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ABSTRACT

The germicidal properties of some metals and metal compounds were investigated in relation to their electro-chemical
properties that may play a role in the inactivation of E. coli bacteria. These properties included the atomic and ionic
radii, ionization energy, oxidation state, energy of formation with hydro-sulfide groups, and the redox potential of the
metals. Cultures of E. coli bacteria with predetermined numbers of colony-forming units (CFU’s) were brought in con-
tact with the metals as well as metal compounds, using Eosin methylene blue agar medium and sterilized, distilled water.
The rate of inactivation was determined by counting the CFU’s at predefined intervals of time after inoculation. The
experimental results showed that the rate of inactivation increases with increasing ionization energy of the metals.
While the rate of inactivation increases with decreasing atomic radii for some of the transition metals, there is no ap-
parent relationship between ionic radius and rate of inactivation for the metal compounds. In addition, non-transition
group 1 metals such as aluminum and indium showed higher rates of inactivation that are comparable to the action of
silver. This is probably due to the increase in coagulation potential and the resulting adsorption of bacteria, because a
larger number of ions are able electrons carried by these atoms. In general, there is a difference between the atoms and
the ions in terms of their rate of inactivation. This difference increases amongst the transition metals that have lower
oxidation potential, lower ionization potential as well as larger ionic radius. The results also showed that for the metals,
adsorption through coagulation is an important fact or that is responsible for inactivation of E. coli. For the metal com-
pounds, additional mechanisms such as direct reaction through complex formation, physico-chemical distortion of the
cell structure through direct entry of the ions into the cell, may contribute towards greater inactivation.

Keywords: Metal Inactivation; Disinfection; Heavy Metal Toxicity; Water Treatment; Rate of Inactivation;
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1. Introduction isms and the ecosystems, Fe, Mo and Mn are needed as
micronutrients [1]. On the other hand, Zn, Ni, Cu, V, Co,
W, and Cr do have importance as trace elements. How-
ever, they are toxic at high concentrations. The elements
As, Hg, Ag, Sb, Cd, Pb, and U do not have recognized
importance to biological life. Their toxicity, however,

has been reported [2,4,5].

Heavy metals are roughly delineated with a mass density
higher than 5 g/cm?. Out of the 90 elements found in na-
ture, 53 are heavy metals, constituting over 50% in abun-
dance [1]. By and large, the heavy metals belong to the
transition elements within complete d-orbital electrons.
They can easily lose electrons from the transition orbital
and form cations that have the ability to form complex

compounds with a reduction-oxidation potential [2,3]. 1.1. Biocidal Properties of Heavy Metals

Several of the heavy metals are important to biological
life. Among the 17 heavy metals that are useful to organ-
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Silver ions are known from the long past to have a strong
biocidal effect against a wide range of pathogenic micro-
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organisms [6]. Copper has also been in wide use for me-
dical, cleaning, preservative and many other useful pur-
poses because of the low sensitivity of the human skin
and tissue to copper compared to the high level of sus-
ceptibility of microorganisms. The application of copper
for medicinal uses is quite ubiquitous [7]. However, cop-
per, at high concentration, shows toxicity to fish whereas
the level of toxicity of copper is greater in soft water than
in hard water.

Other heavy metals such as zinc and nickel do not rea-
dily undergo redox cycling like copper which is believed
to be responsible for its biocidal properties and is more
stable in its cationic oxidation states [8,9]. Therefore,
their use for medicinal application and as a biocide is li-
mited. However, zinc, while being an essential micronu-
trient to humans similar to copper, shows biocidal prop-
erties against fungi [10]. Zinc pyrithione is used as an an-
tifouling agent in paints [11]. Zinc solution at higher con-
centration is toxic to higher forms of life, including hu-
mans and its oxidative property at such concentration li-
mits its applicability as a biocide [12].

Contemporary applications of heavy metal inactivation
to disease causing viruses have been reported in medical
applications. The oxidation of the tyrosine phosphatase
in the cysteine of the Vaccinia H1 virus by copper ion led
to complete inactivation of the protein function of the vi-
rus [13]. On the other hand, the HIV-1 protease which is
useful for the replication of the virus has been neutralized
through exposure to a proportional concentration of cop-
per ions [14].

