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Abstract

Heavy metal contamination in wastewater poses a serious environmental and public health
concern globally, particularly in developed regions, where cost-effective remediation methods
are needed. This study investigates the optimized removal of Pb?* and Cd?** from maize flour
mill wastewater using modified wood-based biomass biochar (WBBC). The activated carbon
was prepared chemically via phosphoric acid activation to enhance its adsorption capacity,
while batch adsorption tests were conducted to examine the effects of contact time, pH, and
adsorbent dosage on its efficacy for metal removal. The physicochemical characteristics of
the studied wastewater sample indicated elevated pollution levels, necessitating
pretreatment prior to environmental discharge. The produced WBBC has a high porosity of
52.3%, an alkaline pH of 9.0, and a carbon content of 84%, which improved its adsorption
capacity. At 120 minutes of contact time, the modified WBBC demonstrated significantly
improved adsorption efficiencies of 92.2% for Cd** and 86.4% Pb?*, respectively. On the other
hand, the unmodified biochar showed substantially lower adsorption capacities and removal
efficiencies (< 20%) than Cd?* and Pb?**, which had equilibrium adsorption capacities (Qe) of
1.4 mg/g and 1.3 mg/g, respectively. Adsorption was shown to follow the pseudo-second-order
model (R2 > 0.99), with chemisorption as the dominant adsorption/removal mechanism.
Statistical analysis revealed that the modification significantly enhanced adsorption
efficiency. These results highlight the potential of modified WBBC as a practical, affordable,
and sustainable solution for treating heavy metal-contaminated wastewater from food
processing, especially in regions with limited resources.

Keywords: Adsorption kinetics, Heavy metals, Modified activated carbon, Optimization, WBBC

INTRODUCTION

Every aspect of life depends on water, although
increases in pollution, population growth, and
climate change continue to threaten freshwater
ecosystems and resources, thereby causing
significant and long-term ecological disasters
(Aleruchi et al., 2023; du Plessis, 2022; ljanu et
al., 2024). Wastewater from industries,
including those in the food processing sector,
such as maize flour mills, often contains harmful
chemicals from machinery corrosion, processing
additives, and raw material impurities (ljanu et
al., 2023; Kolawole et al., 2024; Sharma et al.,
2022). Thus, the presence of contaminants of
effluents has become an urgent environmental
problem with notable consequences for human
health and eco-systems. Recent studies reveal
that over 80% of wastewater globally is released
into the environment without sufficient
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treatment, leading to the pollution of aquatic
bodies with hazardous substances (Li et al.,
2023; Samal et al., 2022).

However, the introduction of heavy metals from
both biological and human-caused
environmental sources has raised significant
concerns, as these metallic elements are readily
adsorbed into cellular membranes, leading to
various life-threatening diseases in humans and
aquatic creatures even at low concentrations
(Aziz & Kareem, 2023; Singh et al., 2024; Ullah
et al., 2020; Wu et al., 2024; Zhang et al.,
2023). Additionally, nutrient-rich effluents
contribute to eutrophication by creating algal
blooms that deplete water bodies of oxygen,
resulting in dead zones where aquatic life cannot
survive. This loss of water quality hinders the
resilience of aquatic ecosystems and deprive
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aquatic life of their habitat (Dhirendra, 2018;
Sahu et al., 2024; Vantarakis, 2021).

Adsorption techniques are among the most
commonly used approaches for eliminating
metallic substances from wastewater. Activated
carbon, due to its high surface area and pore
size, has been extensively utilized as an
adsorbent for many contaminants (Fang et al.,
2023).  However, its performance can be
significantly enhanced through modification
approaches, thereby improving its adsorption
capacity and selectivity for specific pollutants
(Shrestha et al., 2021; Zhao et al., 2022). In
recent studies, Singh et al. (2023) and Zhu et al.
(2022) reported the use of modified activated
carbon for lead and cadmium ion removal.
However, a search of the available previous
literature did not yield a study explicitly
targeting maize flour mill effluent. Existing
findings  generally focus on  synthetic
wastewater, leaving a gap in understanding how
modification  techniques might enhance
adsorption in real-world agricultural
wastewater. For this reason, this study attempts
to fill in this gap by looking at the modification
of activated carbon using phosphoric acid
(H;PO,4) for enhanced adsorption of lead and
cadmium ions from maize flour mill effluent.

