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Abstract Technology of biorecovery by Bacillus megaterium to obtain gold as a complex of gold—cyanide from
electronic waste material (EWM) was done. The bacteria were subjected to pretreatment and mutation. The exist
metals in solution were dissolved via the pretreatment, that way, contest for the cyanide ion from other metals was
reduced. The bacteria were subjected to mutation to be able grow at pH 9, 9.5 and 10, where the pKa of HCN is 9.3,
thereby, the cyanide ion concentration available for bioleaching was increased by alkaline pH. The new mutated
bacteria from the pretreated EWM at 0.5% pulp density obtained gold of 17, 25 and 21% at pH 9, 9.5 and 10,
respectively. Whereas the old unmutated bacteria that grow at pH 7, recovered 11%. The outcomes demonstrated
that effectiveness of the mutated alkaline bacteria (B. megaterium) in gold biorecovery was more than normal
physiological (pH 7).
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1. Introduction

Contamination of the environment with electronic waste
material (EWM) increased recently as result increasing of
throwing of electronic devices [1]. The increasing of
worldwide demand on electronic devices, and the shorter
lifecycles of these goods caused the significant increase
in EWM. For example, in computers the lifespan of the
processor was dropped from 6 years in 1997 to 2 years in
2005 [2]. The lifespan of mobile phones about 2 years only
[3]. Therefore many of hazardous wastes and precious
metals, as mercury, cadmium, lead, gold and silver become
environmental contaminants, when millions of electronic
devices around the world disposal to environment yearly.
Around 3.20 million tons of EWM was recorded recently
by Environmental Protection Agency in U.S alone, as
well as EWM has been specified as major component of
solid municipal waste. 82% of EWM was incinerated
or landfilled, just about 18% was recycled [4]. Some of
challenges are encountering landfilling as lack of adequate
landfill area, in addition the contamination which has been
occurred by leaching of heavy metals into the environment
through groundwater, consequently the decontamination is
necessary, as well another factor make recycling of EWM
worthy it is the recovery of precious metals. Per ton the
electronic waste material (EWM) has around 10-10,000 g
gold [5,6] and it is significantly higher than the natural
gold ores which has around 0.5-13.5 g gold per ton [6,7],
therefore it an applicable alternative and more economic

source of gold compared to natural ores. Thereby the
demand for primary mineral resources could be reduced
[8] For facing increasing gold demand it is necessary
to discover new alternative sources of gold such as
EWM. Biorecovery by leaching for the extraction of
minerals from their ores is process an hydrometallurgical.
It is a clean eco-friendly technology and affordable
with minimum operating cost and energy consumption,
compared to conventional processes [5,8,9].

Bacillus megaterium which was used for biorecovery
of gold from EWM in the present work has ability to
produce hydrogen cyanide via secondary metabolite,
this production occurs for a short period at the early
stationary phase, constructing cyanide ion (CN—) and the
non-dissociated form of hydrocyanic acid (HCN). At the
early stationary phase when pH was 7.0 the cyanide was
in form of hydrogen cyanide (pKa 9.3). By progress and at
the late stationary and death phase the cyanide has
been detoxified by B. megaterium via converting it to
B-cyanoalanine [10]. Cyanogenic bacteria like B. megaterium
able overall constructing soluble cyanide compounds from
from metal-containing solids such as electronic waste
material [11]. Elsner’s equation (1) elucidate the process
of gold cyanidation which mean formation of gold cyanide
complex in atmosphere of oxygen [10].

4 Au+8NaCN +0,+2H,0

—> 4Na[ Au(CN), |+4NaOH @

Bacteria which have cyanogenic activity concentrate
metals like gold under alkaline conditions, while acidophilic
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bacteria were used in biorecovery of the metals solid
waste [12]. The alkaline condition and the pKa of HCN is
9.3 made the gold dissolution process increases the total
cyanide ions available for biorecovery. Growth of bacteria
under alkaline condition is the major challenge in this
process.

