THE SEPARATION OF IONIC AND ORGANIC MERCURY FROM
WATER USING MILK PROTEINS, XANTHATES

A1~

KERATIN

by
James A. Gideon
Thesis submitted to the Graduate Faculty of the
Virginia Polytechnic Institute and State University
in partia.l fulfillment of the requirements for the degree of
MASTER OF SCIENCE
in
CHEMICAL ENGINEERING

APPROVED:
Dr. Donald L. Michelsen

D;.

Jer~y A~

Caskiy

Dr. Paul·H. Kini

November 1971
Blacksburg, Virginia

ACKNOWLEDGMENTS
The author wishes to thank Dr. Donald L. Michelsen,
.his thesis advisor, for showing patience and giving
encouragement throughout the present investigation.

The

author is also grateful to Dr. Ross Brown, Professor of
Biochemistry, for his availability and advice.

Finally,

the author thanks the VPISU Water Resources Center and
the VPISU Chemical Engineering Department for the financial
support which made this work possible.

ii

TABLE OF CONTENTS
Chapter

... ..........• •
LIST OF FIGURES . . . . . . . . . . . . . . . . .
LIST OF TABLES
....
...........
I. INTRODUCTION
...........
II. LITERATURE REVIEW ·•• . . . . . • • . . . .
ACKNOWLEDGEMENTS

Analytical Methods for Mercury

Page
ii
vi
vi
1

3
3

• • • •

Atomic Absorption Spectrophotometer. •
Neutron Activation Analysis

.....

3
4

• •

5

Other Methods. • •

......

Sample Handling and Pretreatment •
Mercury Removal Methods • • •

.....

..

..
.......
• • . . • • •

Pre-1969 Mercury Removal Methods •
Recent Research. • •
Future Possibilities • •

Interaction of Mercury with Proteins. •

6
8
8

10
12

13

Interaction with Sulfhydryl Groups • •

13

Interaction with Amine Groups • • •

14

..

Suxvey of Potential Mercury Removing
Substances • • • . • • • • • • • • •
Whey Proteins

• • • • • • • • • • • •

...............
Xanthates. . . • • • • . . . . . . . .
Summary and Results •
.........
Keratin

iii

15
16
18

19
20

iv

Chapter
Ill.· EXPERIMENTAL

.......•

• •

...

Plan of Experimentation. • • • • • • •

• •
0

•

22
22

Literature Review • • • • • • • • • •

22

Selection of Potential Mercury
Separating Substances • • • • • • •

23

Development of Analytical Procedure •

23

Screening of Mercury Removal Ability.

23

Method of Procedure • • • • • • • • • • • •

24

Analytical Procedure and Special
Handling Techniques • • • • • •
Milk Proteins •

.

..

..

.......
Keratin .
............
.......
Data and Results • . . .
Calibration of Atomic Absorption
Spectrophotometer •
• • • • . .
... ..
Milk Proteins •
.............
Xanthates
Keratin
..........
..
DISCUSSION • . . . . . . . . .
• •
Discussion of Procedures • . . . . . . . .
Xanthates •

IV.

Page

.

24

30

31

32
34
34
34

38

41
48
48

Once-through vs. Recirculating
Atomic Absorption Method. • • • .• .

48

Digestion

50

Milk Proteins
Keratin

.......
............
........ ..

P~ocedure

• •

52
54

v

Chapter

Page
Xanthates
Summary

•

Discussion of Results.
Milk Proteins

v.
VI.
VII.
VIII.
IX.

x.

•

59

•

59

•

61

• • •

• •

•

63

• •

• • •

•

•

• •

•

BIBLIOGRAPHY

• • • • • • •

APPENDIX

•
• • •

•

• •

•

RECOMMENDATIONS.

VITA

58

•

CONCLUSIONS
SUMMARY

• •

•

Xanthate a
Keratin

55

•

•
• • • •

•

•

• •

•

•

•

67
69

•

• • • • • • • • •
• • •
• • • • • •

• • •

• • •

•

71
73

• •

79

•

88

LIST OF FIGURES
Figure

Page

1.

Flow Diagram for Once-through Cold Vapor
Atomic Absorption Analysis of Mercury • • • •

25

2.

Calibration Curve for the Atomic Absorption
Spectrophotometer
•••••••••••• • •

35

3.

Removal of 100 ppb Mercuric Ions From
Solution by Keratin • • • • • • • •

4.

Removal of 10 ppm Mercuric Ions from
Solution by Keratin • • • . • • • • •

~OF

.....
.....

45
46

TABLES

Table

I.

Calibration ·of the Atomic Absorption
Spectrophotometer • • • • • • • • •

....

80

II.

Mercury Concentrations Observed after
Contacting Mercury Solutions with
Milk Proteins • • • • • • • • • • •

....

36

Removal of Mercuric Chloride from Water
Using Sodium Isopropyl Xanthate with
Hexane Extraction . • . . • ~ . • • •

39

Removal of Monomethyl and Dimethyl Mercury
from Water Using Sodium Isopropyl
Xanthate with Hexane Extraction • . . • • •

40

V.

The Interaction of Keratin with Mercury
Compounds
• • • • • • • • • • • • • • • •

42

VI.

The Effect of Mercaptoethanol Reaction on the
Mercury Removing Ability of Hair • • •

44

VII.

Kinetics of Mercuric Ion Removal by Keratin •

81

III.
IV.

vi

I.

INTRODUCTION

In mid-March, 1970, the fact that a serious mercury
pollution problem existed in the United States was made
public.

Within six months, restrictions on sport and

commercial fishing had been placed on waters in at least
eighteen states.<5 4 ) In the flurry of research that has
followed, a partial picture of the mercury problem has
begun to emerge.
Some mercury is naturally present in the environment.
Other mercury enters the environment through man's
activities, such as operation of chlor-alkali plants
with mercury electrodes, use of mercury fungicides, combustion of coal with 0.5 to 3.3 ppm mercury,(53) and
innumerable other activities.

Eventually much of this

mercury, mainly in the form of elemental mercury or
mercuric ions, winds up in the oceans or in fresh water
bodies, where it may settle to the bottom as inorganic
mercury.

Most of the mercury would probably stay on the

bottom were it not for another phenomena.

As has recently

been discovered, decomposing fish and sediments from a
large number of lakes and rivers contain microorganisms
that are capable of forming methyl mercury and dimethyl
mercury from inorganic mercury, even under anaerobic
conditionso(?O)
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The results of this transformation are twofold.

The

alkyl mercuries, being highly active biologically, are
absorbed by organisms from water and are concentrated
through the food chain.

Man is at the end of many food

chains, especially those involving fish.

Once inside the

human body, the alkyl mercuries accumulate in the brain
to a much greater extent than other mercury compounds.(55)
Once in the brain, alkyl mercuries can cause brain damage
and even death.< 56 )
The first step in solving the mercury problem is to
halt further pollution.

Many processes have been devised

for this purpose, and others are being developed.

The

mercury that is already in the environment is another
problem.

Mercury is an element, and will not decompose.

The biological methylation occurring in bottom sediments
could keep the mercury cycling through the ecosystem and
create a permanent pollution problem.

The mercury which

is now being cycled through aquatic ecosystems in this
manner must therefore be rendered ineffective in order
to solve the mercury pollution problem.
The purpose of this study is to screen certain lowcost, abundant substances for their mercury removal
ability, potentially to be used in treating plant waste
streams and even in treating mercury that is already in
the environment.

II. · LITERATURE REVIEW
This section contains a survey of analytical
techniques and existing removal methods for mercury.
The interaction of mercury with proteins is also surveyed, and some substances that might be able to remove
mercury from water are suggested.
Analytical Methods

!2£

Mercury

Atomic absorption spectrophotometry and neutron
activation analysis are the two most widely used analytical methods for mercury, although other methods are
available.< 52 ) The analysis of mercury is difficult,
requiring special sample handling and careful laboratory
technique.
Atomic Absorption Spectrophotometry.

Atomic absorp-

tion spectrophotometry, in which atoms are excited in a
flame and their absorbance of light at a characteristic
wavelength is measured, is a useful tool for analysis of
many elements. For mercury, the flameless or cold vapor
technique< 12 ),( 2l),(3 2 ) is almost universally preferred
over conventional flame techniques because of its superior
sensitivity.

Mercury concentrations as low as 0.2 ppb

can be detected with the cold vapor method, while the
flame technique can only detect about 1 ppm.
3

The cold
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vapor technique involves chemical reduction of the mercury
in the sample to metallic mercury, volatilization of the
elemental mercury into an air stream which passes through
a long-path-length absorption tube, and measurement of
the absorption at the 253.7 nm mercury resonance line by
the entrained vapor.
systems are used.

Both once-through and recirculating

Advantages of this method are high

sensitivity (detection limit of 0.2 ppb) and rapid
analysis· (about ten minutes per sample).

Disadvantages

include the necessity of having all mercury present as
mercuric ions, which may require the use of a digestion
procedure, and possible interference by sulfur and some
aromatics at the 253.7 nm mercury resonance line.

Still,

this method "is being adapted to such an extent that it
may soon become the standard method."(57)
Neutron Activation Analysis.

N~utron

activation

analysis is the other widely used technique for mercury
analysis.(l9) ,( 27 ) Activation involves exposing a sample
to a source of slow neutrons.

As a result, some of the

mercury present captures a neutron, producing a radioactive nuclide. Both 197Hg, with a half-life of 67 hours,
and 20 3Hg, with a half-life of 47 days, are produced.
Analyzing the induced radioactivity of the former gives
greater sensitivity, but is more susceptible to interference from gamma rays given off by more abundant metalso
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Activation analysis has a high sensitivity, is not dependent on the chemical form of the mercury being
analyzed, and can be used for nondestructive testing in
many cases.

Detection limits are about the same as with

the cold vapor atomic absorption technique.

The special

irradiation facilities and data handling techniques
involved are serious drawbacks to its widespread use in
the laboratory, however.

It is particularly useful for

special and referee analysis.
Other Methods.

Other methods of mercury analysis

include· the spectrophotometric dithizone method, x-ray
fluorescence, chromatography and an emission spectrophotometric method using a radiofrequency helium plasma.
The dithizone (diphenylthiocarbazone) procedure is
the most widely used colorimetric method of mercury
analysis.( 2S).(45),(47) It involves reaction of Hg ++
2
or Hg++ with excess dithizone in acid solution to form
colored complexes that are soluble in carbon tetrachloride
or chloroform.

Absorbance of the complex or decrease in

absorbance of the dithizone is then measured.

The method

is usable for mercury concentrations from 0.5 to 50 ppm,
which precludes it from most environmental work.

Numerous

heavy metals can interfere with the analysis.
X-ray fluorescence( 2 ) involves the use of low energy
photons to excite the characteristic x-rays of the element
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being analyzed, and a solid state Ge or Si detector
coupled with a multi-channel analyzer to sort and measure
the characteristic x-rays.

This method has been used to

detect one microgram of mercury in color additives, and
seems to be capable of going to around.O.l microgram.
It is potentially useful in establishing that samples are
not above a certain level of mercury content.
Various chromatography techniques{.t9),( 6S) have been
suggested for the analysis of organic-bound mercury
directly.

