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MCM-41 is a synthetic, mesoporous silicate material, which currently has limited use as an industrial
catalyst. This material is considered to have good potential for adsorption/separation applications due to
its regular hexagonal structure, uniform pore distribution, large surface area and large pore volume. In
order to enhance the adsorption of metal ions on MCM-41, a metal ion chelating agent, acetylacetone is
added and the capacity of the adsorbent for three divalent metal cations in aqueous solutions; Cu(II), Ni(II)
dsorption
esoporous silicates
CM-41
ivalent metals

and Co(II) determined. Adsorption isotherms for these metal ions are presented, along with adsorption
selectivity with respect to pH. Metal ion adsorption results are compared with published data for solvent
extraction systems utilising pure acetylacetone and acetylacetone in benzene. It was found that the MCM-
41/acetylacetone system produced equal or better metals removal in comparison to solvent extraction
methods for some of the metal species tested. Further, the pH of maximum adsorption is shifted in the
MCM-41 system compared with the solvent extraction case, thus presenting the possibility of processing

s.
under different condition

. Introduction

Since the discovery of MCM-41 in 1992, there have been five
ain areas of interest for research into this material. These include

haracterization, mechanism of formation, synthesis of other new
aterials based upon MCM-41, control of morphology and indus-

rial applications [1]. Such applications include its use in adsorption
2], catalysis [3], the immobilization of bio-molecules [4,5] and

etal ion extraction [6–8]. Several different analytical techniques
ave been used to examine the crystal structure, morphology
nd porosity of mesoporous materials, including X-ray diffraction
XRD), gas adsorption (GA), scanning and transmission electron

icroscopy (SEM and TEM) and nuclear magnetic resonance (NMR)
3,9].

Possibly the area of greatest interest in mesoporous silicate
esearch to date are the applications of these materials. While
here are examples of the use of MCM materials as stated above,

hese are limited and further work needs to be done to develop the
ndustrial applications of MCM-41. The greatest advantage of meso-
orous silicates is their extremely large surface areas and hence
heir potential for adsorption processes. The study of metal ion
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adsorption onto MCM-41 could open up new applications for this
material in the areas of metals recovery.

The results of studies of the adsorption of various divalent metal
ions by MCM-41 have been presented in previous papers [6–8].
These studies reported on the comparative adsorption behaviour
of copper, cadmium, zinc and lead as a function of pH, using
acetylacetone (Hacac) as a chelating agent. The results showed
that the MCM-41/Hacac system has different selectivity for dif-
ferent ions. Further, Hokura et al. [6] investigated the kinetics
of copper–acetylacetonate complex adsorption onto MCM-41 and
found that equilibrium was reached after 30 min. However, it has
been found that the formation of cobalt and nickel–acetylacetonate
complexes can be quite slow, of the order of several hours [10]. This
investigation builds on the previous studies to look more closely at
the adsorption behaviour of MCM-41 for the divalent metal cations,
Cu(II), Ni(II) and Co(II) in the presence of Hacac.

2. Experimental

2.1. MCM-41 synthesis and characterisation
The synthesis technique for MCM-41 was performed using a
similar technique to that of Edler et al. [9]. Sodium silicate (19.0 g,
27% SiO2, diluted with 40.6 g MilliQ water) was mixed with a solu-
tion of 16.4 g cetyltrimethylammonium bromide (CTAB) in 69.2 g

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gstevens@unimelb.edu.au
dx.doi.org/10.1016/j.cej.2009.10.038
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respect to pH of the aqueous phase, are shown in Fig. 3. The
maximum percentage adsorption for copper was 41% at pH 4.3.
Maximum adsorption for nickel was 68% at pH 5.5 and 60% of cobalt
was removed from solution at pH 6.4.

Table 1
Structural properties of synthesised MCM-41.
6 K.A. Northcott et al. / Chemical E

f MilliQ water. The sodium silicate/CTAB solution was adjusted to
H 11 by drop-wise addition of 3 mol L−1 sulfuric acid. The resulting
el was stirred for 30 min, transferred into a stainless steel jacketed
eflon vessel and heated at 100 ◦C for 144 h. The resulting silicate
olid was then filtered, washed with approximately 2 L of hot water
nd then dried under vacuum for 48 h.