In contrast to prior studies that focus on
traditional adsorption isotherm performance,
this study analyses the effects of contact time,
pH, adsorbent dosage, and other parameters on
the kinetics and mechanisms of adsorption in
real waste liquids. By implementing
modification methods, the study seeks to
improve the adsorption capacity of activated
carbon for the selected heavy metals.
Ultimately, this research aims to contribute to
the development of cost-effective and
ecologically friendly technologies for treating
wastewater contaminated with selected heavy
metals from maize flour mills. The research
aims to mitigate the environmental impacts of
Pb2+ and Cd2+ by optimizing their removal
efficiency, thereby contributing to healthier
ecosystems and safer water supplies for
communities.

MATERIALS AND METHODS

Study Area

This research was conducted at a maize flour
mill in Godiya Miyyeti Estate, Takur, Dutse,
Jigawa State, Nigeria, located at 11.76°N,
9.34°E, at an elevation of 460 meters above sea
level. According to the 2022 population census
(Adeleye et al., 2019; Amoo et al., 2024), Dutse
city had a population of 431,800 and experiences
a tropical savanna climate with distinct wet and
dry seasons.
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Collection and Analysis of Wastewater Samples
Wastewater samples were collected using the
grab sampling technique outlined by Khan et al.
(2023). This method involved obtaining samples
directly from the mill's effluent discharge point
to ensure accuracy and representativeness
(Figure 1). Prior to sample collection, pre-
cleaned 5-litre polyethene bottles were
thoroughly rinsed with the wastewater to
minimize contamination and maintain sample
integrity. The  wastewater  sample
collected were subsequently transported to the
Environmental Science Laboratory at Federal
University Dutse, Nigeria, and preserved at 4°C,
following APHA (2017) recommendations. One
litre of the sample was used to investigate
physicochemical parameters, including pH,
electrical conductivity (EC), total dissolved
solids (TDS), and heavy metal concentrations
such as cadmium and lead. Prior to sample
analysis, buffer solutions with pH values of 4.0,
7.0, and 10.0 were used to calibrate a calibrated
digital pH meter (HANNA HI 2211). A Jenway
4510 conductivity meter calibrated with a 1413
puS/cm  KCl solution was used to measure
electrical conductivity, and an HM Digital COM-
100 meter calibrated with a 342 ppm NaCl
standard was used to measure TDS as described
by Amoo et al. (2023). Samples were acidified
with concentrated HNO; (pH < 2) and digested by
wet digestion to perform heavy metal analysis.
A flame Atomic Absorption Spectrophotometer
(PerkinElmer Analyst 400) was used to filter and
analyze the digested samples. Using external
calibration with approved standard solutions,
the concentrations of cadmium and lead were
measured at their respective wavelengths, and
all measurements were taken both before and
after the activated carbon treatment, as
reported by Muhammad et al. (2024) and
Qaseem et al. (2021).

Biochar Preparation and Modification

Wood-based biomass biochar (WBBC) was chosen
over other agricultural waste-derived biochar
types due to its relatively easy modification,
high carbon content, and renewability. Wood
biochar has a large porous structure and
improved surface reactivity owing to chemical
activation, which enhances its suitability for
heavy metal adsorption (Krsti¢, 2021). Wood
biomass was sourced from the Dutse plank
market, thoroughly washed, and sun-dried for 72
hours, after which a 350 g sample was placed in
a clean dry crucible, capped with a glass lid, and
pyrolyzed at a temperature of 600 for one hour,
30 minutes in an SX-2.5-10 muffle furnace, as
described by Li et al. (2023). The resulting
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biochar was cooled in an inert atmosphere at
25°C, then crushed and sieved to optimize
particle size.

Figure 1.

Chemical Activation Process

To enhance adsorption capacity, the biochar
samples were subjected to phosphoric acid
(H3PO4) activation, during which they were
impregnated with 50% H3PO4 at a 1:2 weight
ratio (biochar:acid). The mixture was then
agitated constantly for 12 hours at room
temperature to attain adequate impregnation.
After soaking, the biochar was charred at 700°C
for 30 minutes to improve its porosity. Finally,
it was rinsed with deionized water to remove
residual acid, dried at 105°C, and sieved (<100
pm) for adsorption evaluations.