1.2. Mechanism of Inactivation of Pathogens by
Heavy Metals

A number of previous research works revealed several
mechanisms, by which the vital processes of the toxicity
of heavy metals to the cells are expressed. These
processes are discussed below.

1) Damage or destruction of the cell membrane:

The initial point of attack of heavy metals is under-
stood to be the plasma membrane [15-17]. Exposure of
microorganisms to higher concentrations of heavy metals
leads to deterioration in membrane structure leading, in
turn, to leakage of cellular solute materials such as potas-
sium and eventual death of microorganisms. Oxidation of
membrane lipids has also been reported to be the cause
of cell damage in higher organisms [17-19]. Not all hea-
vy metals are empowered, however, to cause damage
through cell destruction at a given concentration. Chan et
al. [20], for example, reported no significant effect by
other transition metals than copper which, when used
with 10 mM of H,0,, catalyzed peroxidation of rat eryth-
rocyte membrane lipid.

While extensive damage of the membrane integrity
leads to an obvious loss of cell function, even a small
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change in the physico-chemical properties of cell mem-
branes can result in considerable alteration in the func-
tionalities of the several useful processes that are depen-
dent on the integrity of the cell membrane and which,
among others, includes the transport to protein activity
[21], phagocytosis [22], and ion permeability [21].

The bactericidal properties of several pathogens (Strep-
tococcus lactis, E. coli and P. aeruginosa), based on cell
membrane loss of functionality, have been reported to be
similar [23]. On the other hand, oxidation of susceptible
compounds within the cell structure requires a more ex-
tensive degradation of cells, possibly at higher concentra-
tion.

2) Formation of oxidative stress environment within
the cell structure.

The heavy metals in their ionic form (such as silver
ion, copper ion, cadmium ion, etc.) display an affinity for
binding with the so called sulfo hydroxyl group (SH
group) of the protein inside the cell [2]. For example, the
heavy metal ions that are completed with glutathione,
form a complex called bisglutathione. This complex fur-
ther reacts with oxygen molecules and results in the for-
mation of bisglutathionate, which is the oxidized form of
bisglutathione. The formation of the oxidized forms, bis-
glutathionate, is accompanied by the release of the com-
plexed metal ions and the formation of a reactive oxygen
species (such as hydrogen peroxide). The metal ions, now
freed from the complex, are able to react further in yet
another cycle for the formation of additional bisglutathi-
one and further oxidation [24,25].

3) Interference with vital functions of the cell.

The structure of a number of metal cation-based com-
pounds displays resemblance with metabolically useful
compounds. For example, chromate displays similarity
with sulfate, whereas arsenate shows similarity with phos-
phate. This means that the metal forms mentioned can
potentially interfere with the metabolic processes which
will need the important compounds such as sulfate and
phosphate [26].

4) Damage to DNA and protein through reduction of
metals.

A number of metal ions are able to acquire a reduced
state within the cell environment through processes in-
volving the cell enzymes or through other processes. For
example, chromium ion in the +6 oxidation state can be
reduced to the +3 state. Likewise, copper can be reduced
from the +2 oxidation state to the +1 state. The formation
of reduced metal cations is accompanied by the release of
reactive oxygen species which will oxidise and cause da-
mage or destruction to several of the cell components that
include the DNA and protein [27-29].

5) Displacement of Essential metals from their natural
binding sites.

Heavy metals, in general, have greater affinity binding
to the sulfohydroxyl groups than the essential metals.
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The complex formation with heavy metals as such occurs
through displacement of the essential metals or through
metal-ligand interaction.

1.2.1. Destruction of the Cell Barrier

The frontline attack of heavy metals begins with the cell
membrane. Heavy metals such as copper have been ob-
served attached to the plasma membrane of E. coli. In-
terestingly, steel that does not contain copper did not
attach to the cell membrane, indicating a selective me-
chanism by which heavy metals are attracted towards the
cell membrane [30]. The redox capability of heavy met-
als such as copper is observed as a factor in such selec-
tive binding.

The heavy metals that bind on the cell membranes
cause damage to the lipopolysaccharide on the outer plas-
ma membrane first. A significant alteration of the cell
permeability follows, leading to loss of the vital function
of the cell [16]. Cells rich with polyunsaturated fatty ac-
ids have been observed to lose much of the cell viability
[31]. A slight change in the structural property of the cell
membrane can induce a marked change in the activities
of several useful cell functions that depend on membrane
permeability barrier. These include the transport activi-
ties involving the proteins and the permeability of dif-
ferent ions [20].

