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Sorption of Phenyl Mercury, Methyl Mercury, and Inorganic Mercury onto
Chitosan and Barbital Immobilized Chitosan: Spectroscopic, Potentiometric,
Kinetic, Equilibrium, and Selective Desorption Studies
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The objective of the study was to elucidate the binding of Hg?", methyl mercury, and phenyl mercury on
chitosan and barbital-immobilized chitosan by potentiometric titration and XPS and FTIR spectroscopy.
Adsorption experiments were conducted at room temperature (30 °C) to optimize the percentage removal
of different forms of mercury, and the data were fitted to Langmuir and Freundlich adsorption isotherms.
Speciation of inorganic, methyl, and phenyl mercury was achieved by sequentially eluting inorganic mercury
using 0.1 N perchloric acid followed by methyl mercury using 0.015 N NaCl and finally phenyl mercury
using 0.05 N EDTA. Potentiometric titration data and a pK, spectrum approach showed the presence of
self-assembled amine/protonated amine, amine, and hydroxyl/amine functional groups. The total number of
functional groups was found to be 158.05 mol -g~* and 68.6 mol -g~* for barbital-immobilized chitosan and
chitosan, respectively, suggesting that alarger number of binding sites are available in barbital-immobilized
chitosan for bonding to mercury. FTIR, pH, and XPS studies show that the possible functional groups in
the metal binding include amino functional groups in the case of chitosan and amide groups in the case of
barbital-immobilized chitosan. The peak areas of XPS Hg 4f spectra show greater adsorption for Hg using

barbital-immobilized chitosan as adsorbent compared to chitosan.

Introduction

Mercury is generally considered to be one of the most toxic
metals found in the environment. The major sources of mercury
pollution in the environment are industries such as chloralkali,
paints, pulp and paper, oil refining, rubber processing, fertilizer,
batteries, thermometers, fluorescent light tubes, high intensity
street lamps, pesticides, cosmetics, and pharmaceuticals.* Cost-
effective technol ogies to remove mercury from the waste streams
are sought. Conventional methods used are the electrolysis
reduction process, sulfide precipitation, ion exchange, alum and
iron coagulation, and adsorption on activated carbon.?* Bio-
sorption has aso been recognized as an effective method for
the reduction of metal contamination in surface water and in
industrial effluents. Recently, a number of nonconventiona
adsorbents have been used for remova of mercury from
wastewater.*~° Among these, chitosan, a biopolymer, has been
used as a promising adsorbent.

Chitosan is a linear polysaccharide composed of  (1—4)
linked 2-amino-2-deoxy-bp-glucose and 2-acetamido-2-deoxy-
D-glucose units. It is biodegradable and has gelling ability, and
its properties can be further modified by derivatization of its
amino and hydroxyl groups. Chitosan and its derivatives have
been used for removal of metal ions from wastewater.’*~%° The
suitability of chitosan and cross-linked chitosan have been
studied for adsorption of mercury.**** Elemental mercury
removal on chitosan, iodine (bromide), or sulfuric acid-modified
chitosan has been studied.* Limited reports exist in the literature
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on the removal of methyl mercury and phenyl mercury using
chitosan as an adsorbent. Methyl mercury adsorption has been
studied using chitosan as an adsorbent in a column.*® Also
surface modification has become a common technique in
providing a material with desirable functional properties. Several
investigations were done to modify chitosan to facilitate mass
transfer and to expose the binding sites to enhance the adsorption
capacity.?* Chitosan and chitosan-grafted polyacrylamide beads
and thiol-modified chitosan have been reported for the adsorp-
tion of inorganic mercury. %%

Most of the studies have been done to optimize sorption
performance, especially sorption isotherms, with some suggest-
ing uptake mechanisms, but little has been done on the
identification of the sorption sites and interpretation of the
molecular interactions between sorbent and solute by XPS
analysis and mechanistic modeling using potentiometric
titrations.?*2* The ability of mercury(l1) to form acomplex with
barbital (5,5-diethylbarbituric acid) has been used as the basis
for the separation and determination of barbiturates where
barbital was treated with excess mercury(Il) to form a chloro-
form extractable complex.? Advantage was taken of the ability
of mercury to form a mercury—barbital complex for the
determination of mercury.?® This suggested that more detailed
study could be done to find the suitability of grafting barbital
onto chitosan and use of it as an adsorbent for the removal of
inorganic, methyl, and phenyl mercury. In this work, chitosan
and barbital-grafted chitosan were evaluated for the removal of
inorganic mercury (Hg?"), methyl mercury (CHsHg), and phenyl
mercury (PhHg), and parameters were optimized for their
maximum removal. The possibility of speciation of inorganic,
methyl, and phenyl mercury was explored using 0.1 N perchloric
acid, 0.9 % NaCl, and 0.05 N EDTA. Detailed studies using
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spectroscopic and potentiometric techniques on the adsorption
of different forms of mercury onto chitosan and barbital-
immobilized chitosan and their kinetics, thermodynamics, and
speciation have been reported for the first time.

