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a b s t r a c t

The adsorption characteristics of platinum(IV) and palladium(II)from aqueous solutions onto the
ethylenediamine-modified magnetic chitosan nanoparticles (EMCN) have been investigated. The mag-
netic chitosan nanoparticles were prepared by adding the basic precipitant of NaOH solution into a W/O
microemulsion system. The transmission electron microscope showed that the diameter of EMCN was
from 15 to 40 nm. The adsorption experiments indicated that the maximum adsorption capacity occurred
at around pH 2.0 for both Pt(IV) and Pd(II). Due to the small diameter and the high surface reactivity, the
adsorption equilibrium of Pt(IV) and Pd(II) onto the EMCN reached very quickly. The maximum loading
hitosan
thylenediamine
dsorption
latinum(IV)
alladium(II)

capacity of EMCN for Pt(IV) and Pd(II) was determined to be 171 and 138 mg/g, respectively. Sorption
isotherms were determined both in single component with pure metal solutions and bicomponent sys-
tems with different Pd/Pt mass ratios. The results showed that the sorbents had a greater affinity for
Pt(IV) than for Pd(II). The total sorption capacity was comparable to that of each metal individually, indi-
cating that the metals compete for the same sorption sites. It was found that 0.4 M HNO3–1.0 M thiourea
solution provided effectiveness of the desorption of Pt(IV) and Pd(II) from EMCN, while 5 M ammonia

ctivi
exhibited the highest sele

. Introduction

The increasing demand for the platinum group metals (PGMs)
or production of catalysts and in related industries, combined with
he limited resources available, has led to increasing interest in
he recovery of these strategic elements [1,2]. Separation of these

etal ions is still problematic and, because of their complex chem-
stry and the overlapping properties, represents a real challenge.
he conventional methods for the separation of metal ions from
queous solution include solvent extraction, oxidation, reduction,
recipitation, membrane filtration, ion-exchange and adsorption
3–5]. Among the all above methods adsorption is highly effective
nd economical.

Chitosan is an N-deacetylated derivative of chitin, a cationic

olysaccharide composed of ˇ-d-glucosamine and acetyl-ˇ-d-
lucosamine residues with a 1,4 linkage [6]. Chitosan has been
eported to be a suitable biopolymer for the removal of metal ions
rom aqueous solution [5–9], since the amino and hydroxyl groups

∗ Corresponding author. Tel.: +86 794 8829625; fax: +86 794 8258320.
E-mail addresses: minglzh@sohu.com, minglzh@shou.com (L. Zhou).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.062
ty for the tested metal ions.
© 2010 Elsevier B.V. All rights reserved.

present on chitosan can act as chelation sites. It is noteworthy that
metal adsorption may involve different mechanisms (chelation ver-
sus electrostatic attraction), depending on solution composition,
pH, and speciation of the metal ions [6].

Chitosan beads and chitosan-inorganic composites for the
adsorption of metal ions were usually prepared by crosslinking the
amine groups on chitosan with glutaraldehyde [8–10]. They were
submicron to micron-sized and need large internal porosities to
ensure adequate surface area for adsorption. However, the diffusion
limitation within the particles led to the decreases in the adsorption
rate and available capacity. Compared to the traditional micron-
sized supports used in separation process, nano-sized adsorbents
possess quite good performance due to high specific surface area
and the absence of internal diffusion resistance [11,12]. However,
the nano-adsorbents could not be separated easily from aqueous
solution by filtration or centrifugation. Magnetic nano-adsorbents
can be manipulated by an external magnetic field and hence be ease
of phase separation.
Numerous types of magnetic nanoparticles have been reported
for metals ions removal [11–15]. Chang et al. [11,12] reported
chitosan-bound Fe3O4 magnetic nanoparticles for removal of Cu(II)
and Co(II) ions. Hu et al. [13] employed ı-FeOOH-coated maghemite
as adsorption material for the removal and recovery of Cr(VI) from

dx.doi.org/10.1016/j.jhazmat.2010.06.062
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:minglzh@sohu.com
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astewater, Banerjee et al. [14] also utilized gum Arabic modi-
ed magnetic nano-adsorbent to do that. And Ngomsik et al. [15]
eported the removal of nickel ions from aqueous solution by mag-
etic alginate microcapsules. According to the theory of hard and
oft acids and bases (HSAB) defined by Pearson, metal ions will have
preference for complexing with ligands that have more or less

