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Abstract. Pollution of drinking water by toxic heavy-metal ions is a matter of con-
cern worldwide. These ions occur naturally, and also from environmental spills, radi-
oactive wastes and other industrial waste. Arsenic and lead are typical examples. A
novel green surfactant, purpose designed, and environmentally friendly is shown to
be extremely effective and specific for heavy metal ion removal. This is a consider-
able step forward on previous technologies. Surfactants have been used universally to
remove organic and inorganic contaminants from water. But little selectivity has been
achieved. After usage, the residual surfactants are discharged into surface waters or
sewage systems. This causes environmental pollution. In this review, three surfactants
from different classes (novel green surfactant, synthetic chemical surfactant and bio-
surfactant) are compared in terms of their efficiency in flotation, removal of different
heavy-metal ions, biodegradability, and toxicity level, including their advantages and
disadvantages.

Keywords: ion flotation, green surfactant, chemical synthetic surfactant, biosur-
factant, water treatment, toxic heavy metals.

1. INTRODUCTION

Low but toxic amounts of heavy metal ions like arsenic occur naturally
in drinking water. It is a long-standing problem. It affects millions of peo-
ple. There has been little progress towards its solution. Similar environmental
issues of increasing concern are: wastewater from mining operations, battery
and electronic manufacturing, the paper industry, radioactive waste disposal,
which all pose massive challenges. The discharge of such waste waters into
rivers and lakes affect aquifers, discharge into the ocean and can cause seri-
ous problems to marine life and to public health.!

Heavy metals such as chromium (Cr), cobalt (Co), lead (Pb), cadmium
(Cd), mercury (Hg), nickel (Ni), zinc (Zn) and copper (Cu) are not biode-
gradable and they can accumulate in human tissues. Cobalt and chromium
are a big problem with joint replacement surgery, and horse racing! Another
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example: although zinc is essential for normal function
of both eukaryotic and prokaryotic cells and other dif-
ferent human tissues, excessive amounts of zinc cause
skin irritation and vomiting.> Another ion, copper is
an important element in human metabolism; however,
excessive ingestion of copper can lead to spasms, vomit-
ing, and even death.*

Heavy-metal ions like radioactive strontium and
radium in low concentration are among the most dam-
aging in nuclear waste. So new techniques that allow
removal, and especially selective removal of contami-
nating heavy metal ions, wherever they occur, is a mat-
ter of highest importance. The urgent need for separa-
tion technologies for rare earth metals for the computer
industry reinforce this.

In the medical field, a large amount of research has
focused on establishing critical heavy metal levels in the
human body. For instance, nickel, lead, mercury, cadmi-
um, and chromium can be carcinogenic and cause seri-
ous problems for normal human organ function.>”

The existence of heavy metal ions in industrial
wastewater, a matter of global concern, has led to stricter
environmental regulations. Much research on the remov-
al of heavy metal ions from water has been aimed at sev-
eral different methods: membrane technology, adsorp-
tion, ion exchange, chemical precipitation, and flotation.
Of these, flotation is a technique of much promise. This
method is able to remove heavy metal ions using bubbles
and a ‘collector’ in the aqueous phase. In the context of
minerals beneficiation, collectors are usually surfactant
molecules. They are used in froth flotation of particu-
lates, metal rich minerals that attach to surfactant coated
air bubbles. They typically leave unwanted substances
like silica and clays behind in the flotation process.

There are several processes that use this technique:
froth flotation, dissolved air flotation, precipitation flo-
tation, and ion flotation that are well described in refer-
ences.®?

Ion flotation derives from the mineral separa-
tion industry. It is a technique also capable of removing
organic and inorganic contaminants either in anionic
or cationic forms from wastewaters.!® Currently, ion flo-
tation is in use for the recovery of precious metals, ion
separation, and wastewater treatment because of its low
energy consumption, inexpensive ancillary devices, flex-
ibility, and a negligible amount of sludge.'>!> A simple
schematic of a laboratory scale ion flotation process is
depicted in Figure 1 and shown in the graphical abstract.