Four grams of dry mesoporous silicate powder was heated over
h to 550 ◦C in an electric furnace. The silicate was then cal-
ined at 550 ◦C for 8 h and then allowed to cool slowly for 8 h
nside the furnace. Calcination to produce the MCM-41 product

as performed immediately before all adsorption experiments. The
itrogen adsorption and desorption isotherms for calcined MCM-
1 samples were measured at −196 ◦C on a Belsorp 18 (BEL Japan
td.). Calcined samples were heated at 200 ◦C for 2 h and degassed
vernight. The BET method [11] was used to determine the sur-
ace area of each MCM-41 sample from N2 adsorption data. Pore
iameter and pore volume were determined by the Dollimore–Heal
ethod [12], using the N2 desorption data.

.2. Adsorption kinetics

Kinetic experiments were performed on the nickel system to
etermine the optimum reaction time for adsorption experiments.
CM-41 (0.1 g) was contacted with 10 mL of aqueous solution, con-

aining 1 × 10−4 mol L−1 of Ni2+ ions (made from Ni(NO3)2) and
× 10−2 mol L−1 Hacac. The solutions were adjusted to pH 4 using
.01 mol L−1 nitric acid and sodium hydroxide. The kinetics tests
ere performed at times between 15 min and 30 h. The concentra-

ion of metal ion in solution was measured using a VARIAN Vista
ro Inductively Coupled Plasma Adsorption Emission Spectrometer
ICP-AES).

.3. Metals adsorption with respect to pH

For the metal ion adsorption with respect to pH, 0.1 g of
CM-41 was contacted with 10 mL of aqueous solution, con-

aining 1 × 10−4 mol L−1 of M2+ ions (made from M(NO3)2 salts)
nd 1 × 10−2 mol L−1 Hacac. The solutions were adjusted to the
esired pH (between 3 and 7) using 0.01 mol L−1 nitric acid and
odium hydroxide. The solid and aqueous phases were separated
y centrifugation and filtration. The pH of the aqueous phase was
etermined using a HORIBA F-21 pH meter with a combination
lass electrode. The concentrations of metal ions in solution were
easured using ICP-AES.
The distribution ratio, Kd, is denoted as:

d = [M]solid

[M]aqueous
(1)

here [M]solid and [M]aqueous are the metal concentrations in the
olid phase (mol g−1) and aqueous phase (mol mL−1). The maxi-
um distribution ratio for each of the metal species tested was

alculated from the equilibrium concentrations in the solid and
queous phase.

.4. Adsorption isotherms for metal ions

The adsorption isotherms were determined by contacting (for
n appropriate time) 0.1 g of calcined MCM-41 with 10 mL of
nbuffered aqueous solution, containing between 2.5 mg L−1 and

0 mg L−1 of M2+ ions and 1 × 10−2 mol L−1 Hacac. The solid and
queous phases were separated by centrifugation and filtration. The
nitial and final solution pH was measured using a HORIBA F-21 pH

eter with a combination glass electrode. The concentrations of
etal ions in solution were measured using ICP-AES.
Fig. 1. Nitrogen adsorption and desorption isotherms for synthesised MCM-41 after
calcination.

3. Results and discussion

3.1. MCM-41 surface area analysis

In this investigation for each set of metal ion adsorption exper-
iments, a new batch of MCM-41 was synthesised and calcined. The
surface area, pore size and pore diameter were measured and used
to compare the quality of different samples of MCM-41. Fig. 1 is a
typical example of a good quality mesoporous silicate with a dis-
tinctive “stepped” gas adsorption isotherm. The sharp step is due
to the filling of the mesopores and the sudden increase in adsorbed
gas volume indicates a uniform pore size distribution [13]. The sur-
face area, pore diameter and pore volume results for all samples of
MCM-41 tested are given in Table 1. Table 1 also gives the measured
structural properties of MCM-41 from previous investigations [6,7].
The published results compare well with the results obtained in this
study.