Wastewater Characterisation

The pH level of the sample was measured with a
calibrated pH meter, and moisture content was
assessed by drying at 105°C until a uniform
weight was achieved. Ash concentration was
evaluated by heating at 550° C to remove organic
elements, leaving only mineral remnants.
Electrical conductivity (EC) was examined using
a conductivity meter to estimate ionic strength
and dissolved ions. Total carbon content was
measured with a carbon analyzer using standard
protocols outlined by Yargicoglu et al. (2015).
Characterisation of Modified Biochar

A digital pH meter was used to examine the pH
of the biochar, and the ash concentration was
determined by incinerating the biochar at 550°C
to remove organic components. Using Brunauer-
Emmett-Teller (BET) surface area analysis of
nitrogen adsorption-desorption isotherms at 77
K, the porosity and surface properties were
investigated, yielding specific surface area, pore
volume, and pore-size distribution. The water-
displacement method was also used to estimate
total pore volume, following the methods
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activated at 700°C for 30 minutes to improve its
porosity and adsorption performance.

outlined by Liu et al. (2016), thereby validating
the BET findings.
Batch Adsorption Experiments
Batch experiments were conducted in 250-mL
Erlenmeyer flasks to evaluate the effects of
contact time (0-120 min), pH (2, 4, 6, and 8),
and adsorbent dosage (5, 10, and 15 g) on heavy
metal removal. Each experiment involved 100
mL of wastewater, with wood-based biomass
biochar (WBBC) added at the selected dosage.
Samples were filtered using Whatman No. 4
filter paper (pore size 20-25 pm) before analysis
and evaluated for remaining metal
concentrations using PerkinElmer AAS Pinnacle
900H as described by Liu et al. (2022). To
investigate the influence of pH on adsorption,
the wastewater pH was adjusted to the desired
level using 0.1 M HCl or 0.1 M NaOH before
adding 10 g of biochar to each treatment batch.
After 90 minutes of agitation, residual metal
concentrations were measured to identify the
appropriate pH for adsorption, following the
approaches documented by Hasnain & Ngaini
(2024).  Removal efficiency and adsorption
capacity were computed using the methods of
Karthik et al. (2024).
Adsorption Kinetics and Mechanism
Adsorption kinetics were investigated using the
pseudo-first-order, pseudo-second-order, and
Weber-Morris intraparticle diffusion models to
understand the adsorption behavior of Pb?* and
Cd*. The pseudo-second-order model (Equation
1) was utilized to find the adsorption rate
constant (Karthik et al., 2024):

i = L + i (1)

a k.2 qe
where t is time (min), go is the adsorption
capacity at time t (mg/g), ge is the equilibrium
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adsorption capacity (mg/g), and k2 is the
pseudo-second-order rate constant (g/mg-min).
The adsorption capacity was estimated using
Equation (2):
Co— C)V

q. = ((’Tt) )
where V is the volume (L), m is the biochar mass
(g), Co is the initial metal concentration, and Co
is the concentration at time t. To evaluate the
adsorption mechanism, BET analysis was used to
determine the influence of surface area, and the
pH effect was examined to assess ion exchange
and electrostatic attraction in metal removal.
Data Analysis
Data analysis was conducted using SPSS to assess
the reliability of the experimental results. One-
way Analysis of variance was used to analyze the
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effects of key experimental parameters (contact
time, pH, and adsorbent dosage) on heavy metal
removal efficiency. The regression assessments
were used to determine the best-fitting
adsorption model, with R? values used to
evaluate model accuracy, as described by
Revellame et al. (2020).

RESULTS

Physicochemical Properties of Maize Mill
Wastewater

The physicochemical analysis of industrial
wastewater from maize flour mills highlights its
potential environmental impact and suitability
for discharge. The results are presented in Table
1.

Table 1. Physicochemical properties of maize mill industrial wastewater

Parameter Value WHO NESREA
pH 6.74 6.5-8.5 6.5-8.5
EC (puS/cm) 80.7 <250 Not specified
Temperature (°C) 32.3 25-30 25 - 30
Odour Putrid Not specified Not specified
Colour Milky white Colourless Not specified
TDS (mg/L) 250 mg/L < 500 < 2000
Lead (mg/L) 0.022 0.01 0.01
Cadmium (mg/L) 0.023 0.03 0.01

Biochar Characterisation

Characterizing wood-based biomass biochar (WBBC) provides crucial insights into its suitability for
heavy-metal adsorption. The results are presented in Table 2.

