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ABSTRACT

Carbon disulphide was used to modify the surface of silica gel phases con-
taining amine moieties for the formation of four phases-immobilized
dithiocarbamate derivatives (I-IV). Characterization of the surface modi-
fication by the organic modifier was accomplished by several means
of instrumental analysis. These include infrared, secondary ion mass spec-
trometry (SIMS), as well as, thermal desorption analysis for determination
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1712 Mahmoud, El-Essawi, and Fathallah

of the surface coverage values (1.051—1.501 mmolg~'). The thermal
stability and structure characterization of the modified silica gel phases
(I-1IV), along with their mercury(Il) adducts, were studied and evaluated
on the basis of electron impact mass spectrometric analysis (EI-MS). The
results of this study proved higher thermal stability characters incorpor-
ated into the metal adduct compared to the free silica gel phase. The selec-
tivity properties incorporated into the modified silica gel phases for
binding and interaction with a series of bi- and trivalent metal ions were
studied and evaluated by determination of the distribution coefficient
and separation factor. The results of these evaluation processes were
found to point out the higher selectivity and preference of these four
phases for binding with mercury(Il), copper(Il), and cadmium(II) com-
pared to other metal ions.

Key Words:  Silica gel; Surface modification; Thermal stability; Metal
selectivity; Dithiocarbamate.

INTRODUCTION

Chemically modified solid phases have been widely used as packing
materials in column chromatographic applications.”' = Some of these are
mainly based on the developments of modified silica gel phases with certain
chelating compounds or groups for pre-concentration and separation of trace
and ultra trace metal ions by either on-line or off-line mode of analysis.'*!
The interaction mechanisms between metal ions and modified silica gel phases
are highly dependent on the binding efficiency and properties of these analytes
and the active surface chelating group, as well as, the concept and rules of
coordination chemistry.”’ This has promoted researchers to explore some
well designed modified solid phases for applications in selective extraction
and determination of toxic and nontoxic metal ions, by using silica gel phase-
loaded-chelating compounds.'®” A large number and variety of chelating
groups were used to improve the surface reactivity of either inorganic or organic
solid matrices, starting with the well known 8-hydroxyquinoline as a simple
one,® % to more complicated macromolecular species as crown ether and
their derivatives,''' ~'*! as well as chelating polymeric compounds.!'*'> Under-
standing the selectivity incorporated into these modified phases, is considered
the key point in such designing process and applications of these systems that
are interpreted on the basis of several phenomena.''® Dithiocarbamate deriva-
tives are examples of sulfur and nitrogen containing chelating compounds,
or groups similar to other classes of compounds as 2-mercaptobenzothiazol,
dithizone,  2-(2-thiazolylazo)-p-cresol,  2-amino-1-cyclopentene-1-dithio-
carboxylic acid, 2-[(2-triethoxysilyl)-ethylthio]aninline, and thiourea. These
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Silica Gel Phases-Immobilized Dithiocarbamate Derivatives 1713

species were previously loaded on the surface of silica gel via chemical or
physical approach and found to exhibit various preferences for binding with
metal ions as Ag(I), Cu(Il), Zn(II), Hg(II), Pd(II), and other metal jons.l'7=23

In this report, four silica gel phases-immobilized dithiocarmate deriva-
tives were synthesized. Structural and surface modifications, thermal stability,
metal binding properties, and selectivity characters toward certain metal ions
were studied, characterized, and evaluated.

EXPERIMENTAL
Chemicals and Solutions

Silica gel (70—230 mesh, 60 A pore diameter) was purchased from Riedel
de Haén, Hannover, Germany. 3-Chloropropyltrimethoxysilane and 3-amino-
propyltrimethoxysilane were received from Aldrich Chemical Company,
USA. Ethylenediamine (EDA), diethylenetriamine (DETA), and triethylene-
tetramine were purchased from Aldrich Chemical Company, USA. Carbon
disulfide (CS,) was purchased from Merck, Darmstadt, Germany. All chemi-
cals were used as received. Organic solvents were dried according to conven-
tional methods. Metals salts were all of analytical reagent grade and
purchased from BDH Chemical Company, Poole, UK and Fluka Chemie
AG, Switzerland. Metal ions solutions were prepared from doubly distilled
water (DDW).

