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Abstract

Modification of magnetite nanoparticles surfaces with thiol groups leads to a magnetically recoverable scavenger for metals. The magnetic solid

removed Pd2+ ions from aqueous and non-aqueous solutions, and it was easily recovered with a magnet with no need of additional separation

procedures. Scavenging efficiency of >99% was demonstrated. The magnetically recovered solid containing palladium-catalyzed the conversion

of cyclohexene to cyclohexane for at least five successive reactions with TON �800 each. Magnetic separation capabilities greatly facilitate the

recovery of the metal scavenger and catalyst.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetite, Fe3O4, is a magnetic iron oxide that has a

superparamagnetic behavior under certain particle size, mean-

ing that it can be easily magnetized with an external magnetic

field and redispersed immediately once the magnet field is

removed [1]. Magnetic separation technology, using magnetic

nanoparticles, is far known in biomedical application as a quick

and easy method for sensitive and reliable capture of specific

proteins, genetic material and other biomolecules [2–4]. This

non-laborious, cheap and often highly scalable separation

technique, that offers many advantages over filtration and other

purification methods, is much less used in the recovery of

valuables or catalysts [5,6]. We here investigate the use of

magnetic nanoparticles with appropriated chemical surface

modification for recovery of valuables, such as metals or

residual catalysts, using magnetic separation techniques. The

removal and recovery of residual metals from solutions and

organic products have become important issues, due to the high

cost of noble metals and the decreasing regulatory limit of this

kind of residues in food and drug products [7]. The use of

palladium-catalyzed reactions in organic synthesis, including

reactions involving C–C and C–X bond formations as well as

hydrogenations, has been well known [8–10]. Although

palladium is recognized as an efficient and selective catalyst,

removing it from the product is a drawback of practical use of

homogeneous transition metal catalysis in industry. For

example, active pharmaceutical products must contain palla-

dium levels below a few parts per million [11]. General

techniques for reducing the concentration of Pd to acceptable

levels are distillation or crystallization, not very often

applicable, and extraction or chromatography, which can be

labor and solvent-consuming procedures. A very promising

technique for purifying Pd-catalyzed reactions is the use of

scavenging agents for metal adsorption by means of organic or

inorganic solid supports, followed by filtration steps [7].

Attention has been paid to the preparation of scavengers for

palladium, which includes several functionalized polymeric

resins containing chelating polyamines [12], phosphines [13],

2,4,6-trimercaptotriazine [14] and dithiothreitol [15], or glass
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beads modified with sulfonated triphenylphosphine analogues

[16], to say some. Mesoporous silica modified with thiol groups

has also been shown as a remarkable scavenger for palladium

[17–19]. The palladium-loaded solid obtained by Crudden et al.

[17] was also used as a heterogeneous and reusable catalyst for

coupling reactions with no leaching of palladium to products

(<3 ppb of Pd in the filtrates). All these adsorbents remove

palladium efficiently from organic and aqueous solutions by

filtration or centrifugation. Herein, we report the use of thiol-

functionalized magnetic nanoparticles as a magnetically

recoverable scavenger for palladium, which is also active as

a catalyst for alkenes hydrogenation.

2. Experimental

2.1. Materials and instrumentation

Iron(II) chloride hydrate, iron(III) chloride hydrate, palla-

dium(II) chloride, palladium(II) acetate, 3-mercaptopropionic

acid and cyclohexene were purchased from Aldrich Chemical

Co. Gas chromatography analyses were performed on a

Shimadzu GC 17A, equipped with a 30 m capillary column

with a dimethylpolysiloxane stationary phase, using the

following parameters: initial temperature, 50 8C; initial time,

5 min; ramp, 10 8C min�1; final temperature, 250 8C; final

time, 5 min; injector and detector temperature, 250 8C;

injection volume, 2 mL.

Transmission electron microscopy (TEM) micrographs were

taken on a Philips CM 200 microscope operating at an

accelerating voltage of 200 kV. The samples for TEM were

prepared by dispersion of the nanoparticles in toluene solution

at room temperature and then collected on a carbon-coated

copper grid.

Thermogravimetry (TG) curves were obtained with a

thermobalance model TGA 50 (Shimadzu) in the temperature

range of 25–700 8C, using Pt crucibles with�5 mg of samples,

under dynamic N2 atmosphere (50 mL min�1) and heating rate

of 10 8C min�1. Differential scanning calorimetry (DSC)

curves were obtained in a DSC-50 cell (Shimadzu), under

dynamic N2 atmosphere (50 mL min�1), heating rate of

10 8C min�1 in the temperature range from 25 to 600 8C using

Al crucibles with 2 mg of samples. The DSC cell was calibrated

with indium (m.p. 156.6 8C; DHfus = 28.54 J g�1) and zinc

(m.p. 419.6 8C).