Materials and Methods

Sorbent Preparation. Chitosan flakes (87.6 % deacetylated
and molecular weight 5.5-10° g/moal) from Sigma-Aldrich were
used to prepare chitosan beads. One % (w/w) chitosan solution
was prepared by dissolving chitosan flakesin 1 % (w/w) acetic
acid solution at room temperature for homogenizing the mixture
for 48 h. The homogeneous chitosan solution was injected
dropwiseinto 0.41 N NaOH solution for the formation of beads.
After the formation of beads, it was stored overnight in a freezer
for hardening (Scheme S1, Supporting Information). The beads
were extensively washed with distilled water until neutral and
then used for the preparation of barbital-grafted chitosan and
for further experimental studies as adsorbent (C). For the
preparation of barbital-grafted chitosan [BC] (Scheme S1), a
solution of neutralized beads of chitosan with 1 % sodium
barbiturate (dissolved in double distilled water) in a ratio of
1:1 was stirred for 24 h at 50 °C, filtered, washed with double-
distilled water until neutral, and then air-dried.

Batch Adsorption Experiments. Experiments were conducted
to study the effect of various parameters for the removal of
inorganic, methyl, and phenyl mercury on C and BC at 30 °C.
For each experiment, 25 mL of Hg?" solution of known initial
concentration and pH were taken in a 100 mL stoppered conical
flask. A suitable adsorbent dose was added to the solution, and
the mixture was shaken at a constant speed. The supernatant
was separated from the adsorbent by filtration and analyzed for
the presence of unadsorbed Hg?' by CVAAS (MA-5840
analyzer ECIL). All the experiments were conducted in tripli-
cate, and the average results are reported. The mercury uptake
by chitosan was calculated as follows:

e = (G — CJ/m @

where C; isthe initial concentration of metal ion mg-L %, Cis
the equilibrium concentration of metal ion (mg-L™1), mis the
mass of adsorbent (g-L 1), and ¢ is the amount of metal ion
adsorbed per gram of adsorbent. The experiments performed
without adsorbent were treated as blanks.

Desorption. Sequential desorption studies were carried out
using different eluents for the speciation study of mercury and
methyl and phenyl mercuric acetate. A 0.2 g amount of
inorganic, methyl, or phenyl mercury (0.8 mg/mL)-loaded
adsorbent was added to 10 mL of eluent solution, and the pH
was varied using 0.1 N HNO; or NaOH. The flasks containing
solutions were shaken in a shaker for 10 min at 180 rpm. The
supernatant was separated from the adsorbent by filtration and
analyzed for the presence of desorbed mercury.

Fourier Transform Infrared Spectroscopy. Spectra for
biosorbent and the metal-loaded biosorbents were obtained using
a Perkin-Elmer RX1 model within the wavenumber range of
(400 to 4000) cm™*. Specimens of samples were first mixed
with KBr and then ground in a mortar at an appropriate ratio of
1/100 for the preparation of the pellets. The resulting mixture
was pressed at 10 tons for 5 min, and 16 scans with 8 cm™
resolution were applied to record spectra. The background
obtained from the scan of pure KBr was automatically subtracted
from the sample spectra.

X-ray Photoelectron Spectroscopic Analysis. The surface of
the samples was analyzed using a KRATOS AXIS 165 X-ray
photoel ectron spectrometer as reported elsewhere.”

Potentiometric Titration and Data Analysis. Potentiometric
experiments were carried out according to a given procedure.?®
An adsorbent mass of 0.1 g was suspended in 50 mL of 0.01 N
KNO; solution, and the suspension was purged with N, for 30
min to dissipate CO, and then left for 24 h to equilibrate the
solution in electrolyte. The suspensions were acidified to pH
3.5 using 0.1 N HNOs and then titrated to pH 11 using 0.1 N
NaOH. All experiments were conducted in triplicate in a glass
vessel with a lid as part of a Spectralab AT-38C automatic
potentiometric titrator. The temperature was recorded with a
temperature sensor; the error of the temperature probe was +
0.1 °C. The pH €electrode was three-point calibrated with buffers
(pH 4, 7, and 10) before each experiment, and the slope did
not deviate more than 1 % from the Nernst value. The titrator
unit was programmed with a step volume dose mode for the
titration, which adds 0.001 mL of titration solution according
to the pH changes.

