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EXTRACTION OF MERCURYII) WITH
DICYCLOHEXANO-18-CROWN-6, AND ITS
APPLICATION TO INDUSTRIAL WASTES

T. Francis, R. Meera, and M. L. P. Reddy*

Inorganic and Analytical Chemistry Unit,
Regional Research Laboratory (CSIR),
Trivandrum-695019, India

ABSTRACT

As part of the study of hazardous metal ion separation from indus-
trial wastes, the extraction behavior of Hg(Il) from dilute hy-
drochloric acid solutions with dicyclohexano-18-crown-6
(DC18C6) in 1,2-dichloroethane was investigated. For compari-
son, extraction studies also were carried out with 18-crown-6
(18C6), benzo-18-crown-6 (B18C6), and dibenzo-18-crown-6
(DB18C6). The extraction data were analyzed by both graphical
and theoretical methods that account for aqueous phase complexa-
tion with inorganic ligands and all plausible complexes extracted
into the organic phase. The results demonstrate that Hg(II) is ex-
tracted into dichloroethane as HgCl,-2Crown Ether. The
HgCl,-DC18C6 solid complex was prepared and characterized by
elemental analysis, and IR (infrared) and 'H-NMR (nuclear mag-
netic resonance) spectral studies. The possible means of extracting
and separating Hg(II) from other metal ions, such as Mg(I),
Ca(Il), Ba(Il), and Fe(IIl), that are present in the industrial wastes
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of the chlor-alkali industry is discussed. The potential of the
DC18C6 for decontaminating mercury from the brine sludge of a
chlor-alkali plant has been assessed.

Key Words: Mercury (II); Solvent extraction; Crown ethers; In-
dustrial wastes

INTRODUCTION

Mercury is considered by the Environmental Protection Agency (EPA) a
highly dangerous element because of its accumulative and persistent character in
the environment and biota. Today, both inorganic and organic mercury com-
pounds are produced in industrial processes for agricultural products, paper, phar-
maceuticals, and the chlor-alkali industry. Methylmercury is a neurotoxin; it
causes blockages of enzyme binding sites and interferes in protein synthesis.
Moreover, inorganic mercury can be transformed into methylmercury by the ac-
tion of microorganisms under aerobic conditions. Thus the control and removal of
mercury from industrial waste streams has received considerable attention in re-
cent years (1). Conventional mercury-treatment technologies include carbon ad-
sorption, cementation and roasting (2). More recently, solvent extraction pro-
cesses have also been used for mercury recovery from industrial waste (3).

The discovery that crown ethers selectively complex alkali and alkaline-
earth metals led to many studies of their use in solvent extraction processes (4,5).
In early research efforts, workers noted that a match between the cavity size of the
crown ether and the ionic diameter of the metal ion corresponded to high extrac-
tion selectivity (6,7). Thus, appropriately sized crown ethers could be chosen to
obtain selective extraction of particular cations. The nature of substituent groups
on the macrocyclic ring is another factor that influences the selectivity of crown
ethers. Recently, Giovannetti, Bartocci, and Petetta (8) investigated the extraction
of Hg(II) from hydrochloric acid solutions (1-7 mol/L) with DB18C6 into ben-
zene in the presence of lithium, potassium, ammonium, and calcium chlorides and
reported that Hg(II) was extracted prevalently as HgCl3~ by forming ion-pair
compounds of [(DB18C6),(M™"),(HgC13 )], where M* = Li", K*, or NHJ, or
[((DB18C6)(M?*)(HgCl7 )], where M?** = Ca®*, and [(DB18C6)(H")(Hg
C127)]. Talanova et al. reported remarkable extraction selectivity for Hg(II) for the
series of proton-ionizing calix[4]arene di(N-X-sulfonyl carboxamides) (9) and
with a calixarene-based fluorogenic reagent (10). Selective complexation of Hg?*
by bis-calix[4]arene nitriles has also been reported by Shahabuddin Memon et al.
(11).

In the research presented in this paper, the extraction behavior of Hg(II)
from dilute hydrochloric acid solutions through the use of dicyclohexano-18-
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crown-6 (DC18C6) was investigated to elucidate the nature of the complexes ex-
tracted into the organic phase and also to investigate the selectivity of this ligand
toward Hg>". For comparison, extraction studies were carried out with 18-crown-
6 ether (18C6), benzo-18-crown-6 ether (B18C6), and dibenzo-18-crown-6 ether
(DB18C6). The potential of the DC18C6 for the recovery of mercury from the
brine sludge of a chlor-alkali plant was also investigated.

