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Abstract–This study investigates the feasibility of using Acidithiobacillus ferrooxidans for the bioleaching of
metals from printed circuit boards (PCBs) of scrap mobile phones at varying pulp densities (0.5%, 1%, 1.5%,
and 2% w/v). While the effectiveness of A. ferrooxidans in recovering base metals from low-grade ores is well-
documented, its application in electronic waste (e-waste) recycling remains underexplored. The present
work aims to assess the organism’s potential for mobilizing key base metals such as copper, nickel, and zinc
from urban waste matrices under different pulp density conditions. Statistical analysis, including Analysis
of Variance (ANOVA) and F-tests, revealed a significant difference in metal recovery rates across pulp
densities, with the highest bioleaching efficiency observed at 1% (w/v). These findings demonstrate the
practical potential of bioleaching as a sustainable and low-impact strategy for metal recovery from e-waste,
contributing to environmentally sound waste management practices and resource recovery.

INTRODUCTION

The global management of electronic waste (e-
waste) continues to pose a significant and growing
challenge (Wirtu, 2025 and Valix, 2017). The rapid
miniaturization and increasing multifunctionality of
electronic devices have accelerated the pace of
obsolescence, particularly among handheld
technologies such as smartphones and tablet
computers, which are gradually replacing larger
devices (Shittu et al., 2020). This surge in electronic
product turnover is contributing to a mounting
sustainability crisis (Awasthi et al., 2025), raising
serious concerns about environmental degradation
and resource depletion (Zeng et al., 2017).

One of the core issues lies in the handling and
processing of e-waste, which contains a complex
mixture of hazardous substances and valuable
metals. The environmental burden associated with
improper e-waste disposal is substantial (Ali, 2025),
as electronic and electrical equipment (EEE)
includes numerous components containing toxic
elements that can adversely impact both human
health and the environment (Pinto, 2008). At the
same time, e-waste represents a valuable source of

secondary raw materials, often referred to as an
“urban mine” (Kankanamge et al., 2025) Notably, the
concentration of metals in e-waste is significantly
higher than that found in traditional mineral ores
(Kumar et al., 2017 and Farazi et al., 2024). A United
Nations report estimates that over $10 billion worth
of gold, platinum, and other precious metals are
discarded annually through improperly managed e-
waste streams (Carrington, 2020).

Improper handling, treatment and processing of
e-waste have the ability to release complex
concoction of hazardous contaminants into various
environmental matrices (Bakhiyi et al., 2017). In
developing countries ‘unorganised sector’ for e-
waste recycling is blooming where low-income
workers (Walke et al., 2025) extract precious metals
like gold from e-waste by dipping it in acid baths
(Pendharkar, 2018). This unorganized sector first
procures the reusable parts from obsolete electronic
gadgets which involve labours working at minimum
wages without protective gloves and masks. These
unsafe recycling techniques without considering
occupational safety have a potential to cause serious
health issues among workers (Ohajinwa et al., 2017).
This is followed by burning remaining waste in open
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area to recover valuable metals. The remaining e-
waste is disposed into rivers and open dumps which
further pollutes water and soil. Conventional
methods like pyrometallurgy and hydrometallurgy
though are efficient for metal recovery are prone to
cause secondary pollutants with significant
detrimental effect on environment (Kim et al., 2025).
Considering the perils of e-waste, research needs to
be diverted optimistically towards recovery of
metals from e- waste with a holistic environmental
approach.   With global increase in colossal menace
of e-waste and with existing recovery options being
critically adverse on environment, scaling up of
bioleaching technology needs attention (Arya and
Kumar, 2020). The clean and clean bioleaching
process has its own advantages like low process
cost, higher efficiency and environmentally feasible
(Nagar et al., 2021). However, its practical
application to complex urban waste streams,
especially printed circuit boards (PCBs) from
discarded mobile phones, remains limited and
under-investigated. The current research is focused
on using chemolithotrophic bacteria for the
mobilization of metals from e-waste at varying pulp
densitiesand also addresses scarcity of research
evaluating its efficiency on e-waste under varying
operational parameters. Furthermore, statistical
tools are applied to understand the leaching
capability of Acidithiobacillus ferrooxidans at different
pulp densities.