Gas-liquid chromatography has received the

greatest attention, and potentially this method possesses
the necessary resolving power and detector sensitivity to
perform the analysis.

Thin layer chromatography has also

been suggested, but it has some serious drawbacks in reproducably separating the organomecurials from their
matrix.

A final approach, using an emission spectro-

graphic device(3) which operates on a radiofrequency
helium plasma to determine mercury in water, has been
described.

This method is sensitive to both combined and

elemental mercury, and could potentially lead to a
sensitive and efficient method for analyzing total mercury
content.
Sample Handling and Pretreatment.

The tendency for

mercury and its compounds to adsorb onto solid surfaces
and to volatilize from solution makes meticulous labora-
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tory technique essential, especially at concentrations of
a few parts per billion.

Use of special materials such

as pyrex, polycarbonate, and teflon minimizes adsorption,
(lS) but even these materials Should be washed with nitric
acid to remove adsorbed mercury before use.

Samples should

be kept covered and should be analyzed as soon as possible,
and great care should be taken to prevent contamination.
(58)

When atomic absorption, the most commonly used
analytical technique, is employed, determination of
organic-bound mercury requires decomposition of the
organic material.

This decomposition usually involves a

wet oxidation, using such oxidizing agents as nitric acid,
perchloric acid, hydrogen peroxide, ammonium persulfate,
potassium permanganate, potassium chlorate or chlorine.(g)
"There is no consensus about the relative merits of these
agents.

The procedures are tedious, time consuming, and

often do not liberate all the mercury in the ·sample."(59)
Evidence of difficulties in analysis of fish and
river sediment samples can be seen in publications from
the Environmental Protection Agency (formerly FWQA) in
Cincinnati, Ohio. A provisional FWQA method( 50) for
digestion of samples dated September, 1970, used sulfuric
and nitric acids, permanganate, and persulfate for 45
minutes at room temperature.

The revised EPA method(35)
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dated May, 1971, recommends five times as much permanganate,
three times as much persulfate and a digestion time of two
hours at 90°0.
Mercury Removal Methods
The pre-1969 literature describes numerous mercury
removal techniques. · As the mercury problem reached
headline status in 1970, allowable concentrations in
waste streams were cut drastically, and a new generation
of removal processes appeared.

The real problem remaining

is reversal of the contamination of lakes and streams
which has already occurred.
Pre-1969 Mercury Removal Methods.

Many of the pre-

1969 removal techniques employed the reaction of mercury
{Hg++) with sulfur to effect removal. One process{ 6 9)
called for the precipitation of mercury with alkali metal
sulfides with simultaneous or subsequent addition of iron
or zinc salts for flocculation.

Another similar process{ 25)

reduced the Hg++ concentration from 5 or 10 ppm to 0.02
or 0.04 ppm using sodium sulfide to precipitate the mercury
and ferrous sulfate as a flocculant.

A third method(ll)

employed NaHS and a flocculant to reduce the mercury
concentration from 4 ppm to 0.25 ppm after 25 minutes and
to 0.1 ppm after 2 hours.

An 8-(sulfonamide) quinonoline,

containing numerous sulfhydryl as well as amine and amide
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groups, has also precipitated mercuric ions from
solution.(?)
Other processes employed amine groups to remove
mercuric ions, often incorporating them into polymeric
form. Several patents{l7),( 43),( 46 ) nave described the
use of a strongly basic anion-exchange resin, such as a
polymeric quaternary amine compound, to remove mercuric
ions from solution.

The resin is regenerated by washing

with an aqueous sulfide solution.

Another patent{7) de-

scribed specific resins as polymers of vinylphenyl
aliphatic primary and secondary aminomonocarboxylic acids
and divinyl benzene.

These resins reduced the mercury

content of a brine solution from 15 ppm to 0.3 ppm. A
third method( 30) employed diethylaminocellulose as a
highly selective polymer for removing mercuz·y in the
presence of other ions.
Other more unusual methods are also described.

A

Dow patent( 3S) describes the use of an aldehyde such as
formaldehyde or acetaldehyde to reduce mercuric ions to
metallic mercury in solution, which can be settled and
collected by gravity to reduce the mercury to below one
ppm.

One of the few early patents{G) dealing with re-

moval of organic mercurials calls for waste waters with
organic mercury compounds to be heated to 100 degrees
with sulfuric acid.

This decomposes the organics and
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forms mercuric sulfate.

The sulfate is treated with a

thiosulfate to form mercuric sulfide, which is precipitated. Another investigation< 22 ) used digested
sludge to remove more than 98 per cent of the mercury
present in a chemical waste with a four hour contact
time.

The removal was attributed to reaction of the

mercury with the sulfur present in the sludge.
Recent Research.

The recognition of mercury as a

serious pollution problem and the subsequent demand for
reductions in mercury emissions has created a need for
better removal methods.
Corporatio~,

Crawford and Russell, Ventron

Environmental Engineering Corporation and

Ecotech, Inc. are among the groups reported to be working
on mercury removal processes.
Crawford and Russell, Inc.< 16 ),( 44 ) uses a series of
two ion exchange resins to recover mercuric ions from
industrial waste streams.

The process begins with pH

adjustments, filtration, and passage through an ion
exchange bed which reduces the mercury content from about
6 ppm to about 50 ppb.

The resin is periodically eluted,

and the mercury in the stripping liquor is reduced to
metallic form and recovered.

The 150 ppb stream is passed

to a second nonregenerable resin which reduces the mercury
content to around 2 ppb or less.
The Ventron Corporation has developed a system
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(4l),(44),(48 ) which uses sodium borohydride to precipitate mercury out of wastewaters.

The borohydride reduces

mercuric ions to elemental mercury, which is induced (by
flocculation or other techniques) to coalesce into finelydivided metallic mercury.
filtered out.

The metallic mercury can be

This method is reportedly capable of

cleaning streams to well below 10 ppb, and 15 to 30 minute
reaction times are typical.

It requires a pH above 9.5,

though, ·and organomercurials must be reduced to divalent
mercury before treatment.

Also, the borohydride reacts

with many compounds other than divalent mercury.
Environmental Engineering Corporation(44) is
developing a chemical absorbent that reduces concentrations
of mercury from 1000 ppm to 50 ppb or less. Ecote~h,
Inc.< 44 ) is working on filtration. Up to 83% of mercuric
chloride is eliminated in a single pass through a bed
packed with an inorganic mineral containing magnesium.
Other research is being done on mercury removal,
ranging from the use of bacteria that metabolize mercury
to new ion exchange resins.

One group of workers(50) has

worked with a mercury resistant bacterium which is capable
of taking up mercurials into its cells while in a waste
stream, and of stimulating vaporization of the absorbed
compounds after they have been separated and placed in a
filter medium.

This technique removed 90 per cent of the
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mercury in a 14.3 ppm waste with a 30 minute contact time.
Another source(3l) reports that a chelating resin, Ionac
SRWL, selectively and quantitatively removes both methyl
mercury and mercuric ions to the exclusion of all other
metals studied, except the nobel metals.

The resin can

be regenerated with a thiourea solution and can thus be
reused for many cycles.
Future Possibilities.

Almost all of the mercury re-

moval processes discussed so far are designed to treat
plant waste streams containing parts per million of Hg++.
Solution of the mercury problem will not be achieved
merely by stopping further pollution, though.

Some way

must be found to neutralize the mercury which is already
in the lakes and streams.

Methods such as dredging the

bottom, covering it with inactive clay or mercury binding
particulates such as freshly ground quartz, covering it
with iron pyrite and clay overburden, or reacting it with
hydrogen sulfide to convert mercury to the sulfide form
have been suggested.

Raising the pH of the water, plastic

coating the_ bottom, amalgamation of mercury with aluminum
or other active metals, and biological mining (with clams,
etc.) have also been suggested.( 60) These suggestions all
leave unanswered the questions of cost, permanence and
environmental side-effects.
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Interaction of Mercury with Proteins
The interaction of mercury and its compounds with
proteins is closely connected to their biochemistry and
toxicology.

The toxicity of the mercury compounds in-

dicates that they are highly active biologically.

The

mercurials combine with such functional species as
sulfhydryl groups, phosphoryl groups in cell membranes,(?l)
and with other organic ligands such as amine, amide(37)
and carboxyl(lO) groups.
Interaction !1!h Sulfhydryl Groups.

The ability of

mercury and methylmercury to block the sulfhydryl groups
of enzymes explains much of their biological activity.
(4) ,(23) '(72) Mercury is even used as a protein precipitant at higher concentrations,(S) primarily because
of its strong interaction with sulfhydryl groups.
Sulfhydryl groups were found to play the greatest
role in the interaction of Hg++ with human erythrocytes.( 72 )
This interaction was characterized by a rapid achievement
of equilibrium (3 to 5 minutes).

After the sulfhydryl

groups in the blood cells were saturated, some bonding
also occurred with other cellular ligands.

EDTA

(Ci 0H16N2o8 ), a well known chelating agent, glutathione

(C 10H17N3o6 s), cysteine (C H No s), and penicillamine
3 7 2
(C H No 2s), were able to bind the mercury in solution so
5 11
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that it did not react with the erythrocytes.

These

substances all complex quite strongly with mercury.

For

example, the affinity constant of cysteine for mercuric
ion may approach 10 42 in an isolated system.{72)
Imidazole (C 3H4N2 ) and histidine (C 6H N o2 ), each con9 3
taining N-H groups, were not able to keep the mercury
from combining with erythrocytes.< 72 ) Penicillamine,
cysteine and other sulfur containing substances have been
successfully used to bind with mercury

~n

the human body

and help treat mercury poisoning in humans.
Interaction !!1Q Amine Groups.

AJtnou~h

the strong-

est interaction between mercury and proteins is at
sulfhydryl sites, the bonding of mercury with amines is
also well documented.

Divalent mercury has been suggested

as a tool for the separation and determination of basic
amino acids,< 24 ) since it is thought to precipita~e them
in the form

R-CH-CO

H2~

\

'a~

Mercury has also been shown to interact with
polyuridylic acid, which was chosen as a model polynucleotide.<36)

The observed destruction of the helical

.form of polyuridylic acid by methyl mercury and mercuric
chloride is attributed to combination of the mercurial

l
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with the N1 nitrogen and a consequent severing of the
hydrogen bonding at that site.
Other work has been done on the coordination of
mercury and biologically active amines.< 37 ) Workers
using various amphetamines, ephedrine and tyramine found
a two to one amine to mercury ratio, indicating a
structure as follows:

Survey of Potential Mercury Removing

Substanc·es

Many of the existing mercury removal techniques rely
on the binding of mercury {Hg++ or CH Hg+) with sulf3
hydryl groups or with amine groups to effect removal.
The interaction of mercury with these same functional
groups

occurrin~

in proteins is also well documented.

Any protein or other substance containing sulfhydryl
and/or amine groups is potentially capable of removing
mercury from aqueous solutions.

In order to be the basis

of a practical waste treatment process the substance
should also be relatively inexpensive.