1.2.2. Mechanism of Transportation of Heavy Metals
into the Cell Structure

The entry of heavy metals into the bacterial cell is done
through regulation involving the divalent cations or oxy-
anions [32]. However, heavy metals like other non-toxic
metals are indistinguishably transported to the cytoplasm
[2]. The heavy metals as such are not indistinguishable
from the other divalent metal ions or oxyanions that are
useful and pass across the membrane. These include
S0%, HPO?, Fe*, Mg®, Mn**, etc. Therefore,
subject to a certain concentration, heavy metals are af-
forded direct entry into the cell across the cell membrane.
However, toxicity effects result in a defense mechanism
that forms a barrier to the entry of heavy metals. This
phenomenon (metal resistance) will be discussed in a
later section of this paper. X-ray examination of the cell
structure has confirmed the existence of heavy metals
such as silver occupying electro dense environments
within the cell, caused by the entry of the heavy metals
[33]. Most of the observed biocidal actions against the
microorganisms, except those resulting from cell wall
damage, can only take place if the heavy metals are able
to enter the cell.

1.2.3. Inactivation, Damage and Destruction of the

Vital Contents of the Cell
Once the heavy metals find their way into the cell struc-
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ture, they have an opportunity to form a complex reaction
with the protein structure inside the cell. The thiol groups
are known to be liable for the toxicity binding of heavy
metals [34]. Metals, as such, cause inactivation of the
protein inside the cells by reacting with the SH groups,
belonging to the protein structure [35]. Experimental stu-
dies with silver, indicating reaction of silver with thiol
groups, have been identified as critical for bacterial inac-
tivation [36].

Reactive oxygen species such as H,O, are further
formed when oxygen reacts with metal-complexed SH
groups [24]. The reactive oxygen species so formed cause
oxidative stress within the cell, leading to inactivation of
the vital functions of the cell. The synergistic action of
oxidative stress and the metal complexed SH groups
causes a diminishing level of the activity of the vulner-
able enzymes [26].

A possible biocidal response of the stressed condition
within the cell is physiological changes involving the
DNA. The DNA is observed to shrink, leaving an elec-
tron sparse region in the cell while at the same time los-
ing its ability to replicate when shrunk. A dense electron
region is also formed towards the cell wall with a further
potential of reaction involving the heavy metals sur-
rounding the cell wall that can cause damage to the cell
wall [32]. The change of the conformal structure of nu-
cleic acid as well as cell proteins will result in loss of the
vital cell function, including loss of osmotic balance.

While normal interaction of metals, such as copper, is
possible with cell proteins of microorganisms, at elevated
concentrations the heavy metals may damage the protein
both on the outer cell membrane as well as inside [37,38].
Displacement of metals, interaction with the protein
binding sites leading to conformal changes to the protein
structure resulting in the inactivation of the protein vital
function have been reported at high heavy metal concen-
tration, notably silver and copper. These mechanisms can
be considered as direct attack [14,39]. Mediation by hea-
vy metals of proxy attack by free radicals also leads to
protein alteration and damage [40,41].

Extensive studies have been done on the damage, in-
activation and destruction of cell contents by copper ap-
plied as a biocide. Copper causes denaturing of the DNA
through helical structure disorders [42]. Several DNA
viruses revealed copper binding sites in every three nu-
cleotides [43]. A covalent binding of Cu®* has been dem-
onstrated on DNA soaked with copper solution [44].
Multiple damage to nucleic acid is also caused by the
chain of redox reaction generated by the free radicals
[17]. The synergy between copper ion and the H,0, oxi-
dant has been reported to be crucial in causing multiple
damage to nucleic acid. The absence of either of the two
may fail to cause the damage to the DNA [45]. Gunther
et al. [46] argue that copper plays a catalyst role in the
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conversion of H,O, to free radicals. However, by way of
resistance and within the toxicity limits, stronger com-
peting ligands, such as glutathione and cysteine [47,48],
may remove copper away from the DNA in vivo. At high
heavy metal concentrations, inactivation of the protein’s
vital formulation has been reported due to displacement
of metals and interaction with the protein binding sites
that lead to conformal changes to the protein structures.

