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REMOVAL OF MERCURY(II) NITRATE
AND OTHER HEAVY METAL IONS FROM
AQUEOUS SOLUTION BY A
THIOMETHYLATED LIGNIN MATERIAL

H. Fred Koch* and D. Max Roundhill

Department of Chemistry and Biochemistry, Texas Tech
University, Lubbock, Texas 79409-1061

ABSTRACT

Lignin has been derivatized with methylthioether functional
groups in order to reduce its solubility in water. This new chemi-
cally modified lignin material has been used as a solid adsorbent for
mercury(II) nitrate from aqueous solution. This adsorbent strongly
adsorbs nitrate salts of lead(II), cadmium(II), and copper(Il) from
their solutions in water. The nitrate salts of the trivalent metals
chromium(III) and iron(III) are also strongly adsorbed. Sodium(I)
nitrate is not adsorbed from aqueous solution and calcium(II) nitrate
only moderately so. These metal extraction data are compared with
those obtained with methylthioether functionalized calix[4]arenes,
which show a similar preference for mercury(Il), but a lower pref-
erence for lead(Il), cadmium(II), and iron(III).

Key Words: Lignin; Mercury; Methylthioether.

*Address correspondence to H. Fred Koch.

137

Copyright © 2001 by Marcel Dekker, Inc. www.dekker.com



10: 53 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

138 KOCH AND ROUNDHILL
INTRODUCTION

Recently we have prepared a series of N,N-dimethyldithiocarbamoyl and
methylthioether substituted calix[4]arenes. These derivatized calix[4]arenes have
been found to be selective phase transfer extractants for mercury(II) and other
heavy and precious metals from aqueous solution into chloroform (1). Because
calixarenes can be chemically attached onto polymers, such an approach offers a
potentially convenient method for the preparation of metal selective solid resins (2).

An alternate approach is to employ a polymer that is structurally analogous
to a calix[4]arene and that can be derivatized in an analogous similar manner. Such
a strategy can also result in solid polymeric materials that are selective adsorbents
for mercury(Il) and other heavy metals. The N,N-dimethyldithiocarbamoyl and
methylthioether derivatized calixarenes were obtained by introducing these sulfur-
containing functionalities onto the narrow rim of the calix[4]arenes that contain
the phenolic residues. Thus, in order to derivatize a polymer for it to exhibit anal-
ogous extraction properties to the functionalized calix[4]arenes, it also needs to
have phenolic groups to which can be introduced sulfur-containing functionalities.
Another necessary feature of such a polymer is that it be nontoxic and preferably
available from a renewable resource. Finally, a very important factor is that such a
polymer be available inexpensively in large quantities. An attractive candidate for
such a polymer is lignin (3). Lignin is obtained as a by-product from the paper and
pulp industry in the form of a powder. As a result, lignin is inexpensive, renewable,
and available in abundant quantities (4). Furthermore, lignin has multiple phenolic
groups that can be chemically modified to obtain metal selective materials (5—10).
Figure 1 shows a plausible chemical structure for lignin. Although lignin itself ad-
sorbs metal ions, there is a need to increase its selectivity toward heavy metals if it
is to be used as an adsorbent for mercury(I). In addition, if lignin is to be useful as a
solid phase adsorbent for heavy metal ions from aqueous solutions, it will be neces-
sary to decrease its water solubility (11). The methylthio functionality meets both of
these requirements. The introduction of the air-stable hydrophobic thioether group
increases the heavy metal selectivity of the lignin in addition to decreasing its wa-
ter solubility. An added advantage is that the neutral thioether group does not bind
heavy metal cations so strongly that they cannot be subsequently removed (1,12).

In this paper we describe our results obtained from attaching methylthio
substituents onto lignin. Derivatizing lignin in such a manner results in a material
that is insoluble and that is a useful solid phase extractant for the removal of
mercury(Il) and other metal ions from aqueous solution.

EXPERIMENTAL SECTION

Lignine (90%) Alkaline (Catalog number L0082) was purchased from TCI
Americas, Portland, OR. A lignin sample (6.0 g) was derivatized by first refluxing

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. Structural representation of the chemical structure of lignin.

for 1 h in aqueous potassium carbonate (2.00 g). To the cooled stirred solution
was slowly added 2-chloroethyl sulfide (4.40 g, 4.32 mL). A small quantity of
dioxane was also added to increase the solubility of the reactants. The reaction
with 2-chloroethyl sulfide is exothermic and leads to solidification of the reaction
mixture. Additional dioxane was added to assist the mobility of the magnetic
stirring bar. After the reaction was complete, the water and dioxane were removed
by trap to trap distillation under vacuum to give the product as a solid residue. This
derivatized lignin was then packed into a short column and used as the adsorbent
for the metal ions.