The present study was devoted to improve the biorecovery
of gold from electronic waste material using B. megaterium.
The parameters that will be examined in this work are
representative in influence of pretreatment of EWM to
minimize the competition for cyanide ion from another
metals principally copper present in EWM, influence of
pulp densities of EWM on gold bioleaching, and applying
mutation of the bacteria to be able grow under alkaline
conditions to maximize the concentration of cyanide ions
available for gold bioleaching.

2. Materials and Methods

2.1. Microorganism

B. megaterium was obtained from Braunschweig, a
German microorganism collection. Activated culture (1%
v/v) was used to inoculate a 100 ml of nutrient broth
medium (NBM), comprising g/L of deionized water: yeast
extract (2), peptone (5), sodium chloride (5) and meat
extract (1). Incubation was done on a rotary shaker at
a temperature of 30°C and rotation speed of 170 rpm for
20-24 hours until the bacteria reached an early stationary
phase characterized by maximum cell density and cyanide
production. The bacterial stocks were maintained at -10°C
after supplemented them with 30% of glycerol.

2.2. Mutation Experiments

The wild B. megaterium was subjected to N-Nitroso
N-ethyl urea (ENU) (100 mM) as a mutagen factor. The
selected pH values were 9, 9.5, and 10, respectively. The
mutations were introduced randomly across the genome,
which could increase the likelihood of targeting that part
of the genome which controls growth rate and pH, as this
could permit selecting cells capable of growing in alkaline
media.

2.3. Electronic Waste

Electronic Waste Material (EWM), mostly comprising
of printed circuit boards, was obtained from Holoul
Electronic Recycling Treatment Co. (Jeddah-Saudi Arabia).
Particles less than 100 um of EWM in the form of
grey dust were obtained by shredding and applying other
mechanical processes for separation while recycling EWM.

2.4. Pretreatment Method

Copper was removed from the EWM using nitric acid
by adding 30 mL of 6 M nitric acid to 10 g of EWM
(45-75 pm) in an Erlenmeyer flask (250 ml) at room
temperature [13] and shaking the mixture for 2 hours. This
was necessary because the presence of nitric acid
interferes in the formation of cyanide-gold ion complex.
The EWM was added to the nitric acid incrementally in

order to minimize frothing as a result of nitric oxide gas
being produced. The mixture was then centrifuged for 10
minutes at 5000 rpm. Leachate (5 ml) was extracted
for metallic analysis using an Inductively Coupled
Plasma-Mass Spectrometer (Agilent 7500a: ICP-MS). The
remainder supernatant was discarded, and deionized water
was used to wash the residue before re-centrifuging. This
centrifugation cycle was repeated until there were no
longer any visible traces of blue-green copper nitrate. The
pretreated EWM pellet was then removed, left to dry, and
finally weighed relative to constant mass.

2.5. Acid Digestion

The procedure of Yamane et al. [14] was followed in
digesting the EWM samples. 1.0 g of samples were added
in Erlenmeyer (250 ml) flasks and digested with aqua
regia (40 ml). Prior to centrifugation, the mixture was left
to stand for 24 hours. Centrifugation took place for 15
minutes at 5000 rpm, and a temperature of 4°C was
maintained for the supernatant sample. The mass of the
solubilized metal was determined by weighing after drying
the residue, and ICP-MS was used to analyze the metal
concentrations of acid digested and bioleached samples.

2.6. Scanning Electron Microscopy

The morphology of the EWM was observed before and
after pretreatment using Scanning Electron Microscopy
(SEM, JSM-5410LV, JEOL Ltd, Japan). Dried samples of
EWM were loaded using carbon tape coated with platinum
particles (10 um) onto the copper stubs. An auto fine
coater (JEOL JFC-1300) was used under vacuum for this
purpose for precisely 1.0 minute at 40 mA. Analysis was
then conducted of the original, pretreated and bioleached
EWM using Energy Dispersive X-ray Spectroscopy (EDX).

2.7. Optical Density

A UV-VIS spectrometer (Metash UV-9000, China)
was used to measure the optical densities of bacterial
samples at 600 nm. Absorbance within the linear range
was ensured by diluting the samples accordingly.