EXPERIMENTAL

The tracer solution of *>Hg was obtained from the Board of Radiation and
Isotope Technology, India. The crown ethers, DC18C6 (mixture of cis-syn-cis and
cis-anti-cis), 18C6, B18C6, and DB18C6 were obtained from Aldrich Chemical
Company, Inc., Milwaukee, WI. All the other chemicals used were of analytical
reagent grade.

Distribution Studies and Analytical Procedures

Equal volumes of the aqueous phase containing 0.01 mmol/L Hg(II) labeled
with radioisotope and the organic phase were equilibrated in a glass, stoppered
vial using a mechanical shaker at 303 =1 K. Preliminary experiments showed that
the extraction equilibrium is attained within 60 min. The 2 phases were then sep-
arated and assayed radiometrically with a well-type Nal (TI) gamma ray scintilla-
tion counter supplied by Nucleonix Systems Pvt. Ltd, India. The distribution ra-
tio, D, is defined as the ratio of tracer activity in the organic phase to that in the
aqueous phase.

Hg(II) in the chlorinated brine sludge of a chlor-alkali plant was analyzed
spectrophotometrically with Rhodamine-6G (12). A Hitachi 220 double-beam,
microprocessor-controlled spectrophotometer was used for measuring the ab-
sorbances. Metal ions, such as Mg(II), Ca(Il), Ba(I), and Fe(III), were determined
through standard volumetric methods (13). The amount of Hg(Il) in the crown
ether complex was determined by the following method: The complex was de-
composed by heating in a minimum amount of 1:1 HNO3:HClO, solution and the
excess acid was evaporated. This was diluted with distilled water, and Hg(II) lev-
els were determined by an ethylenediaminetetraacetic acid (EDTA) titration
method (13).

Preparation of Solid Complex

The HgCl,-DC18C6 complex was prepared as follows: Solutions contain-
ing 1 mmol HgCl, in 20 mL 1-butanol and 1 mmol DC18C6 in 20 mL 1-butanol

MaRcEL DEKKER, INC.
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were heated almost to boiling and then mixed. A Nicolet FTIR 560 Magna spec-
trometer using KBr (neat) was used to obtain the IR spectra of the metal complex.
C, H, and N analysis was performed with a Perkin Elmer Series 2 Elemental An-
alyzer 2400. The Bruker 300MHz NMR spectrometer was used to obtain the 'H-
NMR spectra of the complex.

RESULTS AND DISCUSSION
Extraction of Hg(II) with Crown Ether

The complex formation of Hg(Il) with chloride ions can be described as
follows:

He?* + nCl~ <5 HgCI2 ™ (1)

or the stepwise formation constants (K,) can be described as follows :
HgCB~7 + ClI™ <> HeCIZ ™"

_ [HgCE™) @
[HeCL-71(Cl" ]
The extraction of neutral Hg(I) complexes into the organic phase with
crown ether can be described as follows:

n

HgClay + nCEqry <25 HeCl, - nCE 3)

wheren = 0, 1, or 2.

The concentration of Hg>* and HgC1™ species can be assumed to be very
small in the ligand concentration range studied (14,15). Then the distribution ra-
tio, D, may be described as

_ [HgCly]ore + [HECl, - CEJore + [HECly - 2CE Jore
[HgCl2]aq + [HgCI;]aq + [HgClézti]aq

D “)
From Egs. (2), (3), and (4), a fundamental equation for D can be described
as

Kex,O + Kex,l[CE]org + Kex,Z[ZCE](z)rg

D==7 K[Cl g + KKS[C1 12, )

where [CE]org = [CE]initiaI/ [ 1+ (I/KD)]

The values of partition coefficients (Kp) of various crown ethers were ob-
tained from the literature: log K 15c6 = —0.04;1og Kp pcisce = 2.29;10g Kp p1sce
= 4.00) (16-18). The values of stepwise stability constants (log K5 = 0.85;

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 46 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

HGII) EXTRACTION WITH CROWN ETHER 2345

log K4 = 1.0) were taken from the literature (19). The equilibrium constants of the
extracted complexes were determined by nonlinear regression analysis as follows:

1. Values were assumed for K.y o, Kex.1, and Kex 2.

2. The equilibrium concentrations of the crown ether described in Eq. (5)
were determined with the knowledge of initial concentrations of crown
ether and Kp.