Whey,

a

milk

protein, keratin, a structural protein comprising hair
and nails, and the xanthates, a group of chemicals used
in ore flotation, contain active functional groups and
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are relatively inexpensive.
Whey Proteins.

Whey is the fluid remaining after

the curd has been removed from either whole or. skim milk
in the manufacture of such products as cheese and cottage
cheese.

In order to understand the chemistry of whey, a

brief survey of the chemistry of milk is necessary.
An average gross composition of cow's milk would be

as fol1ows:< 62 ) water, 87%; fat, 3.9%; lactose, 4.9%;
proteins, 3.5% and ash (minerals), 0.7%.

The proteins

have been divided into casein, lactalbumin, and lactoglobul.in.

Casein comprises 80% of the milk proteins,

while the latter two, collectively known as the serum
proteins, make up the other 20%.
Casein itself is a mixture of at least three proteins:

alpha-casein (66% of the total casein), beta-

casein (29%) and gamma-casein (5%).

The alpha-casein

is known to consist of numerous other fractions.

Lactal-

bumin has also been fractioned into three distinct proteins:

alpha-lactalbumin, (22% of the total serum

protein), beta-lactoglobin (59%), and serum albumin (6%).
Lactoglobulin, the other serum protein, is composed of
euglobulin and pseudoglobulin, which together make up
the remaining 13% of the serum proteins.( 6 3)
In terms of milk chemistry, milk curd contains
most of the fats in milk and nearly all the casein.

The
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whey contains some fat (0.3% of the whey), some protein
and nitrogenous matter (0.9%), most of the lactose (5.1%),
much
(64)

o~

the ash (0.5%) and a large amount of water (93.2%).

The whey protein consists essentially of the

lactalbumin and lactoglobulin from the whole milk.
Both casein and the whey proteins contain functional
groups which are potentially capable of removing mercury.
Casein contains 15.63% total nitrogen, of which 1.6% is
present as amides.

Casein also contains 0.78% sulfur.

The amino acids cystine and methionone (having no free
sul~yd~yl

groups) account for 0.09 and 0.69% respectively,

with no cysteine present.
as we11.< 65 )

Casein contains 0.86% phosphorus

The whey proteins contain about as much nitrogen as
casein, somewhat more sulfur, and no phosphates.

Beta-

lactoglobulin contains 1.6% sulfur, including some cysteine
(with free sul~ydryl groups), and 15.60% nitrogen.< 66 )
Alpha-lactalbumin contains 15.86% nitrogen, with 1.91%
sulfur but no free sulfhydryl groups.

Serum albumin and

lactoglobulin contain similar amounts of nitrogen and
sulfur, with no free sulfhydryl groups.< 6 7)
Both the amines and the sulfhydryl groups· in whey
protein are capable of removing mercury from solution.
The economics of whey usage are favorable, should it turn
out to be an' efficient mercury removing agent.

An
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estimated 21 billion pounds of whey were produced in 1969.
Between 6 and 7 billion pounds of this was dried.

About

45% of dry whey was used for human food, the rest for
animal feed.

About 2 billion pounds of whey were made

into milk sugar and about 1.25 billion were condensed.
Much of the remaining 11 billion pounds was fed to hogs
or chickens or used for fertilizer, and an unknown
quantity was wasted.< 34 )

The increase in whey production

and also in pollution control regulations make new markets
for whey products very desirable.
Keratin.

Keratin is another protein which is abun-

dant, inexpensive, and contains functional groups that
are capable of

interactin~

with mercury.

structure of keratin is not clear.

The exact

"A lack of precise

definition, of knowledge of detailed structure, ••• has
caused many biochemists to relegate the keratins to a
twilight zone of their thinking."( 3 9) Still, keratin
contains both amine groups and sulfur.

Human hair, for

example, contains about 18% r.ystine( 40) (3.9% sulfur in
hair).

Cystine contains two amine groups and two sulfur

atoms per molecule.

Although the vast majority of sulfur

present in keratin is present as disulfide, traces of
cystine acid and lanthionine, both with sulfhydryl groups,
have been found in some samples of virgin wool as
derivatives of cystine residues formed during weathering.(l4)
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The disulfide groups in keratin can be reacted in
various ways.

For example, they react with

ions in the following manner.

RS- + R ' SS R ' c • RSSR ' + R ' S

mercaptid~

-

The reactants most commonly used in this reaction are
2-mercaptoethanol,(Sl),( 6l) thioglycolic acid( 26 ) and 2mercaptoethylamine.<73)

This reaction could potentially

be used to modify the properties of the keratin by replacing the naturally occurring organic groups connected
to the sulfur with other functional species.
Sould keratin or a modified keratin prove to be an
effective mercury removal agent, the possible use of
materials such as animal hair from tanneries represents
an efficient use for material that is now often a
troublesome waste.

Work is already being done on the

use of sodium sulfide and lime to recover proteins with
an amino acid composition similar to keratin from
simulated leather tannery liquid wastes.< 42 )
Xanthates.

The_xanthates are a group of sulfur-

containing hydrocarbons.

Sodium or potassium salts of

xanthic (or dithiocarbonic) acid are widely used as
flotation reagents in the treatment of heavy metal ores.
In flotation, the sulfide groups of the xanthate combine
with metal atoms of small, metal-rich particles in the
ore.(l)

When enough xanthate molecules have reacted in
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this way, a hydrophobic surface is formed around the
particle, and the particle tends to go to the gas-liquid
interface.

Separation is achieved by foam fractionation.

Sodium isopropyl xanthate is the most widely used
xanthate in the flotation of sulfhydryl minerals, primarily because of its low cost.

Since it contains sulfide

groupsp it should react with mercury (CH Hg+ or Hg++).
3
The real question in the use of xanthates then becomes
one of separating the xanthate-mercury complex.

Solvent

extraction and foam fractionation are two possible procedures. to accomplish the separation.(l5)
Summary and Results
Numerous methods of removing ionic mercury from waste
streams are described in the literature.

These methods

range from binding with specific functional groups to
absorption by living cells.

No proven process for

treating mercury that is already in lakes and streams is
presently available.
Examination of the biochemistry of mercury
{Hg++ and

ca 3Hg+)

reveals tnat it combines with

sulfhydryl groups, amines, amides, phosphoryl groups and
carboxyl groups.

Binding with the amines and sulfhydryl

groups is particularly important both in existing removal
techniques for mercury and in its biochemistry.

A· survey
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of the chemistry of whey, keratin and the xanthates
reveals that all three contain functional groups (amine
and/or sulfhydryl groups) that are potentially capable of
removing ionic mercury from water.

Both whey and keratin

are byproducts which are produced in large quantities,
and new markets for them would be welcome.

Large

quantities of the xanthates are used in. ore flotation.
Based on this information the interaction of whey, keratin
and sodiUm isopropyl xanthate with various mercury solutions
will be determined, using one of the analytical techniques
described in the literature review.

III.

EXPERIMENTAL

This section describes the plan of experimentation
used in this study, and gives the method of procedure
and results.
Plan of Experimentation
The initial work in this study consisted of a
literature review.

Ideas for an analytical procedure

and for substances to be screened for mercury removing
ability came from the review of literature.

Next, an

analytical procedure for mercury was chosen, and skill
in using this procedure was developed.

Finally, three

materials were screened for their mercury removing
ability.
Literature Review.

A literature search of general

mercury pollution, analytical procedures, methods of recovering mercury and its toxicology and biochemistry
(interaction with proteins) was done.

Much of this

search was through the key word volume of a recent mercury
bibliography.(l 3 ) Other information came from a review
of more recent_publications.

The chemistry of milk pro-

teins, keratin, and the xanthates was also reviewed.
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Selection of Potential Mercury Separating Substances.
Results of the literature review indicated that mercury
interacts with sulfhydryl groups, amines.and with other
functional groups.

Whey protein, keratin, and the

xanthates were selected as relatively inexpensive
substances containing active groups that could potentially
remove mercury ( Hg++ and CH 3Hg+ ) from water. Predictions
of the interaction of dimethyl mercury with these
substances were not found.
Development of Analytical Procedure.

Both neutron

activation analysis and atomic absorption spectrophotometry
were potentially available for use in analyzing mercury.
The latter was chosen because of its shorter turnaround
time on samples, its greater availability locally, and its
applicability to the samples being
pure water.

~un,

which were nearly

Preliminary atomic absorption work showed a

lack of reproducability, even in standard solutions.

This

problem vras solved by modifying existing procedures and
equipment.
Screening of Mercury Removal Ability.

Milk proteins,

keratin, and a xanthate were evaluated as potential
mercury removing agents.

In order to gain more insight

into the interaction of mercurials with milk proteins
whole milk, casein, lactalbumin, and whey were tested.
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Next, keratin was tested, and the reaction of the disulfide bonds with mercaptoethanol was investigated.
Results with the keratin were encouraging, so further
·1:

work was done on the mercaptoethanol reaction and on the
kinetics of mercury removal by keratin.

Finally isopropyl

xanthate in combination with hexane extraction was tested
as a potential mercury removing technique.

Where possible,

each compound was tested with Hg++ at 10 ppm and 100 ppb,
with CH Hg+ at 10 ppm and 100 ppb, and with dimethyl
3
mercury at around 10 ppm.
Method of Procedure
This section describes the analytical procedure and
special handling techniques used for mercury, and the
procedure for determining the interaction of mercury
with milk proteins, keratin and xanthates.

Work on the

reaction of mercaptoethanol with the disulfides in keratin
and on the kinetics of mercury removal by keratin is also
described.
Analytical Procedure and Special Handling Techniques.
Atomic absorption spectrophotometry was used to determine
mercury concentration.< 12 ),( 2l),( 33 ) Figure 1 shows a
flow diagram of the analytical system.

As shown, the

system uses a once-through passage of mercury vapor
through the absorption cell, rather than a recirculating
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system.

Two ml of the sample are placed in the reaction

vessel, and the Hg++ in the sample is reduced to metallic
mercury with 0.3 ml of

20~

stannous chloride in hydro-

chloric acid.
In analyzing for mercury, a 1000 ppm standard Hg++
solution was serially diluted to 10 ppm, 100 ppb, 50 ppb,
25 ppb, and 12.5 ppb.

The spectrophotometer was adjusted

so that the 100 ppb standard caused a half scale deflection
(50 units), in the concentration mode.

The other standard

solutions were then run, and a calibration curve established.

Once the instrument was calibrated, unknown samples

were diluted to less than 100 ppb (preferably to between
50 ppb and 100 ppb, for purposes of accuracy.)

All

dilution and rinsing was done with a solution of 10%
hydrochloric acid in distilled water.
Numerous problems were encountered for which existing
procedures had to be modified or new procedures
developed.

had to be

As the spectrophotometer was being calibrated

for the first time, the 100 ppb standard solution appeared
to decrease in concentration, as though mercury was being
lost from solution.

This problem was eliminated by soak-

ing the sample bottle and sample pipet overnight in a
100 ppb mercury solution.

As a result, all glassware

used in this investigation was soaked overnight in 100
ppb mercury solution, then washed with concentrated nitric
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acid and distilled water.