2.8. Free Cyanide Analysis

A cyanide electrode (Thermoscientific Orion) connected
to an Ion Selective Electrode meter was used to measure
the presence of free cyanide in the samples. A six-point
calibration was undertaken weekly at 0, 0.5, 1.5, 10, and
25 ppm.

2.9. Bioleaching Studies

EWM bioleaching was conducted in Erlenmeyer flasks
(250 ml) containing NBM (100 ml), and at different levels
of pulp densities (0.5, 1.0, 2.0 and 4.0% w/v). The
presence of toxic EWM in a single-step approach causes
inhibition of bacterial growth thus the cyanide production
is stop, consequently higher gold recovery was obtained
by applying two-step bioleaching instead [15,16]. The
bacteria were cultured on NBM, in an incubator-shaker at
170 rpm and 30°C under the path of two-step bioleaching.



16 American Journal of Microbiological Research

When the cultures had attained significant cell density,
and bacterial cyanide production had reached its peak
during the early stationary phase, the sterilized EWM was
then added to the bacterial cultures. Samples after EWM
addition were collected on a daily basis over a period of
eight days, filtered and analyzed for their pH value, heavy
metal concentration, particularly gold and copper, and free
cyanide concentration.

3. Results and Discussion

3.1. EWM Elemental Composition

Table 1 presents data of the metal composition of the
untreated EWM after acid digestion and the pretreated
EWM. The metal ion concentration following acid
digestion was used in calculating the percentage of
recovery in bioleaching. The EWM mass comprised of
metals (32%), refractory oxides, ceramics and plastics.
Similar results were reported in previous studies
[1,17,18,19,20,21]. Untreated EWM contained mostly
copper, base metals such as zinc, iron, lead and aluminium
in significant proportions, and in lower concentration,
gold, silver and other metals. The metallic composition
was thus characterized by heterogeneity, which may be
attributed to the origin of the EWM from various sources.
Notably, the gold content was higher than found in most
other studies [5,19,20,21,22,23], but comparable to that

found in Hageliiken and Greinerstraat [24]. The presence
of high concentration of copper-cyanide complexes interfere
with gold cyanidation [25]. Stable complexes with cyanide
are also formed by other metals including iron, zinc, silver
and nickel [11,26,27]. The EWM was therefore treated
with nitric acid in order to dissolve and extract the copper
and other metals for enhancing gold cyanidation in further
bioleaching. Almost 80% of the copper was removed as a
result of the acid digestion pretreatment.

3.2. EWM Morphology

The EWM was shown to be heterogeneous from the
SEM micrographs of untreated and pretreated EWM
(Figure 1 A & B). The particles had varying shapes, sizes
and textures, mostly spherical or rod-like, and with flakes
and fine crystals on their surfaces. Before treating with
nitric acid, the EWM appeared to be smoother and finer in
texture (Figure 1A). Following the treatment, the EWM
surfaces showed signs of erosion thereby making more
crevices exposed from chemical leaching (Figure 1B).
Conducting of analysis of the original pretreated and
bioleached EWM was carried out by Energy dispersive
X-ray Spectroscopy (EDX) (Figure 2 A-C). The results
revealed a large proportion of silicon in untreated and
pretreated EWM, as commonly used in electronic products,
and an increased surface gold to copper ratio after
pretreatment with most metallic particles removed from
the bioleached EWM surface.

