5 cm while the flow rate was
held constant at 1mLmin�1. The influence of bed
height was well checked in terms of breakthrough
time (tb) and service time (ts). Both parameters (tb) and
(ts) were increased by increasing the bed height.
Generally, the removal efficiency of the adsorbent was
significantly affected by the bed height and found to
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Fig. 7. Effect of flow rate on the uptake of Ag(I) (pH=6.9)
and Au(III) (pH=0.5) on resin at a fixed bed height of
1.5 cm.

Table 2
Comparative study of the adsorption capacity and equilibrium time for the investigated resins

Adsorbent Uptake (mmol/g) Eq. time (min) Reference

Ag(I) Au(III) Ag(I) Au(III)

Crosslinked chitosan-glycine – 0.08 – 180 [1]

Modified chitosan-L-lysine – 0.06 – 300 [2]

Modified chitosan-thiourea 3.20 – 180 – [3]

Modified chitosan-thiourea/glutaraldehyde 1.50 3.50 80 90 [40]

Resin 1.70 2.30 60 60 This work
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be directly proportional to it. Bed depth service time
model (BDST) is a simple model, in which the bed
height (Z) and service time (ts) of the column are line-
arly related as given in the following equation [40]:

ts ¼ NoZ

Cov
� 1

KaCo

ln
Co

Ct

� 1

� �
ð10Þ

where Co (mmol L�1) is the initial metal ion concentra-
tion, Ct (mmol L�1) is the metal ion concentration at
the service time just before equivalence to the initial
concentration (Ct/Co= 99/100), No is the total adsorp-
tion capacity (mmol of solute/L of sorbent bed), t is
the linear velocity (cmmin�1), and Ka characterizes
the rate constant of transfer (Lmmol�1min�1). The
values of No and Ka were calculated from the slope
and intercept of the BDST plots, respectively and
reported in Table 5. If Ka is large, even a short bed
height will avoid breakthrough, but if Ka is small a
progressively longer bed height is required to avoid
breakthrough. The values of for Ag(I) and Au(III) are
57.0 and 82.0 (Lmmol�1min�1), respectively. Again
the observed higher Ka value for Au(III) is related to
its stronger nature of interaction with the adsorbent
and consistent with its longer breakthrough time than
that of Ag(I). The critical bed height (Zo) can be calcu-
lated by setting ts= 0 in Eq. (10) [40].

Zo ¼ m
KaNo

ln
Co

Cb
� 1

� �
ð11Þ

Table 4
Thermodynamic parameters for the adsorption of Ag(I) and Au(III) on resin at different temperatures

Temperature
(K)

Ag(I) Au(III)

DGo

(kJmol�1)
DHo

(kJmol�1)
DSo

(Jmol�1K�1)
TDSo

(kJmol�1)
DGo

(kJmol�1)
DHo

(kJmol�1)
DSo

(Jmol�1 K�1)
TDSo

(kJmol�1)

305 �16.20 11.64 91.28 27.84 �17.81 18.29 118.99 36.10

320 �17.56 29.20 �19.59 37.88

330 �18.48 30.12 �20.77 39.06

Table 3
Langmuir constants for the adsorption of Ag(I) and Au(III) on resin

Temperature
(oC)

Ag(I) Au(III)

q
exp.
e

(mmol g�1)

Qmax
⁄

(mmol g�1)
KL

(Lmmol�1)
R2

q
exp.
e

(mmol g�1)

Qmax
⁄

(mmol g�1)
KL

(Lmmol�1)
R2

30 1.7 2.0 0.720 0.9877 2.3 2.8 1.315 0.9898

45 2.1 2.4 0.649 0.9958 2.7 3.0 1.759 0.9935

55 2.3 2.6 0.945 0.9909 3.2 3.6 2.059 0.9956

⁄Calculated from Langmuir model plotting.
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Fig. 8. Effect of bed height on the uptake of Ag(I) (pH=6.9)
and Au(III) (pH=0.5) on resin at fixed flow rate of
1mLmin�1.
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where Cb is the metal ion concentration at the break-
through point (mmol L�1). The above equation implies
that Zo depends on the kinetics of the sorption pro-
cess, the residence time of the solute and the sorption
capacity of the resin [40]. The critical bed height for
Ag(I) and Au(III) columns were calculated and found
to be 0.069 and 0.036 cm, respectively.

3.3. Regeneration of loaded resins

Sorption/desorption cycles up to five runs were
carried out for Ag(I) and Au(III) on resin. The elution
of the metal ions was performed using 100mL of
1.0M thiourea acidified with drops of 0.1M H2SO4.

The efficiency of regeneration was obtained using
the following equation

Efficiency of regeneration ð%Þ

¼ Total uptake in the second run

Total uptake in the first run
� 100 ð12Þ

Generally, the efficiency of regeneration was found
to be 97 and 95% for Ag(I) and Au(III), respectively
over five cycles.

4. Conclusions

Adsorption of Ag(I) and Au(III) from aqueous
solutions was studied using a magnetic adsorbent
derived from chemically modified chitosan. The
adsorption process was carried out using batch and
column methods. The total uptake capacity was found
to be 1.7 and 2.3mmol g�1 for Ag(I) and Au(III),
respectively. Kinetic studies indicated that the

adsorption reaction follows the pseudo-second-order
kinetics. Thermodynamic parameters obtained indi-
cated that the adsorption process is spontaneous and
endothermic. The mechanism of interaction between
metal ion and resin was also clarified. The resin
obtained showed a good durability and easy regenera-
tion using 1.0M thiourea acidified with 0.1M H2SO4.
Magnetic properties for the studied resin make it eas-
ier to be collected from its sorption medium after
batch experimental. The regeneration efficiency was
found to be 95–97%. The flow rate of 1.0mLmin�1 in
column experiments was found to be the most prefer-
able rate. Column experiments have clearly illustrated
that it is applicable to use column technique in the
industrial field in order to recover gold and silver ions
from their solutions.
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