Thetitration data were analyzed using the linear programming
method (LPM) approach or so-called pK, spectrum method as
proposed by Brassard® and applied to bacterial suspensions as
described by Cox, Dittrich, and Skolov.**~32 The matrices used
to solve the linear programming problem were set up as in the
Brassard report and solved using a Matlab linear programming
routine.

Results and Discussion

Uptake Studies. The effect of pH on the adsorption of
inorganic, methyl, and phenyl mercury by C/BC was studied
by varying the solution pH over arange of 1 to 8 using 0.1 N
NaOH/HNQO;. A large number of binding sites exist on C and
BC such as amine, amide, and hydroxyl groups. The nitrogen
atom of the amino group and oxygen atoms of the hydroxyl
groups can bind to a proton or a metal ion by electron pair
sharing. The electronegativity of oxygen being more than that
of nitrogen, the donation of a lone pair of electrons from the
nitrogen atom will be more facile than the oxygen atom for
bond formation with mercury. In the case of chitosan under
highly acidic conditions (pH 1 to 2), there was no sorption of
mercury because the binding sites are protonated which causes
repulsion of the approaching mercury cation. As pH increases
(3 to 7), the sorption of mercury increases because electron-
rich binding sites are exposed which allow metal ion binding
to the biosorbent.*

Beyond pH 7, sorption decreases due to precipitation as
shown in Figure 1. At low and high pH, hydrogen bonding can
also result between metal/mercuric hydroxide and the hydroxyl
groups of C and BC. So the total uptake of mercury could be
by electrostatic attraction, hydrogen bonding, and weak van der
Weaals forces.

R-NH, + H" < R-NH;
R-NH, + Hg”" — R-NH,Hg*"
R-NH; + Hg*" — R-NH,Hg®" + H*

In BC, which has an amide group, both C—N and C—0O bonds
possess comparable amounts of single and double bond char-
acter, resulting in considerable del ocalization of negative charge
on the amide carbonyl oxygen atom causing predominant
proton—metal ion interactions. Asthe pH increases, the hydroxyl
groups become deprotonated, resulting in negative charge
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Figure 1. Effect of pH and time on uptake: (a) chitosan; (b) barbital-immobilized chitosan.

R-OH + OH < RO + H,O

R-O" + Hg*" < R-O-Hg"

Thus, due to stronger electrostatic attraction between the lone
pairs of the nitrogen atom and Hg®" and also the electrostatic
attraction between the negatively charged hydroxyl group and
positive or neutral mercury species, adsorption occurs in the
pH range 3 to 7. The adsorption of Hg?" at low pH values for
C was found to be comparatively higher than that for BC due
to strong el ectrostatic attraction between the lone pair of nitrogen
and Hg?" species rather than the competing protons. The
adsorption is higher in the case of BC with a concomitant
increase in pH values due to deprotonation of amide groups
and formation of covalent bonds between O, N, and Hg.

An uptake study with respect to time (Table S1) showed 100
% uptake after 3 h for C, whereas BC shows full uptake after
2 h. Hg®" was found to adsorb at a faster rate with higher
percentage removal than organic mercury ions. Since the
mercury(I1) ion has a smaller ionic radius, it is possible that
mercury(I1) ions diffuse faster through the adsorbent pores than
the bulkier organic mercury. Similarly, temperature studies
(Table S1) showed that adsorption on C is endothermic whereas
it is exothermic in the case of BC. The increase in mercury
adsorption with increasing temperature might be due to an
enhanced rate of intraparticle diffusion of the adsorbate, as
diffusion is an endothermic process.

Biosorption I sotherms. The adsorptive capacity of C and BC
used for mercury removal was determined through adsorption
isotherm studies. The Langmuir and Freundlich models were
used to determine the adsorption capacity of mercury on C and
BC (Table S2 and Figure 2). From the coefficient of determi-
nation values (r?) obtained for the two models, it can be seen
that the Langmuir and Freundlich models cannot be applied to
these data. A similar behavior was observed by Gregory et al.
during the study of Cd?" ions on porous magnetic chitosan

beads®* This suggests that mercury ions penetrate the adsorbent
and adsorb onto amine/amide sites and metal clusters form,
which might block the pores. This renders the active sites lying
in the interior inaccessible for adsorption.