This study aims to evaluate the bioleaching
potential of Acidithiobacillus ferrooxidans for metal
recovery from PCBs of scrap mobile phones at
different pulp densities (0.5%, 1%, 1.5%, and 2% w/
v). The study aims to assess the leaching efficiency
of copper, nickel, and zinc at different pulp
densities, statistically evaluate the results to identify
the optimal condition, and explore the feasibility of
using A. ferrooxidans as a sustainable alternative for
metal recovery from mobile phone waste.

MATERIALS AND METHODS

Microorganism and culture conditions

The chemolithotrophs used in bioleaching study
was Acidithiobacillus ferroxidans (strain MCM B-90).
The cultures were procured from Agharkar
Research Institute, Pune, Maharashtra, India.
Acidithiobacillus ferroxidans was grown in Hi-media
ATCC 2039 broth with pH 2.5. The pH was adjusted
with sulfuric acid.  Bioleaching experiments were
conducted in triplicates. For leaching experiment,

10% pure inoculum of pure cultures with different
pulp densities of powdered PCB were selected i.e.,
0.5% (w/v), 1.0% (w/v), 1.5% (w/v), and 2.0% (w/v).
Organism was cultivated in 500 ml Erlenmeyer
flasks with 100 ml of respective culture media and
incubated at 28 0C on a rotary shaker at 120 rpm
condition. The pH was measured periodically and
leached metals were analysed after 10 days of
incubation period.

Analytical Method

For elemental analysis, the leachate was acid
digested in aqua regia. Metal analysis was
performed using ICP-OES (Agilent Technologies-
700 Series) at varying wavelengths (nm): Cu
(324.754), Fe (259.940), Ni (229.592), Co (228.616), Pb
(221.349), Zn (213.856), Cr (205.560), Al (167.079), Au
(241.791), Pt (214.511).

Statistical Analysis

The study further statistically tested the data
obtained for metal leaching at four different pulp
density from this experiment. The cumulative
average of specific pulp densities of e- waste i.e.  A=
0.5% (w/v) pulp density (mg/l), B= 1% (w/v) pulp
density (mg/l), C= 1.5% pulp density (mg/l) and D=
2% pulp density (mg/l) respectively was tested as
triplicates.

Let A, B, C,D, be the mean of the average metal
leached at varying pulp densities of e- waste. Then
the null hypothesis was framed and tested against
alternative hypothesis as: H0:  A =B =C =D i.e.,
there is no significant difference between the means
of metal leached at different pulp densities and
alternative hypothesis as H1: A B C D, i.e.,
not all ’s is equal and there is significant difference
between the means metals leached at different pulp
density. We note that analysis of variance (ANOVA)
is to be used for testing more than two(Montgomery,
2019). Hence, the result of the summary and
ANOVA tables are reported in Table 2.

RESULTS AND DISCUSSION

Metal Mobilization at varying pulp density

RESULTS

A. ferrooxidans mobilized different metals at different
pulp densities as depicted in Fig. 1. Statistically, the
obtained results were evaluated. At a 5% level of
significance, the null hypothesis (that all means are
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Fig. 1. Mobilization of Cu, Al, Ni, Zn, Fe, Co, Cr, Pb, Pt
and Au at different pulp densities of powdered
PCB by A. ferrooxidans (Af). The incubation period
was of 10 days at 30 0C. Bars represent mean
values of triplicate experiments. A. Metal
mobilization at 0.5% i.e., 5g l-1pulp density of
powdered PCB; B. Metal mobilization at 1% i.e.,
10g l-1 pulp density of powdered PCB; C. Metal
mobilization at 1.5% i.e., 15g l-1 pulp density of
powdered PCB and D. Metal mobilization at 2%
i.e., 20g L-1 pulp density of powdered PCB

equal) is rejected as,  F3,11,05=3.59. This implies that
not all pulp density conditions have the same mean
metal leaching efficiency. Figure 2 presents the
reference distribution (F3,11) for the test statistic (F0)

Table 1. Average Metal Mobilization under Control and
Test Conditions

Pulp Density A B C D

Control 0.1371 0.3765 0.2266 0.2598
0.1091 0.3511 0.3858 0.1540
0.0964 0.4811 0.1642 0.2582

Test 0.1542 0.3052 0.2598 0.2808
0.1486 0.3005 0.2628 0.2882
0.1364 0.3449 0.2571 0.2616

which supports this conclusion. Thus, we assert that
there is a statistically significant difference between
the means of metal leached at different pulp
densities. To understand this variation, the mean
effect of metal mobilization at various pulp densities
under control and test conditions was analysed. The
corresponding data is presented in Table 1.