3. The distribution ratio values D under the given conditions were calcu-
lated (D.,1) and compared with the experimental values (Dexp).

4. The values of the assumed equilibrium constant, which lead to mini-
mum, root, mean-square fractional error, y, where

1 J Dcal,i - Dexp,i 2
y B N 2 { Dexp,i

i=1

for all the experimental values were assumed to be the equilibrium constant for the
system under consideration.

For confirming the above extraction equilibrium, 0.01 mmol/L Hg(II) was
investigated with varying concentrations of hydrochloric acid (0.05-0.1 mol/L)
and 0.002 mol/L DC18C6 in 1,2-dichloroethane. The results are shown in Fig. 1.
The results show that the extraction of Hg(II) decreases continuously with in-
creasing hydrochloric acid concentrations in the aqueous phase. This may be due
to the formation of HgCl3 and HgCl3~ in the aqueous phase with increased hy-
drochloric acid concentration.

The effect of DC18C6 concentration (0.002-0.01 mol/L) on the extraction
of 0.01 mmol/L Hg(II) from 0.1 mol/L hydrochloric acid solutions was investi-

1.6
15

a 14

Log

1.3

1.2

T

1.1 1 1 1
-1.6 -1.4 -1.2 -1.0 -0.8

Log [HCI]

Figure 1. Effect of hydrochloric acid concentration on the extraction of Hg(II).
DC18C6 = 0.002M; Hg(II) = 0.01lmM.
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Figure 2. Effect of crown ether concentration on the extraction Hg(II). HCI = 0.1M;
Hg(I) = 0.0lmM.

gated, and the results are shown in Fig. 2. For comparison, extraction of Hg(II)
was also carried out with 18C6, B18C6, and DB18C6 used as extractants. The dis-
tribution ratio, D, of Hg(II) increased linearly with increased crown ether concen-
trations and the slope of the log-log plot shows that two molecules of either
DC18C6, 18C6, or B18C6 were associated with extractable complexes. However,
the extraction of Hg(IT) was negligible when DB18C6 from dilute hydrochloric
acid solutions was used. Giovannetti, Bartocci, and Petetta (8) have reported ion-
pair complexes of [(DB18C6),(M™),(HgCl3 )], where M* = Li*, K*, or NH;,
or [((DB18C6)(M>*)(HgCl3 )], where M>" = Ca’* or Sr**, for the extraction of
Hg(II) from concentrated hydrochloric acid solutions (1-7 mol/L).

The effect of metal ion concentration (0.01-0.1 mmol/L) on the extraction
process of Hg(I) was investigated through the use of 0.002 mol/L DC18C6in 1,2-
dichloroethane from 0.1 mol/L hydrochloric acid solutions. The log-log plot (Fig.
3) of the equilibrium organic-phase Hg(II) concentration against the aqueous-
phase Hg(IT) concentration is linear with slope = 1, indicating that only mononu-
clear species are extracted into the organic phase.

These distribution data (Figs. 1 and 2) were further analyzed for confirming
the stoichiometry of the extracted complexes by nonlinear regression analysis with
Eq. (5) where n = 0, 1, or 2. The best fit between the experimental and calculated
D values was obtained only when the formation of the complex HgCl,-2DC18C6
(i.e., n = 2) was assumed. The values of equilibrium constants determined by non-
linear regression analysis of various crown ethers are given in Table 1. The ex-
traction efficiency of Hg(II) with various crown ethers follows the order: 18C6 >

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 3. Effect of ion concentration on the extraction of Hg(Il). DC18C6 = 0.02M;
HCI = 0.1M.