Synthesis of Modified Silica Gel Phases (I-1V)

Silica gel (50 g) was weighed and suspended in 1 L of 4.0 M hydrochloric
acid. This mixture was allowed to reflux with stirring for 4 hr, then filtered and
washed with distilled water till an acid free silica gel phase. Active silica gel
was then dried in an oven at 150—160°C for 6 hr and left in a desiccator for
future use. Silica gel phases (I-1V), with chemically bound dithiocarbamate,
were synthesized by a two-step reaction. The first step is the synthesis of silica
amine derivatives (i—iv). Silica monoamine was prepared by reaction of active
silica gel with 3-aminopropyltrimethoxysilane. Silica-modified-di, tri, and
tetramine were prepared by the direct reaction of silica-modified-propyl
chloride (SiCl) with EDA, DETA, and triethylenetetramine, respectively.[7’24]
The second step is the preparation of silica gel phases (I-IV) chemically
bound dithiocarbamate through the reaction with carbon disulfide, according
to the following procedure: 8.0 g of the monoamine phase (i) was weighed
and suspended in 100 mL of dry toluene and 15 mL of carbon disulfide was
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1714 Mahmoud, El-Essawi, and Fathallah

added. The reaction mixture was refluxed with stirring for 8hr, filtered,
washed with toluene, ethyl alcohol, and diethyl ether, and dried in an oven
at 60°C for 6 hr. The silica gel phases (II-IV) were also synthesized, in a simi-
lar way, by the reaction of 8.0 g of diamine silica gel phase, (ii) with 30 mL of
CS,, 8.0 g of triamine silica gel phase, (iii) with 45mL of CS, and 8.0 g of
tetramine silica gel phase, (iv) with 60 mL of CS,. These reactions were
refluxed with stirring, filtered, washed, and dried as previously described for
the silica gel phase (I).

Determination of the Surface Coverage by the
Thermal Desorption Method

The surface coverage of silica gel with the organic chelating compounds,
was accomplished by the thermal desorption method.* In this method,
100 + 1mg of dry silica gel phases (I-IV) was weighed and ignited at
550°C in a muffle furnace. The initial temperature was 50°C and was gradually
increased to 550°C in about 20 min. The ignited phase was then kept at this
temperature for 1hr and left to cool down inside the furnace till 70°C. The
sample was transferred to a dessicator. The weight loss of the organic chelat-
ing compounds was determined by the difference in the sample weights before
and after the process of thermal desorption. Blank samples of active silica gel
were also subjected to the same thermal desorption procedure, as described,
for comparison.

Determination of Metal Capacity Values of Silica
Phases (I-1V) via Interaction with Hg(II)

Silica gel phase (2.0g) (I) was mixed with 25mL of 0.1 M mercuric
chloride in 0.1 M sodium acetate and shaken by an automatic shaker for
1 hr. The product silica gel phase (I)-Hg(II) was then filtered, dried, washed
with 100 mL DDW, and dried in an oven for 6 hr at 70°C.

The interaction of Hg(II) with the modified silica gel phases (II-1V) was
performed according to the same procedure. Each silica gel (2.0 g) was mixed
with 50, 75, and 100mL of 0.1 M HgCl, in 0.1 M NaOAc for phase (II)—
Hg(I), phase (III)-Hg(II), and phase (IV)—Hg(II), respectively. These mix-
tures were shaken by an automatic shaker for 1 hr, filtered, washed, and dried
as above. Each of the modified silica gel phases (100 mg) (I-IV)—Hg(II) was
added to 20 mL of concentrated nitric acid and automatically shaken for 1 hr.
The desorbed Hg(I) was determined by complexometric titration and cold
vapor atomic absorption analysis.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 ®



19: 29 23 January 2011

Downl oaded At:

ORDER | [l REPRINTS

Silica Gel Phases-Immobilized Dithiocarbamate Derivatives 1715
Determination of the Distribution Coefficient Values

The following metal ions were used to determine the distribution coeffi-
cient values of the various modified silica gel phases (I-IV). These are
MgI), Ca(l), Mn(II), Cr(III), Fe(III), Co(II), Ni(Il), Cu(Il), Zn(II), Cd(II),
Hg(I), and Pb(Il). The concentration of each metal ion solution is
~1.0ppm in 0.1 M NaOAc solution except Fe(IIl) in buffer pH2.