Soaking the glassware in

mercury solution may have resulted in some chemical
adsorption (at the most active sites on the
some physical adsorption.

g~ass)

and

Physically adsorbed mercury

was probably removed by the nitric acid wash, but the
chemically adsorbed mercury probably remained bonded to
the active sites.

The amount of adsorption occurring

after the nitric acid wash proved to be negligible even
at the 100 ppb level.

The nitric acid wash was repeated

after each use, and pyrex glassware was used to minimize
adsorpt~on

of mercury.

Containers were sealed to prevent

evaporation into or contamination from the air.
The mercury reduction/air sparging step was also
modified.

In order to help insure complete reduction to

metallic mercury, the sample tube was swirled vigorously
for about 20 seconds after the stannous chloride was
added.

Further improvement in reliability and repro-

ducability came from modification of the sparger.

The

original sparger, a piece of eighth inch tygon tubing,
emitted rather large bubbles and did not reach to the
bottom of the sample tube.

This tygon was replaced by a

smaller piece of glass tubing, which had four ·small holes
(about .03 inch) at its tip.

The smaller bubbles had much

more surface area, created better mixing, and originated
at the bottom of the sample tube.
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Other problems commonly arose in routine atomic
absorption analysis.

For example, the lenses on the

spectrophotometer became fogged during use, primarily
from HCl vapors given off by the stannous chloride
solution.

This was compensated for by small increases

in the·instrument gain.

The increases had a neglibible

effect on the calibration curve in the range of interest.
Before each series of samples, the lenses were washed with
ethanol.

Blanks were run periodically to check laboratory

techniques and possible contamination of reagents.
these blanks were never above 4 ppb of

~ercury,

s-ince

·it was not

considered necessary to use special mercury-free reagents.
Work with alkyl mercury compounds and with the
presence of organics in solution requires a digestion
procedure to degrade the organics to water and carbon
dioxide and to reduce the mercury to Hg++.

The procedure

used here is based on a method from the Environmental
Protection Agency.(35),(50)

Two ml of sample were pipetted

into a 10 ml graduated cylinder.

To this were added 3 ml

of a 10% nitric acid and 20% sulfuric acid solution, 10
drops (0.8 ml) of 5% potassium permanganate solution, and
2 ml of 5% potassium persulfate solution.

The volume was

made to 9 ml with distilled water, and the solution was
stirred and poured into a 25 ml erkenmeyer flask.

The

29

flask was stoppered and left overnight at 50°0.
Immediately before analysis, one ml of 12%
hydroxylamine hydrochloride solution was added to the
digested samples.

The net effect of digestion, then,

was to dilute the sample to one-fifth its original
concentration and to chemically reduce the organics and
mercury in solution.
~

The extreme toxicity of the mercurials makes
special safety precautions necessary.

Both the methyl

mercury (solid) and the dimethyl mercury (liquid) were
stored in sealed glass containers, under refrigeration.
The mercuric chloride was stored on a shelf at room
temperature.

In order to avoid working with large

quantities of these compounds, they were diluted to
about 100 ppm solutions, which were sealed and kept in a
hood.
Since dimethyl mercury is highly volatile, it was
kept in an ice bath during the dilution to 100 ppm.

In

making the stock solution, the dilution water was first
measured out.

A thin piece of glass tubing was then in-

serted into the mercury and a droplet was transferred to
the dilution water bottle.

All bottles were sealed

immediately, and the mercury replaced in the refrigerator.
Gloves were worn when working with merc_ury compounds or
solutions.

Work with the alkyl mercury solutions was
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done in the hood, and all samples were set in the hood
during digestion.

Generally, samples were left in the

hood whenever possible.

A sulfur containing compound

such as a cysteine solution should be poured over mercury
spills in order to minimize volatilization( 29) of the
mercury.
Milk Proteins.

Casein, lactalbumin, whole milk, and

whey were evaluated as potential mercury removing substances.

In the first series of tests 0.1 gram portions

of casein and lactalbumin were placed in a series of 50 ml
flasks, and 50 ml of 10 ppm Hg++, 1 ppm Hg++, 6.5 ppm
CH Hg+ , 1 ppm CH Hg+ , and 13.1 ppm dimethyl mercury
3
3
solutions were poured into these flasks. The slurries
were shaken well to wet the protein, and were.set overnight without agitation.

The next day the samples were

filtered (using a nonionic ultra-filtration membrane) to
remove the dissolved milk substances from solution, and
analyzed as previously described.
The whole milk and whey were tested the same way as
the solids, except that 10 ml of the liquids per 50 ml of
total solution were used.

Since excessive membrane

retention of the one ppm methyl mercury solution and of
the dimethyl mercury solution occurred, these solutions
were not tested with the whole milk and whey.
Ultrafiltration is commonly used in biochemistry to

31

filter dissolved proteins from solution.

The ultra-

filtration equipment was used as specified by the manufacturer.(5l)

To minimize the possibility of contamination,

the first 3 ml of liquid coming through the membrane were
thrown out.
analyzed.

The next 3 ml were used as the sample to be
Between runs, the entire unit was disassembled

and washed with 10% hydrochloric acid and distilled water.
If both one ppm and 10 ppm samples were filtered the lower
concentration samples were all run first, to minimize
possible contamination from solutions of higher concentrations.
Xanthates.

The interaction of sodium isopropyl

xanthate with the mercurials was investigated.

As with
.

the milk proteins, it was necessary to develop a procedure to remove the complexed mercury and excess complexing agent (xanthate) from solution, but to leave any
free mercury in the aqueous solution.
for this purpose was hexame extraction.

The procedure used
Ten ml of a 0.5

weight % xanthate solution was added to 100 ml of the
mercury solution in a separatory funnel and shaken.

One

hundred ml of hexane was poured into the funnel, and the
funnel was shaken for a minute and allowed to separate for
15 minutes.

A 9.8 ppm Hg++ solution, a 13.8 ppm methyl

mercury solution and a 65 ppm dimethyl mercury solution
were all treated in this manner.

The Hg++ solution was
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washed a second time, and the samples of Hg++ wer.e
analyzed before and after digestion.

The alkyl

mercuries were all digested, then analyzed.
Runs were made with and without xanthates to
determine the distribution of the mercurials between
hexane and water.

The binding of mercury with the

xanthates was qualitatively examined by analyzing 0.05%
xanthate solutions of known mercury content with no
digestion step.

These mercury-xanthate solutions were

then digested, in order to evaluate the interference of
xanthate digestion products (sulfides) with atomic
absorption analysis.
Keratin.

Human hair, composed of keratin, was

obtained from a local barbershop.

The hair was cut into

one-eight inch pieces and washed with sodium lauryl sulfate
in distilled water.

After rinsing with distilled water,

the hair was washed with ethanol and ethyl ether, and
was then dried.

One-tenth gram quantities of hair were

placed in flasks containing 50 ml of 100 ppm and 100 ppb
Hg ++ • The solutions were shaken to wet the hair, set
overnight without stirring and analyzed the next day.
The effect of mercaptoethanol reaction on the keratin
was studied next.

Following a procedure from the

literature,( 6l) 0.02 normal hydrochloric acid was preheated to 50°C.

Five grams of hair was washed and added
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to the acid solution and 25 ml of mercaptoethanol were
pipetted in.

The mixture was shaken, stoppered, and

allowed to react for 14 hours.

The reacted hair was

washed with distilled water, and then dried for 4 hours
at 100°C.

Tenth-gram portions were contacted overnight

with 50 ml of 100 ppm and 100 ppb Hg++.
Next, the effects of mercaptoethanol reaction time
on mercury removing ability were investigated.
gram hair samples were reacted at 50°C.

Seven 1

These samples

were removed from heat and washed, one by one, after 0.5,
1, 2,

3~5,

4, 11, and 17 hours.

They were then dried for

4 hours at 100°C, and were tested with 100 ppm and 100 ppb
Hg++ overnight.
Two more batches of keratin were reacted with
mercaptoethanol for 5 hours.

Material from the first

batch was contacted with methyl and dimethyl mercury
solutions overnight at 0.1 gram per 50 ml and 0.1 gram per
30 ml, respectively.

Tenth-gram quantities of material

from the second batch was contacted overnight with 50 ml
of 10 ppm Hg++.

Material from the first batch was also

used to study the kinetics of Hg++ removal in a stirred
system.

Four-tenths gram of keratin was placed in 200 ml

of a 100 ppb Hg++ solution, and the. system was kept well
agitated with a magnetic stirrer.

Samples were taken

every few minutes and analyzed for mercury content.

This
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procedure was repreated with a 10 ppm H~++ solution.
~

and Results

This section contains the calibration curve for the
atomic absorption spectrophotometer, and results of the
interaction of milk proteins, xanthates and keratin with
mercuric chloride, methyl mercury, and

dimethyl;~ercury

solutions.
.,_.l"

Calibration of Atomic Absorption Spectrophotometer.
The atomic absorption spectrophotometer was calibrated 3
separate times with a series of 12.5 ppb, 25 ppb, 50 ppb,
and 100 ppb Hg++ solutions.

All three calibrations were

in close agreement, and they indicated a slightly nonlinear character in the concentration scale.

Duplicate

runs of the same sample showed a variation of up to 1 ppb.
The data from these calibrations are given in Table I, in
the appendix.

Figure 2 shows a composite calibration

curve.
Milk Proteins.

Results of the interaction of milk

substances with mercury solutions are given in Table II.
The numbers listed in Table II are the final o.bserved
.
..
++
mercury concentrations, expressed as ppm of Hg , after
a given solution was contacted with a given substance and
filtered.

Since the ultrafiltration membrane removed
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TABLE II
Mercury Concentrationsa Observed After Contacting
Mercury Solutions with Milk Proteins
Mercury Solution
Hg++

10.7
ppm

Hg++
1.07
ppm

CH Hg+
3
6.5
ppm

CH Hg+
3
0.69
ppm

(CH ) 2Hg
3
13.1
ppm

Blank
(Ultrafiltration
only)

8.9

0.47

5.5

1.73

1.73

Lac talbum in
(0.1 ~/
50 cc

5.5b

0.44b

0.615

0.55

0.99

Casein
(0.1
50 cc

1.02b

0.265b

1.60

0.605

0.77

Whol--e
Milk
·(20 vol.%)

1.24

0.155

2.0.

Whey
(20 vol.%)

5.5

0.35

1.20

Treatment

r/

ayercury concentrations expressed as ppm of Hg++.
bThese samples were not digested; other sanples in this
table were digested.
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some mercury in all cases, the numbers given in Table II
and the per cent removals presented here represent the· sum
of protein interaction and membrane interaction with mercury.

Blank solutions, which were filtered with no pro-

teins present, help determine the membrane interaction.
Removal of 10.7 ppm Hg++ ranged from about 50% to 90%.
At levels of 0.1 gram of solid per 50 ml of solution,
casein removed about 90% of the Hg++, while lactalbumin
removed only about 50%.

Using 10 ml of liquid per 40 ml

of Hg++ solution, whole milk removed about 90% of the
mercury, while whey removed about 50%.