Table 2. Physicochemical characteristics of WBBC

Parameter Values
pH 9.0
Moisture content (%) 11.2
Ash content (%) 6
Porosity (%) 52.3
EC (uS/cm) 1200
Total carbon (%) 84

Influence of Metal lon Properties on
Adsorption Capacity

Their ionic radii and electronegativity
influenced the adsorption efficiency of Cd?* and
Pb?*. Lead (Pb?") has a larger ionic radius (119
pm) compared to cadmium (Cd%*) (97 pm), which
affects the diffusion of these ions into the
biochar pores. Additionally, the

electronegativity of Pb?* (2.33) is higher than
Cd?* (1.69), leading to stronger interactions with
biochar surface functional groups. The
difference in adsorption capacities between Cd?*
and PbZ is thus attributed to these
physicochemical properties, as supported by the
data in Table 3.

Table 3. Heavy metal concentrations before and after adsorption using WBBC at different dosages

Heavy Metal Initial Conc. Removal at 5g Removal at 10g Removal at 15g
(mg/L) WBBC (mg/L) WBBC (mg/L) WBBC (mg/L)
Cadmium (Cd?*) ion 0.023 0.0028 0.0018 0.0012
Lead (Pb?*) ion 0.022 0.0035 0.0025 0.0018
Adsorption Performance
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Influence of Contact Time, pH, and Adsorbent
Dosage

The study demonstrated that WBBC adsorption
efficiency for cadmium ion (Cd?*), and lead ion
(Pb*) was influenced by these operational
parameters. The effect of contact time (Table
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4) showed that removal efficiency increased
with increasing contact time. The pH of the
solution (Table 5) played a critical role in
determining adsorption efficiency. The
adsorbent dosage (Table 6) further influenced
heavy metal removal efficiency.

Table 4. Effect of contact time on metal removal efficiency (%)

Contact Time (min) Cd Removal (%)

Pb Removal (%)

0 71.74
10 78.26
30 84.78
60 89.13
120 92.17

63.64
70.45
77.27
81.82
86.36

Table 5. Effect of pH on metal removal efficiency (%)

pH Cd Removal (%) Pb Removal (%)
0.0 0.0 0.0
2.0 10.20 6.4
4.0 30.8 22.3
6.0 45.8 36.5
8.0 55.2 46.0

Table 6. Effect of adsorbent dose on metal removal efficiency (%)

Adsorbent Dose (g) Cd** Removal (%)

PbZ* Removal (%)

5 35.20
10 50.62
15 60.48

28.14
42.88
52.10

Adsorption Kinetics and Equilibrium Studies

Kinetic modeling established that adsorption followed the pseudo-second-order model, suggesting
chemisorption as the dominant mechanism. Additionally, the Weber-Morris model revealed
intraparticle diffusion an additional rate-limiting step.

Pseudo-First Order

0.5

LN (Qe-Qt)

—e— LN (Qe-Qt) Cd LN (Qe-Qt) Pb

140

Time (min)
Linear (LN (Qe-Qt) Cd)

Linear (LN (Qe-Qt) Pb)

Figure 3. Pseudo-first order kinetic model for cadmium (Cd2?* and lead (Pb%*) adsorption
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Table 7. Adsorption kinetics and equilibrium parameters for cadmium (Cd?*) removal

Time Co Ce Q Q- 1/Q; t/Q: %  Opt. WW Qe LN(Qe t°5
(min) (mg/L) (mg/L) (mg/g) (mg/g) (m.g/mg) Rem. Dose (L) Q Q)
0 2.3 0.65 1.1 1.4  0.91 0 71.7 15 0.1 0.3 -1.204 0
10 2.3 0.50 1.2 1.4  0.83 8.33 783 15 0.1 0.2 -1.609 3.16
30 2.3 0.35 1.3 1.4 077  23.08 84.8 15 0.1 0.1 -2.302 5.48
60 2.3 0.25 1.4 1.4 071  42.86 89.1 15 01 0 0 7.75
120 2.3 0.18 1.4 1.4 071  85.71 922 15 01 0 0 10.95
Pseudo-Second Order