Table 1. Elemental composition of untreated and pretreated EWM

Metals Untreated EWM (mg/g) Pretreated EWM (mg/g) Removed With pretreatment (%)
Cu 156.40 36.40 79.8
Al 48.20 15.00 69.5
Fe 32.45 11.00 71.3
Pb 29.00 10.00 66.4
Sn 17.60 2.000 88.6
Ni 15.00 5.000 62.5
Zn 12.60 6.200 55.2
Ag 0.56 0.200 64.3
Au 0.28 0.240 14.3

Total 340.89 86.04

Figure 1. SEM images of (A) original untreated EWM and (B) pretreated EWM at 1000X magnification
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Figure 2. EDX spectra of (A) original untreated EWM, (B) pretreated EWM and (C) Bioleached EWM
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Figure 3. Free cyanide concentration in bioleaching of untreated and pretreated EWM at 0.5%, 1%, 2% and 4% w/v pulp density
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3.3. Two-step Bioleaching of Untreated and
Pretreated EWM with Wild Strain

3.3.1. Free Cyanide Concentration Profile

Figure 3 shows free cyanide concentrations in bioleaching
cultures of the wild strain for untreated EWM and
pretreated EWM at pulp densities between 0.5% and 4%
(w/v). Cyanide was produced by the cells towards the
stationary phase and simultaneously consumed by conversion
to B-cyanoalanine [10]. The data points in the Figure 3
thus show the net cyanide production and outcome of
consumption and gold complexation. The concentration of
free cyanide was observed to be maximum on Day 0 in the
early stationary phase of adding EWM to the bacterial
culture. The concentration of free cyanide decreased over
time while bioleaching at all pulp densities for both
untreated and pretreated EWM. The decrease was sharper
at higher pulp densities, possibly due to more free cyanide
being consumed by the metals with greater concentrations
and increasing pulp densities. During two-step bioleaching,
no cyanide was detected in all instances in uninoculated
controls. Relative to untreated EWM, higher free cyanide
concentration resulted from bioleaching with pretreated
EWM. This could be due to inhibition of cyanide production
with untreated EWM as a result of higher metal concentration,
as the consumption and complexation of cyanide with
gold may cause net uncomplexed cyanide concentration to
decrease over time without cyanide production by the
bacteria. Secondly, it could be due to higher cyanide
complexation with metals with untreated EWM given the
higher concentration of metals relative to pretreated EWM,
which reduces the net concentration of free cyanide. The
difference is small between free cyanide concentration at
high pulp density in the bioleaching of untreated EWM
and pretreated EWM, as EWM toxicity affects cyanide
production. That is, reduced cyanide production is the
result of reduced concentration of viable cells.

3.3.2. Gold and Copper Bioleaching Profiles

Gold leaching by B. megaterium at different pulp
densities with both untreated EWM and pretreated EWM
is shown in Figure 4. Recovery of gold was higher for
bioleaching with pretreated EWM at all pulp densities
relative to untreated EWM. This result was as expected
given the removal of substantial amounts of copper and
other metals that also compete with gold in the formation
of cyanide-complex. Relative to gold, preferential dissolution
of copper could be due to high copper concentration
which consumes free cyanide that would otherwise have
been consumed by gold cyanide complexation [25]. Notably,
gold (EO Aus+/au: 1:52 V) is nobler than copper (E0 Cu2+/Cus
0.34 V) [28]. Gold could not be detected in uninoculated
control during the whole period of bioleaching. This result
suggests the production of cyanide by the bacteria was the
sole lixiviant involved in the leaching of gold. The high
recovery of copper from pretreated EWM relative to
untreated EWM after bioleaching for 192 hours is shown
in Figure 5. The figures indicate a general decrease in
recovery of gold and copper proportions in line with
increase in pulp density. As in gold leaching, the recovery
of copper from untreated EWM by bioleaching is shown
to be lower at all pulp densities relative to pretreated
EWM by bioleaching over the same pulp densities. A
difference however, is that cyanide is not the only lixiviant
for dissolving copper unlike the case with gold leaching.
Reagents in the NBM may have leached copper from the
EWM in different forms to cyanide-based complex, as
evident by the recovery of copper in the uninoculated
controls (Figure 5). Copper leaching has been early
reported in NBM by Brandl et al. [15]. Pretreated EWM
was used for comparing gold bioleaching efficiency
between wild and mutated strains with the capability of
growth in the alkaline range under pH on the basis of
higher recovery of gold and copper with wild strains for
pretreated EWM at pulp density of 0.5%.