Ultrafiltration

of a 10.7 ppm Hg++ solution reduced the mercury concentration by.l8%.
Removal of 1.07 ppm Hg++ ranged from about 60% to 90%.
Ultrafiltration of a 1.07 ppm Hg++ solution reduced the
mercury concentration by 54.2%, however.

Lactalbumin and

liquid whey gave only slightly better separation than the
ultrafiltration membrane, while the casein and whole milk
showed from about 70% to about 90% removal of the 1.07 ppm
++
~-Removal efficiency results were reversed for 6.5 ppm
CH Hg+. The lactalbumin and liquid whey removed from 80%
3
to 90% of the methyl mercury, whil~ the whole milk and
casein were only able to remove 70% to 80%.

Passage

through the ultrafiltration membrane reduced the CH Hg+
3
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by 15.4%.
Methyl mercury at 0.69 ppm and dimethyl mercury at
13.1 ppm were both tested with casein and lactalbumin.
The CH Hg+ blank increased by 250% and the dimethyl mer-

3
cury blank decreased by 86.8% during ultrafiltration.

Because of this interference, these solutions were not
tested with whole milk or whey.
Xanthates.

Tables III and IV show the results of

the interaction of sodium isopropyl xanthate with mercury
solutions.

In the presence of the xanthate, Hg++

solutions of known concentration appeared to contain too
little mercury before digestion and too much mercury after
digestion.

A solution known to contain 9.8 ppm of Hg++

appeared to have 6.11 ppm before digestion and 21 ppm
after digestion.

Another solution, known to have 50 ppb

of Hg++, appeared to contain 180 ppb 'after digestion.
This is shown in Samples 6 and 7, Table III.
A 9.8 ppm Hg++_ xanthate solution washed once with
hexane contained between 40 ppb (analyzed before digestion)
and 1.18 ppm (analyzed after digestion) of Hg++.

After

washing a second time with hexane, between 5 ppb and 140
ppb of Hg++ remained.

A 9.8 ppm Hg++ blank decreased to

9.4 ppm upon washing with hexane alone.
shown in Samples 8, 9, and 5, Table

These results are

III~

Table IV lists the results of interactiong alkyl
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TABLE III
Removal of.Mercuric Chloride from Water Using Sodium
Iso~ropyl Xanthate with Hexane Extraction
Sample

Apparent Mercury Concentrations
Before
After
Digestion
Dig~stion

1

Distilled water
washed with hexane

1 ppb

not digested

2

0.05~ Xanthate
washed with ftexane

1 ppb

not digested

3

0.05% Xanthate

4 Hg++ Blank

220 ppb

9.8 ppm

not digested

5

9.8 ppm Hg++ washed
with hexane

9.4 ppm

18 ppm

6

0.05%

6.11 ppm

21 ppm

7

0.05% Xan~~ate,
50 ppb Hg

8

0.05%

9

Xant~~te,

9. 8 ppm Hg·

Xant~~te,

9.8 ppm Hg ,
washed with
hexane

Same as above
washed with hexane
a second time

180 ppb

40 ppb

5 ppb

1.18 ppm

140 ppb
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TABLE IV
Removal of Monomethyl and Dimethyl Mercury from Water
Using Sodium Isopropyl Xanthate with Hexane Extraction
Sample

Apparent Mercury
Concentration
After Digestion
13.8 ppm

13.8 ppm CH 3Hg+ washed with
hexane
13.8 ppm CH Hg+, 0.05%

Xanthate, w~shed with hexane

22.5 ppm

0.56 ppm

( CH

65 ppm

65 ppm (CH ) 2Hg washed with
3
hexane

10 ppm

) Hg Blank
3 2

65 ppm (CH~) Hg, 0.05% Xanthate,
washed witn 2 hexane

6 ppm
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mercuries with the xanthates.

The 13.8 ppm CH Hg+
3
blank appeared to increase to 22.5 ppm after washing with

hexane.

When xanthate was added prior to the hexane

wash, the mercury concentration decreased to 0.56 ppm.
A hexane wash of a 65 ppm dimethyl mercury blank decreased the mercury concentration to 10 ppm.

Addition

of xanthates to the 65 ppm solution only resulted in a
decrease to 6 ppm of mercury, after washing with hexane.
Keratin.

Table V shows the interaction of keratin

with mercury compounds.

Human hair washed with sodium

lauryl sulfate, ether and ethanol removed 84.2% and 89.0%
of the Hg++ from a 10 ppm solution in two separate tests.
The tests were run by leaving 0.1 gram of hair in 50 ml
of Hg++ solution overnight, unstirred.

When the hair was

reacted with mercaptoethanol for 14 hours, it removed
84.2% of the Hg++.
84.0% removal.

A 5 hour reaction time resulted in an

Removal of 100 ppb Hg++ was not as con-

sistent, ranging from 76% with washed hair to 87% and 62%
for reacted hair.
Another batch of hair reacted with mercaptoethanol
for 5 hours was tested for mercury removal in a stirred
system.
removed.

After 70 minutes, 98% of the 100 ppb Hg++ was
After 135 minutes, the hair removed 96.5% of the

10 ppm Hg++.

The same material was tested with methyl and

dimethyl mercury by contacting overnight in an unstirred
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TABLE V
a .
Mercury Concentrations Observed After Contacting
Mercury Solutions with'Keratin
Mercury Solution
Hg++

Hg++
100 ppb

Sample

10 ppm

Washed hairb

1.58 ppm

Washed hair

1.10 ppm

Washedc
reacted hair

1.58 ppm

13 ppb

Washedd
reacted hair

1.60 ppm

38 ppb

Washedd
reacted hair

0.35fppm

2gppb

CH Hg+
3
6.05 ppm

(CH ) 2Hg
3
4.18 ppm

26 ppb

0.43 ppm 1.8lhppm

~ercury concentrations expressed as Hg++.

bwashed with sodium lauryl sulfate, alcohol and ether.
Tests run with 0.1 gram of keratin per 50 ml of solution,
placed in a flask and left overnight, ·unstirred, unless
otherwise noted.
cReaction time: 14 hours 0
Reaction conditions: 48 C., 10.1 vol.% mercaptoethanol
in 0.02 N HCl, 5 g keratin per 225 ml solution.
daeaction time: 5 hours.
Reaction conditions: same as above.
fsamples stirred for 135 minutes, then analyzed.
gSamples stirred for 70 minutes, then analyzed.
hO.l gram keratin, 30 ml solution.
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system.

One tenth gram of keratin in 50 ml of 6.05 ppm

CH Hg+ removed 86.5% of the mercury, and 0.2 gram of
3
keratin in 30 ml of 4.18 ppm dimethyl mercury removed
56.4% of the mercury.
Table VI shows the effect of mercaptoethanol
reaction on the mercury removing ability of hair.

The

capacity for removing 10 ppm Hg++ increased as the
keratin was reacted with mercaptoethanol for longer
periods.

After a 0.5 hour reaction time, the keratin

removed 60.5% of the 10 ppm Hg++.

This removal

gradually improved to about the level of unreacted hair;
88% after 11 hours and 84.6% after 17 hours reaction time.
The removal of 100 ppb Hg++ showed no consistent trend.
The kinetics of 100 ppb Hg++ and 10 ppm Hg++ removal
by hair reacted for 5 hours with mercaptoethanol was also
investigated, in stirred system.

As Figure 3 shows, there

was a rapid initial rate of 100 ppb Hg++ removal, followed
by a period of removal which seemed to be first order with
respect to mercury concentration.

The first order kinetics

went from 40 ppb to 6 ppb, with a slope of 1.48 ppb Hg++
per minute or 7.40 x 10- 7 gm Hg++ per minute per gram of
keratin.

Below about 6 ppb, the rate of 100 ppb Hg++

removal seemed to be less than would be predicted for
first order kinetics.

The 10 ppm Hg++ also showed a

rapid initial removal rate, with first order kinetics from
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TABLE VI

The Effect of Mercaptoethanol Reaction on the Mercury
Removing Ability of Hair
Batch

Reaction Time
(hours)

Hg++ (10 ppm)
Final concentration (ppm)

Hg++ (100 ppb)
Final concentration (ppb)

1

0.5

5.95

32

2

1

4.55

12

3

2

2.90

9

4

3.5

1.90

25

5

4

1.70

14

6

11

1.20

14

7

17

1.54

8

aaeaction conditions: 48°0., 10.1 vol.% mercaptoethanol
in 0.02 N HCl, 5 g keratin per 225 ml solution.
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_about 4 ppm to below 1 ppm.

The first order slope was

minute per gram of keratin.

This data is plotted in

4.18 ppb Hg++ per minute or 20.9 x 10- 7 gm Hg++ per

Figure 4, and the data for figures 3 and 4 is given in
Table VII.

IV.

DISCUSSION

This .section includes a discussion of the analytical
and .sampling handling techniques used for mercury, and
the procedures for determining the interaction of milk
substances, keratin and xanthates with mercury compounds.
Results of the interaction of milk substances, keratin
and xanthates with mercury compounds are also discussed.
Discussion of Procedures
Procedures for analyzing mercury content were
rhosen from among several techniques described in the
literature.

Specific procedures were developed to contact

the milk proteins, keratin and xanthates with mercury
solutions and to remove the dissolved organics and complexed mercury from solution, while leaving the uncomplexed mercury in solution.
Once-through

~·

Recirculating Atomic Absorption Method.

The original article describing use of the cold vapor
atomic absorption technique to analyze for mercury used
a recirculating vapor system.( 2l) During analysis of a
sample with the recirculating technique, the sampleabsorption tube-circulating pump system remains closed
and air is circulated through the system until absorption
of the mercury vapor reaches a constant level.
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The rate
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of mercury volatilization by the air sparger is not
particularly critical with a recirculating system. The
procedure used in the present work,(l 2 ) which involved
only one passage of mercury vapor through the absorption
tube, is another generally accepted method of mercury
analysis.< 74 ) In a once-through system, the peak height
is measured and is assumed to be proportional to the
amount of mercury in the sample.

This is only true if the

mercury volatilizes from the sample at the same rate each
time, and if the same per cent (preferably 100%) of the
mercury volatilizes from each sample.
Using the air sparger made of eighth-inch tygon
tubing which was supplied with the Fisher cold vapor atomic
absorption apparatus used here, all of the reduced mercury
did not volatilize to form a sharp peak as air was bubbled
through the sample.

In one test, air was bubbled through

the sample until the needle indicating concentration had
peaked and begun to go back down, and the air was diverted
to bypass the sample.
zero more

~ir

When the needle was halfway back to

was bubbled through the sample and the needle

began to rise again, indicating that mercury was still
present in the sample.
Although this incomplete volatilization could be
dealt with to some extent by running standards each time,
it made the apparent mercury content of the sample (peak
height) become a strong function of air flow rate through
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the sample.

In practice, there were considerable

problems in reproducability while the tygon sparger was
used.

This reproducability problem was solved by using

a longer reduction time (20 seconds) of stannous chloride
in the sample, by installing a glass sparger with four

0.03 inch holes which produced much smaller bubbles and
hence much better air/water contact, and by adjusting the
air flow rate to 0.4 ± 0.01 cu. ft./min. each time.