1.2.4. Complete Destruction

Silver, under an oxygenated environment, is capable of
forming reactive species and is as such known to achieve
a catalytic oxidation, leading to complete inactivation of
microorganisms. There is a synergy between reactive
oxygen species, such as hydrogen peroxide and silver,
which is assisting the inactivation process. The additive
action of reactive oxygen species and silver leads to com-
plete destruction of the cellular ingredients of microorga-
nisms and in their loss of vitality [49]. Denaturing of the
cell DNA by reactive oxygen species after the cell has
been subjected to chromium is well recorded [50,51].
The reactive oxygen species, in the case of chromium,
are reported to be produced through the reduction cycle
of chromium undergoing change from Cr (+6) state to Cr
(1) state.

Apart from destruction caused by oxidative stress in-
volving reactive oxygen species, physiological changes
within the cell structure are caused by the presence of
heavy metals inside the cell. The precipitation of the pro-
tein in the cell into a condensed state is caused by the
heavy metals. This physical (structural) change to DNA
and protein is, in addition to the chemical reaction taking
place between the heavy metal ions and complex com-
pounds, forming the cell contents [33]. The combination
of physico-chemical change taking place on the DNA
and protein, results in damage, inactivation and eventu-
ally death of the microorganisms [33].

1.2.5. Formation and Catalyzing the Action of
Reactive Oxygen Species

One process, by which reactive oxygen species, including
H,0O,, are formed, is the interaction with oxygen of the
complex compounds formed by the reaction of heavy me-
tals with the non-specific thiol groups inside the cell [24].

Heavy metals such as silver, copper and cadmium pro-
duce oxidative stressed conditions within the cell by un-
dergoing complexation reaction with glutathione which,
in turn, results in oxidation reaction with molecular oxy-
gen and eventually the formation of reactive oxygen spe-
cies. The presence of increased levels of reactive oxygen
species results in an increased rate of peroxidation of
lipid, damage to the DNA and process changes to the cal-
cium and sulfhydryl homeostasis [17].

Studies surrounding the inhibitory action of chromate
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suggested the presence of reactive oxygen species as a
result of the reduction of chromate [27-29]. The process
of chromate reduction from the Cr (V1) to Cr (I1I) passes
through Cr (V) intermediate first [52]. The process oc-
curs cyclically and produces overall high concentration
of reactive oxygen species, which will cause extensive
cell damage.

The redox cycling involving Cu?* and Cu** is known
to generate reactive oxygen species in a manner shown
by the following reactions [17,53].

Cu(l)+0,+-—>Cu(l)+0,
Cu(1)+H,0, = Cu(Il)++OH™ + OH"

The redox property is an important property of some
of the metals that are essential to the life of cells. How-
ever, this same property, as shown above, generates tox-
icity to the cell. The reactive oxygen species produced as
a result of such redox reactions are different forms of
oxygen-based compounds which include the super oxide
O,e-, the hydroxyl radical «OH", and hydroxyl anion OH".
Apart from metal-induced formation, the reactive oxygen
species are also formed by a number of natural sources,
including oxidative phosphorylation.

1.3. Subtle Differences and Grey Areas of the
Mechanism of Destruction

The actual mechanism of inactivation of pathogens by
heavy metals is not completely known and is still the
topic of active research. A considerable part of contem-
porary research involved observation of physiological
changes to cells which is increasingly leading to better
understanding of the mechanism of disinfection [33]. Of
all the metals, the biocidal mechanism of action of cop-
per has been well researched and is better understood.
Much of the explanation revolves around the redox capa-
bilities of copper [54].

There are, however, subtle differences in the types of
responses to oxidative stresses as a result of the presence
of different heavy metals. While the majority of the gen-
es give a response to the stress of oxidation of dismutase,
glutathione S-transferase, thioredoxin, and glutaredoxin,
the individual proteins affected by the changes that fol-
lowed differ from metal to metal. For example, cadmium
and chromium subject different sets of glutathione S-trans-
ferase to oxidation, suggesting that there are subtle varia-
tions of the heavy metal stresses and the physiological
state that follows [55].