A VSM was used to obtain the magnetization versus

magnetic field loop at room temperature up to H = 20 kOe. The

apparatus was calibrated with a Ni pattern. The magnetization

measurements were carried out on a known quantity of powder

samples, slightly pressed and conditioned in a cylindrical

holders of Lucite.

2.2. Synthesis of oleic acid coated magnetic nanoparticles

(FF)

Fe3O4 nanoparticles were prepared by co-precipitation

method [20]: 10 mL of an aqueous solution of FeCl3
(1 mol L�1) were mixed with 2.5 mL of FeCl2 (2 mol L�1)

dissolved in HCl 2 mol L�1. Both solutions were freshly

prepared with deoxygenated water before use. Immediately

after mixed under nitrogen, the solution containing the iron

chlorides was added to 125 mL of ammonium hydroxide

solution (0.7 mol L�1, deoxygenated water) under vigorous

mechanical stirring (10,000 rpm, Ultra-Turrax T18 Homo-

genizer, IKA Works) under nitrogen atmosphere. After 30 min,

the black precipitated formed was separated magnetically and

redispersed in a new portion of water (3 � 250 mL). Oleic acid

(5 mmol) dissolved in 5 mL of acetone was drop wise added.

The solution was heated at 80 8C for 30 min under stirring. The

resulting precipitate was separated magnetically, washed with

acetone and redissolved in 50 mL of toluene. The resulting

solution was centrifuged at 2000 rpm for 1 h to separate any

precipitates and the supernatant collected. The solid content is

the resulting solution is 25 g L�1.

2.3. Preparation of thiol-modified magnetic particles

(FFMPA)

To 90 mL toluene solution containing magnetic particles

was added 54 mL of 3-mercapropropionic acid (MPA)

dissolved in toluene. The solution was heated at 80 8C for

30 min under stirring. The resulting precipitate, no longer

soluble in toluene, was washed with acetone and isolated as a

powder. Sulfur contents analyzed by ICP-AES: 1.30%

2.4. Scavenging experiments

Dispersions of the magnetic solid FFMPA (25 mg) were

stirred with palladium(II) solutions prepared from PdCl2 and

Pd(OAc)2. An aqueous stock solution was prepared dissolving

PdCl2 (2.6 mg) by addition of NaCl in distillated water (4 mL)

and heating. A toluene stock solution was prepared dissolving

Pd(OAc)2 (5 mg) in toluene (10 mL) under inert atmosphere.

Solutions of different concentrations of palladium were

prepared and treated with FFMPA. The magnetic material

was recovered from the solution with a permanent magnet and

the palladium concentration in the supernatant solution was

determined by ICP-AES.

2.5. Preparation of the catalyst (FFMPAPd)

To a solution containing 520 mg of FFMPA was added

18.7 mg of PdCl2 (PdCl2 was dissolved in water by addition of

NaCl and heating). After stirring overnight at room tempera-

ture, the resulting solid was separated magnetically, washed

with acetone and isolated as a powder.

2.6. Hydrogenation experiments

The catalytic reactions were carried out in a 100 mL

stainless steel autoclave reactor. In a typical experiment,

FFMPAPd (150 mg, 0.03 mmol Pd) and 2.46 g of cyclohexene

(0.03 mol) are added to the reactor under inert atmosphere. The

reactor is loaded with hydrogen (10 atm) and placed in an oil

bath at 75 8C under stirring (700 rpm). The consumption of
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hydrogen was monitored by the drop of the reactor pressure. At

the desired time, the reactor was cooled down in an ice bath, the

remaining hydrogen relieved and the catalyst recovered

magnetically by placing a magnet in the reactor wall. The

products were collected and analyzed by GC. The isolated

catalyst could be reused by addition of new portions of

substrate.

3. Results and discussion

Co-precipitation of Fe2+/Fe3+ ions under alkaline conditions

followed by oleic acid coating was the method of choice for the

synthesis of soluble iron oxide nanoparticles used in this study.