Adsorption Dynamics. The objective of an adsorption kinetic
study is to investigate the possible mechanism for the sorption
process and to determine the time required to achieve equilib-
rium. Kinetics was examined for the sorption of Hg?*, CHsHg?",
and PhHg?" on both C and BC using a series of measurements
extending from 30 to 240 min at 25 °C (Table S2 and Figure
3). The rate of adsorption isfast for both adsorbents in the case
of Hg?", CH3Hg?", and CgHsHg?". However, the time needed
to attain equilibrium is longer when using C (160 min) rather
than BC (120 min). This could be explained by the presence of
alarger number of functional groups for bonding in the case of
BC (potentiometric titrations). However, Hg?" adsorbed at a
faster rate, followed by CH3Hg?" and CgHsHg?". This could
be due to the smaller ionic radius of Hg?* which enables it to
diffuse faster than the bulkier CsHsHg?" and CH3Hg?t. More
than 99 % of the total mercury was removed within a period of
160 min. Thisrapid initia binding rate suggests an instantaneous
binding of mercury on surface sites followed by slower and
nonspecific binding to other components.

In order to investigate the adsorption process of Hg?',
CHsHg?", CgHsHg?t, three kinetic models were used: the
pseudo-first-order rate equation, pseudo-second-order rate equa-
tion, and intraparticle diffusion equation.

Pseudo-First-Order Model. The sorption kinetics can be
defined by a pseudo-first-order model.

do/dt = Ki(qe — ) @)

where ¢ is the amount of solute adsorbed at equilibrium per
unit weight of adsorbent (mg-g™), g is the amount of solute
adsorbed at any time (mg-g1), K1 is the adsorption constant,
and the equation can be linearized as a function of time.
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Figure 3. Different kinetic plots for C and BC.

log(g, — o) = log g, — Kjt/2.303 (3)

Plots for the linearized equation were constructed, and the
constants were cal culated from the slopes and intercepts of the
plots of log(ge — @) vstime. Correlation coefficient values were
low, and the calculated ge values did not agree with the
experimental ge values. This suggests that the adsorption of all
forms of mercury does not follow pseudo-first-order kinetics.

Pseudo-Second-Order Model. This model is based on the
solid capacity and has been presented for the kinetics of sorption
of divalent metal ions.

q = @KL + gK) @)

where K3 is the pseudo-second-order rate constant (g-mg~ min).
The above equation can be rearranged to obtain the linearized
form which is shown as follows:

t/g, = VK + g, (5)

The pseudo-second-order constants K5 and can be determined
experimentally by plotting t/q; vs t. The plots show that
correlation coefficients of the second-order kinetic model

obtained were much less, indicating that the adsorption process
does not obey the pseudo-second-order kinetic model.

Intraprticle Diffusion Study. The equation for the Weber—
Morris intraparticle diffusion model is:

qt — Kit0.5 (6)

where k; is the intraparticle diffusion rate constant (mg-g*
min®S). Correlation coefficients for all the plots were found to
be > 0.97, suggesting pore-controlled diffusion.

Desorption. Desorption® studies were carried out using
different eluents for mercury and methyl and phenyl mercuric
acetate (Figure 4). Inorganic mercury was eluted quantitatively
using 0.1 N perchloric acid while phenyl and methyl mercury
were not eluted at all. Methyl mercury was eluted quantitatively
using 0.015 N NaCl while phenyl mercury was not eluted with
NaCl. Phenyl mercuric acetate was quantitatively eluted using
0.05 N EDTA. Advantage was taken of these observations and
sequential desorption was achieved by first eluting inorganic
mercury using 0.1 N perchloric acid followed by methyl mercury
using 0.015 N NaCl and finally phenyl mercury using 0.05 N
EDTA.

FTIR Spectroscopy. Typical absorption frequencies of in-
frared spectra of the chitosan, BC, and mercury-loaded species
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Figure 4. Desorption of inorganic and organic mercury using a number of eluents.

Table 1. Typical Absorption Frequencies of Infrared Spectra of the C and BC

wave numbers (cm™?)