The conventional picture of how froth flotation sep-
aration of mineral particles works has it that surfactants
adsorb onto finely ground hydrophilic mineral particles,
selectively converting the required mineral to possess a
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Figure 1. Schematic diagram of the column setup for ion flotation
process.

hydrophobic surface. The continuous flow of a high den-
sity of bubbles captures the coated hydrophobic particles
and carries them off into the collected foam. Naturally
hydrophobic particles, such as talc and some mineral
sulphides, float naturally, whereas most minerals are
hydrophilic and will not float unless coated with an
adsorbed layer of surfactant. The selective and controlled
hydrophobicity of the mineral particles in a mixture,
facilitates the successful selectivity of the froth flotation
separation process.

Our interest is in ion flotation for which the simplest
explanation is different but closely related to froth flota-
tion. The important process is that surfactants adsorb
to bubbles below the CMC, to provide a monolayer to
which the heavy metal ions to be collected adsorb spe-
cifically and as the bubbles rise, the surfactant-ion com-
plex can be collected in the froth. At the same time,
ions in solution may selectively bind to the surfactant
head-group(s) and then be adsorbed at the bubble sur-
face. Whichever process dominates, it works and our
aim here is to make the process as specific as possible. In
this study, the effectiveness of a novel kind of surfactant
designed for specificity in the removal of heavy metal
ions has been explored and compared with two other
standard surfactants.

2. GREEN SYNTHETIC SURFACTANTS. HINTS FROM
BIOLOGY

The promise of flotation techniques has not been
matched by expectation so far. The goal of selectivity, of
specificity, in harvesting heavy metal ions has remained
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an Elusive Eldorado. Taking a lesson from biology, from
enzymes, we have synthesised novel surfactants that go
some way to achieving improved specificity. There are
double pluses in this. The most widely used surfactants
are made from petroleum compounds. These sur-
factants are made by a wide range of industries, which
themselves produce toxic products for the environment.
Remediation methods of these surfactants include ozo-
nation, UV radiation and catalyst-coupled auto-oxida-
tions, which are of economic concern. In addition, the
levels of CO, liberated by petrochemical processes for
the synthesis of the surfactants was found to be as high
as 37% in the EU. Further, cationic surfactants with
quaternary ammonium and pyridinium headgroups
widely used in many household and pharmaceutical/
medical applications are potent immunosuppressants
(see section 3 below).

These difficulties have led to the idea of going green,
that is, through the search for a new class of surfactants
which are to be obtained from raw renewable materi-
als.® Environmentally friendly, or “Green Surfactants”
can be obtained from natural and renewable ingredi-
ents. They should be biodegradable with low toxicity.
There are evolving stricter environmental regulations
due to increasing concern about traditional surfactants
which create health and environmental /water pollution
issues. Our goal in this search for green surfactants that
are ion specific is made easier in that Nature has already
shown the way. The shape, folding and hydrophobicity
that determines structure and function of proteins and
enzymes all depend on binding of specific ions to sites
with specific dispersion forces and hydration compat-
ibility. There are myriad examples of active sites within
enzymes that bind specific, usually divalent, ions that
can serve as guides to templates that suggest prototypes
for novel synthesised surfactant head groups.

2.1. L-cysteine an exemplar

L-cysteine is an amino acid that is biosynthesised
in the human body, mostly in keratin-rich tissues, such
as nails, hair, and skin which have the highest level of
cysteine.!* Different cysteine-based green surfactants
with suitable hydrocarbon chain lengths can be syn-
thesized by reacting octanoyl chloride and dodecanoyl
chloride with cysteine.!>1¢

Such surfactants have many useful properties. They
are edible! So, their potential as a soap in industry is
immense. For our present problem of heavy metal con-
tamination, then if a slight amount of this surfactant
remains in treated water after a flotation process, it will
not be harmful for human beings compared to tradition-
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Figure 2. Schematic for the synthesis of octanoyl-cysteine sur-
factant from octanoyl chloride, in acetone, and L-cysteine in
water.'®

al chemical synthetic surfactants. It might even put hair
on our chests!