With

these modifications, the once-through system proved to be
reproducable and quite satisfactory for mercury analysis.
Digestion Procedure.

One source reports that the

flameless atomic absorption analysis "has now been almost
universally adapted by workers in those agencies monitoring fish for mercury residues, with the only essential
difference from one agency to another being the method of
sample preparation and digestion."< 2
Another source

?)

describing the various digestion materials and techniques
says, "There is no consensus about the relative merits of
these agents.

The procedures are tedious, time consuming,

and often do not liberate all the mercury in the sample."
(5 2 ) Fortunately, the samples referred to by both of these
sources are such things as fish tissue and sediments from
river bottoms, which are much more difficult to digest
than the water samples analyzed in the
present
work •
. .
.,..
Still, the presence of as little as .05% organics< 12 ) and
.
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of alkyl mercury compounds in the solution requires some
sort

o~

digestion procedure.

The Environmental Protection Agency in Cincinnati,
has published a method for the analysis of mercury
in water.< 35 ) Considerable changes had to be made in this

Ohio~

procedure in order to adopt it to present work.

To begin

with, the EPA procedure used a sample treatment time of
2 hours at 90°C. Another source( 20) reports that heating
samples above 70°C. results in significant mercury
volatil.ization from the sample.

Also, since only 10 ml

o:f solution was digested, loss of water and subsequent
concentration of the mercury in the'sample could be a
problem.

Therefore, the samples used in this test were

stoppered and left overnight at 50°C.
Other modifications were necessary because of the
difference between the sample size used by EPA and the
sample size used here.
of

samp~e

The EPA procedure calls for 100 ml

plus dilution water, with the addition of 18.5

or more ml of digestion reagents.

The recirculating atomic
t

absorption procedure used by EPA determines the amount of
mercury in the sample-reagent

mixture, so the addition

of 18.5 or more ml of reagents is no problem.

In the pre-

sent·work (especially with the milk proteins) only 2 or 3
ml of sample were available for digestion.

If 18 ml of

digestion reagents were added to 2 ml of sample, the
Hg++ concentration would decrease

by

an order of magnitude.
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If the Hg++ was 100 ppb or less before digestion,
dilution to 10 ppb or less would increase the possible
per cent error by an order of magnitude.
Overall, results of the digestion of organomercury
solutions have agreed reasonably well with the original
amounts of the mercurials added to the solution.

Another

analytical technique which is not sensitive to the form
of the mercury in solution, such as neutron activation,
could be used to verify the digestion procedure.
The final modified digestion technique used here
dilutes the mercury by a factor of five to one.

This

dilution will reduce a mercury concentration of 50 ppb to
10 ppb.

Assuming a possible variation of one ppb (the

maximum difference between duplicate samples
Table I.) in

e~ch

from 2% to 10%.

note~

in

case, the possible error is increased

At 5

p~b,

this error is'increased to 20%.

Practically, this did not prove to be a serious problem,
because few samples of less than 50 ppb mercury concentration had to be digested.

Where possible, mercury con-

centrations were kept between 50 ppb and 100 ppb even
after digestion in order to minimize per cent variation
in the analysis.
Milk Proteins.

The ultrafiltration technique used

to separate dissolved milk compounds from the mercury
solutions had several limitations.

To begin with, all of
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the organics in the solution were not removed by ultrafiltration.

Lactose, a carbohydrate which is some 1.3

times as abundant in whole milk as the proteins and some
5.5 times as abundant in whey as the proteins,< 62 ) passes
through the ultrafiltration membrane freely.(5l)

Lactose

contains no functional groups that interact strongly with
mercury, but a digestion procedure is recommended whenever
organics are present.

In addition, some of the lower

molecular weight proteins or protein degradation products
could conceivably have passed through the membrane, carrying bound mercury with them.
On the other hand, absorption of the free mercury
onto the membrane proved to be a significant problem.
The membrane was nonionic organic

pol~er,

primarily

selected so as not to combi~e with Hg++ or CH Hg+. At
3
around 10 ppm of these ~ompounds membrane _absorption was
\

only 15% to 18%, permitting some real difference to be
seen between the blank solution and the protein-containing
solution.

At the one ppm level, this absorption increased

to around 50% for Hg++.

Membrane absorption of dimethyl

mercury was nearly 90%, practically masking the effects of
the milk proteins.

Ionic membranes which might interact

less with dimethyl mercury are available from the Amicon

Corporation~( 5 l) but the amount of interaction that they
might have is unknown.
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The ultrafiltration procedure was time consuming,
it involved close contact with the mercury solutions, and
it offered opportunities for sample cross-contamination.
Up to 2 hours were required to filter the 5 ml of whole
milk solution necessary for analysis.

After each test

the filtration unit had to be completely disassembled
w

and thoroughly rinsed.

Even though this work was carried

out in a hood while wearing gloves, such intimate contact
with a 10 ppm CH Hg+ solution is not desirable. The
3
fact that the 0.69 ppm CH Hg+ blank apparently increased
3
to 1.73 ppm during treatment indicates that, in spite of
careful washing, some contamination from one sample to
another did occur.

In spite of these drawbacks, ultra-

filtration was the only.laboratory technique available for
separation of dissolved milk proteins from solution.
Keratin.

Keratin is insoluble

~n

water, so no

separation processes were used after the contacting stage.
Problems arose in the

contactin~

step, however.

Nearly all

of the keratin samples were contacted overnight (14 to 18
hours) with unstirred mercury solutions.

Work on one of

the last keratin samples to be run indicated that agitation
had a large effect on the rate of mercury removal.

Since

all the previous. samples had been analyzed in the same
manner (without agitation) their comparison is still valid,
but the mercury removal would have been better had the
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solutions been stirred overnight.
Results of tests with 100 ppb Hg++ solutions pointed
out another difficulty with the contacting procedure.

The

100 ppb solutions did not follow the trend of improved
mercury separation with increasing mercaptoethanol reaction
time that the 10 ppm solutions indicated.

This behavior

was evidently due to the presence of mercaptans produced
by the mercaptoethanol, which combined with the mercuric
ions in solution.

If this is the case, then removal

efficiency of the 100 ppb solution should be a function
of the amount of washing received after the mercaptoethanol
reaction.

The amount of washing was not·recorded for each

modified hair sample, but the sample which received the
least amount of washing.(due to a shortage of distilled
water) also had the highest final mercury concentration
in solution(38 ppb).

This problem might have been

avoided by dispersing the keratin in ·so or 100 times its
weight in distilled water and stirring for a few minutes
to dissolve all the free mercaptons prior to testing.
Xanthates.

Hexane extraction was used to separate

the mercury-xanthate complex from aqueous solution.

When

the xanthates and mercury (Hg++ or CH Hg+) combine, their
3
ionic character is destroyed and a complex containing two
alkyl groups and a mercury atom is created.

As expected,

this complex transfers to the hexane phase.

Since dimethyl
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mercury already contains two alkyl groups and has no ion
character, the dimethyl mercury blank showed good separation with hexane extraction, about as good as when xanthate
was added.
Because of the large association constant between
+
the xanthate sulfide groups and mercury (Rg++ and CH Hg),

3

virtually all of the mercury should have been in complexed
form.

A~y

mercury left after hexane extraction was com-

plexed with a xanthate radical.

The strong xanthate-

mercury complexing and the possible presence of excess
xanthates in solution after hexane extraction combined to
cause trouble in atomic absorption analysis of the aqueous
phase.

A 9.8 ppm Hg++ solution with 0.05% xanthate re-

gistered about one third too little mercury in solution,
as shown in Table 3, Sample 6.

Evidently, the xanthate

bound the mercury so that the stannous chloride could not
reduce it, or so that it did no·t volatilize as rapidly
as an uncontaminated Hg++ solution.

Digestion of the

sample did not solve the xanthate problem.

After digestion

of the xanthate-mercury solution, mercury concentration
appeared to be two to three times as high as it was
known to be.

This was evidently due to the presence of

sulfides from digestion of the xanthates.

Sulfides

(H 2s, etc.) are shown to absorb at the 253.4 nm mercury
resonance line.< 12 .) They were not allowed to escape
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during digestion because the bottles were kept stoppered.
One possible solution would be to cool the sample bottles
to room temperature after digestion, and bubble air through
them to remove any H2s. Careful monitoring of possible
mercury loss would be necessary.
A final anomalous result was the apparent doubling
in mercury concentration when Hg++ and CH Hg+ solutions
3
were washed with hexane and digested. Since no xanthates
were present, the cause of this interference is not clear,
Sample contamination is possible, but difficult to
rationalize.

Since only traces of a contaminating solution

could have been contacted with the 10 ppm Hg++ and CH Hg+
3
solutions, the contaminating solution would have to be
50 ppm or 100 ppm.

No solutions higher than about 10 ppm·

were used in the tests with xanthates.
The combined result of the sulfide interference and
the anomalous hexane interference would be to increase the
apparent mercury content of the final sample.

Therefore,

a digested mercury sample contacted with xanthate and
extracted with a hexane solution should be·an upper limit
on mercury concentration.

If the sample is analyzed before

digestion, the mercury-xanthate bonding should make the
mercury concentration appear to be lower than it really
is.

r~

this manner upper and lower

bounds~can

be

established for mercury concentration, even if the exact
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concentration cannot be determined.

A more accurate

determination of the mercury concentration could be
obtained from an analytical method such as neutron
activation analysis, which determines mercury independent
of its chemical form.
Summary.

The atomic absorption analysis and digestion

procedures for mercury are relatively new, and clearcut
methods of procedure have not emerged.

The analytical

techniques used in this work are modified versions of the
most appropriate methods described in the literature.
Special ·techniques had to be developed for contacting milk
proteins and xanthates with water and for removing the
complexed mercury·from solution while leaving the uncomplexed mercury in solution.

The ultrafiltration and

hexane extraction techniques that were used had disadvantages even on a laboratory scale.

On an industrial scale

the membrane cost, lack of membrane durability and high
pressure drop/low flow rate in ultrafiltration would make
this method

impracti~al.

Similarly, the solubility of

hexane in water (over 100 ppm) makes hexane extraction an
improbable industrial method for removing the mercuryxanthate complex from water.

Flocculation might be used to

remove dissolved milk proteins from

solu~ion

in a practical

process, and flotation might be used for removing the
mercury-xanthate complex from solution on a large scale.
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In any case, removal of the dissolved complexes from
solution would be a critical step in the development of
a practical process.

In working with complexed mercury

the availability of an analytical procedure such as
neutron activation analysis which determines mercury independent of its chemical form would be helpful.
Discussion of Results
The milk compounds, xanthate and keratin all showed
significant removal of Hg++ and CH Hg+.
3
due to several types of interactions.
Milk Proteins.

This removal was

Both liquid (whole milk and whey)

and solid (casein and lactalbumin) milk products were
analyzed.

The whey contains about 7% solids, and about

1% protein.

This makes the application of 10 ml whey per

40 ml of solution equivalent to 0.1 gram of- protein per
40 ml of solution, slightly higher than the casein and
lactalbumin.