In a 25-mL measuring flask, 100 + 1 mg of the modified silica gel phase
(I-1V) was weighed. Ten milliliters of 1.0 ppm metal ion was then added and
the flask was shaken by an automatic shaker for 3 hr. This mixture was filtered
and washed with 10 mL DDW. The volume of metal ion was completed to the
50mL mark by using 5% hydrochloric acid solution. Standard and blank
solutions were also prepared. The concentration of metal ions in the sample,
standard and blank solutions were determined by atomic absorption analysis.

Apparatus

The flame atomic absorption spectrophotometric measurements of the
tested metal ions were determined by a Perkin Elmer 2380 atomic absorption
spectrophotometer. Atomic absorption analysis of Hg(Il) was performed by a
Varian Spect AA-10 plus atomic absorption spectrophotometer equipped with
a VGA-76 vapor generation accessory at the Institute of Oceanography, Alex-
andria, Egypt. The thermal desorption analysis of the modified silica gel phase
(I-IV) were performed by Vulcan A-550 muffle furnace. The electron impact
mass spectra of selected silica gel phases were carried out using the CH4 and
CH7 MAT-Bremen instrument at Marburg /Lahn University, Germany. The
infrared spectra were performed using IFS 88 instrument from Bruker
Comp-Karlsruahe at Marburg/Lahn University, Germany. The secondary
ion mass spectra of selected silica gel phases were performed using a
combined Secondary ion mass spectrometry (SIMS)/AES instrument
(Balzers/Physical electronics) and the data was digitalized as ASCII at
Miinster University, Germany.

RESULTS AND DISCUSSION

Identification of Surface Modification by Infrared
Analysis and Secondary Ion Mass Spectrometry

Identification of the silica gel surface modification by the organic chelating
compounds can be accomplished by studying the infrared spectra of both active
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silica gel and modified silica gel phases.>**! The infrared spectrum of active
silica gel was completely dominated by the presence of a strong peak centered
at 1100cm ™" due to the absorption of silica gel matrix, as well as a broad peak
centered at 3477 cm ™', which is mainly due to the presence of surface silanol
group and the presence of some adsorbed water molecules.”*! Modification
of the active silica gel surface with a chelating compound is pre-assumed to
exhibit some functional groups in the infrared spectra of the modified silica
gel phases. However, this assumption is mainly dependent on the surface
coverage values of the modified silica gel phases. The infrared spectra of silica
gel phases (I-IV) were found to exhibit a weak peak at 1558cm ™', which
corresponds to the dithiocarbamate (v;,s2) bond.!'”) Other peaks at 3100—-3200
and <3000cm™ ', are assigned to imine and aliphatic C—H groups, respect-
ively. Figure 1 shows the infrared spectrum of modified silica gel phase (IV)
as an example, and the important peaks are listed in Table 1. The structures
of these modified silica gel phases (I-IV) are given in Sch. 1.

Secondary ion mass spectrometry in the static mode (SSIMS) was proven
to be a versatile and direct method for determination of the composition, struc-
ture identification, and surface analysis of thermally stable compounds as
polymeric ones or chemically modified surfaces. However, the advantages
of SIMS in surface analysis applications were previously reported.”® The
positive SIMS of silica gel phase (IV) exhibited several fragment ion peaks
at m/z 76, 116, and 238, and these were identified and correlated to the
assigned structure of the modified silica gel phase (IV), as presented in Sch. 2.

Transmittance (%)
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1 L 1] [l 1 1
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Figure 1. Infrared spectrum of silica gel phase (IV).
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Table 1. Metal capacity values in mmol g~ for the interaction of Hg(II) with modified
silica gel phases (I-1V).

Silica Surface Metal
gel coverage Metal capacity Important infrared
phase (mmol g_l)‘"‘ ion (mmol g_l) peaks (em™h
@D 1.501 Hg(ID) 0.330 1,100, 1,558, <3,000
Im 1.266 Hg(II) 0.610 3,100-3,200, 3,477
11 1.051 Hg(II) 0.950
Iv) 1.052 Hg(I) 1.000

“Values are based on thermal desorption method.