2.2. Reaction synthesis

Below is the standard reaction synthesis method
which can be used to obtain different cysteine-based
surfactants.'>!® The obtained surfactant was recrystal-
lised in a mixture of ethanol:water (V:V 50:50) twice
before using in the ion flotation experiments.

2.3. Green Surfactant Properties

These surfactants can be naturally decomposed by
enzymes known as peptidases and proteases, a process
that takes place in the intestine. The process produces
octanoic acid and cysteine, which are both natural and
have health benefits. Octanoic acid is an organic carbox-
ylic acid, which is found naturally in the milk of various
mammals and is a minor component of kernel oil, palm,
and coconut oil. Octanoic acid (caprylic acid), can also
be taken as a dietary supplement due to its anti-inflam-
matory and antimicrobial properties. As a consequence,
both of the products of this decomposition reaction are
compatible with the human body.

2.4. An application to arsenic removal

Cysteine-based surfactants with different chain
lengths were developed and used for removal of low level
of arsenic from drinking water.'® Single chain octanoyl-
cysteine (s-octanoyl-cys) and single chain dodecanoyl-
cysteine (s-dodecanoyl-cys) have been applied as the col-
lectors in a single stage batch ion flotation process. The
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Table 1. Ion flotation results for the removal of arsenic ions (5
mg/L or ppm) at pH = 8 using different cysteine-based surfactants
(reproduced from'). C(surfactant) = 0.01M.

As (ppm) Removal As (ppm) Removal

Surfactant after 30 (%) after  after 60 (%) after
mins 30 mins mins 60 mins
_ _ st
$-Octanoyl-cys 1 0.442 91.2 0.120 97.6
crystallized
_ _ nd
$-Octanoyl-cys 2 0.135 97.3 0.025 99.5
crystallized
_ _ nd
$-Dodecanoyl-cys 2 5 33.8 234 53.2

crystallized

results obtained are given in Table 1. The single-chain
octanoyl-cysteine surfactant was found to have a rela-
tively high CMC value of 0.1 mol/L and showed signifi-
cant foaming ability. The corresponding values for dode-
canoyl cysteine surfactant were found to be 0.009 mol/L.
The dodecanoyl-cysteine surfactant, with the lowest
CMC value, also showed the lowest solubility in water
and the weakest foaming ability.

It is necessary to avoid forming micelles, in which the
surfactant spontaneously forms surfactant aggregates that
make the flotation process less efficient. During the ion
flotation experiments here , the initial concentrations of
these surfactants were used at about 0.1 of their CMC(s),
i.e. at levels of 0.01 M and 0.0009 M, respectively.

These experiments were performed at pH = 8 (using
NaOH 10% w/w), and an initial concentration of 5
mg/L (ppm) for arsenic, As (V) ions. Based on Table 1,
S-octanoyl-cys shows superior affinity with As (V) rath-
er than S-dodecanoyl-cys surfactant. As a consequence,
after 60 minutes ion flotation, S-octanoyl-cys was able
to remove 97.6% of As (V), while S-dodecanoyl-cys was
capable of removing only 53% of the initial arsenic ions
from solution.