lectronegative donor atoms. Chelating agents with N and S groups
re highly efficient for the selective sorption of precious metal ions.
everal chelating ligands such as thiourea [7], thiocarbamonyl [16],
rown ethers [17], and l-lysine [18] were used to functionalize the
rosslinked chitosan for adsorption of metal ions. Although there
re reports on the effectiveness of the magnetic chitosan on the
emoval of metal ions [11,12,19], the ethylenediamine-modified
agnetic chitosan nano-adsorbent and the potential effectiveness

f the adsorbent for the adsorption of Pt(IV) and Pd(II) have not
een discussed.

In the present work, the magnetic cross-linking chitosan
anoparticles were prepared and then modified with ethylenedi-
mine (EMCN). The high content of amine groups makes possible
hemical modification in chitosan with the purpose of improving its
eatures as an adsorbent, such as selectivity and adsorption capac-
ty. The adsorption behavior of the EMCN toward Pt(IV) and Pd(II)

as studied. Sorption isotherms were established for both single-
omponent and bicomponent metal solutions with different initial
ass ratios Pd/Pt in batch systems. This study also focuses on the

tudy of Pt(IV) and Pd(II) desorption by various eluants.

. Experimental

.1. Chemicals and reagents

Chitosan (CTS) with 40 mesh, 90% degree of deacetylation and
olecular weight of 1.3 × 105 was purchased from Yuhuan Ocean

iology Company (Zhejiang, China). Glutaraldialdehyde, epichloro-
ydrine, and ethylenediamine were Aldrich products and were
sed as received. All the other reagents used in this work were of
nalytical grade. K2PtCl6 (>99%, Sigma) and PdCl2 (>99%, Sigma)
ere analytical reagents. The stock solutions were prepared by
issolving these metal salts in deionized water and were further
iluted as required.

.2. Preparation of magnetic chitosan nanoparticles (MCN)

Firstly, chitosan solution was prepared by dissolving 1.5 g
f chitosan powder in 100 mL of 0.5 mol/L hydrochloric acid.
yclohexane (82.5 mL), n-hexanol (45 mL), hydrochloric acid (HCl)
olution containing chitosan (12 mL), and 0.1 mol/L ferrous salt
olutions (12 mL) were mixed in a flask. The microemulsion was
ormed by adding Triton X-100 into the mixture while stirring
ntil the mixed emulsion became transparent or semi-transparent.
econdly, under the protection of nitrogen and controlled flow of
xygen (0.5%, v/v), 10 mL of 5 mol/L NaOH solution was quickly
dded into the W/O microemulsion with chitosan and ferrous salt
nder stirring to react with HCl, Fe(OH)2 and the chitosan were
recipitated with the increase of pH. Then the magnetization pro-
ess demands the presence of an extremely low concentration of
issolved oxygen which oxidize Fe(OH)2 to Fe3O4 without form-

ng essentially magnetic Fe(OH)3. To activate Fe3O4 to get better
agnetic properties, the reaction systems were kept at 333 K for
h in a water bath. The cross-linked magnetic chitosan nanopar-
icles were formed by adding 2 mL of microemulsion containing
lutaraldehyde and by keeping the same condition for 2 h. After
eaction, the magnetic nanoparticles was precipitated with cen-
rifugation (4000 rpm for 20 min) at room temperature, and rinsed
ith ethanol and deionized water for three times. Finally, the
aterials 182 (2010) 518–524 519

prepared nanoparticles were dried in a vacuum oven for about
24 h.

2.3. Modification of magnetic chitosan nanoparticles with
ethylenediamine

Grafting of ethylenediamine using epichlorohydrin as a
crosslinking agent was carried out similar to the procedure
described by Atia [20] with chitosan resin. The magnetic chitosan
nanoparticles (2.5 g) were suspended in 35 mL isopropyl alcohol
to which 2.5 mL epichlorohydrine (31.25 mmol) dissolved in 50 mL
acetone/water mixture (1:1, v/v) was added. The contents were
stirred for 24 h at 333 K. The solid (labeled as MCNl) was isolated,
and washed several times with ethanol followed by water.