Thermal Stability of Modified Silica Gel Phases (I-1V) by
Electron Impact Mass Spectrometry

The mass spectrometry technique is one of the powerful analytical
methods of analysis for qualitative and quantitative determination of organic
and inorganic compounds.?”! It can be used for the identification of products
formation, as well as, study of the reaction follow-up. The most commonly
used mode of ionization is the electron impact. Several techniques are usually
used to apply the sample for introduction into the mass spectrometer and the

-0} + _
Siozﬂ > Si— (CH ,);—NH ,CS;

Phase (I) : —O0
_ —ao. | 4 \+
Phase (II) : SiG ST (C}93——1I\IH 1I\]HZ
cs Cs
—o. AN
Phase (1II) : Si0, o S (CH2)3——1I\IH I\\IH THZ
cs, Cs, Cs,
0O« | +/ \ +/ \+/__\ +
Phase (IV) : S$i0; _o-Si— (CH2)3——II\1'H II\IH ITIH THz

cs, CS; €S, CSy

Scheme 1. Silica gel phases (I-1V).
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+
M/z 76: [csz]

+

CH=—
M/z 116: [ NCS:2 ]

[HZC__;\N/_\NH ] .

M/z 238:

CS2H CS:H

Scheme 2. Characteristic fragment ions produced from SIMS of phase (IV).

ionization chamber. The most commonly used sample application methods are
the direct insertion probe (DIP). In this, the sample is loaded and heated on a
probe tip. This allows the sample evaporation and insertion into the ion source.
The probe temperature of 200—300°C is usually applied and is sufficient for
evaporation of volatile species of the sample molecules and detection by the
mass spectrometric detector. Thus, the mass spectrometric technique can be
used to study the thermal stability via desorption of the organic compounds.
Moreover, silica gel phases-chemically or physically loaded-organic com-
pounds can be tested for thermal stability via their analysis by the mass
spectrometric technique, under electron impact ionization with a heating
temperature of 300°C.

The mass spectrum of phase (I) is characterized by the presence of the
base peak at m/z 28, due to the presence of nitrogen gas inside the ion source.
A few other fragment ions at m/z 32 and 44 were also characterized by the
presence of O, and CO, inside the ion source. Two other fragment ions
were also characterized at m/z 76 and 91 with relative intensity of 5.0 and
1.0%, respectively. These two fragment ions may be due to the formation of
[CS,]t and [NHCS,]" ions, respectively, from the modified silica gel phase
(@), as shown in Fig. 2. However, these two fragment ions clearly confirm
the immobilization of the modified silica gel phase with the dithiocarbamate
moiety. In addition, the identification of these two fragment ions can be
taken into account for the thermal decomposition of the dithiocarbamate
moiety, upon heating by the DIP. This procedure can be considered as an
alternative method for TGA. The electron impact mass spectrometric analysis
(EI-MS) of the modified silica gel phase (I)-Hg(I) given in Fig. 2, indicates
the absence of the two peaks at m/z 76 and 91 due to the possible binding of
these functional groups with the loaded Hg(II), and confirming their thermal
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stability in the presence of metal ion. In addition, the EI-MS is characterized by
the presence of a fragment ion peak at m/z 200, which is mainly due to the
presence of loaded mercury on the surface of silica gel phase (I). Formation
of this ion at m/z 200 is mainly due to the possible volatilization of mercury
from the surface.

The EI-MS of silica gel phases-chemically bonded-dithiocarbamate
(II-1V), along with their mercury(Il) products, were also found to be similar
for that described in modified silica gel phase (I). Few fragment ions are pro-
duced from the dithiocarbamate moiety at m/z 76 and 91 from the modified
silica gel phases (II-IV), as well as the formation of the fragment ion at
m/z 200, due to the loss of mercury ion from these modified silica gel phases.
The conclusion attained from this study is the higher thermal stability of modi-
fied silica gel phases—Hg(II) as compared to the modified ones.