The actual mechanism by which copper catalyses the
formation of free radicals is controversial. A study on E.
coli showed that copper did not catalyse DNA damage
that caused through oxidative stresses [47]. It is argued
that the majority of copper oxidative damage to the cell
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material may occur through Fenton mechanisms, particu-
larly at high concentrations [56]. Iron-mediated oxidative
damage by copper has been demonstrated [47].

The difference in biocidal properties between copper
and silver, on one side, and other closely related heavy
metals such as zinc and nickel, on the other, is not suffi-
ciently explained. One argument is the ability of copper
to undergo a cyclic redox reaction between Cu®* and Cu*
that as a result, leads to damage of the cell lipid, protein
and DNA while metals with close properties such as zinc
and nickel do not go through such cyclic redox reactions
[8,9]. However, zinc still possesses some biocidal prop-
erties, such as being used as an anti-fungal agent for the
treatment of skin infections [10]. Zinc pyrithione is used
as an anti-fouling in paints [11].

The complexity of oxidative power of heavy metals
and their difference in power of oxidation is not suffi-
ciently explained in terms of the redox potential or the
redox states such as for copper and chromium. At high
concentrations, for example, zinc can promote oxidative
toxicity [57]. However, zinc, in ionic form, is danger-
ously toxic to higher organisms which limit its scope of
application [12]. While it can be argued that nickel also
possesses similar biocidal properties, it has a potential
risk in the forms of haematotoxic, immunotoxic, neuro-
toxic, genotoxic, nephrotoxic, hepatotoxic and carcinoge-
nic properties and is therefore not used extensively as
biocidal agent as much as copper is [58].

2. Materials and Methods

0.15 g of dried E. coli (source) was dissolved in 250 mL
of sterile distilled water. A 0.1 M solution of each of the
7 metal compounds was prepared using distilled water.
Metal plates 0.5 mm x 50 mm x 50 mm in size were pre-
pared. Eosin methylene blue agar was prepared and plac-
ed in a petri dish and incubated at 37°C for a period of 8
hours to test its sterility 0.40 ml of the prepared E. coli
solution was put in two separate 250 ml glass beakers,
under a running Laminar Flow Hood.

The 0.5 mm x 50 mm x 50 mm metal was immersed
in one of the two glass beakers each containing 40 mL of
E. coli and in the other beaker 1 mL of the corresponding
compound was added, yielding a metal concentration of
2.5 mM. Both beakers were stirred. After every 5 min-
utes, 1 mL solution from each beaker was drawn and ino-
culated on the sterile media plate and then spread across
the plate using a spreader. The inoculated plates were in-
cubated at 37°C for 48 hours. After this period, E. coli
colony counts were made using a digital colony counter.
The same procedure was applied for all the metal plates
and corresponding compounds. Concurrent with the tests
for each metal, a control blank test, without the metal or
compound, was run.
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3. Results and Discussion

The experimental data consisting of the percentage of E.
coli colony forming units with respect to time were used
to study the kinetics of inactivation of E. coli by the vari-
ous metals and their ionic compounds employed. Figures
1 and 2 respectively show percentage of E. coli remain-
ing (in percentage units) against time of disinfection by
metals and their corresponding compounds. Both the
metals and their ionic compounds achieved complete in-
activation over a maximum period of 60 minutes. How-
ever, as can be seen from the graphs, the kinetics (rate of
inactivation) varies. Most of the metals used such as cop-
per, silver, cobalt and zinc are transition metals whose
properties make them suitable for inactivation. Some of
the properties of transitional metals include decreasing
reactivity because of smaller ionic radius, oxidizing pro-
perties, catalytic and complex formation properties. For
example, copper and silver are highly oxidizing, one of
the desirable properties for disinfection. Transition met-
als have smaller ionic radii that increase the ionization
energy and make them chemically less reactive. This pro-
perty, together with the ability of transition metals to
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Figure 1. Percentage of E. coli remaining against time of in-
activation by the metals.
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Figure 2. Percentage of E. coli remaining against time of in-
activation by metallic compounds.
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form complex compounds, might enable them to be bet-
ter available for complex formation with bacteria. An-
other property of the transition metals is their ability to
act as catalysts for oxidation of bacteria. The catalytic
properties of transition metals are achieved with their
variable valence, enabling them to form unstable inter-
mediate compounds. In other cases, the transition metals
provide suitable reaction surface compounds. The case of
copper undergoing a +1 and +2 redox cycle, while acting
as a catalyst for formation of reactive oxygen species has
been mentioned earlier.