Most of the research on the binding process of
heavy metals to cysteine is limited to computation-

al studies, however there are few experimental stud-
ies based on NMR analyses. It has been reported!”
that three cysteine molecules are needed to make the
As(Cys); complex, coordinated with thiolates. This coor-
dination, resulting in a pyramid trigonal site, makes the
interaction between As (III) (arsenite) and sulthydryl in
cysteine group more stabilized; and this demonstrates a
possible cause of the toxicity mechanism for arsenic in
causing structural distortion of cysteine-based biopol-
ymers. '® Binding of Cd ions with cysteine was also
studied using '"*Cd NMR spectrum, which displayed 9
resonances where 8 of them were at the range of 600-
700ppm, related to S-thiolate coordination for the Cd
ions. While one resonance occurred at 516ppm, which
is destabilised and can be interrupted. This resonance
relates to C-terminal cluster of Cd ions to the cysteine
molecule.”

2.5. The effects of the input gas type

The effect of different gases on the efficiency of
heavy metal ion removal in the ion flotation process was
also examined.”” Pure nitrogen and dry air were intro-
duced separately to the bubble column to produce bub-
bles with an average of about 2 mm diameter. The results
presented in Table 2 show that air gas was slightly better
for ion flotation than nitrogen, removing 99.9% of the
arsenic compared with 99.4% for nitrogen (see Table 2).
Mercury was found to have the highest removal rate in
the presence of nitrogen gas, at 99.9%; with air, 99.6%
was removed. Table 2 indicates the results of removing
arsenic, lead, and mercury from water using S-octanoyl-
cys as the collector and N, and air as the inlet gases to
produce bubbles.

The results presented in Table 2, illustrate that the
green S-octanoyl-cys surfactant is entirely able to remove
lead, mercury, and arsenic ions from aqueous solutions, at
levels more than 99%. According to the Table, this green
surfactant almost gives the same efficiency either using

Table 2. Flotation results for of 5 mg/ L (ppm) of different heavy-metals ions using s-octanoyl-cys, C(surfactant) = 0.01M and pH = 8.

(Reproduced from").

As (ppm) after 30 Removal (%) after As (ppm) after 60 Removal (%) after

Contaminant Inlet gas mins 30 mins mins 60 mins Ref.
Lead air 0.399 92.0 0.0467 99.1 15
Lead nitrogen 0.257 94.9 0.032 99.4 15

Mercury air 0.024 99.5 0.020 99.6 15
Mercury nitrogen 0.022 99.6 0.002 99.9 15
Arsenic air 0.137 97.3 0.006 99.9 20
Arsenic nitrogen 0.032 99.4 0.029 99.4 20
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air or nitrogen gas. This high efficiency is remarkable
and suggests that the process could be used to treat water
contaminated with heavy metal ions like arsenic (As),
which is a naturally occuring toxic element and human
carcinogen in countries such as Bangladesh, India, Brazil
and China. Its concentration has often been increased in
ground water due to industrial waste from mining, metal-
lurgy and also the use of toxic substances such as pesti-
cides, in some parts of the world, leading to even greater
levels of contamination of ground water and crops.?*

From these results, it appears that air could be used
instead of the relatively expensive pure nitrogen gas to
reduce the operation costs of a commercial ion flota-
tion plant. It is notable that according to World Health
Organisation (WHO), the acceptable level of heavy-
metal ions in drinking water is less than 0.5 mg/L. After
60 minutes ion flotation using the green S-octanoyl-cys
surfactant, the concentrations of lead, mercury, and
arsenic ions in water are 0.046, 0.02, and 0.029 mg/L,
respectively, which are 10 to 25 times lower than the
WHO standard level.

Following the excellent results for removal of heavy
metal ions by using S-octanoyl-cys as the collector, a
wide range of heavy metals were examined in a single
batch stage flotation process. Removal of eight common
heavy metals: cadmium, chromium, strontium, calcium,
gold, mercury, lead, and arsenic were determined after
sixty minutes bubbling.!>1>2% The initial concentration of
each single metal ion was 5 mg/L and the initial concen-
tration of used S-octanoyl-cys surfactant was adjusted
to 0.01 M. These experiments were carried out at pH = 8
(using NaOH 10% w/w) and the results obtained for each
single heavy-metal ion are reported in Table 3.

