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a b s t r a c t

Porous phosphate heterostructures (PPH), functionalized with different ratios of aminopropyl and mer-
captopropyl groups, labelled as Nx=5,25,50-PPH and Sx=5,25,50-PPH, respectively, were tested as adsorbents
for Ni(II) and Hg(II) found in industrial sewage from electroplating processes and button battery recy-
cling. X-ray diffraction was used to study the structures. The specific surface area of the pristine material
(PPH) was 620 m2 g−1, whereas the specific surface areas of the modified mercaptopropyl (S5-PPH) and
eywords:
ickel(II)
ercury(II)

orous phosphate
emoval

aminopropyl (N5-PPH) were 472 and 223 m2 g−1, respectively. The adsorption data were fitted to a Lang-
muir isotherm model. The S5-PPH material was saturated by 120 mmol Hg(II) per 100 g of material,
whereas for Ni(II) adsorption, N25-PPH material displayed the highest adsorption with a saturation value
of 43.5 mmol per 100 g. These results suggest that functionalized PPH materials may be promising toxic
metal scavengers and that they may provide an alternative environmental technology.
ewage

. Introduction

Environmental pollution due to toxic metals is a current con-
ern. Although some metals are necessary in different life cycles,
high concentration in the water or soil may represent a serious

hreat to human health, natural resources and ecological systems
1], requiring an immediate solution. Certain industrial sectors,
uch as the metal finishing industry, are responsible for most of
he environmental pollution by toxic metals. These metals are
angerous due to their persistence in the environment. The main
ontamination source is the emission of sewage, with relatively
ow concentrations of harmful metals including Cr(VI), Ni(II), Zn(II),
u(II) and Cd(II). These metals must be removed from the sewage
efore their release into the environment being their selective
lean-up an emerging area of interest [2].

Nowadays, new techniques are focused on adsorption processes
ecause they are more economical than other previously employed,
uch as precipitation [3,4], ionic exchange [5–7], ultra-filtration
8] and reverse osmosis [9,10]. Adsorption processes also suppose
n efficient approach for use in the heavy metal remediation of

astewaters. Granular activated carbon is widely used for water
urification [11,12], as well as alumina [13,14]; however, they
re not economically attractive due to their high operating costs.

∗ Corresponding author.
E-mail address: jjimenez@uma.es (J. Jiménez-Jiménez).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.110
© 2011 Elsevier B.V. All rights reserved.

Clays [15,16], zeolites [17,18], natural biopolymers such as chitosan
[19,20], polypeptides [21], humic substances [22], and phytoreme-
diation [23] are other alternatives which are currently under study,
although their selectivity has been found to be low.

Another group of interesting adsorbents is that of functional-
ized mesoporous materials because of their attractive properties,
such as a high level of heavy metal removal, large surface area,
narrow pore size distribution and the specificity of the chelating
agents inserted in the network. Among these materials, MCM-41
[24,25], MCM-48 [26], SBA-15 [27,28], and porous clay heterostruc-
tures (PCH) [29], strategically functionalized with organic groups
are under study. The use of porous phosphate heterostructures
(PPH) functionalized with different organic groups has been pro-
posed for heavy metal removal. These porous solids are prepared by
combining pillared layer structures (PLS) and MCM-41 mesoporous
solid synthetic routes, where zirconium phosphate is previously
expanded and later the formation of silica galleries takes place in
the interlayer region.

Applications of PPH in environmental catalysis include the
selective reduction of NOx, hydro-treating processes and catalytic
oxidation of H2S to sulphur [30–32], to avoid their emis-
sion into the atmosphere. Other applications of PPH include
the separation of propane and propene [33], and inorganic

membranes [34].