DC18C6 > B18C6, which is also the basicity sequence of these crown ethers. The
sharp decreases in the extraction efficiency of Hg(II) from 18C6 to DC18C6 and
B18C6 mostly reflects increasing steric effect and decreasing basicity. The higher
extractability of Hg(II) with 18C6 or DC18C6 can be explained on the basis of the
“size-fitting effect “of these crown ethers. The 18C6 and DC18C6, with cavity
sizes of 0.26 to 0.32 nm (20), complexes more strongly with metal ions having ionic
diameter close to the cavity size, such as the Hg(II) of 0.22 nm (4). The theory of
cavity-ion fit leads to the assumption that Hg(II) of 0.22 nm is too small to be sta-
bilized by the size effect of DB18C6 (0.4 nm) (4). For practical application in sol-
vent extraction, crown ethers must exhibit both high solubility in organic diluents
and low distribution to the aqueous phase (highly lipophilic). Hence, for subse-
quent study for the recovery of Hg(Il) from the brine sludge of the chlor-alkali
plant, DC18C6 was chosen as an extractant due to its high solubility in organic dilu-
ents and its lipophilic nature in the 2-phase system.

Table 1. Equilibrium Constants of
Various Crown Ethers for the

Extraction of Hg(II)

Extractant Log Kex 2
18C6 9.62 = 0.02
DC18C6 6.99 + 0.03
B18C6 5.86 = 0.04

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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Table 2. Effect of Nature of Diluent on
the Extraction of Hg(Il) with 0.01 mol/L

DC18C6

Diluent D
Benzene 1.51
Toluene 5.34
Xylene 7.10
Chloroform 1.98
1,2-Dichloroethane 3.98

The extraction of 0.01 mmol/L Hg(IT) from 0.1 mol/L hydrochloric acid so-
lution with 0.01 mol/L. DC18C6 in various diluents was investigated and the re-
sults are shown in Table 2. The extraction of Hg(II) varies with the nature of the
diluent. The weak hydrogen bonding between the ether oxygen of crown ethers
and dichloroethane results in higher extraction efficiency of Hg(Il). When chlo-
roform is used as the diluent, low extraction of Hg(II) was observed. This may be
due to strong acid-base interaction, through hydrogen bonds, between the basic
extractant CE and the acidic diluent. Among aromatic hydrocarbons, the extrac-
tion progresses in the order xylene > toluene > benzene.

Hg(II) stripping from a loaded organic system consisting of 0.02 mol/L
DC18C6 in 1,2-dichloroethane and 0.01 mmol/L Hg(IT) was investigated using
various stripping agents, and Hg(I) is stripped almost entirely (>>99.9%) through
a single stage in which 5% NH4Cl (in 1:10 NH3) was used as the stripping agent.
The results are given in Table 3.

Elemental Analysis, and IR and '"H NMR Spectral Data
Elemental analysis of the extracted complex gave C 38.27%, H 5.61%, and

Hg 30.77%, which compared with calculated values for HgCl,-DC18C6 of C
37.3%, H 5.63%, and Hg 31.15%. This study clearly shows that HgCl, and

Table 3. Stripping Efficiency for Hg(Il) with Different Reagents

Reagent % Recovery of Hg(II)
5%Thiourea (pH = 11) 41.3
5% NH4Cl (1:10 NH3) 99.9
4 mol/L. NaCl + 0.1 mol/L NaOH 0.0
0.01 mol/L Na,S,05 (pH = 11) 0.0

Copyright © Marcel Dekker, Inc. All rights reserved.
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DC18C6 form a 1:1 complex. Paige and Richardson with crystallographic studies
reported a similar 1:1 complex with HgCl, and 18C6 (21).

Infrared spectra of compounds, DC18C6 and the complex were recorded in
the 4000-500 cm ™' region. The very intense, very broad, and probably multi-
component CH, stretching vibration band of the free ligand has a peak at 2865
cm™'; on complexation the intensity is much reduced and the band becomes
asymmetrical with a peak at 2026 cm ™~ !. However, the medium intensity peak, due
to bending of CH, modes of the free ligand, at 1349 cm ™" is slightly downshifted
to 1341 cm™! for the complex. Likewise, the bands at 1120 and 847 cm ™! are
shifted down to 1103 and 838 cm ™! respectively upon complexation. The metal-
oxygen bands are most likely found to be in the far infrared region.

The 'H NMR spectral data for DC18C6 and HgCl,-DC18C6 was obtained
in CDCl;. The observed chemical shifts (ppm), and multiplicity and the number
of protons are given in Table 4. The crown ether protons of the free ligand were
observed as a multiplet at 3.67 ppm, and the CH, protons of cyclohexane were ob-
served as a multiplet at 1.50 ppm (4). In the complex, the crown ether protons were
observed as a multiplet at 3.71 ppm and the CH, protons of cyclohexane as a mul-
tiplet at 1.64 ppm. The observed NMR data confirms the formation of the com-
plex HgCl,-DC18C6.