As the Table shows, there is an excellent affin-
ity between the surfactant and various metal ions in the
aqueous solutions. This green biodegradable surfactant

Table 3. Ion flotation results of different single heavy metals in
aqueous solution using S-octanoyl-cys (C(surfactant, initial) =
0.01M, C(heavy metal ion, initial) = 5 mg/L (ppm), and pH = 8).
(Reproduced from'>20).

Single C (ppm) Removal (%) C (ppm) Removal (%)
pollutant  after 30 min after 30 mins after 60 min after 60 mins
Cd (I1) 0.27 94.6 0.04 99.2
Cr (IIT) 0.33 93.4 0.001 99.7
Sr (IT) 0.03 99.4 0.009 99.8
Ca (IT) 0.72 85.6 0.13 97.3
Au (III) 3.12 37.6 3.38 42.4
Hg (II) 0.02 98.5 0.02 99.4
Pb (II) 0.40 92.02 0.05 99.1
As (V) 1.37 72.6 0.02 99.6

is able to adsorb Sr, Cr, As, Hg, Cd, Pb, and Ca ions
through a physico-chemical process and remove them
from drinking water with high removal rates (%) of 99.8,
99.7, 99.6, 994, 99.2, 99.1, and 97.3, respectively. Accord-
ing to Table 3, this natural surfactant has less affinity
to bind with gold ions in comparison with other metals
examined. It shows a moderate removal rate of 42.4%.
Gold ions were used in the form of AuCl, ions.

We have also found'? that the ion flotation system
using S-octanoyl-cys surfactant at an initial concen-
tration of 0.01 M and at pH 8, can successfully remove
copper ions at 50 mg/L in aqueous solutions. The results
show a high removal rate for copper ions using this sur-
factant and in the hydrated form of copper ions, in the
sulphate salt, even visual observation shows a noticeable
visible blue colour at concentrations higher than about
200 mg/L of Cu?'. The results observed for ion flota-
tion of copper ions at 500 mg/L indicates that using the
S-octanoyl-cys causes this colour to rapidly disappear,
which confirms that the ion-flotation process should be
directed towards the development of novel treatment
methods for the removal of heavy-metal ions, such as
Cu, from mining wastewater.

2.6. Selectivity in mixtures of ions

Extending these results, we have illustrated the
removal efficiency and the selectivity of S-octanoyl-cys
to remove several ions in a mixed aqueous solution with
initial concentrations of 5 mg/L.!? These experiments
were undertaken in the presence of an initial concen-
tration of 0.01 M of the surfactant and pH = 8. After 60
minutes samples were taken. Although this green sur-
factant showed excellent removal rates for single metal
ions in aqueous solution, after ICP-MS analysis for a
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Figure 3. Removal rate of different heavy-metal ions in a mixed
aqueous solution using S-octanoyl-cysteine surfactant through a
batch stage ion flotation process (Reprinted from Ref. 12, with per-
mission from Elsevier).
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mixture of metal ions, the results indicated that some
of the metal ions were clearly bound more strongly. The
removal rate results for an aqueous solution containing
seven heavy-metal ions (Cu, Cr, Cd, La, Pb, Mg, and Fe)
are depicted in Figure 3.

Based on the data from ICP-MS analysis, copper and
chromium ions also show strong binding affinity to the
surfactant with removal rates of 83% and 78%, respec-
tively. However, in comparison with other heavy-metal
ions, iron and magnesium jons exhibited less bonding.
The removal rates were 16% and 6% for Mg and Fe ions,
respectively.

2.7. Other applications

In addition to removal of pollutants from water, there
is another significant application for ion flotation. This
technique has found its way as a promising separation
process with especial interest in heavy metal ions recov-
ery. Therefore, further research on the effectiveness of
the green S-octanoyl-cys surfactant has been conducted
for separation of iron and lanthanum ions in an aqueous
solution. For this purpose, a mixed solution of 5 mg/L of
lanthanum and iron ions was studied and ion flotation
was undertaken using an initial concentration of 0.01 M
of s-octanoyl-cys surfactant at pH = 8. After 60 minutes
bubbling, samples of solution remaining in the column
were taken and the results are reported in Table 4.