Determination of the Surface Coverage Values (mmolg™")
by Thermal Desorption

The surface of active silica gel either in a crystalline or amorphous type is
characterized by the presence of silanol groups, silanediol groups, or silane-
triol groups. These groups are arranged into several possible arrangements
depending on the interaction between them.'*® The general procedure for
chemical immobilization of organic chelating compounds on the surface of
silica gel matrix is accomplished by using a silylating agent as an intermediate
between these two species. Thus, the first step is the reaction of free
surface silanol groups with 3-chloropropyltrimethoxysilane, 3-aminopropyl-
trimethoxysilane, and 3-thiolpropyltrimethoxysilane.!'®**! The newly modi-
fied silica gel surface is directly bound to chloro, amino, and thiol groups
that can be used in further modification and loading of a large number of
chelating compounds.

Identification of the silica gel surface modification can be accomplished
by the determination of the surface coverage values, expressed in mmol or
wmol of the organic modifier per one gram of the silica gel phase (mmolg "'
or wmol g~ ). This evaluation can be accomplished by several known methods,
the most efficient one is known as thermal desorption method' in which the
modified silica gel phases are heated at high temperatures ~500-600°C for a
certain period of time, approximately 1 hr. These heating times and tempera-
tures are sufficient to desorb the organic matter loaded on the surface of silica
gel into volatile species that are easily removed from the surface of silica gel
phases. The residue obtained from this procedure corresponds to the stable and
dry SiO, matrix that can be used for the determination of the mmol g~ ' values.
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The identified surface coverage values (mmol g~ ') clearly indicate that
all the modified silica gel phases (I-IV) based on the method of chemical
immobilization, are highly loaded and bound with the organic modifiers.
The highest surface coverage value (1.501 mmol g~ ') was found to belong
to silica gel phase (I). The other surface coverage values were found to be
1.266, 1.051, and 1.052 mmol g_1 for (II), (III), and (IV), respectively.

Metal Capacity Values of Silica Gel-Chemically
Immobilized Dithiocarbamate Phases (I-1V)

Mercury(Il), palladium(II), platinum(II) and (IV), and silver (I) are com-
monly classified as soft acids. Sulfur containing compounds and phases are
also classified as soft bases on the basis of hard—soft acids—bases. Thus,
strong binding and interaction between these two species are expected. This
phenomenon has been exploited and applied in a series of published
papers.!'® %! Silica gel-immobilized dithiocarbamate derivatives have been
recently used as selective solid phase extractors for mercury(II).'”! The
metal capacity values listed in Table 1 are determined and calculated from
the actual adsorbed Hg(Il) on the surface of modified silica gel phases,
while those of other reports''®~?%! are based on the unbound metal ion from
the total amount added for the interaction with the modified silica gel phases,
as described by the batch equilibrium technique.

The reactivity of the modified silica gel phases (III) and (IV) were found
to be optimum, judging from the close values of the surface coverage and the
mercury(Il) capacity values by these two modified silica gel phases. More-
over, loading and complexation of the surface donor atoms is near completion,
with an estimated stoichiometric ratio of 1: 1 for these two silica gel phases-
chemically immobilized dithiocarbamate (III and IV) vs. mercury(II). On the
other hand, the modified silica gel phase (VI) was found to interact with
mercury(Il) to a lesser extent than those reported for silica gel phases (III)
and (IV). This means, that the reactivity of silica gel phase (II) is considered
to be less than those experienced with silica gel phases (IIT) and (IV) for binding
and extraction of Hg(II). A stoichiometric ratio of 1:2 can be estimated from
the metal capacity value and the surface coverage value of silica gel phase
(ID) vs. mercury(II). This also can indicate about 50% reactivity of the donor
atoms loaded on the surface of silica gel phase (II). The reactivity of silica
gel (I) towards Hg(I) can be considered as the lowest one amongst the other
modified silica gel phases-loaded dithiocarbamate derivatives (II-1V).

The stability of the modified silica gel phases in different acidic solution
was determined in buffer solutions with pH 1-6. These phases were found to
be more resistant to leaching processes in buffer solutions pH > 3. Therefore,
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the application of strong acid solutions (>0.1 M) as a recycling reagent will
cause strong leaching of the organic modifier from the surface of silica gel
phase. Alternatively, ethylenediaminetetraacetic acid (EDTA) solution was
tested and found to exhibit reasonable results as a recycling reagent.