Selectivity Studies Using DC18C6

The extraction of Mg(II) (0.02 mol/L), Ca(Il) (0.02 mol/L), Ba(Il) (0.02
mol/L) and Fe(IIl) (0.2 mol/L) from solutions containing 0.05 mol/L hydro-
chloric acid and through the use of 0.02 mol/L DC18C6 in 1,2-dichloroethane
was investigated, and results showed that none of these metal ions were extracted
into the organic phase. This finding is in good agreement with earlier reports
for the extraction of Ca(Il) and Ba(Il) with DC18C6 (22). However, Hg(II) was
found to be mostly (>99.9% ) extracted under the above conditions. Thus, Hg(II)
can be selectively separated from the above metal ions through the use of
DC18Ce6.

Table 4. '"H NMR Spectral Data

Crown Ether Protons CH, Protons of Cyclohexane
Compound (ppm) (ppm)
DC18C6 3.67 (m, 20 H) 1.5 (m, 16 H)
HgCl,-DC18C6 3.71 (m, 20 H) 1.64 (m, 16 H)

m represents multiplet.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Recovery of Mercury from Brine Sludge

The developed solvent extraction procedure for the extraction of mercury
using DC18C6 was applied for the removal and recovery of mercury from the
brine sludge of a chlor-alkali plant. One gram of the brine-sludge sample in 10 mL
of 0.05 mol/L hydrochloric acid was chlorinated for 5—10 min for converting mer-
cury into highly soluble mercuric chloride complexes. The chlorinated sludge was
then subjected to solid-liquid separation and the filtrate was analyzed with a Rho-

Brine Sludge @ —— ——— Chlorine Gas
(1g) (5-10 min)
v v
Chlorination
Waste Sludge Solid - Liquid
for Disposal < Separation
l Filtrate 0.02 mol/L. DC18C6 in
1,2- Dichloroethane
Solvent lg  Aq:Org=1:1 <
Extraction No. of stages = 1
Raffinate for Loaded Solvent (> 99.9%)
Disposal v
| Stripping
| ! A
. Strip Liquor
Stripping Agent Lt
5% NH,Cl (1:10 NHy) ¥ Containing Mercury
Aq:Org=1:1 (> 99 % Recovery)
No. of stages = 1 .
Recycling of
Solvent

Figure 4. A Schematic diagram for the extraction of mercury from brine sludge of a
chloralkali industry.
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damine-6G spectrophotometer to determine the mercury content in the brine-
sludge sample. The mercury content in the brine-sludge sample was found to be
160 pg/g of the sludge.

The extraction process of mercury from the brine sludge of a chlor-alkali
plant is comprised of the following steps:

1. chlorination of the brine sludge;

2. solid-liquid separation;

3. bringing the resultant filtrate liquor (pH = 1-2) from solid-liquid sep-
aration containing the mercury (Hg>* = 16 p.g/mL) into contact with a
substantially immiscible extractant phase, which is comprised of
DC18C6 in 1,2-dichloroethane (0.02 mmol/L; Aq:Org = 1:1, where-
upon the mercury to be separated selectively reversibly transfers into
the extractant phase (single-stage extraction >99.9%);

4. backwashing the extractant phase with an aqueous system consisting of
5% NH4CI (in 1:10 NH3) to recover all the mercury contained in the ex-
tractant phase (Aq:Org = 1:1; number of stages = 1).

A schematic procedure for the extraction process is given in Fig. 4. The investi-
gations reveal that >99% mercury can be recovered selectively through a single-
stage extraction and stripping process from the brine sludge of a chlor-alkali plant
through the use of 0.02 mol/L DC18C6 in 1,2-dichloroethane.

CONCLUSIONS

This study clearly demonstrates the usefulness of DC18C6 as a selective
reagent for the extraction of Hg(II) over Mg(II), Ca(Il), Ba(Il), and Fe(IIT) from
dilute hydrochloric acid solutions (pH = 1-2). The extraction equilibrium of
Hg(II) can be explained by a simple chemically based model presented in this pa-
per. Furthermore, the results also indicate that DC18C6 can be used as a potential
extractant for the selective extraction and separation of mercury from the brine
sludge of a chlor-alkali plant.
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