3.2. Kinetics of adsorption

A previous study of metal ion adsorption behaviour onto MCM-
41 [7] found that the extent of adsorption was almost constant
for solid–liquid contact times between 5 min and 24 h. In addition
to this, Hokura et al. [6] found that copper ion complexation and
adsorption onto MCM-41 reached equilibrium at around 30 min. In
this investigation the uptake of Ni(II) onto MCM-41 (Fig. 2) reached
a maximum at around 22 h, confirming previous researchers obser-
vations that the nickel–acetylacetonate complexation reaction
occurs more slowly than for other metals species and is most likely
the rate controlling step of uptake onto MCM-41 [6].

3.3. Effect of pH on metals uptake

Plots of adsorption ratio for copper, nickel and cobalt, with
MCM sample Specific surface
area (m2 g−1)

Pore diameter
(nm)

Pore volume
(cm3 g−1)

This study 1090 (±158) 2.87 1.20 (±0.17)
Oshima et al. [7] 1173 3.12 1.45
Hokura et al. [6] 1150 2.52 1.05
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Fig. 2. Kinetics of adsorption of nickel–acetylacetonate complex onto MCM-41 at
pH 4. Initial concentration of the metal ion and Hacac was 1 × 10−4 mol L−1 and
1 × 10−2 mol L−1, respectively.

Fig. 3. Adsorption of divalent metal cations by MCM-41/Hacac with respect
to pH. Initial concentration of metal ions and Hacac was 1 × 10−4 mol L−1 and
1 × 10−2 mol L−1, respectively.

Table 2
Comparison of adsorption properties of the MCM-41/Hacac system with published
solvent extraction data.

MCM-41/Hacac Adsorption
(%)

pH Kd

(mL g−1)
Loading capacity
(mmol g−1)

Copper 41 4.3 71 0.0045
Nickel 68 5.5 208 –
Cobalt 60 6.4 152 0.0056

Solvent extractiona Pure Hacac 0.1 M Hacac in benzeneb

Extraction (%) pH Extraction (%) pH

Copper 80 2.0 90 4.0
Nickel N/A 20 5.0
Cobalt N/A 30 7.0

r

T
(
%
v
H
m

Fig. 4. Adsorption isotherms for copper (pH 3.6 ± 0.4), nickel (pH 4.0 ± 0.2) and

T
C

a Data sourced from Stary [10]. Table 6, pp. 55–60 and references therein; phase
atio 1:1.

b 0.1 mol L−1 Hacac in benzene; phase ratio 1:1.

The maximum distribution ratio for each metal is shown in
able 2. Also included in this table is a comparison of the % removal

adsorption) of each metal investigated in this study with published
extraction data for typical solvent extraction systems [10]. In sol-

ent extraction around 80% of copper can be extracted by pure
acac at pH 2–5. Hence solvent extraction would be considered
ore effective than the MCM-41/Hacac system for copper. Only

able 3
omparison of cobalt adsorption using the MCM-41/Hacac system, with two modified M

System pH Solution/adsorbent (mL g−1

MCM-41/Hacac 6.5 100
Pore expanded MCM-41/DMDAa N/A 200
Pore expanded MCM-41/DMDAa N/A 80
MCM-41/imidazoleb 5.6 50
MCM-41/imidazoleb 5.6 50

a Sayari et al. [14], Pore expanded MCM-41 containing N,N-dimethylalkylamine inverte
b Hanzel and Rajec [15], MCM-41 with immobilized imidazole groups on the surface.
cobalt (pH 5.7 ± 0.5). The Cu(II) and Co(II) data were fitted to the Langmuir isotherm
(Eq. (2)). The Ni(II) data was fitted (n = 1 and Kf = 0.012) to the linear isotherm given
in Eq. (4). The error bars are the standard deviation for duplicate samples tested.

20% of Ni(II) can be extracted by 0.1 mol L−1 Hacac in benzene,
compared to 68% for the MCM-41/Hacac system. The results for
MCM-41/Hacac adsorption of cobalt show improvement over the
Hacac in benzene solvent extraction system, suggesting that the
MCM-41/Hacac system is better than solvent extraction for cobalt
removal.