MCNl obtained were suspended in 50 mL ethanol/water mix-
ture (1:1, v/v), then ethylenediamine (2.5 mL) was added. The
reaction mixture was stirred at 333 K for 12 h, then the solid prod-
ucts (ethylenediamine-modified magnetic chitosan nanoparticles,
EMCN) were isolated and washed with ethanol followed by water,
and finally dried in a vacuum oven at 333 K.

2.4. Characterizations of the magnetic chitosan nanoparticles

The dimension and morphology of EMCN were observed by
transmission electron microscopy (TEM) (Hitachi, H-800). X-ray
diffraction (XRD) data were collected on a XRD-2000 X-ray diffrac-
tometer with Cu K� radiation. FTIR spectra was measured on a
Nicolet, Magna-550 spectrometer. A background spectrum was
measured on pure KBr. The concentration of the amine active sites
in the obtained resins was estimated using the volumetric method
[21]: 20 mL of HNO3 (0.05 M) solution was added to 0.1 g resin and
conditioned for 1 h on a shaker. The residual concentration of HNO3
was measured through titration against 0.05 M NaOH. The number
of moles of HNO3 that interacted with the N atoms was determined
and consequently the active sites concentration was calculated.
Thermal gravimetric analysis of EMCN was conducted on Shimadzu
TGA-50H with heating rate of 10 K/min in the nitrogen flow.

2.5. Metal adsorption–desorption experiments

2.5.1. Effect of pH
Uptake experiments were performed at controlled pH and 298 K

by shaking 50 mg of EMCN with 100 mL (60 mg/L) metal ion solu-
tion for 1 h at 150 rpm. The solution pH was adjusted to the desired
value by adding either nitric acid or sodium hydroxide standard-
ized solutions. After mixing, the aqueous phase was separated
from the solid phase by magnetic settlement and centrifugation
at 12,000 rpm. The amount of metal ions in the supernatant was
determined. And the concentration of Pt(IV) and Pd(II) in aque-
ous solutions were analyzed using Inductively Coupled Plasma (ICP,
ARL-340, ICP-AES Fison Instruments).

2.5.2. Effect of contact time
The experiments were conducted by shaking 150 mg EMCN with

300 mL (60 mg/L) metal ion solution at pH 2.0. The contents of the
flask were agitated on a shaker at 150 rpm and 298 K. Five milliliters
of samples were taken at time intervals for the analysis of residual
metal concentration in solution. The concentrations of metal ions
in the aqueous solutions were calculated after the correction of
volume.
2.5.3. Adsorption isotherms
The effect of initial concentration of the metal ion on the uptake

by EMCN obtained was carried out by placing 50 mg EMCN in a
series of flasks containing 100 mL of metal ions at definite concen-
trations and pH 2.0. The initial concentrations of metal ions for the
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Pt(IV) and Pd(II). With increasing pH, the adsorption percentage of
metal ions increases at pH < 2.0 but decreases at pH > 3.0.

Metal ion sorption on chitosan is assumed to occur through sev-
eral single or mixed mechanisms including: (a) coordination on
amino groups in a pendant fashion or in combination with vici-
Fig. 1. TEM micrographs for EMCN, the bar is 100 nm.

ingle-component experiments were 30–120 mg/L, while those for
icomponent experiments with different mass ratios (Pd/Pt) were:
0–40 Pd mg/L and 20–80 Pt mg/L (Pd/Pt = 1:2); 15–60 Pd mg/L and
5–60 Pt mg/L (Pd/Pt = 1:1); and 20–80 Pd mg/L and 10–40 Pt mg/L
Pd/Pt = 2:1). The flasks were agitated on a shaker at 150 rpm and
98 K for 1 h. After adsorption, the residual concentration of the
etal ions in the solution was determined. The amount of metal

dsorbed per unit of sorbent mass calculated by the mass balance
quation.

.5.4. Desorption of precious metals and reuse
Batch desorption experiments were carried out using 0.4 M

NO3, 5 M NH4OH, 1 M thiourea, and 0.4 M HNO3–1.0 M thiourea.
he adsorbed precious metal ions onto EMCN were washed with
eionized water several times and transferred into stoppered
eagent bottles. To these 30 mL of the desorption agent was added,
nd then the bottles were shaken at 298 K using mechanical shaker
or 2 h. The concentration of precious metal ion released from the
MCN into aqueous phase was analyzed by ICP-AES. To investigate
he reusability of the adsorbents, the EMCN after desorption was
eused in adsorption experiment and the process was repeated for
ve times. In this process, the metal-loaded EMCN was desorpted
y 0.4 M HNO3–1.0 M thiourea for the single-component experi-
ents (initial metal concentration for adsorption: 120 mg/L); and

y the combination of successive treatments of 5 M ammonia and
.4 M HNO3–1.0 M thiourea for the bicomponent experiments (ini-
ial metal concentration for adsorption: 60 Pd mg/L and 60 Pt mg/L).