Also, as per Table 3. MSE (Mean Square Error) =
0.005479 (based on control); = 0.000218 (based on

Test) and F3,11,.05=3.59. Then 

and  are the critical

difference (CD) based on control and Test
respectively. Table 4 gives the six simultaneous
confidence intervals for i –j, i<j, i, j=1,2,3,4. (For
convenience, it is denoted as i =1 for A, i = 2 for B,
and so on). These values were used to compute the
Critical Differences (CDs) and simultaneous
confidence intervals for the differences in means of
metal mobilization among various pulp densities.

The F-distribution curve used in ANOVA
(Analysis of Variance), with shaded regions
representing different significance levels (p-values),
and an arrow indicating the observed F-value = 3.50.
The curve in Fig. 2 represents the distribution of F-
values under the null hypothesis—that there is no
significant difference in metal leaching across
different pulp densities of e-waste.

1. Observed F-value (3.50)
o The arrow points to F = 3.50, which lies within

the red-shaded region (p > 0.05). This region
corresponds to statistically non-significant
results at the 5% level ( = 0.05).

 2. P-value and significance
o Since F = 3.50 falls in the red zone (p > 0.05),

the result does not reject the null hypothesis at
the 5% level.

o This means that there is no statistically
significant difference in metal leaching across
the different pulp densities tested - at least not

Table 2. Analysis of Variance (ANOVA)

Condition Source of Variation SS Df MS F-Ratio P-value F-critical

Control Between Groups 0.127691 3 0.042564 7.768218 0.009359 4.066181
Within Groups/Error 0.043834 8 0.005479
Total 0.171524 11 -

Test Between Groups 0.048048 3 0.016016 73.40965 3.66E-06 4.066181
Within Groups/Error 0.001745 8 0.000218
Total 0.049794 11 -

SS: Sum of Squares, Df: Degrees of Freedom, MS: Mean Square
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at the conventional threshold of 95%
confidence.

DISCUSSION

Although pulp density appears to influence
leaching rates (as mentioned in your conclusion),
this particular statistical test suggests that the
observed variation is not strong enough to be
deemed statistically significant.Further studies with
larger sample sizes or more refined experimental
control may be necessary to detect subtler
differences. While the experimental F-value (3.50)
suggests some variation in leaching across pulp
densities, the statistical analysis indicates that this
difference is not significant at the 95% confidence

level (p > 0.05). Optimization may still be practically
useful, but stronger statistical evidence is needed to
confirm significant effects.

CONCLUSION

The analysis reveals a significant difference in metal
mobilization across various pulp densities, both in
control and test conditions. Specifically, under test
conditions, the differences are highly significant
(very small p-value: 3.66E-06). The confidence
intervals show that µBgenerally differs most from
other pulp densities. These findings suggest that
pulp density is a critical factor influencing the
efficiency of metal leaching from e-waste.

Table 4. Simultaneous Confidence Intervals for Differences Between Means

Control Test
Mean Difference Xi-Xj Lower Limit Upper Limit Xi-Xj Lower Limit Upper Limit

A –B -0.288660326 -0.358785697 -0.218534955 -0.17043 -0.184416166 -0.15644082
A –C -0.144681232 -0.214806602 -0.074555861 -0.11349 -0.127475654 -0.099500308
A –D -0.109784961 -0.179910331 -0.03965959 -0.13042 -0.144407178 -0.116431831
B –C 0.143979095 0.073853724 0.214104465 0.05694 0.042952346 0.070927692
B –D 0.178875366 0.108749995 0.249000737 0.040008 0.026020822 0.053996169
C –D 0.034896271 -0.0352291 0.105021642 -0.01693 -0.030919178 -0.002943831

Table 3. Summary Statistics of Metal Mobilization (Mean and Variance)

Pulp Density Size Control Mean Control Variance Test Mean Test Variance

A 3 0.1142 0.000433 0.1464 8.24E-05
B 3 0.4029 0.004748 0.3168 0.000594
C 3 0.2589 0.013056 0.2599 7.92E-06
D 3 0.2240 0.003679 0.2768 0.000188

Fig. 2. The reference distribution (F3,11) for the test statistic (F0) in Table 2.
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