In the present work, PPH materials were evaluated for the
removal of Ni(II) and Hg(II) from the sewage of electroplating and
button battery recycling industries.

dx.doi.org/10.1016/j.jhazmat.2011.03.110
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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. Materials and methods

.1. Synthesis of Nx-PPH and Sx-PPH adsorbent materials

.1.1. Synthesis of Nx-PPH
Cetyltrimethylammonium (CTMA)-expanded zirconium phos-

hate was prepared from a solution of CTMA-Br in 1-propanol,
3PO4 (85%) and zirconium(IV) propoxide (70%) according to previ-
usly reported procedures [35]. The cetyltrimethylammonium-ZrP
CTMAZrP) obtained was suspended in water (10 g L−1) and a solu-
ion of hexadecylamine in 1-propanol (0.145 M) was added as a
o-surfactant. After one day of stirring, a solution (50%, v/v in 1-
ropanol) of tetraethylorthosilicate (TEOS) and the corresponding
minopropyl triethoxysilane (APTEOS) with TEOS/APTEOS (here-
fter called TEOS/N) molar ratios of 5, 25 and 50 was added, and
n each case the resulting suspension was stirred at room temper-
ture for three days. Because of the fast hydrolysis of APTEOS, an
lternative method of synthesis was carried out for the material
ith the lowest TEOS/N molar ratio by using 1-propanol as a sol-

ent instead of water. Then, the obtained solids were centrifuged,
ashed with ethanol, and dried at room temperature. In this case,

he surfactant molecules used as templates of silica galleries in the
nterlayer spaces could not be removed by calcinations in order to
void degradation of the amino groups. Therefore, an acid extrac-
ion with HCl:ethanol (1:10 v/v) was performed three times to
ssure the total extraction of surfactants. After this, the solid was
ashed with ethanol and dried at room temperature. The solids
ere denoted as Nx-PPH, where x is the added TEOS/N molar ratio.
ll reagents used were purchased from Sigma–Aldrich.

.1.2. Synthesis of Sx-PPH
The preparation of a hybrid porous phosphate heterostructure

unctionalized with a 3-mercaptopropyl group was carried out fol-
owing a method to that described for Nx-PPH. In this case, as the
ydrolysis rate of mercaptopropyl-trimethoxysilane (MPTMS) is
imilar to that of TEOS, only water was used as a solvent. Three
olids were also obtained by varying the added TEOS/MPTEOS
hereafter called TEOS/S) molar ratios: 5, 25 and 50. The solids were
enoted as Sx-PPH, where x is the added TEOS/S molar ratio.

.2. Adsorption experiments for nickel and mercury in pure water
nd sewage samples

For the Ni(II) adsorption studies, the Nx-PPH materials were pre-
iously treated with NaOH (0.1 M) to reach pH 7, due to the fact
hat the resulting structures (see Section 2.1.1) with HCl:ethanol

1:10 v/v) the amino groups were protonated and became inac-
ive as ligands for Ni(II) adsorption. Then, the solid was separated
y centrifugation, washed twice with deionized water and dried
t 333 K for 24 h. The Ni(II) adsorption was carried out by stirring

able 1
haracteristics of the different materials synthesised and Langmuir relationship.

Material R group
content
(mmol/100 g)

d0 0 1 (Å) SBET (m2 g−1) Vpa (cm3 g−1) d

PPH – 40 620 0.543 3
S5-PPH 78.1 40 472 0.513 3
S25-PPH 18.0 40 506 0.521 3
S50-PPH 8.1 44 537 0.522 3
N5-PPH 156.4 – 223 0.411 6
N25-PPH 36.1 40 355 0.437 4
N50-PPH 21.7 42 556 0.618 3

a Using Cranston and Inkley method (Supplementary information).
b M(II) = Hg(II) for Sx-PPH materials and Ni(II) for Nx-PPH materials.
c Langmuir parameters obtained at 298 K. Q0 is the saturated adsorption capacity, b is an
odel.
ous Materials 190 (2011) 694–699 695

0.3 g of the adsorbent in an adequate volume of a Ni(II) aqueous
solution 1.70 mM for a period of 24 h, at room temperature and in
stoppered flasks in order to achieve equilibrium conditions. Dif-
ferent Ni/N ratios were used to test the sorption of Ni(II) by the
adsorbents. As the next step, the solid was separated by centrifu-
gation and the metal content adsorbed by the solid was determined
using inductively coupled plasma spectrometry (ICP). For this pur-
pose, the solids were dissolved in 0.2 mL of hydrofluoric acid (40%)
at room temperature and diluted to an adequate concentration for
ICP analysis. The same procedure was carried out for the wastewa-
ters from the electroplating industry. All assays were carried out
in triplicate and only the average values are presented. For the
Hg(II) extraction, different Hg/S ratios were studied for the adsorp-
tion process of Hg(II) 0.1 mM in pure water, following the same
procedure as for Ni(II).