Whole milk contains 13% solids and 3.5%

protein, which makes the 10% milk solution equivalent to
0.35 grams of protein per 40 ml of mercury solution.
In spite of the different application levels, there
was a relatively close agreement between the lactalbumin
and whey and between the casein and whole milk.

This

agreement is plausible, since very little of the protein
in whey is casein, but about 22% of the protein in whey is
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lactalbumin.
casein.

About 80% of the protein in whole milk is

The casein and whole milk were more effective

at removing 10 ppm Hg++ from solution than were the
lactalbumin and whey protein.

Both casein and lactal-

bumin contain about 15% nitrogen, mostly as amines.
Lactalbumin contains about twice as much sulfur (1.6%)
as casein, but neither one contains sulfhydryl groups.
Beta-lactoglobulin, which comprises 59% of the whey
proteins, contains some free sulfhydryl groups.

The

observed superiority of casein over lactalbumin and whey
cannot be explained in terms of the amine and sulfhydryl
groups present, then.

Examination of the milk proteins

for other potentially active ligands reveals the presence
of 0.86% phosphorus in casein.

The interaction of

mercurials with phosphoryl groups in cell membranes has
been documented in the literature.C 7l)

The phosphorus

may be the cause of the superior mercury removal achieved
by both casein and whole milk.
Results of the 1 ppm Hg++ solution were consistent
with the results at 10 ppm, in spite of membrane interference.

.

.

+

-

The 6.5 ppm CH Hg solution showed reasonably
3
good removal by all solutions, but the lactalbumin and
whey were better than the casein and whole milk.

Reasons

for this reversal with respect to Hg++ are not clear.
Some extra interaction with the methyl groups in CH Hg+
3
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may have occurred in the whey and lactalbumin, since the
ionic interaction should have been about the same as with
the Hg++.
The economics .of milk production make whey the only
milk substance among those tested that might be feasible
for a practical mercury removal process.

Unfortunately,

the whey proteins show considerably less affinity for
•
mercury than other milk proteins. This poor removal
efficiency and the difficulty in separating dissolved
whey from solution (even on a laboratory scale) make
the large scale use of whey to treat waste mercury unlikely.
Even though much of today's whey is wasted, the fact that
it is an edible prod1lct assures that it will be more in
demand as population pressures increase.
Xanthates.

The large association constant between

ionic mercury and sulfide groups such as are found in·
xanthate ions indicates that virtually all of the ionic
mercury in solution will be complexed in the presence of
excess xanthates.

The limiting factor in mercury separa-

tion with xanthates becomes the hexane extraction or other
separation technique of the mercury-xanthate complex.
Mercuric ion removal in the first extraction step was at
least 90%, and a second hexane wash removed around 90% of
the remaining mercury-xanthate complex.

Further-solvent

extraction might reduce the mercury concentration to an
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even lower level.

Results of the CH Hg+ analysis indicated
3
a behavior similar to Hg++, and separation of dimethyl
mercury was effective even without the xanthates.

Since

the alkyl character of dimethyl mercury is similar to that
of the complexed Hg++ and CH Hg+ , any process that removes
3
the latter two complexes would probably remove dimethyl
mercury as well.
Since the xanthates contain a sulfide group, they are
potentially useful in treating any dissolved metal which
has an insoluble sulfide.

A xanthate treatment of metal

wastes would be similar to the classical sodium sulfide
precipitation, except that the xanthate-mercury complex is
surface active.

Xanthates are more expensive than other

substances tested here (around $0.40 per pound)(l5? but
are much less expensive than the borohydride which is being
used in an existing mercury removal process.

The prac

ticality of a process based on xanthgtes to remove
mercury and other heavy metals from waste streams depends
largely on the economics of the complex removal technique.
The hexane extraction used in the present work wo·uld
probably not be feasible for a practical removal system
because of the solubility of hexane in water (138 ppm).
Flotation might be a better method_ of removing the mercuryxanthate complex from solution.

Work on other means of

complex separation and on the interaction of the
xanthates with other heavy metals is justified.
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Keratin.

Washing the hair (keratin) removed a

naturally occurring oily layer on the surface, permitting
intimate contact of the mercury solution with the hair.
The washed hair removed 84.2% to 89% of 10 ppm Hg++
from solution.

One possible explanation for this removal

is the presence of a few sulfhydryl groups in the hair.
Hair contains about 3.9% sulfur but the sulfur is
theoretically all present as disulfide groups.

Traces of

sulfhydryl groups, evidently from degradation products
of the disulfide containing amino acids, have been found
in wool.(l 4 ) Similar substances in the hair could be
causing the observed removal of Hg++ and CH Hg+.
3
Coordinatio·n with other ligands such as amine groups is
also a possibility.
The e£fect of mercaptoethanol reaction on the mercury
removal efficiency of hair was investigated.

As Table VI

shows, mercury removal of the treated· hair was not as
good as untreated hair £or reaction time less than five
hours.

The mercury removal of keratin was about as good

as the unreacted hair for reaction times greater than five
hours, but no better.

The reason for the decrease in

mercury removal at short reaction times is not clear.
Since mercaptoethanol

·react~on

of hair to remove mercury from

did not improve the ability
w~te~,

continued work with

mercaptoethanol reaction of hair is not justified.
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Further information on mercury removal by keratin
came from a study of the kinetics of mercury removal
in a stirred system.

Both the 10 ppm and the 100 ppb

Hg++ solutions showed rapid initial rates of mercury
removal.

If sulfhydryl groups in the hair were produced

through weathering, a relatively high concentration of
sulfhydryl groups would occur near the surface of the
hair.

The result would be a rapid initial rate of

mercury removal as the surface sulfhydryl groups were
saturated.
The rapid initial rate of mercury removal was followed by a period of first order removal with respect to Hg++
concent~ation,

both at 100 ppb and 10 ppm.

These first

order kinetics are shown in the linear portions.of_figures
2 and 3, which are semi-log plots of concentration vs.
time.

Since mercuric ions achieve equilibrium with free
sulfhydryl groups in a few minutes,< 12 ) the first order
kinetics evidently do not represent reaction with surface
sulfhydryl groups.

The observed behavior could be due

to a surface reaction with groups other than sulfhydryl
groups, or diffusion into the bulk hair and reaction with
sulfhydryl and/or other groups.

A clear choice between

these or other mechanisms of removal is not possible from
the data available.
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Below about 6 ppb the rate of 100 ppb Hg++ removal
seemed to be less than that which would be predicted by
first order kinetics.

The experimental error was on the

order of 10% to 20% in this region, but an actual decrease
in removal rate could be due to interaction of the
mercury in solution with dissolved mercaptides.

Since

no other reacted keratin reduced the 100 ppb Hg++
concentration below 8 ppb, 5 to 10 ppb of the mercury in
solution was probably complexed with mercaptides.

In

reducing the Hg++ concentration to 2 ppb, some of the
mercaptide-mercury complex probably adsorbed onto the
keratin.

Adsorption of this complex could account for

the slower removal rate observed in
per billion of mercury.

th~

last few parts

Alternately, the 2 ppb of

mercury could represent an equilibrium concentration
if groups other than sulfhydryl were responsible for
the removal.
Further work on the removal of mercury by keratin
should be done.

Initially, the work should be aimed at

gaining deeper understanding of the mechanism and
evaluating the potential of the reaction between degreased
hair and mercury.

Grinding the hair into small pieces

would create more surface reaction, while leaving the rate
of diffusion into the particles relatively unaffected.
This could give insight into the relative importance of
these two mechanisms, and could also improve the mercury
removing performance of the hair. · Other types of keratin
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which might_be used in a practical process, such as
waste hair from tanneries, should be obtained and
evaluated.
Since keratin is insoluble, it does not have to be
separated from aqueous solution as do the xanthates or
the milk substances.

There is no existing market for

the keratin that is now present as a waste product.

The

physical properties for hair are quite conducive to
use in a packed bed.

These factors combine to make

keratin the most promising of the three groups of
substances investigated here.

The most important factor

in the large scale use of keratin to remove mercury and
perhaps other heavy metal ions may be the development
of an economical process to break the disulfide bonds and
produce sulfhydryl groups.

If a large number of the

disulfide bonds in hair were broken, both the rate
and the total capacity of mercury removal should be
dramatically increased.

Work should be done first on

the reduction of disulfide bonds in hair and finally on
reduction of the disulfide bonds in a waste keratin
product that could be used in large scale application.

V.

CONCLUSIONS

Investigation of the interaction of milk products,
sodium isopropyl xanthate and keratin with mercuric
chloride solutions, methyl mercuric chloride solutions
and dimethyl mercury solutions led to the following conelusions.
1.

All of the milk substances interact to remove

mercury .(CH Hg+ and Hg++) from water, but those containing
3
casein r~move Hg++ b~tter than those containing whey proteins.
2.

Sodium isopropyl xanthate forms a complex with

methyl mercury and with mercuric ions.

This complexing

causes the mercury to transfer from aqueous solution to
hexane solution to a much greater extent than the ionic
mercury without xanthates.

3.

Ultimate removal of mercury ·using xanthates de-

pends on the efficiency of the mercury-xanthate complex
removal.
4.

Degreased human hair interacts with Hg++, CH Hg+
3
and dimethyl mercury to remove them from aqueous solution.
Reaction of the hair with mercaptoethanol can decrease the
mercury removing ability of the hair but cannot increase
it.(measured in an unstirred system).
.
.

5.

The removal of mercuric ions by degreased hair

is an order of magnitude faster in a stirred system than
67
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in an unstirred system, both at the parts per million and
parts per billion levels.

VI.

RECOMMENDATIONS

The following recommendations are designed
to guide
.
.
further study on the removal of mercury.
Analytical Procedures.

Another technique for mercury

analysis which is independent of the form of mercury involved should be made available.

This technique would be

used whenever interference with atomic absorption occurred.
Neutron activation analysis is the logical choice for an
alternate technique.
Xanthates.

Further work on xanthates should be given

a high priority.

Separation of the xanthate-mercury

complex should be investigated using a waste stream
similar to that coming from a chlor-alkali plant.

The

interaction of xanthates with other metals in waste
streams should also be looked at.
Keratin.
high priority.

Further work on keratin should be given a
The kinetics and mechanism of mercury

removal by washed, unreacted hair should be investigated
further.

The effects of grinding the hair into small

pieces should be determined.

Methods of breaking the.

disulfide bonds to produce sulfhydryl groups should be
pursued.

The interaction of keratin with

metals should also be determined.
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oth~r

waste

70

Milk Proteins.

Further work on milk proteins should

be given a low priority.

Whey, the milk substance of most

practical interest for mercury removal, did not perform
well with Hg++.

The secondary pollution problem from

dissolved milk substances and potential competition with
human and animal food markets put milk proteins at a disadvantage compared to keratin.

VII.

SUMMARY

A widespread mercury pollution problem has made the
reduction of further mercury additions to the environment
and the deactivation of mercury already in the environment
highly desirable.

In light of these needs, whey (and

other milk substances), keratin and the xanthates were
selected as relatively low-cost, abundant materials to
be screened for their mercury removal abilities.