C C-Hg C-CH3Hg C-PhHg range intensity assignment
3447.7 3432.7 3445.06 3441.3 3300 to 3500 strong N—H and OH stretching
2929.7 2920.1 2921.4 2921.4 2700 to 2950 variable C—H stretching
1632.3 1599.4 1597.93 1597.38 1400 to 1640 variable N—H bending
1383.8 1384.1 1383.69 1383.61 1280 to 1430 variable C—H bending
1074.6 1086.2 1089.77 1090.1 900 to 1380 variable C—N, C—O stretch

wave numbers (cm™?)

BC BC-Hg BC-CH3Hg BC-PhHg range intensity assignment
3425.7 3449.0 34325 3434.9 3300 to 3500 strong N—H and OH stretching
2924.6 2924.0 2924.04 2923.1 2700 to 2950 variable C—H stretching
1654.3 1636.7 1636.7 1637.97 1620 to 1725 variable C=0 stretching
1560.2 1512.9 1511.2 1508.9 1400 to 1640 variable N—H bending
1380.3 1384.0 1384.05 1382.8 1280 to 1430 variable C—H bending
1073.9 1077.5 1024.05 1080.3 900 to 1380 variable C—N, C-O stretch

with their corresponding assignments are summarized in Table
1. The strong broad band in the region of (3300 to 3500) cm™*
is characteristic of the N—H stretching vibration athough there
is the possibility of overlap between the N—H and the O—H
stretching vibrations in C/BC. Frequencies for N—H stretching
and bending were found to decrease after mercury adsorption
in the case of C and BC, showing the bonding of Hg?" with
the N of amine where the lone pair of electrons of the nitrogen
atom was donated to the shared bond between the N and Hg?*
and, as a consequence, the electron cloud density of the nitrogen
atom was reduced, causing the shift. For BC, the FTIR spectrum
shows a peak at 1654 cm™* specifically for the amide groups,
indicating the grafting of barbital on chitosan. The amide
stretching frequency shifts from 1654 cm™ to alower frequency
of 1636 cm™! after mercury adsorption, showing the possible
interaction of metal linkage with O and N of the amide group.®®
Mercury adsorption is found to affect the frequencies of all the
bonds with the N atoms of the amine and amide, indicating
that nitrogen atoms (amine group) are the main adsorption sites
for mercury adsorption on C while in the case of BC it is N
and O (amide and amine group).

XPS Analysis. Typical wide scan XPS spectra for chitosan
and its derivative before and after mercury adsorption are shown
in Figure 5.

In addition to binding energy peaks at 284.61 eV for C1S,
(532.6 and 532.03) eV for O1S, and 398.52 eV for N1S in
chitosan, there are no additional peaks observed in BC, except
for lowering of binding energy of the N1S peak in BC. This
lowering of binding energy of the N1S peak suggests that
nitrogen atoms are more electron rich due to formation of a
NH—CO—NH linkage, and intensification of C1S and N1S
peaks suggests that barbital was immobilized on chitosan.

The presence of mercury on the surface of C and BC is
obvious after the adsorption experiment. The wide scan clearly

shows a small peak around 101.5 eV after the mercury
biosorption onto the prepared sorbents, indicating the accumula-
tion of mercury on the sorbents.>

After mercury adsorption, thereisapeak at a binding energy
of about 399.5 eV for N1S in the case of chitosan which can
be attributed to the N atom in the R-NH, group.®® After
adsorption, a shift in the N1S peak is observed at a binding
energy greater than 399.5 eV in the case of Hg?" and methyl
mercury. This can be attributed to the formation of a Hg—NH,
complex in which alone pair of electrons in the nitrogen atom
is shared between the N and Hg?" and, as a consequence, the
electron cloud density of the nitrogen atom is reduced, resulting
in the higher binding energy peak observed. But a much less
intense pesk was observed at increased BE, indicating the
limited amount of the R-NH,—Hg?" complex.***°** However,
in the case of phenyl mercury the peak is at a lower energy,
suggesting the interaction to be nonspecific electrostatic. In the
case of BC after adsorption of all three species of mercury, two
peaks were observed in the N1S spectrum. The new peaks at
398.53 eV, 398.81 eV, and 398.88 eV for Hg?", CHsHg?", and
CsHsHg?", respectively, indicate that many nitrogen atoms in
BC are in a more reduced state due to metal adsorption.