2.3. Sewage samples

Wastewater from an electroplating industry (Progaelectric S.A.
situated in Montilla, Córdoba (Spain)) was used to test the effi-
ciency of N5-PPH as a sorbent. The S5-PPH sorbent was tested using
wastewater from a button battery recycling company located in the
same area.

2.4. Data analysis

The equilibrium adsorption isotherm data of M(II) at differ-
ent concentrations were analyzed using the Langmuir adsorption
expression (Eq. (1)):

C

Q
= 1

bQ0
+ C

Q0
(1)

where Q is the adsorption capacity (mmol/100 g), C is the equilib-
rium concentration of the M(II) solution (mM), Q0 is the saturated
adsorption capacity (mmol/100 g) and b is an empirical parameter
(L mmol−1).

3. Results and discussion

3.1. Characterization of the sorbent materials

After removal of the organic surfactants, a porous solid was gen-
erated with a porosity that is mainly due to the inner silica galleries.
Several porous materials were obtained with physical and chemical
properties depending of the nature and the amount of organosilyl
derivative incorporated (Table 1). This can be explained by the dif-

ferent hydrolysis rates and the basicity of the respective precursors.

Table 1 also summarizes the d0 0 1 basal space obtained from
the corresponding XRD data (Supplementary information). All the
solids showed a reflection line at a low angle centered at 40 Å, which

pa (Å) bM(II) taken up
(mmol/100 g)

cQ0

(mmol/100 g)

cb (L/mmol) R2
L

0.9 – – – –
7.9 120.0 123.5 810 0.9995
7.8 28.4 29.7 421 0.9974
6.8 17.8 18.8 531 0.9971
3.9 28.1 25.6 2.49 0.9506
7.5 43.5 47.6 7.78 0.9978
7.4 37.6 43.9 5.85 0.9909

empirical parameter and R2
L

the regression coefficient obtained from the Langmuir
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ndicated the separation between two zirconium phosphate layers
ccupied by the silica galleries. No diffraction peak was detected in
he case of N5-PPH, which was probably due to an irregular forma-
ion of the silica galleries, caused by the large amount of APTEOS
dded and its fast hydrolysis. In the case of Sx-PPH, the structure is
ot affected due to the similar hydrolysis rate of MPTMS and TEOS
nd the lower incorporation of mercaptopropyl groups in compar-
son with the respective aminopropyl groups, as is deduced from
he amount of each group present in the materials (see Table 1 and
ig. 4).

Textural parameters were obtained from the N2
dsorption–desorption isotherms at 77 K. These isotherms were
f type IV (Supplementary information), typical of mesoporous
aterials. In all cases, a decrease in the Brunauer–Emmett–Teller

BET) surface area was noted with respect to the pure silica PPH
aterial (620 m2 g−1). The BET surface area decreased upon the

ncorporation of increasing amounts of the mercaptopropyl and
minopropyl groups. For example, the lowest BET surface areas
ere found for the solids with the highest contents of function-

lized groups (S5-PPH: 472 m2 g−1 and N5-PPH: 223 m2 g−1). This
ecrease in the BET surface area was more prominent in the case
f aminopropyl groups, due to the resulting structures were less
rystalline, as observed in the XRD diffractograms (Supplementary
nformation). The average pore size values indicated that meso-
ores were present. This mesoporosity was derived from the silica
alleries or from the large diameter of the pores formed by the
tacked packets of layers.

These results indicate that different porous hybrid materials
ere obtained. As the corresponding organic groups were acces-

ible, they could interact with different chemical species and thus
e used as potential selective adsorbents. Thus, the adsorption of
i(II) and Hg(II) was tested for Nx-PPH- and Sx-PPH type-materials,

espectively, and their application on industrial wastewaters.

.2. The adsorption isotherms of Ni(II) by N5-, N25- and N50-PPH

The behaviour of N5-, N25- and N50-PPH as adsorbents in the
dsorption of Ni(II) at 25 ◦C was investigated. Fig. 1a and b shows
he fitting of the experimental adsorption data to adsorption
sotherms. The incorporation of an aminopropyl group on the sil-
ca galleries walls permits the adsorption of chemical species which
an selectively interact with this amino group. This was the case for
he Ni(II) cations, which easily formed complexes with the amino
roup displacing the water molecules from its coordination shell.