Distribution Coefficient and Separation Factor of
Silica Gel Phases with Various Metal Ions

The immobilization of organic chelating compounds on the surface of
solid supports such as silica gel phase, is mainly aimed to change the chemical
properties of silica gel. The surface modification either by the chemical immo-
bilization approach or physical adsorption approach can lead to incorporation
of certain selectivity characters into the modified silica gel phase, due to the
presence of certain donor atoms. The major application fields of the modified
silica gel phases with organic chelating compounds is their use as solid phase
extractors and pre-concentrators of metal ions from various matrices.”**! The
evaluation of the modified silica gel phases as solid phases for extraction of
metal ions, is based on determination of the distribution coefficient value
(Kd).[z’m This evaluation process is considered to be more convenient when
the metal capacity values of the tested metal ions are very close, or when
the concentrations of the tested metal ions are very low, especially in the
range of part per million (ppm) or part per billion (ppb). In addition, the dis-
tribution coefficient values can lead to a more detailed list, which can assist in
further evaluation of the metal-uptake properties, as well as the selectivity
properties incorporated into the modified silica gel phases. The metal ions
concentration selected to conduct this study is 1.0 ppm of each metal ion
and the Kgy-values of 12 tested metal ions, viz., Mg(II), Ca(Il), Cr(III),
Mn(II), Fe(III), Co(Il), Ni(II), Cu(Il), Zn(II), Cd(II), Hg(II), and Pb(II) were
determined by the modified silica gel phases (I-1V).

The separation factor («) is another important value and expression for
the conclusion of the possible separation efficiency and selectivity characters
incorporated into chemically and physically adsorbed silica gel phases with
organic chelating compounds towards various metal ions.” In order, for the
silica gel-modified-chelating compound, to accomplish any separation of
two ions, it is necessary that one of these cations is extracted by the silica
gel phase in a distinct preference to the other. The separation factor of any
two cations can be calculated from the following equation:

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 ®



19: 29 23 January 2011

Downl oaded At:

ORDER | [l REPRINTS

Silica Gel Phases-Immobilized Dithiocarbamate Derivatives 1723

where, as a,,p is the separation factor for cation A vs. cation B, K4(A) is
the distribution coefficient value of cation A and K4(B) is the distribution
coefficient value of cation B. The separation factor a4 /g can be determined
from the individual concentration distribution coefficient of A and B in a mix-
ture of these two cations and is considered to equal the same value if calcu-
lated from two different individual solutions of A and B. This means, that
the separation factor (aa/g) can be directly determined from the distribution
coefficient (Ky) of the two interacting metal ions with the modified silica
gel phase.

Silica gel phase-chemically immobilized dithiocarbamate (I) was found
to give the highest determined Ky value for Hg(Il) as 15,580, followed by
Cu(Il) with a value of 10,094. This means, that this modified silica gel
phase is highly selective for Hg(Il) and Cu(Il). The other tested metal ions
were found to exhibit little affinity to bind with silica gel phase (I). Their
Kg4-values were found to be very close to those reported for active silica gel
phase.'”! The selectivity incorporated into this silica gel phase via the immo-
bilization of dithiocarbamate moiety on the surface of silica gel phase was
reported as the separation factor (aa,p) for Hg(Il) and Cu(Il) vs. Mg(II),
Ca(I), Cr(Il), Mn(I), FedIl), Co(I), Ni(l), Zn(I), Cd(Il), and Pb(I).
These values are listed in Table 2 and clearly show evidence to support the
selectivity of this silica phase for extraction of Hg(II) and Cu(Il) from these
interfering metal ions. On the other hand, the application of this silica gel

Table 2. The separation factor (s p) for the
different metal ions by the modified silica gel

phase (D).

Separation factor
Metal
ion Hg(ID) Cu(II)
Mg(ID) 471.1 305.9
Ca(II) 1,554.5 1,009.4
Cr(III) 1,110.3 721.0
Mn(II) 818.2 531.3
Fe(III) 4441 288.4
Co(II) 485.7 3154
Ni(II) 575.8 373.9
Zn(Il) 39.1 25.36
Pb(II) 129.5 84.1
Cd(II) 10 6.5
Cu(Il) 1.5 —
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phase (I) for selective extraction and separation of Hg(II) from Cu(II) cannot
be accomplished due to the low separation factor of agg/cy = 1.5.