It is evident that besides excellent heavy metal
removal capacity of this surfactant, it also can be used
to separate or produce specific recovery of some metal
ions from a mixed aqueous solution. The Table indicates
S-octanoyl-cys surfactant has a stronger binding affinity
with lanthanum ions rather than iron ions. As a result,
La recovery is almost 12 times more than Fe removal.

3. CHEMICAL SYNTHETIC SURFACTANTS

Chemical synthetic surfactants were initially used
by Sebba? in a flotation process to concentrate inorganic

Table 4. Flotation results for a mixed solution of iron and lantha-
num, using s-octanoyl-cys surfactant in a batch process. Initial con-
centration of La and Fe are 5 mg/L. Initial surfactant concentration
= 0.01M and pH=8. (Reproduced from'?).

Mixed T C (mg/L) Removal (%) C(mg/L) Removal (%)

IXeQIONS fter 30 min after 30 min after 60 min after 60 min
Iron 4.78 4.4 4.6 8.0
Lanthanum 1.00 80 0.27 94.6

Ve
W -
0" O~ Nat

Figure 4. The molecular structure of sodium dodecyl sulfate (SDS)
as an anionic chemical synthetic surfactant.’*

ions from aqueous solutions. This type of surfactant is
widely used in industry since the molecular structures
could be designed as they are required. Alkane sul-
fonate, alkylamine, disodiumalkyl malonate, xanthate,
sodium oleate, and sodium dodecyl sulfate (SDS) have
been widely applied in ion flotation.** Besides the advan-
tage of using chemical synthetic surfactants, there are a
number of drawbacks to applying them in industry.

Chemical synthetic surfactants demonstrate consid-
erable biological activity. For instance, anionic chemical
synthetic surfactants are able to form bonds with mac-
romolecules such as enzymes, peptides, and DNA which
might alter their surface charge and vary the folding of
the polypeptide chain. This binding can interfere their
normal biological functions.>>2¢

Furthermore, quaternary ammonium compounds
are the most common type of cationic surfactants. They
are known to bind with the inner membrane of bacteria.
As a result, this type of chemical synthetic surfactant
can disorganise them and affect their normal func-
tions?”3? cationic surfactants are potent immunosup-
pressants, a fact as widely known as it is ignored.

The fact that our cysteine-based surfactants are not
toxic and actually edible is highly significant. In addi-
tion, non-ionic surfactants demonstrate the ability of
binding with phospholipid membranes and different
proteins. This binding raises permeability of cellular
membranes which can cause cell damage or death due to
loss of amino acids and ions.*

It is notable that sodium dodecyl sulfate (SDS) is one
of the most well-known chemical synthetic surfactant
that is used widely in industries. This surfactant is also
known as sodium lauryl sulfate. Figure 4 illustrates the
molecular structure of this anionic surfactant.

The effectiveness this surfactant in removing heavy-
metal ions has been assessed in a number of reports.
For example, Yenidiinya®* applied SDS as the collec-
tor in an ion flotation process for removing Mn**, Cu?*,
and Zn** from water. After 60 minutes flotation, 99.8%,
90.5%, and 73.4% of magnesium, copper, and zinc were
removed from the aqueous solution. Table 5 shows
the results obtained from various studies using SDS
for removal of heavy-metal ions through ion flotation.
According to Table 5, although a frother and axillary
ligand have been used, the achieved removal rates are
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Table 5. Using sodium dodecyl sulfate and tea saponin surfactants in the process of ion flotation for removing heavy metal ions from water.

Surfactant Pollutants Condition Removal (%) Ref.