The derivatized lignin was investigated by qualitatively testing whether
it had higher solubility in organic solvents than its precursor. Because of the
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140 KOCH AND ROUNDHILL

inhomogeneous nature of lignin, this was done by observing visually whether
coloration developed in the solvent after leaving the derivatized lignin in contact
with the solvent for 30 min. Because of the intense dark color of lignin, even slight
solubility could be detected. The derivatized lignin was also investigated by 'H
nuclear magnetic resonance spectroscopy in both d®-acetone and D,0 solvent, and
the spectra was compared with a D,O solution of the material prior to its being
derivatized. Additional strong resonances are observed at § 1.91 and 1.92, which
are in the expected region for SMe functionalities. In the d°-acetone solution these
resonances are observed at § 2.03 and 2.06.

Individual aqueous solutions containing the metal salts were analyzed both
before and after passage through the adsorption column using the characteristic
wavelength for each metal. The metal salts were introduced onto the column as
1 x 1073 M solutions. Details of the ICP-AES method used in our laboratories for
metal analysis has been described elsewhere (13). From the ratios of these values
the percentage of each metal ion extracted from solution was obtained.

RESULTS AND DISCUSSION

The thiomethylation reaction has been carried out both to introduce more
heavy metal binding sites into the lignin and to increase its hydrophobicity. An in-
dication that the latter has been achieved is the observation that the thiomethylated
lignin does not bind to silica gel, whereas the unreacted sample does, as evidenced
by its failure to be washed off the silica with water. Table 1 shows the qualitative
solubilities for our lignin samples, both before and after the thiomethylation re-
action has been carried out. The dark color of the lignin material allows for these
solubilities to be visually estimated. From these observations, it is apparent that
lignin thiomethylation leads to a material that has decreased solubility in water,

Table 1. Solubility Properties of the Thiomethylated Lignin

Solvent Solubility
Water Insoluble

Aqueous dioxane Soluble

Chloroform Very slightly soluble
Acetone Very slightly soluble
Diethyl ether Very slightly soluble
Acetonitrile Insoluble

Benzene Insoluble

Toluene Insoluble

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 2. Extraction of Metal Ions from Water by the Solid Thiomethylated Lignin

Salt % Extraction Salt % Extraction
Pb(NO3), 99 Ca(NO;), -4H,0 43
Cd(NO3), -4H,0 85 Cu(NO3),-2-5H,0 86
Cr(NOs3); - 9H,0O 100 NaNO; <1
FC(NO3)3 . 9H20 90 — —

along with a slightly increased solubility in organic solvents. From the structure of
lignin there are two principal types of hydroxylic groups present. These are phenol
groups bound to aromatic carbons and alcohol groups bound to aliphatic carbons.
Because the phenolic groups have the higher acidities, it is these functionalities
that are more likely to be thiomethylated, thereby making this derivatized lignin
analogous to the narrow rim thiomethylated calixarenes.

Table 2 shows the metal extraction properties of this thiomethylated material
when it is used as an adsorbent for metal nitrates from aqueous solution. Aqueous
solutions of the individual metal ions are passed through a short column of the
thiomethylated lignin, and the eluted solution is analyzed for remaining metal ion
by ICP-AES. The percent of metal extracted ranges from < 1% for sodium(I) nitrate
to 100% for mercury(Il) nitrate and chromium(IIl) nitrate. Lead nitrate at 99% is
also essentially quantitatively extracted. These extraction percentages show that
the soft heavy metal ions lead(Il), mercury(II), cadmium(II), and copper(II) that
show a preference for soft donor sulfur ligand donors are strongly bound by the
thiomethylated lignin adsorbent. In addition, the trivalent metals chromium(III)
and iron(III) are also strongly adsorbed. The adsorption of these ions is likely due
to ion exchange caused by their high positive charge, leading them to be strongly
held to anion binding sites that have not been derivatized by 2-chloroethyl sulfide.
The most weakly adsorbed metal nitrates are those of calcium(II) and sodium(I).
This is an important selectivity characteristic for this adsorbent because these two
metals are often present in high concentrations in both soils and waters.

By comparison, the calix[4]arene functionalized with methylthioether
(Fig. 2) that groups on the narrow rim shows both similarities and differences with
this derivatized lignin adsorbent, although a direct comparison cannot be made be-
cause the calix[4]arenes have been used as liquid-liquid phase extractants rather
that solid phase extractants (1). However, a qualitative comparison concludes that
the methylthioether functionalized calix[4]arenes are somewhat poorer extractants
for mercury(II), but much poorer extractants for cadmium(Il) and iron(III), than
is this lignin-based adsorbent. This difference is likely due to the multiplicity of
binding sites in the lignin adsorbent that are not available in the functionalized
calix[4]arenes. As a result, this approach of functionalizing lignin may result in a
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Figure 2. Structure of the methylthioether derivatized calix[4]arene.

lower selectivity than can be achieved by attaching a metal ion-selective complex-
ant to a solid support, but it has the advantages of being inexpensive and of having
a sufficiently wide range of functionalities that different binding groups can be
attached, depending on the metals that are being targeted for absorption. Before
such functionalized lignin materials are suitable for general application, however,
a more environmentally benign route to introducing the thiomethyl moiety onto
the lignin will need to be found.
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