100

90

80

70
., 60 —@—t/qt(Cd)
g o t/at (Pb)

40

o 15t S TYTTYY Linear (t/qt (Cd))

20 Linear (t/qt (Pb))

10

0 »

0 20 40 60 80 100 120 140

Time (min)

Figure 4. Pseudo-second order kinetic model for cadmium (Cd?*) and lead (Pb?*) adsorption

Table 8. Adsorption kinetics and equilibrium parameters for lead (Pb?*) removal

Time Co Ce Q: Qe 1/Q: t/Q: % Opt. WW Qe LN(Qe- t03
(min  (mg/L (mg/L (mg/g (mg/g) (m.g/mg) Rem. Dose (L) Q: Q)
) ) ) )
0 2.2 0.80 0.90 1.3 1.1 0 63.6 15 0.1 0.4 -0.916 0
10 2.2 0.65 1.03 1.3 0.97 9.71 70.5 15 0.1 0.27 -1.309 3.16
30 2.2 0.50 1.13 1.3 0.88 26.55 77.3 15 0.1 0.17 -1.772 5.48
60 2.2 0.40 1.20 1.3 0.83 50.0 81.8 15 0.1 0.1 -2.302 7.75
120 2.2 0.30 1.30 1.3 0.77 92.31 86.4 15 0.1 0 0 10.95
Weber-Morris Model
1.6
14 ity
1.2
*—
1
g 0.8
0.6
0.4
0.2
0
0 2 4 6 8 10 12

A

t10.5 )
—@— gt (Cd) gt (Pb)  eeeeeee Linear (qt (Cd))
Figure 5. Weber-Morris kinetic model for cadmium (Cd?*) and lead (Pb?*) adsorption

Table 9. Kinetic model parameters for Cd?* and Pb?* adsorption

Response Pseudo-first order model Pseudo-second order model Weber-Morris model
Qe R? K1 Qe R? K; Qe R? K;
(mg/g) (g/m.min)  (mg/g) (g/m.min) (mg/g) (g/m.min)
Ccd? 66.67 0.5117  7483.42 1.4 0.9996 1.70 33.56 0.9208  1258.04
PbZ* 128.21 0.186  26356.38 1.3 0.9976 3.60 27.32 0.9933 680.58

UMYU Journal of Microbiology Research 58 www.ujmr.umyu.edu.ng


http://www.ujmr.umyu.edu.ng/

UJMR, Vol. 10 No. 2, December, 2025, pp. 53 - 63

E-ISSN: 2814 - 1822; P-ISSN: 2616 — 0668

Table 10. ANOVA Results for Adsorption Efficiency

Source of Variation Sum of Degrees of Mean Square  F-Value p-Value
Squares (SS) Freedom (df) (MS)

Between Groups (pH) 12.35 4.12 18.76 0.002**
Between Groups 15.89 7.95 22.43 0.001*
(Dosage)
Within Groups 5.42 0.45 - -

p < 0.05 indicates a statistically significant difference.

Table 11. t-test Results Comparing Modified vs. Unmodified Biochar Adsorption

Mean Adsorption Standard

Adsorbent Type Efficiency (%) Deviation (SD) t-Value p-Value
Modified WBAC 92.5 3.4 5.86 0.004**
Unmodified Biochar 78.3 5.2 - -

p < 0.05 indicates a statistically significant improvement in adsorption using modified WBBC.

DISCUSSION

Physicochemical Properties of Wastewater
The physicochemical parameters of the
wastewater investigated in this study indicate
substantial  pollution. The wastewater
temperature (32.3°C) exceeded WHO and
NESREA limits (25-30°C), which could reduce
dissolved oxygen and accelerate organic matter
decomposition, similar to concerns in agro-
industrial effluents (Thankgod et al., 2024). Its
putrid odour and milky white colour suggest
significant contamination from suspended
organic matter and microbial activity as
illustrated in Table 1. The pH (6.74) of the
sample is within the permissible 6.5-8.5 range
(Table 1), enabling biological treatment
processes, consistent with research on cassava
mill (Lawal et al., 2019) and abattoir
wastewater (Hussaini et al., 2023). The
electrical conductivity (80.7 pS/cm) analyzed
was below the WHO acceptable limit (250
pS/cm), indicating a lower ion concentration
than in ore processing wastewater (225-361
puS/cm) as reported earlier by Ayedun et al.
(2023). The outcome of the total dissolved
solids sample at 250 mg/L indicates that the
maize flour mill wastewater contains relatively
low levels of dissolved inorganic and organic
substances, indicating minimal salinity and a
lower potential for long-term environmental
harm, as also reported by Petre et al. (2023) in
their study.