Sodium Dodecyl Sulphate (SDS)  Zn (II), Mn (II), Cu (II) Crnetat:CspsiC axillary ligana =1:5:5, pH = 4 90.5, 99.8, 73.4 35
Sodium Dodecyl Sulphate (SDS) Cr (I1I) Csps : Creta = 2, pH =8 91.6 36
Sodium Dodecyl Sulphate (SDS) Cu (gg’ (I;Ik;,(IZIr)l) (I;III)(H)’ Chrew:Csps= 1, pH=9 975, 8;'25.’587’ 83, 37
Sodium Dodecyl Sulphate (SDS) Cd (II) Csps: Cea =3, pH =4 94 38
Sodium Dodecyl Sulphate (SDS) Ni (II), Zn (II) Csps ¢ Cretat = 13.5, pH = 9.7 99.8, 90.4 39
Sodium Dodecyl Sulphate (SDS) Cd (1I1) Csps : Cheta = 2, pH = 10 99.8 38
Tea Saponin Cu (II) Caurfactant * Cretat = 3> pH =4 81 40

Tea Saponin Cd (I1) Caurfactant © Coetar = 11, pH=7.5 8 41

Tea Saponin Pb (II) Courfactant © Cetat = 11, pH = 4.8 12 41

relatively lower than those obtained by S-octanoyl-cys
surfactant.

Tea saponin is uncharged with a CMC value of
about 0.72 mM.* In a recent study,** tea saponin was
used for removing cadmium, lead and copper ions in
aqueous solutions. The highest efficiencies were achieved
when the tea saponin ratio to heavy metal was 3:1 at
pH = 6. The removal efficiency decreased slightly with
increasing in ionic strength obtained by adding NaCl
solutions (in the range 0.001-0.004 M).

4. BIOSURFACTANT

Biosurfactants are known as ecosystem friendly
compounds, which are found in plants, animals, and
microbes etc. Most biosurfactants are found either in
anionic or non-ionic form and only a few of them are
cationic.*>** The lipophilic part of these biosurfactants

Figure 5. The molecular structure of tea saponin molecule as an
example of a non-ionic biosurfactant.*”

is usually based on long-chain fatty acids. * The hydro-
philic sector can be an amino acid, cyclic peptide, carbo-
hydrate, alcohol, or carboxylic acid.** Biosurfactants are
widely applied as additives in food industry, adsorbents
for environmental treatment, and flocculants because of
their properties such as biodegradability, low toxicity,
and biocompatibility.*® Due to stricter environmental
regulations, biosurfactants would be the promising alter-
natives to the traditional chemical synthetic surfactants.

The tea saponin molecule, found in Camellia plants,
is a non-ionic surfactant which has been used in soil and
water treatments.”” The molecular structure of this sur-
factant is depicted in Figure 5.

A very small number of studies have been conducted
to ascertain the effectiveness of heavy metal ion removal
using tea saponin biosurfactant in the ion flotation tech-
nique. Table 5 shows the results obtained for heavy met-
al removal from water using tea saponin as the collector
in an ion flotation process. The removal rates of Cu?*,
Cd?*, and Pb** from water using this surfactant were
found to be 81%, 8%, and 12%, respectively. Although
tea saponin is a relatively ecosystem friendly biosur-
factant, it does not show a satisfactory removal rate for
cadmium and lead ions. It is notable that long flotation
times and low removal efficiency are the main limits of
applying biosurfactants in large-scale water treatment
plants. Therefore, more research is required on develop-
ing biosurfactants to make them of greater practical val-
ue in the water treatment industry.