. Results and discussion

.1. Characterization of EMCN

The TEM micrograph for EMCN is shown in Fig. 1. It can be
bserved that EMCN were essentially monodispersed and had a
article size distribution of 15–40 nm. It is found that when a mag-
et with a surface magnetization of 3000 G was near the bottle,
he chitosan nanoparticles suspended in the solution was aggre-
ate within 1–2 min, which indicated that the nanoparticles have
ood magnetic properties and were easily and quickly separated
rom the solution by a magnetic field.

Fig. 2 shows the XRD patterns for EMCN. Eight characteristic
eaks for Fe3O4 marked by their indices ((111), (220), (311), (400),
422), (511), (440), and (622)) were observed for the sample. These

eaks are consistent with the database in JCPDS file (PDF No. 65-
107) and reveal that the resultant nanoparticles are pure Fe3O4
ith a spinel structure.

Fig. 3 shows the FTIR spectra of EMCN and MCN, The peaks at
60–660 cm−1 were assigned to Fe–O bond vibration of Fe3O4. The
Fig. 2. XRD patterns for EMCN.

carbonyl bands at around 1630 cm−1 indicate that chitosan reacts
with glutaraldehyde to form Schiff base. The absorption bands at
1598 cm−1 and 1456 cm−1 can be assigned to �NH and �CN, respec-
tively. The increase of absorption intensity of peak at 2920 cm−1 for
EMCN compared to MCN should be attributed to the introduction of
C–H in epichlorohydrine in synthesis of EMCN. The concentration of
the amine active sites of MCN and EMCN was determined to be 2.4
and 3.8 mmol/g, respectively. These results indicated that the MCN
was crosslinked and modified with ethylenediamine successfully.

The pyrolysis of chitosan occurred at high temperature, but
Fe3O4 did not decompose under the N2-protection atmosphere;
therefore, the amount of Fe3O4 can be determined by thermo-
gravimetric analysis (TGA). The average mass content of Fe3O4 in
nanoparticles by TGA was about 33.5%, as calculated from the TGA
data at 873 K.

3.2. The effect of pH

The influence of pH on the adsorption of Pt(IV) and Pd(II) by
EMCN is shown in Fig. 4. The figure demonstrated that the max-
imum adsorption percentage occurred at around pH 2.0 for both
Fig. 3. FTIR spectra of magnetic chitosan nanoparticles before (MCN) and after
(EMCN) modification with ethylenediamine.
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ig. 4. Effect of pH on the uptake of Pt(IV) and Pd(II) by EMCN (initial concentration
0 mg/L, EMCN 0.5 g/L, contact time 1 h,shaking rate 150 rpm, 298 K).

al hydroxyl groups, (b) electrostatic attraction (in acidic media),
nd (c) ion exchange with protonated amino groups through proton
xchange or anion exchange, the counter ion being exchanged with
he metal anion [6]. The nature of the reaction depends on several
arameters related to the sorbent (ionic charge), to the solution
pH) and the chemistry of the metal ion: ionic charge, ability to
e hydrolyzed and to form polynuclear species. The point of zero
harge for EMCN was found to be 4.8 using standard potentiomet-
ic method. Therefore, the surface charge of EMCN was positively
harged at pH < 4.8. It appears that around pH 2–3, most of the
mino groups are protonated.