12
—©- Control
10l B Untreated (0.5% wiv)
—©— Pretreated (0.5% wiv)
—— Untreated (1% wiv)
sl —8— Pretreated (1% wiv)
= —- Untreated (2% wiv)
s —— Pretreated (2% wiv)
E —A— Untreated (4% wiv)
2 61 — Pretreated (4% wv)
8
T
° 4r
(O]
2+
0t

96 120 144 168 192
Time (h)

Figure 4. Gold recovery in bioleaching of untreated and pretreated EWM at 0.5%, 1%, 2% and 4% w/v pulp density
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Figure S. Copper recovery from untreated and pretreated EWM by wild B. megaterium at different pulp densities

3.4. Growth of Wild and Mutated Strains of
B. megaterium
Growth profiles of the wild mutated and strain bacteria

are shown in Figure 6. A higher mutational growth of
B. megaterium is exhibited at pH 9 and pH 9.5 relative to

unmutated strains at the same pH levels. A pH of 10
inhibits growth of the wild strain in the absence of
mutation. With mutation, growth at pH 10 was also
exhibited by the wild strain, but at a lower growth rate
relative to the wild strain at physiological pH, and growth
of mutated bacteria at pH 9 and pH 9.5.
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Figure 6. Growth curves of wild and mutated strains of B. megaterium at different pH and at 30°C
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Figure 7. Comparison of gold recovery from pretreated EWM at 0.5% pulp density, using the wild and mutated strains of B. megaterium

3.5. Pretreated EWM Subjected to Two-step
Bioleaching with Mutated B. megaterium
at Pulp Density of 0.5%

The recovery of gold from EWM at pulp density of 0.5%
were compared for both wild and mutated strains (Figure 7).
The highest gold recovery (25%) was achieved when
B. megaterium mutated at pH of 9.5 after which 21% of
the bacteria mutated at pH 10, and 17% at pH 9. Cyanide
availability for bioleaching of gold is subject to two important
factors. Firstly, bacterial growth and cyanide production
reach peak levels during the initial physiological range of
pH 7-8 [29]. However, cyanide is likely to be lost at this
pH due to volatilization given that the gaseous hydrogen
cyanide has a pKa of 9.3, the remaining cyanide concentration
in the solution being highly dependent on the pH value
[30], and that a high pH value is more favorable. Bacterial
mutation in an alkaline condition allows for growth and
production of cyanide, which simultaneously increases
cyanide ion availability to improve the recovery potential
of gold. At pH 10, dissociation tends to be greater, but
mutated growth of B. megaterium at pH 10 exhibited
lower recovery of gold at 21% relative to the recovery of
25% at pH 9.5. This growth is significantly lower in
comparison to others (Figure 6). Unmutated growth of the
wild strain at a pH value of 9 showed evidence of higher
recovery at 14%, and at pH 9.5 of 16% in comparison to
11.3% recovery of gold for wild strains at pH 7, which
establishes the importance of the pH value in the
bioleaching of gold (Figure 7). There was no gold
recovery of unmutated the wild strains at a pH value of 10,
and gold bioleaching was attributable only to the

production of cyanide which was produced by the bacteria.

Natural adaptation tends to take longer, and random
mutagenesis can be applied to support bacterial evolution
by controlling the pH value as a pressure for selection.

4. Conclusion

The bioleaching of gold from EWM (Electronic Waste
Material) was examined in this study by means of mutated
and unmutated B. megaterium, as well as the effect of
pretreatment of EWM. Pretreatment with nitric acid reduced
the competition from other metals in the EWM for cyanide
ion. The mutation was found to enhance the bioleaching
process under alkaline conditions for dissolution of gold
by greater CN™ availability. Gold recovery was decreased
by an increase in pulp density as a result of higher
concentration of metals and due to the inhibitive impact
on growth of bacteria and production of cyanide. Mutation
of B. megaterium to grow at a pH value of 9.5 exhibited a
higher biorecovery of gold relative to both the unmutated
strain and to mutated strains at pH values of 9 and 10.
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