The

screening procedure involved contacting each material
with mercuric chloride, methyl. mercuric chloride and
dimethyl mercury solutions.
di-~solved

The complexed mercury and

material was then removed from the system,

leaving the uncomplexed mercury in solution.

Merc.ury

concentrations were analyzed by flameless atomic absorption
spectrophotometry.
Milk proteins, keratin and sodiUm isopropyl xanthate
all removed some mercury from solution.

Whey proteins

were significantly less effective than casein in removing
10 ppm Hg++.

Casein removed about 90% of the 10 ppm Hg++,

while the whey removed only about 50%.

Sodium isopropyl

xanthate complexed virtually all of the Hg++ and CH Hg+,
3
but the complex remained in solution. After two hexane
washes, 99% or more of 10 ppm Hg++ was removed from solution.
The·key to a practical mercury removal system based on the
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xanthates is the process that is used to remove the
xanthate-mercury complex from solution.

Degreased human

hair (keratin) removed up to 98% o~ Hg++ and CH Hg+, and
3
around 50% of dimethyl mercury from solution at concentrations around 10 ppm.

Reaction with mercaptoethanol

failed to improve the mercury removing ability of keratin,
but agitation of the mercury solution improved the removal rate by an order of magnitude.

Further work on

keratin and on the xanthate is recommended, but further
work on the milk substances is not recommended for the
present.
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APPENDIX

This section contains data tables and lists the
materials and apparatus used in this study.

DATA TABLES
Table I gives results of three separate
calibrations of the atomic absorption spectrophotometer
with Hg++ solutions ranging from 12.5 ppb to 100 ppb.
Table VII gives the data from investigation of the
kinetics of 100 ppb Hg++ and 10 ppm Hg++removal by
keratin.
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TABLE I
Calibration of the Atomic Absorption Spectrophotometer
Mercury
Concentration

Run 1

Scale Deflection
Run 2

Run 3

9, 8.5

8, 7. 5

12.5 ppb

7.9, 7.Q

25 ppb

14, 14

15.5, 15

14.8, 14.5

50 ppb

28, 27

29, 30

28.5

100 ppb

51, 50

52.5, 51

50.7, 51

200 ppb

91, 90
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TABLE VII
Kinetics of Mercuric Ion Removal by Keratin
100 Parts per Billion
Time
Concentration
Minutes
ppb

10 Parts per Million
Time
Concentration
Minutes
ppm

0

100

0

3

60

2

8.10

7

40

6

5.80

9

33

10

4.70

12.5

22

17

4.00

16

18

25

3.35

19

15

40

2.30

22.5

10

60

1.68

25.5

8

90

0.95

30

6

108

0.70

37

4.5

135

0.35

45

3

60

3

70

2
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Materials
The sources and descriptions of materials used in
the present work are given in this section.
Acetone.

Manufactured by Shell Chemical Company,

distributed by Axton CToss Corporation, Salem, Virginia.
Used for washing hair.
Acid, Hydrochloric.
Lot no. 792039.

Reagent ACS. Number A-144 C,

Specifications:

Maximum of .00008%

sulfate, .00008% sulfite, .00001% heavy metals (as pb).
Obtained from Fisher Scientific Company, Fair Lawn, N. J.
Used

to

make 10% HCl for washing, for diluting samples,

and in digestion of mercury samples.
Acid, Nitric.
792012.

Reagent ACS. Number A-200, Lot no.

Specifications:

Maximum of 0.00008% sulfate,

.00002% heavy metals (as Pb).
Scientific, Fair Lawn, N. J.
Acid, Sulfuric.
no. 792005.

Obtained from Fisher
Used in washing glassware.

Reagent ACS. Number A-300-C, Lot

Specifications:
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Maximum of 0.00008%

83

heavy metals (as Pb).

Obtained from Fisher Scientific

Company, Fair Lawn, N.J.

Used in digestion of mercury

samples.
Alcohol, Ethyl.

USP, Absolute grade.

Distributed

by U.S. Industrial Chemicals Company, Baltimore, Md.
Used for washing hair,
Calcium Chloride.

Anhydrous, granular, 8 mesh.

Baker. cat. no. 1309, lot no. 34160.

Obtained from J.T.

Baker Chemical Company, Phillipsburg, N.J.

Used as drying

agent in atomic absorption analysis.
Casein.

Vitamin free.

Control no. 3147.

Obtained

from Nutritional Biochemicals Corporation, Cleveland, Ohio.
Used to test mercury interaction.
Dimethyl Mercury.
8340.

Specifications:

Highest purity.
B.P. 91-92 0 C.

Fisher cat. no.
Distributed by

Fisher Scientific Company, Fair Lawn, N.J.

Used in

preparation of dimethyl mercury solutions.
Ether, Diethyl.
Lot no. 771458.

Anhydrous, Fisher cat. no. E-138,

Specifications:

residue after evaporation.

Maximum of .00005%

Obtained from Fisher

Scientific Company, Fair Lawn, N.J.
~'

Human.

Used for washing hair.

Obtained from local barbershop.

Used
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to test mercury interaction.
Hexanes.

ACS, mixture of isomers.

H-191, Lot no. 775315.

Specifications:

Fisher cat. no.
.001% sulfur

compounds (asS), Boiling range of 67.9° to 69.4°C.
Obtained from Fisher Scientific, Fair Lawn, N.J.

Used in

solvent extraction with xanthate tests.
Hydroxylamine Hydrochloric.
H-330, lot no. 763562.
compounds (as

so 4 ),

ACS.

Specifications:

Fisher cat. no.
.01% sulfur

.0003% heavy metals (as Pb).

from Fisher Scientific Company, Fair Lawn, N.J.

Obtained
Used in

digestion of mercury samples.
Lactalbumin.

Purified.

Control no. 3383.

Obtained

from Nutritional Biochemicals Corp., Cleveland, Ohio.
Used to test Mercury interaction.
2-Mercaptoethanol.

No. 4196.

Organic Chemicals, Rochester, N.Y.

Obtained from Eastman
Used to react with·

hair.
Mercuric Chloride.
Specifications:

Reagent grade.

.002% Fe.

Lot no. 0173.

Distributed by General

Chemical Company, New York •. Used in preparing mercuric
chloride solutions.
Methylmercuric Chloride.

Stock number 37123, Lot
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no. 060371.

Specifications:

M.P. 167-170°C.

from Ventron Corp., Beverly, Mass.

Obtained

Used in preparing

methyl mercury solutions.
Milk, Whole.

Kroger brand.

Obtained from Kroger

grocery store, Blacksburg, Virginia.

Used to test mercury

interaction.
Potassium Permanganate.
no. p.279, Lot no. 701095.

Certified ACS, Fisher cat.
Specifications:

insoluble matter, .004% sulfate.

.13%

Obtained from Fisher

Scientific Company, Fair Lawn, N.J.

Used in digestion of

mercury samples.
Potassium Persulfate.
Lot. no. 7076.

Low chlorine, reagent grade.

Specifications:

Maximum of .001% chlorine,

.0005% heavy metals (as Pb), .005% insoluble matter.
Obtained from Mallinckrodt Chemical Works.

Used in

digestion of mercury samples.
Sodium Isopropyl Xanthate.

SPS no. 3038, labeled as

Aero Xanthate 343.

Ohtained from American Cyanamid

Company, New York.

Used to test mercury interaction.

Sodium Lauryl Sulfate.
Obtained from Fisher

USP, Fisher cat. no. S-329.

Sci~ntific

Used for washing hair. ·

Company, Fair Lawn, N.J.
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Stannous Chloride.
Lot no. 744531.

ACS, Fisher cat. no. T-142,

Specifications:

.OO% metals (as Pb),

passes test for sulfate.

Obtained from Fisher Scientific

Company, Fair Lawn, N.J.

Used in analysis of mercury

samples.
Water, Distilled.
Engineering Dept.

Obtained from V.P.I.S.U. Chemical

Used in preparing mercury solutions,

10% HCl solutions, etc.
Whey, cottage cheese.
Food Science Dept.

Obtained from V.P.I.S.U.

Used to test mercury interaction.
Apparatus

This section describes the major equipment used ·in
the present study.
Atomic Absorption Flame Emission Spectrophotometer.
DIAL-ATOM Mark II, no. JA82-720.

Obtained from Jarrell-

Ash Division, Fisher Scientific Co., Waltham, Mass.
Hotplate.

Autotemp heater, 115 v.

Fisher Scientific Co., Pittsburg, Pa.

Obtained from
Used to heat

digestion samples.
Oven.

275°0.

Drying, regulated temperature range, 50 to

Obtained from the Blue M Electric Co., Blue

Island, Ill.

Used to dry reacted hair samples.
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Propellant Cartriges.

No. p-10.

Amicon Corp., Lexington, Mass.

Obtained from

Used to pressurize

ultrafiltration cell.
Recorder.

Model SRG, 10 mv setting.

Sargent-Welch Co.

Obtained from

Used for recording output from Atomic

Absorption Spectrophotometer.
Ultrafiltration Cell.

Propellant pressurized

portable, 15 ml capacity, model 10 PA.
·Amicon Corp., Lexington, Mass.

Obtained from

Used to filter milk

samples.
Ultrafiltration Membranes.

Diaflo, type pm-10,

nonionic, 25 mm diameter, Lot no. Tl0-36.
milk proteins.

Used to filter
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THE SEPARATION OF IONIC AND ORGANIC MERCURY FROM WATER
USING MILK PROTEINS, XANTHATES AND KERATIN

by
James.Gideon
Abstract
The interaction and removal of divalent mercury,
monomethyl mercury and dimethyl mercury from water solutions with milk proteins, xanthates, and structural
proteins have been investigated.

Mjlk proteins, in-

cluding lactalbumin, casein, whey and whole milk were
tested in concentrations of one part protein per 500
parts water.

Once filtered,

~~ese

proteins removed up

to 90% of divalent mercury from 10 ppm solutions, up to
80% of methyl mercury from a 6.5 ppm solution and about
50% of dimethyl mercury from limited tests at 10 ppm
(Mercury concentrations expressed as Hg++).
Using one part of sodium isopropyl xanthate per
2200 parts of solution followed by hexane extraction,
removals of 98% (2 hexane washes) of divalent mercury
from 10 ppm solutions, and 95.% removal of methyl mercury
from 10 ppm solutions were achieved.

The xanthates are

commercially used as reagents in ore flotation, and removal by flotation would probably be more desirable in a

practical waste treatment process using xanthates.
Unusually good mercury removals were

achie~ed

using

a sulfur containing structural protein, keratin (hair).
Degreased human hair from a local barbershop achieved
an 83% removal of divalent mercury from a 10 ppm
solution using one part hair per 500 parts solution.
When the solution was well agitated, one part of this
hair per 500 parts solution removed 98% of the mercury
from solutions containing 10 ppm and also ppb of divalent
mercury.

Removal was similar for monomethyl mercury and

about 50% for dimethyl mercury.
The use of these complexing agents for the removal
of mercury from waste water is encouraging and likely
similar removals would be expected for other trace metals.