TEM image of the oleic acid coated nanoparticles is shown in

Fig. 1(a). Analysis of the TEM micrographs, by measuring the

diameter of 600 randomly selected particles in enlarged TEM

images, resulted in the particle size distribution histogram

shown in Fig. 1(b). The size distribution was found to be well

described by a lognormal distribution function from which we

obtained the median particles diameter of 10 nm and the

distribution width of 0.36. A lognormal distribution is widely

used for describing the polydispersity of very small particles,

where the lower particle size is usually more difficult to

measure and shows some aggregation, in metallic nanoparticle

systems [21].

The functionalization of the magnetic particles surfaces was

achieved by a substitution reaction in which oleate molecules

were substituted by 3-mercaptopropionic acid (MPA) resulting

in thiol-modified magnetite nanoparticles, designated as

FFMPA (Scheme 1). The reaction was performed in toluene

under stirring and heating at 80 8C for 30 min. The product was

decanted with acetone and isolated as a powder. Functionaliza-

tion of the solid surfaces leads to a thiol loading of 1.3% as

determined by ICP-AES analysis.

The TG and DSC curves of the oleic acid coated magnetic

nanoparticles, shown in Fig. 2 (top), revealed a strong

interaction between oleic acid and magnetite. This strong

interaction was evidenced from the observed thermal decom-

position shift to higher temperature range of bound oleic acid

compared to free oleic acid (Fig. 2, top, curves b and c). The

mass loss of 13.5%, due to the thermal decomposition of oleic

acid, estimated by TG curve is in good agreement with the

Fig. 1. (a) Transmission electron microscopy of oleic acid coated magnetite

nanoparticles and (b) histogram showing particle size distribution.

Fig. 2. Top: TG curves of decomposition of (a) magnetite, (b) oleic acid-coated

magnetite and (c) oleic acid at 10 8C min�1. Bottom: TG curves of decom-

position of (a) magnetite, (b) FFMPA at 10 8C min�1. Inset: Shows the

corresponding DSC curves.
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amount of oleic acid in the solid of 13.8% obtained from CHN

elemental analysis (10.5% C; 1.6% H). The DSC curve of the

oleic acid coated magnetic particles (Fig. 2, top, inset) showed

an exothermic decomposition (Tpeak = 300.5 8C) of the bound

oleic acid, whereas thermal decomposition of free oleic acid is

an endothermic process (Tpeak = 251 8C), such behavior

indicates a strong chemical interaction between oleate groups

and Fe3O4. Moreover, the TG curves of pure magnetite (curve

a) did not show mass loss in the temperature range from 200 to

600 8C, while the DSC curves indicated an exothermic event

with peak temperature at 508.5 8C that can be associated with

phase transition of the iron oxide [1]. A mass loss of 7.3% and

also an exothermic decomposition process in the temperature

range from 140 to 500 8C (Tpeak = 372 8C), coincident with the

mass loss observed in the TG curve (Fig. 2, bottom), were

observed when oleic acid was substituted by 3-mercaptopro-

pionic acid (MPA). This mass loss is lower than that of the

original oleate coated magnetic particles, but still higher than

the value of 4.3% estimated by means of the amount of sulfur

determined by ICP-AES. This difference can be attributed to a

remaining amount of oleate at the nanoparticles surfaces.

The palladium uptake capacity of the thiol-modified

magnetic particles (FFMPA) was examined and the results

are shown in Table 1. A portion of 25 mg of FFMPA was added

to aqueous or non-aqueous solutions containing different

concentrations of palladium, the solid was recovered by placing

a permanent magnet to the flask wall and the amount of

palladium remaining in the supernatant was determined by ICP-

AES. An aqueous solution containing 90 ppm of Pd was treated

with FFMPA, the solid was separated magnetically and the

remaining metal concentration in the solution is less than

0.9 ppm, which corresponds to a 100-fold reduction in Pd

content after the treatment or an uptake of 99% of the Pd from

the solution. The magnetic scavenger was also effective in

reducing the concentration of palladium in toluene solution

from 12 to<0.1 ppm and in THF solution from 30 to<10 ppm.

At low initial concentrations of palladium, the magnetic

scavenger is more effective for removing Pd from aqueous

solution than organic solvents. At high initial concentration of

palladium, however, metal uptake is more effective in THF

(38.5 mgPd/gFFMPA), followed by water (31.4 mgPd/gFFMPA),

and toluene (23.9 mgPd/gFFMPA). These experiments showed

that it is possible to obtain magnetic solids with palladium

loadings of 1–4 wt% in the conditions studied, which can be

eventually used as catalyst precursors.