The same trend of high affinity of Hg(II) and Cu(Il) was also observed by
modified silica gel phase (II) similar to that determined by silica gel phase (I).
The selectivity of the modified silica gel phase for Hg(II) extraction from the
other interfering ions is evident in Table 3 and based on the high separation
factor of Hg(Il) vs. other interfering metal ions. This silica gel phase can
also be used for selective extraction of Cu(Il) from other interfering ions
such as Mg(Il), Ca(Il), Cr(Ill), Mn(II), Fe(III), Co(II), Ni(Il), Zn(II), and
Pb(I). A possible interference of Cu(Il) can be expected in the selective
extraction or separation of Hg(Il) by the modified silica gel phase (II), due
to the low selectivity factor ayg/cy = 2.1.

Table 4 compiles the data of the separation factor (a4 p) for the same
series of metal ions by the modified silica gel phase (III). Four metal ions,
viz., Hg(Il), Cu(I), Cd(II), and Zn(Il) were found to be highly extracted by
this silica gel phase (III). The separation factors of these four metal ions
vs. other tested metal ions show that Hg(II) and Cu(II) can be easily separated
from other interfering metal ions. Cd(II) can be separated from the other inter-
fering metal ions, except Zn(Il) and Ni(Il), due to low separation factors of
1.3 and 2.7, respectively. Zn(II) can be selectively extracted from all other
interfering metal ions, except Ni(II) and Cd(II), as listed in Table 4. This
modified silica gel phase (III) is showing the same trend as silica gel phases

Table 3. The separation factor (/) for the
different metal ions by the modified silica gel

phase (II).

Separation factor
Metal
ion Hg(I) Cu(I)
Mg(ID) 646.2 307.7
Ca(II) 1,208.1 5753
Cr(III) 1,157.7 551.3
Mn(II) 2,137.4 1,017.8
Fe(III) 375.5 178.8
Co(Il) 817.1 389.1
Ni(II) 142.6 67.9
Cd(II) 112.1 534
Pb(1I) 427.6 203.6
Zn(11) 29.6 14.1
Cu(II) 2.1 —
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Table 4. The separation factor (a5 /) for the different metal ions by the
modified silica gel phase (III).

Separation factor

Metal

ion HgI) Cu(II) CddI) Zn(II)
Mg(I) 750 300.0 97.2 74.2
Ca(Il) 1,014.8 405.9 131.5 100.6
Cr(III) 609 243.6 78.9 60.4
Mn(II) 1,087.3 434.9 140.9 107.8
Fe(III) 237.8 95.1 30.8 23.6
Co(II) 76.5 30.6 9.9 7.6
Ni(IT) 21.0 8.4 2.7 2.1
Pb(1I) 197.8 79.1 25.6 19.6
Cu(ID) 2.5 — — —
Cddr) 7.7 3.1 — —
Zn(1I) 10.1 4.0 1.3 —

(I and (II), giving impossible selective separation or extraction of Hg(I)

from Cu(II).

The distribution coefficients of Hg(II), Cd(II), and Cu(II) were found to be
the highest values of the modified silica gel phase (IV). These three metal ions
were subjected to the evaluation of the separation factor (aa/p) vs. other tested

Table 5. The separation factor (aa,g) for the different
metal ions by the modified silica gel phase (IV).

Separation factor

Metal

ion HgID) Cddn) Cu(II)
Mg(1D) 482.4 107.2 22.4
Ca(Il) 1,584.5 352.1 73.6
Cr(III) 1,008.5 224.1 46.8
Mn(II) 1,109.3 246.5 51.5
Fe(III) 792.5 176.1 36.8
Co(II) 616.1 136.9 28.6
Ni(II) 221.9 49.3 10.3
Zn(1I) 49.5 11.0 2.3
Pb(II) 28.8 6.4 1.3
Cddn) 4.5 — —
Cu(Il) 21.5 4.8 —
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metal ions and these are listed in Table 5. Hg(II) and Cd(I) can be selectively
separated from other interfering metal ions such as Mg(Il), Ca(Il), Cr(III),
Mn(II), Fe(III), Co (II), Ni(II), Zn(II), and Pb(II). Cu(Il), on the other hand,
can be selectively extracted from these metal ions, except Zn(II) and Pb(Il).
Phase (IV) was found to be the only modified phase that can be used for selec-
tive separation and extraction of Hg(Il) from Cu(Il).
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