The speciation of Pt(IV) and Pd(II) depends on both pH and chlo-
ide concentrations. At low pH, platinum and palladium are usually
resent in solution in its most stable form, i.e., Pt(IV) and Pd(II). They
an form stable complexes especially with amino group chelation
ites of EMCN, due to their characteristics of soft acid. Moreover,
ith Pt(IV) and Pd(II) being provided as K2PtCl6 and PdCl2 in this

tudy, the amount of chloride in the solution is high enough to favor
he formation of chloro-anionic species (PtCln(n−4)− or PdCln(n−2)−)
hat will be adsorbed on protonated amine groups of EMCN [18].
he protonation of amine groups on the EMCN induced an elec-
rostatic attraction of anionic metal complexes and increased the
umber of available binding sites for precious metal ions uptake. In
he presence of chloride ions, the interaction between metal anions
nd active cites of the EMCN are shown as follows:

-NH2 + H + Cl− → RNH3 +Cl−

RNH3 +Cl− + PtCln(n−4)− � (RNH3
+)2 + 2Cl−

RNH3
+Cl− + PdCln(n−2)− � (RNH3

+)2 + PdCln(n−2)+2Cl−

At lower pH, the excess of NO3
− anions from HNO3 (used for

djusting pH) involves competition between the PGMs chlorocom-
lexes and the counter anions for the sorption on protonated sites.

ncreasing the pH results in a decrease of this competition and the
redominance of species more favorable for sorption around pH
.0. At higher pH values decrease the sorption percentage may be
xplained by the presence of less-adsorbable PGMs species such as
ydroxyl complexes.

.3. The effect of contact time
Fig. 5 shows the effect of contact time on the adsorption capacity
qe, mg/g) of Pt(IV) and Pd(II) by EMCN. The results demonstrate
hat the adsorption for both metal ions is rapid. In the case of Pt(IV),
he maximum adsorption is attained in 20 min, while for Pd(II) it
Fig. 5. Effect of adsorption time on the uptake of Pt(IV) and Pd(II) by EMCN (initial
concentration 60 mg/L, solution pH 2.0, EMCN 0.5 g/L,shaking rate 150 rpm, 298 K).

takes 40 min, after which the change in the removal percentage is
insignificant. The contact time of 1 h was found to be sufficient to
reach equilibrium, and so it was selected in further experiments.

It was reported that a long time is needed to attain equilibrium
for PGMs with several ion exchangers, such as crosslinked chitosan
resin [18] and magnetic chelating resins [22]. Moreover, with metal
oxides such as Al2O3, the equilibrium time was reported to be sev-
eral hours [23]. In contrast, in the present study, Pt(IV) and Pd(II)
are extracted in a short time. This can be attributed to the large sur-
face area and the high surface reactivity of the magnetic chitosan
nanoparticles.

Furthermore, the effect of contact time on the adsorption of
Pt(IV) and Pd(II) existing in a mixture was also studied under similar
experimental conditions for individual metal ions (not shown). It
was found that equilibrium is reached very fast (<1 h) for both met-
als within the mixture, as observed in individual studies. The results
indicate that the adsorption capacity of Pt(IV) is the higher, while
Pd(II) shows lower affinity toward EMCN. The decrease in adsorp-
tion of Pt(IV) and Pd(II) when contained in a mixture as compared
to individual studies can be explained by the competence of the
affinity of the two metal chlorocomplexes toward the active sites
on the surface of the EMCN. It can be concluded that EMCN have
greater affinity for Pt(IV) than for Pd(II).

3.4. Sorption isotherms

Experiments were performed using both single-component and
bicomponent solutions with different mass ratios of Pd/Pt at pH 2.0,
with the objective to determine if EMCN have a preference for one of
the target metals. Fig. 6 shows that EMCN have a greater affinity for
Pt(IV) than for Pd(II). With increasing Pd/Pt mass ratio, the sorption
capacity for Pd(II) increases but that for Pt(IV) decreases. On the
other hand, the isotherms of Pd(II) were more strongly effected
by Pd/Pt mass ratio compared to those of Pt(IV). However, EMCN
adsorbents are not able to selectively remove one of these metals
(Fig. 6). The isotherms for both Pt(IV) and Pd(II) were characterized
by the formation of a plateau of the typical shape of the Langmuir
Type I model used for the description of sorption isotherms.