Biochar Characterisation

The characterization of WBBC highlighted
noteworthy potential for metal adsorption. The
pH of 9.0 indicates alkalinity and strengthens the
adsorption of metal ions such as Pb2* and Cdz*.
This finding corroborates recent studies that
emphasize the benefits of similar pH values in
enhancing toxic metal removal (Wang et al.,
2023). The moisture content of 11.2% confirms
significant water retention, which could hinder

UMYU Journal of Microbiology Research

pore accessibility. Compared to previous
research, this value aligns with the acceptable
water range for adsorption efficiency. The ash
concentration of 6% showed the presence of
inorganic residues, which is consistent with the
support's ability to hinder or enhance adsorption
depending on its composition. The porosity of
52.3% is high, confirming that the biochar has a
well-developed pore structure, which supports
greater interaction with metal ions and,
consequently, improved adsorption (Pet et al.,
2024). The electrical conductivity of 1200
pS/cm, in tandem with a high total carbon
content of 84%, supports the already established
theory that WBBC can efficiently adsorb
pollutants by providing sufficient surface area
and active sites for ion exchange and adsorption
(Elewa et al., 2023). The analysis of variance
results presented in Table 10 revealed
statistically significant differences in the
adsorption efficiency of Pb2* and Cd2?* under
varying pH levels and adsorbent dosages, as
indicated by the p-values of 0.002 and 0.001,
respectively (p < 0.05). These low p-values
indicate that both pH and dosage significantly
affect the adsorption performance of the
modified activated carbon. This finding
highlighted the critical role of pH in determining
metal-ion speciation and surface charge
interactions during adsorption. The significant
influence of dosage further supports the
assertion that increased active surface area
enhances metal uptake, consistent.
Comparison of Modified and Unmodified
Biochar

Comparing modified and unmodified biochar
demonstrated that the modification approach
significantly improved the adsorption efficiency
for both Pb?* and Cd**. The equilibrium
adsorption capacity (Qe) for Cd** and Pb?* with
modified activated carbon was 1.4 mg/g and 1.3
mg/g, respectively. In contrast, the unmodified
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biochar exhibited substantially lower Qe values,
with Cd?* and Pb?* removal efficiencies barely
exceeding 20% and 15%, respectively.
Furthermore, the independent t-test results in
Table 11 show a statistically significant
difference (p = 0.004) in the mean adsorption
efficiency between the modified activated
carbon (92.5%) and the unmodified biochar
(78.3%). This implies that chemical modification
of the biochar significantly improved its
adsorptive capacity, likely due to increased
surface functional groups and porosity. The
combined statistical evidence supports the
optimization strategy applied in this study,
confirming that both adsorbent dosage and pH
adjustment are critical factors for maximizing
removal efficiency. These findings substantiate
the efficacy of the modified biochar as a
superior low-cost material for treating maize
flour mill wastewater contaminated with Pb?*
and Cd?*. These results accord with recent
research by Tang et al. (2018) and Zheng et al.
(2019), which have repeatedly demonstrated
that altering biochar leads to considerable
increases in its adsorption capacity.

Adsorption Efficiency and Mechanisms

The modification of activated carbon improved
the adsorption of both Pb** and Cd?* ions, with
92.2% and 86.4% removal, respectively, at 120
minutes of contact time. This performance is in
line with other studies showing that chemically
modified activated carbons exhibit comparable
removal efficiencies for these metals (Raninga
et al., 2022; Zhu et al., 2022). The
enhanced removal efficiency can be attributed
to the improved availability of adsorption sites
following the surface modification. A similar
structure was observed in the research of
Ciesielezyk et al. (2015), and Jha et al. (2021),
where surface modification of activated carbon
resulted in a more rapidly initial uptake of metal
ions, which eventually attained equilibrium.
This trend was corroborated by the pseudo-
second-order kinetic model, which best
represented the adsorption process,
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