Table 1 summarizes the contents of the functional groups in

mol per 100 g for each solid. For each of the adsorbents, the
i(II)/N molar ratios added of 0.1–5 were tested. The results are

hown in Fig. 1a where, surprisingly, the sorbent with the highest
mount of the aminopropyl group displayed the lowest adsorption.
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Fig. 1. (a) Ni(II) adsorption isotherms expressed in relation to mmol Ni(II) adsorbed
for 100 g of sorbent. (b) Ni(II) adsorption isotherms expressed in relation molar ratio
Ni/aminopropyl groups retained.

This fact can be explained considering the low BET surface area
of this solid (Table 1). In contrast, a high number of aminopropyl
groups were accessible to Ni(II) ions in the case of the N50-PPH
sample, which had the highest BET surface area. Therefore, in the
case of N5-PPH adsorbent, many of these organic groups could not
retain Ni(II) because they were blocked in the inner pores. On the
other hand, when the molar ratios of Ni(II)/N added are plotted
versus the molar ratios of Ni(II)/N adsorbed (Fig. 1b), the value of

the Ni(II)/N molar ration adsorbed is higher than 1 for Nx=25,50-
PPH. This indicates that other ion exchange sites such as PO–H and
SiO–H groups were available in the pores. As these acid sites were
neutralized when a NaOH solution was added to activate the amino-
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ig. 4. Relation between Ni2+ and Hg2+ adsorption with the amount of organic
roups(R) on Nx-PPH and Sx-PPH materials.

ropyl group, these exchange centres became present as Na+ PO−

nd Na+ SiO−. Unlike the aminopropyl groups, these exchange sites
ere not selective and when other cations were present (i.e. alka-

ine ions), they were also adsorbed by these sites, decreasing the
i(II) adsorption capacity. In order to evaluate this effect on the
ationic exchange capacity for Ni(II), different Na/Ni molar ratios
ere added for each adsorbent up to the Ni/N molar ratio saturation
oint. In this case, the Ni/N molar ratio adsorbed of samples N25-
PH and N50-PPH decreased from 1.6 to nearly 1.0 (Fig. 2a), whereas
or N5-PPH, it remained almost constant, around 0.15, indicating
hat for this latter material complexation was the main process for
he Ni(II) adsorption. This aspect would be an important considera-
ion for the application of these materials in wastewater treatment
ue to the presence of many chemical species together to Ni(II), as

s the case for electroplating and Ni(II) bath plating wastewaters.
ig. 2b shows the mmol of Ni(II) adsorbed per 100 g as a function
f the amount of Na+ added. Ni(II) adsorption by N5-PPH material
s not influenced by Na+ presence.

.3. The adsorption isotherms of Hg(II) on S5, S25 and S50-PPH

The adsorption capacity of hybrid heterostructures functional-
zed with mercaptopropyl groups was tested against Hg(II) ions
36]. A similar adsorption procedure, as described in the previous
ection, was carried out. Table 1 shows the maximum values of
g(II) obtained from the corresponding Hg(II) adsorption isotherm

resented in Fig. 3a and b. In this case, the adsorption of Hg(II)
as directly related to the content of the mercaptopropyl group in

he solids (Fig. 4), unlike for the Nx-PPH materials. In this case, all
f the materials presented high BET surface areas and, although a
00 g of sorbent. (b) Hg(II) adsorption isotherms expressed in relation to molar ratio

decrease in the BET surface area was observed when the content
of the organic group increased, this decrease was not as significant
as for Nx-PPH described above. Saturation of S5-PPH sample was
achieved at 120 mmol Hg per 100 g material, which is within the
order of similar sorbents such as the porous clay heterostructures
(PCH) functionalized by co-condensation [36], where the Hg(II)
adsorption capacity was in the range of 70–310 mmol per 100 g for
sorbents containing thiol groups in a range of 0.7–2.9 mmol g−1.