The order of kinetics of disinfection of the transitional
metals, as shown in Figures 1 and 2, is explained by the
increasing rate of inactivation as one moves from left to
right across the periodic table for transition metals in the
order: titanium, cobalt, zinc, copper and silver. The oxi-
dizing property of zinc is less because the zinc group
(zinc, cadmium and mercury) have low boiling and melt-
ing points (even though their ionization energy is very
high) due to the low metallic bonding capabilities of the
s? electrons. While zinc is electronegative, it is readily
oxidized into a stable form. Therefore, its oxidizing po-
tential is low. In addition, zinc has a low catalytic prop-
erty because the zinc structure (d*°s?), indicates stability
of the d-shell with 10 electrons whereas copper (d'%s")
can have an oxidation state of 1 when the electron from
the s shell is removed, or an oxidation state of Il or even
111 when one or two electrons are taken from the d-shell.

Another property of the metals which is shared not
only by transitional metals, but also by group three(lll)
metals used in the experiment (aluminum and indium), is
the coagulation potential. The poor shielding of the d-
orbital electrons of the transitional metals increases the
influence of the positive charge attraction of the nucleus
thus enabling the metals to act as coagulants against ne-
gatively charged bacteria. It is also known that coagula-
tion potential increases with increasing charge of the ion.
The higher charges of aluminum and indium play a grea-
ter role for coagulation. The results of the kinetics of the
inactivation experiment indicate that the group Il metals
(aluminum and indium) as well as their ionic equivalents
achieved a faster rate of inactivation than most of the
transition metals.

Both aluminum and indium display similar kinetics of
inactivation, indicating that the property of inactivation is
mainly influenced by the charge of +3 which is common
to both ions of Group Il metals in the periodic table.
This property of coagulation is especially important for
the metals because the electrostatic attraction of the met-
als can cause adsorption of bacteria onto metal surfaces
thereby facilitating further inactivation by coagulation,
hence making electrostatic attraction and adsorption an
important mechanism for inactivation of bacteria. Col-
loidal silver is commonly used for inactivation of bacte-
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ria and coagulation is a useful property that can assist
inactivation in this regard.

3.1. Individual Metal/lon Disinfection Kinetics
Evaluation

Figures 3 and 4 show the plots of percentage of E. coli
remaining against time of inactivation for the different
metals and the corresponding ionic compounds for com-
parison of the kinetics of inactivation of metal versus ion.
Aluminum and indium, which are the Group Il metals,
have closer kinetics between the atoms and ions. Since
both have less oxidising properties, the coagulation (ad-
sorption) mechanism may have been similar for the at-
oms and ions. On the other hand, copper and silver also
show similar kinetics for the atom/ion inactivation. Both
copper and silver are known for their higher oxidation
potential and this mechanism may have been important
for both the atoms and the ions. By contrast, zinc, cobalt
and tin show a significant difference in the atom versu-
sion inactivation Kkinetics. The difference may be explain-
ed by the better inactivation properties of the ions through
reaction and complex formation because of the low oxi-
dation potential of these metals. These properties are not
much helpful for inactivation by the metals.

3.2. Relationship between E. coli Destruction and
Electro-Chemical Properties of the Metals

The variations in the rate of inactivation of the metals
and metal compounds with their ionization energy, which
is a measure of reactivity of the metals, are seen in Fig-
ures 5 and 6 respectively. There is a linear trend—a de-
crease—in the time required for inactivation with in-
creasing ionization energy. The regression coefficient of
the linear trend is 0.92 for the metals and 0.88 for the
metal compounds. The greater correlation of increasing
kinetics of inactivation with increasing ionization energy
for the metals, in comparison with the metal compounds,
might be an indication that for the metals, ions play a less
important role in the inactivation of E. coli. Silver and
titanium plot in Figure 6 as anomalies. The faster kinet-
ics of inactivation of silver may be explained partly by
the poorer shielding of the nuclear charge as the numbers
of d-orbital electrons increases.