We next examined the ability of the palladium-loaded

magnetic nanoparticles to catalyze hydrogenation reactions.

The catalyst was prepared according to entry 2 of Table 1. That

condition was found to be advantageous because it guarantees a

good palladium uptake (2 wt%) and it also minimizes the metal

content left in the residual solution. Also, in this condition the

molar ratio of Pd:S is 1:2 which has been suggested as critical to

Scheme 1. Preparation of thiol-modified magnetic nanoparticles (FFMPA).

Table 1

Palladium uptake from aqueous and non-aqueous solutions by FFMPA

Entry Solvent mol Pd:mol S [Pd]initial (ppm) [Pd]final (ppm) Pd loading (mgPd/gFFMPA) Pd uptake (%)

1 H2Oa 1:1 360 98.68 31.4 72.6

2 1:2 180 6.51 20.8 96.4

3 1:4 90 0.90 10.7 99.0

4 THFb 1:1 120 23.84 38.5 80.1

5 1:2 60 21.48 15.4 64.2

6 1:4 30 6.28 9.5 79.1

7 Toluenec 1:1 124 64.16 23.9 48.3

8 1:2 62 22.85 15.7 63.2

9 1:4 31 6.59 9.8 78.8

10 1:10 12 0.11 4.8 99.1

a Na2PdCl4 aqueous solution (3 mL) treated with 25 mg of FFMPA for 24 h and separated magnetically.
b Pd(OAc)2 THF solution (10 mL) treated with 25 mg of FFMPA for 2 h and separated magnetically.
c Pd(OAc)2 toluene solution (10 mL) treated with 25 mg of FFMPA for 2 h and separated magnetically.
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obtain a catalyst with minimal leaching of metal to the solution

[17]. The catalytic activity of the isolated solid (designated as

FFMPAPd) was investigated in hydrogenation reactions of

olefins. In a typical experiment, solid FFMPAPd and the olefin

(palladium/olefin molar ratio 1/1000) were added to the reactor

under inert atmosphere. The reactor was loaded with hydrogen

at 10 atm and placed in an oil bath at 75 8C under stirring

(700 rpm). The consumption of hydrogen was monitored by the

drop of the reactor pressure. At the desired time, the reactor was

cooled down in an ice bath, the remaining hydrogen relieved

and the catalyst recovered magnetically placing a magnet in the

reactor wall. The organic phase was easily separated and

analyzed by gas chromatography. Table 2 summarizes the

results of the hydrogenation reactions. The hydrogenation of 1-

hexene was complete (>99% of conversion) after 2 h of

reaction, corresponding to a turnover frequency (TOF) of

500 h�1. The hydrogenation of cyclohexene converted 61% of

product in 2.5 h of reaction, corresponding to a TOF of 244 h�1.

The catalyst was recovered magnetically placing a magnet in

the reactor wall and the magnetically recovered catalyst was

reused in five successive runs, by addition of new portions of

cyclohexene. It was possible to calculate a partial turnover

(TON) of 4000 in 12.5 h, but since the catalyst showed no

apparent deactivation at the end of the fifth run, this is not the

optimized total turnover number. The organic products were

collected and the Pd content was <0.01 ppm (ICP-AES

analysis). When the hydrogenation reaction was performed

under lower hydrogen pressure (PH2
¼ 6 atm, T = 75 8C), we

observed isomerization of 1-hexene.

The magnetic properties of the solids FFMPA and

FFMPAPd were investigated. Magnetization curves shown in

Fig. 3 confirmed the superparamagnetic behavior of both solids.

The thiol-modified magnetic nanoparticles (FFMPA) presented

a saturation magnetization of 62 emu g�1 and the solid loaded

with palladium (FFMPAPd) presented a saturation magnetiza-

tion of 56 emu g�1. This slightly reduction of the saturation

magnetization for the metal loaded solid was expected. Those

values are smaller than that of bulk magnetite (92 emu g�1) [1],

which is consistent with the presence of diamagnetic

components, but the solid can still be efficiently separated

from solution with a small neodymium permanent magnet.

4. Conclusions

In summary, we have prepared a magnetic scavenger highly

effective in reducing the concentration of palladium in aqueous

and non-aqueous solutions that could be easily separated

magnetically from solution as an alternative for solvent-

consuming extraction and filtration procedures. Also, the

recovered palladium-loaded magnetic solid showed catalytic

activity in hydrogenation of olefins and could be readily

recycled by magnetic separation and used for successive

hydrogenation reactions.
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