The maximum loading capacity (qm) of Pt(IV) and Pd(II) for
the single-component adsorption was determined to be 171 and
138 mg/g. The qm values of the unmodified chitosan magnetic

nanoparticles (MCN) obtained at 298 K and in the same other con-
ditions as in EMCN for Pt(IV) and Pd(II) are 128 and 112 mg/g,
respectively, which are lower than those of EMCN. The higher max-
imum adsorption capacity obtained for EMCN is because of the
fact that the incorporation of ethylenediamine in MCN produces
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Fig. 6. (a) Pd, (b) Pt sorption isotherms, and (c) combined sorption isotherms for Pd
and Pt (total Pd + Pt sorption capacity versus residual combined Pd and Pt residual
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stable complexes and the electrostatic interactions between the
oncentrations) in the single-metal and bicomponent solutions with different initial
ass Pd/Pt ratios for EMCN (solution pH 2, EMCN 0.5 g/L, shaking rate 150 rpm,

98 K).

ore amine groups to interact with Pt(IV) and Pd(II) ions, which
nhances the adsorption capacity.

The differences observed in the case of Pt(IV) and Pd(II)
orption may be explained by the difference in the affinity
f the sorbents toward them and the speciation of the met-
ls. Related to the differences in Pt(IV) and Pd(II) chemistries,
he distribution of palladium species may be affected by the
xcess of platinum. The formation of chloro-platinum species
iminished the number of chloride ions available for the forma-

ion of palladate chloro-anionic species, resulting in a decrease
f Pd(II) sorption (Fig. 6(a)). This mechanism explains the
ecrease in the sorption of palladium in the presence of plat-

num. The similar behavior were found for platinum adsorption
Fig. 7. Plots of mass fraction of Pt(IV) on the sorbent versus its mass fraction in the
solution at equilibrium at pH 2 for EMCN.

from the bicomponent mixtures in the presence of palladium
(Fig. 6(b)).

In competition tests, it was apparent that the sorption capac-
ity for one metal was strongly decreased in the presence of the
competitor metal. EMCN exhibited a greater sorption capacity and
a marked preference for Pt(IV). Fig. 6(c) shows that the com-
bined sorption capacity (addition of Pt(IV) and Pd(II) sorption
capacities) was minimally affected by the composition of the ini-
tial solution (Pd/Pt mass ratio). Moreover, the combined sorption
capacities were substantially lower (almost halved) compared to
those obtained by the addition of sorption capacities using single-
component solutions. These results indicate that Pt(IV) and Pd(II)
compete for the same sorption sites. Decreasing the number of
available sorption sites for one metal in presence of the other in
the mixture solution may partly explain these results.

Fig. 7 shows the variation of platinum mass fraction in the sor-
bent in function of the mass ratio in solution at equilibrium, as an
indication of the selective concentration effect of the sorbent. At
low mass fraction of platinum in the solution, the mass fraction
on the sorbent is about two times the equilibrium mass fraction in
the liquid phase. At higher platinum fraction in the solution, the
concentration effect is less apparent. This confirms the adsorption
preference of the EMCN for Pt(IV) over Pd(II).

3.5. Desorption of precious metals, and reuse after desorption

Metal desorption was attempted using various eluants as
shown in Table 1. Compared to Pt(IV), Pd(II) was rather eas-
ily desorbed from loaded sorbents using 0.4 M HNO3 and 5 M
NH4OH: 23.2–84.2% of Pd(II) versus only 10.5–26.8% of Pt(IV).
This finding indicates that pH has a more significant effect on the
adsorption–desorption process for Pd(II) than that for Pt(IV). HCl
could not be used as an eluent solution because it has a much higher
rate of dissolution of Fe3O4, which is the magnetic component of
the EMCN. Thiourea was known as a very strong chelating agent for
many metals, and was proposed to replace the active groups on the
EMCN and preferentially complex with PGMs. It can be seen from
Table 1 that 1.0 M thiourea is efficient for desorption of both Pt(IV)
and Pd(II) (desorption percent > 78%). However, 0.4 M HNO3–1.0 M
thiourea revealed to be the most efficient eluants, reaching metal
desorption in the range 86.6–97.3%. The high percentage of desorp-
tion using 0.4 M HNO3–1.0 M thiourea may be explained by both
Pt(IV) and Pd(II) species and charged species from elution, through
the comparison of the electric double layer, which would weaken
the interaction between the adsorbent and precious metal ions,
promoting desorption.



L. Zhou et al. / Journal of Hazardous Materials 182 (2010) 518–524 523

Table 1
Recovery percentage of the metal ions obtained using different eluants.