Figures 7 and 8 show the trend of inactivation of E.
coli with respect to atomic and ionic sizes for metals and
their corresponding compounds, respectively. For the
metals, the trend of decreasing inactivation time with de-
creasing atomic size is apparent among the transition me-
tal series involving copper, cobalt and zinc. On the other
hand, the trend is weak for other metals such as alumi-
num, silver and indium. For the metal compounds, there
is an apparent decrease in inactivation time with increas-
ing ionic radius. However, the size of the ion may not
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Figure 6. Variation of inactivation time by metal compounds
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tivation by metals with atomic radius.
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Figure 8. Variation of the time required for complete inac-
tivation by metal compounds with ionic radius.

be the only factor explaining inactivation. For example,
silver ion has a larger ionic size while its inactivation ki-
netics is fast, partly due to the poor shielding of the nu-
clear charge by the d-orbital electrons. The trend of faster
kinetics of inactivation might thus be more appropriately
linked to increasing nuclear charge. However, the combi-
nation of increasing nuclear charge and the comparative-
ly smaller ionic radii of transition metals still play a role
in the inactivation kinetics along with other properties of
the metals, such as higher oxidation potential, complex
forming ability, coagulation and catalytic action. These
are also related to the presence of easily transferable d

Open Access

orbital electrons and due to poor shielding of the d orbi-
tals as the atomic number increases particularly for the
transition metals.

As explained in the preceding sections, heavy metals
generally react with proteins by combining with the thiol
groups that leads to the inactivation of the proteins. The
concentration of heavy metals used in the tests (2.5 mM)
may be high enough to cause membrane destruction and
protein denaturing. The data obtained in terms of the
time taken to achieve complete destruction of E. coli for
a number of metals has been compared with the free en-
ergy of formation of metal sulphides. Table 1 below shows
the solubility and free energy of formation of sulphides
for a number of metals.

A plot of the time taken to achieve complete inactiva-
tion of E. coli was plotted against the free energy of for-
mation of metal sulphides according to the data of Table
1. Figure 9 shows the result of such a plot. It is clear that,
generally, the time taken to achieve disinfection falls. As
expected, ions achieve faster inactivation than atoms.
However, for the metals with lower free energy of for-
mation (copper and silver) the difference between atom
and ion inactivation is considerably small compared with
metals of higher energy of formation. This partly indi-
cates the relative significance of formation of reactive
oxygen species compared to direct ionic oxidation of me-
tals, leading to DNA denaturing which is facilitated
through ion formation. On the other hand, atoms with
higher free energy of formation show a significant dif-

Table 1. Comparison of free energy of formation of metal
sulphides with time taken to achieve complete inactivation.

Time taken to  Time taken to

0
Compound Ksp (jﬁl'jll;s) inactivate for  inactivate for
compound (min) metals (min)
AQ;S 67%x10%° -93 15 25
Cus 63x10%° -11.7 35 50
CoS 20x10% -19.8 50 60
zZns 16x10%2 —47.4 45 60
70 -
6A0 Metal 6AD
60 -
Zn 50
Metal 40 -
compounds 5 Time taken for
30 - .
25 E. coli
20 - inactivation
15 i
10 | (min)
50 -40 30 20 10 0
Free energy of formation (joules)

Figure 9. Variation of inactivation time with free energy of
formation of heavy metals and metal compounds.

JWARP



1140 A.J.VARKEY ET AL.

ference in the rate of inactivation between atoms and ions.

The difference is expected to get wider when a lower
concentration of metals is used as is normally the case
with potable water disinfection with metals. On the other
hand, it is noticed from Figure 9 shows that the time
required for complete inactivation of E. coli falls much
faster at low free energy of formation. Therefore, al-
though cobalt and copper have a significant difference in
energy of formation, the time required for inactivation
does not vary much. The opposite is true for copper and
silver. Both of these have low free energy of formation
with a small difference in values (Table 1). However, the
time required for inactivation with silver is much smaller
than that of copper. This is a result of the increase in the
number of protons in the silver ions compared to copper
while the increased number of electrons is filled in the d-
orbitals with poor shielding of the protons’ attraction po-
tential.

3.3. Evaluation of Inactivation Kinetics with
Respect to Reduction-Oxidation
Properties Metals

Table 2 shows the standard redox potentials of the met-
als for E. coli in activation. The potentials are given with
respect to reduction of a hydrogen ion to a hydrogen gas
and show the relative potentials of the metals in reduc-
tion.