5. SUMMARY

The Na-octanoyl amino acid-based single-chain
cysteine surfactant shows a high-water solubility and
high foaming ability over a wide pH range. In a batch
ion flotation process, this surfactant was able to remove
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97-99% of the initial 5 ppm level of strontium, lantha-
num, arsenic and different heavy metal ions at levels
typically present in contaminated water, in a simple,
single-stage physiochemical process. The surfactant
showed significantly lower efficiency for the removal of
iron, selenium and gold ions. In a solution mixed with
heavy-metal ions, including arsenic, copper, cadmium,
magnesium, lanthanum, chromium, lead and iron, the
surfactant shows a higher affinity to bind with arsenic,
copper and chromium compared with the others. More-
over, the effectiveness of this surfactant for removal of
gold ions from aqueous binary mixtures in the presence
of iron and mercury ions has been explored. This new
surfactant is highly efficient compared with commer-
cial surfactants (e.g., SDS and CTAB) for ion flotation.
Importantly, it is also an environmentally acceptable
compound. It can be decomposed into cysteine (amino
acid) and octanoic acid (caprylic acid), which is taken as
a dietary supplement. The surfactant has the potential
for wide usage in ion flotation and in froth flotation.*

In the ion flotation experiments reported here, the
cysteine surfactant concentration was in the range 10
mM (initially) to 5 mM, whereas the initial metal ion
concentrations were in the range: 0.1 mM (for light ele-
ments jons such as Ca) and 0.025 mM (for the heavy
elements, Au, Hg and Pb). Hence, in all cases, the sur-
factant was always present in the batch column process
in excess, relative to the metal ion concentrations.

It should be noted that in this protocol the sur-
factant, unlike the ions, was not fully depleted from the
column during 60 minutes of bubbling time. That is, the
surfactant concentration was approximately halved in
the column during the bubbling experiments. Hence, the
surfactant was always present in the column at a much
higher concentration level than the metal ions, during
these experiments. These conditions were used to illus-
trate the relative selectivity of the surfactant for a range
of different ions, as shown in the results, from a series
of single and mixed ion flotation experiments presented
here.

By comparison, in a commercial process much
longer ion flotation columns would be used to increase
the efficiency of ion collection relative to the surfactant
concentration, since the surfactant coated rising bubbles
will continue to remove ions from the solution until they
have reached saturated adsorption densities.

6. CONCLUSIONS AND FUTURE PROSPECTS

We have shown that ion flotation can be used
for the treatment of contaminated waters containing

toxic metallic ions. The example given is that of the
S-octanoyl-cys surfactant, which can remove a range
of low level toxic ions from water. The significant selec-
tivity of this surfactant for some of the ions studied is
also most encouraging. It suggests that the ion flotation
process could be used to completely separate some spe-
cific ion mixtures that pose problems, like rare earth
ions. More research and methodological work is needed
on how to harvest other valuable ions, such as gold, to
reduce the significant costs of current refining process-
es. The surfactant also showed high efficiency for the
removal of relatively high concentrations of copper ions,
which could be used as a promising alternative for the
treatment of different industrial and mining wastewater.

From a sustainability view-point, the surfactant col-
lected in the foam can be released from the bound ion
and then re-used to enable recycling of the surfactant.
This surfactant also readily decomposes into products
which are acceptable for human ingestion. It is also
worth mentioning that the commercial development of
this process would have a wide variety of applications
and can address the global issue of heavy metal ion pres-
ence in drinking water.

A final observation: many enzymes have an active
site, a hydrophobic pocket, centred around a specific
ion which is generally divalent. The binding is highly
specific and the ion sets the required structure of the
hydrophobic pocket that allows the enzyme-substrate
lock and key process. For example, with the restriction
enzyme Hindi 2, the specific ion, e.g magnesium, can be
replaced by suboptimal calcium, manganese, copper or
nickel. ® With the suboptimal replacements, the enzyme
can still “work”, but not so efficiently and the chain of
subsequent reactions is affected. This explains why trace
elements are necessary, for both plants and animals, and
why small amounts of ions like arsenic are so toxic. That
different enzymes bind different trace ions so selectively
may provide an entry into a wide range of other novel
surfactants.
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