Single-component solution
recovery (%)

Bicomponent solution recovery (%)

Pd Pt Pd–Pt (1:2)a Pd–Pt (1:1)a Pd–Pt (2:1)a

Pd Pt Pd Pt Pd Pt

Metal concentrations (mg/L) 120 120 40 80 60 60 80 40

Eluants Desorption efficiency (%) Bicomponent solution recovery (%)

Pd Pt Pd–Pt (1:2)a Pd–Pt (1:1)a Pd–Pt (2:1)a

Pd Pt Pd Pt Pd Pt

0.4 M HNO3 25.6 11.8 23.2 10.5 25.2 12.2 26.3 11.6
5 M NH4OH 82.2 25.9 78.4 17.3 84.2 21.5 78.4 26.8
1.0 M thiourea 92.2 82.2 87.4 81.2 90.6 78.6 85.4 83.5
0.4 M HNO –1.0 M thiourea 97.3 90.5 94.5 87.1 96.3 86.6 93.8 89.6
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5 M NH4OH + 0.4 M HNO3–1.0 M thioureab – –

a Mass ratio of Pd/Pt.
b The combination of successive treatments of 5 M ammonia and 0.4 M HNO3–1.0

As shown in Table 1, the highest selectivity was observed with
M ammonia. The separation of Pt(IV) and Pd(II) from each other
ould be accomplished by taking advantage of their different elu-
ion behavior and using a two-step elution sequence: the first step
ith 5 M ammonia to elute Pd(II), and the second one with 0.4 M
NO3–1.0 M thiourea to elute the remaining metals, mostly Pt(IV).
able 1 showed that the efficient desorption of both Pt(IV) and Pd(II)
desorption percent > 91%) was achieved by using this procedure.

The stability and the potential regeneration of the adsorbent
ere also investigated. The results showed that the adsorption

apacities of the EMCN for both metals could still be maintained
t over 90% level in the 5th adsorption/desorption cycle for both
ingle-component and bicomponent experiments, indicating that
o appreciable loss in activity over at least five cycles. It is notewor-
hy that an average of 0.8-1.0 wt.% of Fe3O4 on EMCN were dissolved
fter each cycle. The results of thermogravimetric tests showed
hat the average mass content of Fe3O4 on EMCN decreased from
3.5% before adsorption to 28.4–29.6% after five cycles. However,
he EMCN after being used for five cycles could still be aggregated
ery fast from the solution by a 3000 G magnet. These results indi-
ated that EMCN was stable and could be potentially applied for
he recovery of Pt(IV) and Pd(II) from aqueous solution.

. Conclusions

The present studies have demonstrated that EMCN can be used
or the effective adsorption of Pt(IV) and Pd(II) from aqueous solu-
ion. The interest in using magnetic chitosan nanoparticles for
emoval or recovery of PGMs from aqueous solutions is related to
heir unique characteristics, such as very large surface area and
igh surface reactivity. In addition, magnetic chitosan nanoparti-
les offer added capability and selective adsorption properties with
ase of phase separation. Therefore, the problem of phase sepa-
ation associated with conventional separation techniques can be
esolved.

Furthermore, the low particle-mass-to-solution ratio allows the
rocess to compete with more traditional separation techniques,
uch as solvent extraction and ion exchange. EMCN nanoparti-
les exhibit good kinetic characteristics (equilibrium time < 1 h) and

igh adsorption loading capacities for Pt(IV) and Pd(II) at pH 2 (i.e.,
71 and 138 mg/g, respectively). The ethylenediamine-modified
hitosan magnetic nanoparticles showed good improvements in
he uptake properties of Pt(IV) and Pd(II) compared to unmodified
nes.

[

[

– 98.6 91.5 – –

iourea.

The EMCN exhibited the maximum adsorption capacity at
around pH 2.0 for both Pt(IV) and Pd(II). Moreover, The EMCN have a
greater affinity for Pt(IV) than for Pd(II), both in pure and bicompo-
nent solutions. Pt(IV) and Pd(II) compete for the same sorption sites,
thus the sorption capacity for one metal was strongly decreased
in the presence of the competitor metal. The separation of Pt(IV)
and Pd(II) from each other from loaded EMCN sorbent may be
accomplished by using 5 M ammonia to elute Pd(II) and then 0.4 M
HNO3–1.0 M thiourea to elute the remaining metals. In addition,
EMCN was found to be stable and have good resuability with no
appreciable loss in activity over five cycles.
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