The high oxidation potential of silver and copper com-
pared to the other metals. On the other hand, metals on
the lower part of the table have limited oxidation poten-
tial as they are oxidized in turn. Zinc belongs to this set.

In order to examine the relationship between the ki-
netics of inactivation with the redox activity of the metals
which potentially influences the production of reactive
oxygen species that have oxidative power, the time taken
for complete inactivation of E. coli is tabulated against
standard redox potential of the metals as shown in Table
2.

Figure 10 shows a plot of the time taken for complete
inactivation of E. coli against standard redox potential for
the metals used in the experiments. As expected, the ki-
netics is considerably faster for the atoms with higher
oxidation potential, such as copper and silver. By con-
trast, for zinc, aluminum and titanium, the oxidation po-
tential does not show a meaningful trend with the redox
potential. This observation is in line with previous ob-
servations that metals, such as zinc, show stability and do
not undergo redox cycling [12].

In fact, the metals aluminum and indium show an ano-
maly with respect to redox potential indicating that the
inactivation kinetics is not explained solely by oxidation
potential. Other factors such as coagulation should be ta-
ken into consideration.

Open Access

Table 2. Redox potentials and time taken for complete inac-
tivation.

Redox Time takento  Time taken to
Atom  Symbol potential  inactivate for  inactivate for
(mV)  compounds (min) metals (min)

Silver Ag 0.8 15 25
Copper Cu 0.34 35 50
Tin Sn -0.14 50 65
Cobalt Co -0.28 50 60
Indium In -0.34 25 30
Zinc Zn —-0.76 45 60
Titanium i -1.63 NA" 60
Aluminum Al -1.66 35 40

“The metal compound for titanium was not available.

70 - Time taken for
E. coli inactivation
(min)

In Co sn
50 -

40 - Cu Atom

Al

Indium atom, 304 30 -
Indium-ion, 25® Ion

20 - Ag
10 -

-2 -1.5 -1 -0.5 0 0.5 1
Standard redox potential (mV)

Figure 10. Variation of inactivation time with redox poten-
tial of heavy metals.

4. Conclusions

The rate of inactivation showed variation among the dif-
ferent metals and metal compounds. The rate of inactiva-
tion for several of the transition metals as well as the
Group Il metals (aluminum and indium) showed a de-
creasing linear relationship with their respective ioniza-
tion energies. For the transition metals, the rate of inac-
tivation increases as one moves to the right along the row
of the transition series with the well-known property that
the ionic radii of the metals increase while doing so. In
addition, non-transition, Group Il metals, such as alu-
minum and indium show faster inactivation comparable
to that of silver due probably to the increase in coagula-
tion potential and the resulting adsorption of bacteria as a
result of the larger charge carried by these atoms.

The experimental results showed that for the metals,
adsorption through coagulation seems to be the most im-
portant factor. Future experiments with metals aimed at
enhancing such a mechanism of inactivation might yield a
greater rate of inactivation than what is being realized at
present. For the metal compounds, additional mecha-
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nisms, such as direct reaction through complex formation,
physico-chemical distortion of the cells’ vital contents
through direct entry of the ions into the cell structure
may contribute towards greater inactivation. These fac-
tors are made evident through the association of the rate
of inactivation with redox potential and free energy of
formation of the metals with the sulfide groups. There is,
in general, a difference between the metals and metal
compounds in terms of their rate of inactivation. This
difference is larger for the transition metals that have
lower oxidation potential, higher ionization energy as well
as larger ionic radii.

The results also showed that the rate of inactivation for
the metals and metal compounds follow a trend with the
free energy of formation with sulfide, with the metals
having properties that enable them to form complexes
with SH groups within the cell as well as the redox po-
tential that enables the metals to catalyze the formation
of the cell-destroying reactive oxygen species. Metals
such as copper and silver, with higher oxidation potential
and higher free energy of formation, show a faster rate of
inactivation of E. coli. By contrast, the rate of inactiva-
tion of E. coli by metals with low redox potential and
free energy of formation with the sulfide groups is gen-
erally poor. The results point to a possible future work
with the active metals to increase their coagulation, reac-
tive and oxidation potential, with a view to enhancing the
inactivation of pathogens and increasing the scope of ap-
plication of heavy metals for disinfection purposes.
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