The XPS spectrum of Hg 4f level (4f7/2 and 4f5/2) is shown
in Figure S1. The Hg 4f spectrum shows two peaks with binding
energies 101.52 eV and ~ 105 eV in agreement with the
difference in the energy predicted by spin orbit splitting.
The intensity of the Hg 4f5/2 peak is seen to change though
the amount of sorbed Hg analyzed from the solution remained
constant in each case. The spatial distribution of mercury could
be different, leading to the changes in intensities observed. It
isshown in Figure S1 that the peak area of Hg 4f in the mercury-
loaded BC is larger than that in the mercury-loaded C, reflecting
the higher mercury sorption capacity of the BC. This is
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Figure 6. Potentiometric titration of (a) C and C with metal ions and (b) BC and BC with metal ions.

consistent with the observations in both the sorption isotherm
and pH effect experiments.

Data Analysis. Results of potentiometric titration curves are
used to generate a simplified mathematica model using
Matlab.?* 2 It can be found that the adsorbent features several
pKa values. From Figure 6 it can be seen that C has a higher
capacity of neutralizing hydroxide ions whereas BC has a
dlightly lower capacity for neutralization of sodium hydroxide.
It is clear from the titration data that the sorbent can acquire an
overall positive or negative charge depending on pH, which
suggests that both positively and negatively charged groups are
present in varying concentrations. From the C structure, it seems
most likely that, in agreement with our proposed model, two
monobasic sites, namely amino and hydroxyl groups, account
for the charge rather than one type of dibasic site.*? Site 1 of
the model represents hydroxyl groups on the sorbent surface
which is supported by the calculated pK, value > 9. Site 2 is
most likely to represent amino groups where pK, values of 7 to
9 have been reported for amino groups, and surface pK, values
of 4 to 7 have been reported for amino/carboxyl groups.*® Site
3 represents the possibility of a carboxyl group in the amide of
BC, and a pK, value of 4 supports the possihility. It is assumed
from the graphs that up to pH 7 acharge excessisin the negative

b, (mmol/g)

1

region so adsorption is higher at lower pH. When titrated after
adsorption of metal ions, the charge excess has increased, and
instead of giving a sharp rise, the graph shows a flat region
from pH 5 to pH 8 in the neutral range, showing the
consumption of metal ions with the charge excess.***°

The pK, spectraresulting from fitting the data using weighted
mean value calculations are shown in Figure S2 and Table 2.
Surface pK, values for site 1 appear in the range 4 to 7 pK,,
which have been reported for amino groups in self-assembled
monolayers or protonated amines, and for site 2 in the range 7
to 9 pK, for amine groups.”®*’ Usually high pKj, sites (~10)
are attributed to phenolic hydroxyl sites. Since both C and BC
do not have phenolic protons, it is likely that high pK, sites are
for CH,OH groups, or for primary or secondary amines which
have pK, valuesin the range 9 to 11. In summary, for site 1 the
pK, sites that are observed here likely correspond to amino
groups in self-assembled monolayers or protonated amines, for
site 2 to amines, and for site 3 to hydroxyl or amines.

Conclusions

Grafting of barbital on C improves the equilibrium time for
uptake of phenyl, methyl, and inorganic Hg®". Mercury adsorp-
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Table 2. Three-Site Model from pK, Analysis of C and BC
Titration Data by Linear Programming

ligand class
1 2 3
range of pK, 40t0 7.0 7.0t0 9.0 9.7t0 11.0
functional group self-assembled amine hydroxyl/amine
amine/protonated
amine
Chitosan
pKa 5.533 8.6 10.2
Lt 0.0035 0.0027 0.0624 mmol -g~*
mmol g~
total concentration 0.0686 mmol -g~*
BC
pKa 5.2 7.9 10.2
[ 0.0809 0.03845 0.0387 mmol -g*
mmol -g~* mmol -g~*

total concentration 0.15805 mmol -g~*

tion to C and BC is strongly pH-dependent. There must be more
than one mechanism responsible for mercury removal. Amine
and amide groups are involved in binding through complexation,
weak van der Waals forces, and electrostatic interactions in C
and BC, respectively. BC has more binding affinity than C
toward Hg?", which could be due to a larger total number of
functional groups present and covalent bonding. More than 99
% of total mercury was removed within 160 min, suggesting
instantaneous binding of mercury on surface sites followed by
slower and nonspecific binding to other components. The
adsorption process fitted well to the Weber—Morrisintraparticle
diffusion model. Due to the different nature of the adsorbate—
adsorbent system and the low initial metal ion concentration
used, comparison with other adsorbents is not possible. Spe-
ciation was achieved by sequentially eluting inorganic, methyl,
and phenyl Hg?" using 0.1 N HCIO,4, 0.015 N NaCl, and 0.05
N EDTA, respectively.
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