In the case of these Sx-PPH materials, cationic exchange with
the PO–H and SiO–H groups was also observed, given that the Hg/S
molar ratio was higher than 1.0 for the saturation values, as shown
in Fig. 3b. This contribution of cationic exchange to the adsorption
process was more evident for S50-PPH, since this material had the
lowest content of thiol groups and the highest BET surface area. For
this material, the molar ratio between the Hg adsorbed and thiol
groups present was 2.0. Therefore, these materials demonstrated
their capacity to retain Hg(II) from a diluted solution of 0.1 mM
Hg(II). The material with the highest Hg(II) adsorption capacity was
tested for the removal of this heavy metal from the wastewater of
a button battery recycling industry.

3.4. Application for Ni(II) extraction

In accordance with the results obtained previously, N5-PPH was
employed as an adsorbent material for treating wastewater from
an electroplating industry (Progaelectric S.A., Montilla, Spain). The
sewage from this type of industry contains traces of the metals ions
used in the electroplating process and must be treated before it is
released. The N5-PPH material was tested as an adsorbent of aque-
ous Ni(II) present in the sewage. Fig. 5a shows the effect of the
N5-PPH material on the electroplating wastewater. In the electro-
plating industry, nickel baths are most commonly used to give a
final coating. Other intermediate steps use other metallic finishes,
such as gold or brass. After the application of the adsorbent material
the Ni(II) initial concentration of ∼0.850–1.022 mM, decreased to
a final concentration of Ni(II) below the stipulated legal limit [37],
which demonstrated their feasibility for use in metal ion removal
from wastewater; the effect of pH in the range 1–7 is shown in
the Supplementary information, where it is observed that optimal
adsorption occurs between pH 6 and 7.

3.5. Application for Hg(II) extraction

The material S5-PPH was also studied for removing Hg(II) from

wastewater from an industry dedicated to the collection of but-
ton batteries, situated in Córdoba (south Spain). Table 2 shows
the metal concentration of the solution. After partial neutraliza-
tion with NaOH (1 M) to pH 5.1, a precipitate, mainly Fe(OH)3, was
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Table 2
Concentrations of Fe(III) and Ni(II) in g L−1 and Hg(II) in �g L−1 from button cell
recycling effluent.

Element Raw effluent
(pH = 0.1)

Neutralized
effluent
(pH = 5.1)

After
adsorption
with S5-PPH

f
t
t
w
l
t
a
d
s
t
a
c
w

4

w
m
t
t
a

Fe(III) 111.5 (1.28) 36.2 (0.28) 30.5 (0.24)
Ni(II) 6.87 (0.32) 1.91 (0.02) 1.67 (0.01)
Hg(II) 23,270 (0.34) 13.6 (0.35) 0.42 (0.01)

ormed. This solid can remove heavy metals [38], which explains
he observed reduction in the concentration of Ni(II) and Hg(II) in
he solution. The proposed adsorbents may be effective in cases
here the concentration of Hg(II) is low but nonetheless above the

egal limit [37]. Thus, different volumes of this solution were added
o 0.1 g of S5-PPH and the levels of Fe(III), Ni(II) and Hg(II) were
nalyzed after one day of stirring at room temperature. A drastic
ecrease of Hg(II) was obtained compared to Fe(III) and Ni(II), as
hown in Fig. 5b, which demonstrated the expected selectivity of
his sorbent for Hg(II), since Hg(II) is a soft acid and thiol groups
re soft bases. This selectivity is shown in Fig. 5c, where the Hg/Fe
oncentration ratio decreased with the amount of sorbent added,
hereas the Ni/Fe concentration ratio remained almost constant.

. Conclusions

The functionalized porous phosphate heterostructure materials
ere successfully used for the adsorption of Ni(II) and Hg(II) heavy

etals, as described by an adsorption process of the Langmuir

ype. This adsorption capacity depends on the type and amount of
he organic groups incorporated in the silica galleries. Two mech-
nisms were involved in the adsorption process; a first one due
solution. (b) Fe (g L−1), Ni (g L−1) and Hg (�g L−1) concentration in wastewater as a
d to concentration ratio Hg/Fe and Ni/Fe.

to a selective interaction of the cations with the functional group
and a second one originated by a cationic exchange from PO− and
SiO− groups. The adsorbent containing most organic groups was
therefore used for the remediation of wastewater. The results indi-
cate that hybrid N5-PPH and S5-PPH materials are good potential
alternative materials for removing Ni(II) and Hg(II) from industrial
wastewater.
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