There is limited published information regarding the use of
MCM-41 for the removal of metals from water. Table 3 gives
a comparison of the experimental conditions, % adsorption and
distribution ratio for cobalt adsorption for this study and two
previous studies [14,15]. In this study, with a solution/adsorbent
ratio of 100 and an initial cobalt concentration of 4.3 mg L−1,
the maximum adsorption and distribution ratio were 60% and
152 mL g−1, respectively. Sayari et al. [14] investigated a pore
expanded MCM-41 containing N,N-dimethylalkylamine inverted
cylindrical micelles within the pores of the silicate. They were
able to achieve a very high amount of adsorption of cobalt (%
adsorption = 99%, Kd = 18600 mL g−1) using a 9.4 mg L−1 solution at
a solution/adsorbent ratio of 200. However for a test conducted
with an initial concentration of cobalt of 1174 mg L−1, the distri-
bution ratio reduced to 90 mL g−1. Hanzel and Rajec [15] studied
MCM-41 with imidazol groups bonded to the surface of the sili-
cate. Similar to Sayari et al. [14], Hanzel and Rajec [15] achieved
high amounts of adsorption and high Kd at low initial concentra-
tions of cobalt in solution, but Kd decreased with increasing metal
concentration.

3.4. Adsorption isotherms for the metal ions onto MCM-41

The adsorption isotherms for the three metal ions were inves-
tigated. As shown in Fig. 4, the adsorption behaviour of Cu(II) and
Co(II) have a distinctive shape which is described well by a Lang-

muir type isotherm:

q = qmaxbCe

1 + bCe
(2)

CM-41 systems.

) Co2+ initial (mg L−1) Adsorption (%) Kd (mL g−1)

4.3 60 152
9.4 99 18,600

1174 54 90
0.35 90 461

589 26 17.5

d cylindrical micelles inside pores.
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here qmax is the maximum amount of cations adsorbed per gram
f MCM-41 (mmol g−1), b is a constant which reflects the inter-
ction between the cations in solution and the sorbent surface
L mmol−1), q and Ce are the equilibrium concentrations of the

etal ion in the solid (mmol g−1) and solution (mmol L−1), respec-
ively. The Langmuir equation can be re-arranged as follows:

Ce

q
= Ce

qmax
+ 1

qmaxb
(3)

This linearised form of the Langmuir equation can be fitted to
plot of Ce/q versus Ce to derive qmax and the constant, b [16].

max values of 0.0045 mmol g−1 (b = 22.23) and 0.0056 mmol g−1

b = 117.58) were obtained for the adsorption of Cu(II) and Co(II),
espectively. While it would appear that the surface has a prefer-
nce for Co(II), it must be noted that these isotherms were obtained
t different pH.

The nickel data over the concentration range investigated did
ot exhibit typical Langmuir type behaviour. Linear isotherms are
ometimes observed for adsorption at narrow concentration ranges
nd low concentration levels. This behaviour implies that sorption
s not dependent on the initial concentration of metals species in the
queous solutions. The linear sorption behaviour may be described
y the Freundlich equation:

= KfC
n
e (4)

here Kf and n are empirical constants, q and Ce is as previously
efined.

As is shown in Fig. 4, the nickel data is fitted (n = 1 and Kf = 0.012)
ore appropriately with a linear isotherm.

. Conclusions

A novel adsorbent based on synthetic mesoporous silicate with
ligand added specifically to complex divalent transition metal

ations, has been characterised in terms of its physical structure
nd its potential to uptake copper, nickel and cobalt ions over a
ide pH range.

Under the experimental conditions described, the adsorption
ata for Cu(II) and Co(II) obtained from batch studies fitted the
angmuir model while the Ni(II) data was best fitted to a linear
sotherm.
The results also show that for the defined pH ranges, the uptake
s higher and comparable to the equivalent liquid–liquid extraction
ystem with benzene as the solvent. It is also comparable to other
dsorbents reported in the literature. The pH at which the maxi-
um adsorption occurs is shifted in the mesoporous silicate when

[

[

ering Journal 157 (2010) 25–28

compared to the benzene system, giving the opportunity to operate
a process based on this adsorbent at different process conditions.
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