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Abstract

Mining activities at the copper nickel Bamangwato Concessions Limited (BCL) mine have contributed to the
accumulation of heavy metals in areas surrounding the mining town. Although phytoremediation plants naturally
help remediate contaminated soils, they generate large amounts of biomass that require sustainable management.
This study explored the use of biochar obtained from phytoremediation biomass of Cyperus papyrus (CP) and
Phragmites australis (PA) collected from the BCL mine site for the adsorption of Methylene Blue from aqueous
solutions as a sustainable strategy for managing phytoremediation waste. The effects of several parameters,
including contact time, adsorbent dosage, temperature, and initial dye concentration, on the adsorption process
were investigated. The results showed that adsorption efficiency for both biochars had a positive correlation
with contact time, higher initial dye concentration, increased adsorbent dosage, and solution pH. To better
understand the adsorption mechanism, kinetic and thermodynamic analyses were conducted. The adsorption
behavior was best described by the Langmuir isotherm model and the Elovich kinetic model. The maximum
adsorption capacities were determined to be 128.21 mg/g for CP biochar and 79.35 mg/g for PA biochar. The
results demonstrate that biochar produced from phytoremediation biomass of CP and PA can effectively remove
organic contaminants such as methylene blue dye from water. This approach offers a sustainable method for
managing phytoremediation biomass while simultaneously contributing to water purification.
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1 Introduction

One of Botswana's largest mining companies,
Bamangwato Concessions Limited (BCL), was
founded in the late 1950s to exploit the copper-nickel
resources in Selebi-Phikwe. Full-scale mining and
smelting began in the early 1970s and continued for
more than 40 years [1]. Significant environmental
pollution was produced by the mine and smelter during
its operation, including the release of large amounts of
sulphur dioxide (SO:) into the atmosphere, which

caused vegetation damage, acid deposition, and a
decline in air quality [1]. Additionally, heavy metals
such as Cu, Ni, Fe, Mn, and Zn accumulated in nearby
soils during the mine's operation, causing vegetation
damage and environmental degradation [2]. Elevated
metal concentrations and poor land quality in and
around Selebi-Phikwe were caused by wastewater
discharges and mine tailings, which also presented
threats of water contamination from acid mine drainage
[1], [2]. Due to prolonged low global copper and nickel
prices, declining ore grades, high operating and
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smelting costs, and sustained financial losses of over
$713 million, the BCL mine ceased operations in 2016
and was placed under liquidation in 2017 [1], [2].
However, the company left significant environmental
legacies that still require monitoring and remediation.

Phytoremediation plants can remediate acid
mine drainage (AMD) and AMD-affected soils due to
their strong adaptability to extreme toxic
environments [3]. They hyperaccumulate toxins from
AMD and AMD soils, thereby reducing
environmental contamination [4]. Phytoremediation
is an environmentally friendly, green, and cost-
efficient technology that employs plant processes and
their associated rhizospheric microorganisms to
contain, chelate and immobilize contaminants like
heavy metals into less toxic metal organic complexes
stored in vacuoles [5], [6]. Cyperus papyrus (CP) and
Phragmites australis (PA) are phytoremediation
plants growing in the BCL mine tailings.

During and after phytoremediation, toxic
substances present in the biomass may enter the food
chain via domestic animals if the plants are not properly
contained [7]. Furthermore, biomass harvested from
phytoremediation sites requires appropriate handling to
prevent secondary environmental pollution [4].
Therefore, identifying sustainable strategies for
managing phytoremediation waste biomass is essential.
This study seeks to explore an environmentally friendly
and sustainable application of biomass from
phytoremediation plants. Pyrolysis has gained interest
in research as a technique commonly employed in the
utilization of bio-waste [8]. Feedstock materials are
typically carbon-based, including biomass, plastics,
coal, and carbon waste [8]. Biochar produced by
pyrolysis can be used as an adsorbent to remove toxic
contaminants from water, including inorganic
compounds and organic dyes such as methylene blue
[9].

Although  biochar-based  adsorption  of
methylene blue has been widely investigated, few
studies have explored the utilization of heavy metal
contaminated  phytoremediation  biomass  as
precursors for adsorbent production. This study
presents a dual benefit approach by addressing the
disposal challenges of contaminated biomass
harvested from mine tailings while simultaneously
producing value added biochar for wastewater
remediation. To the best of our knowledge, this is the
first comparative investigation of biochar derived
from CP and PA from BCL mine tailings for
methylene blue adsorption.

The primary objective of this research is to utilize
biochar produced from valorized phytoremediation
biomass waste collected from BCL mine tailings, acid
mine drainage and soils in the vicinity of the mine, for
the adsorption of methylene blue from aqueous
solutions. The study examines the effects of several
operational parameters, including contact time,
adsorbent dosage, temperature, and initial methylene
blue concentration, on the adsorption performance.
Furthermore, the adsorption behavior is assessed
through kinetic and thermodynamic analyses.

2 Materials and Methods

2.1 Chemicals

Methylene blue, hydrochloric acid (HCI), nitric acid
(HNO3), sodium nitrate (NaNOs3), activated charcoal
and sodium hydroxide (NaOH) were purchased from
Alpha Chemika, India.

2.2 Sampling

Phragmites australis and Cyperus papyrus species
used in this study were harvested in the heavy metal-
laden Selibe-Phikwe BCL mine tailings, acid mine
drainage, and soils in the vicinity of the mine. The
geographical coordinates for collecting Phragmites
australis were 21.92638° S, 27.86828° E, and for
Cyperus papyrus were 21.92675° S, 27.86896° E.
The plants were randomly sampled around the area
and cut at about 15 cm above ground level, using
plant shears. Both plants were transported in 50-
kilogram woven polypropylene sacks. Before further
processing, the biomass was air-dried for 14 days
and subsequently oven-dried at 105 °C for 72 hours.
The dried material was then reduced in size by
cutting into smaller pieces for pyrolysis. Soil
samples from the root zones of both plant species
were also collected, at 10 cm below ground level and
stored in polyethylene sampling bags for further
analysis.

2.3 Biochar production

The biomass was pyrolysed in an in-house pyrolysis
plant at the Botswana International University of
Science and Technology, Chemical Engineering
Laboratory. The pyrolytic temperature was 550 °C in
a N, atmosphere at a gas flow rate of 8.2 m’/hr.
Pyrolysis was conducted until the reaction went to
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completion after 70 minutes. The biochar was then
placed in deionized water and then agitated at 200
rpm in a Stuart Orbital Shaker, China, for 24 hrs to
remove impurities. After washing, the biomass was
dried at 105 °C for 24 hrs in an oven.

The resultant biochar was post-activated by
agitation in an orbital shaker at 200 rpm for 24 hrs at
a mass-to-volume ratio of 1:20 (g: mL) using 0.1 M
KOH, HCI, MgCl,, and H,O, as the activating
agents. The samples were then filtered and washed
with deionized water to remove the excess activation
reagents. The samples were washed again with 500
mL of 0.1 M HCI, for basic reagents, and 0.1 M
NaOH for acidic reagents, by agitating for 30
minutes at 200 rpm in an orbital shaker. Thereafter,
it was filtered and rinsed with deionized water for
another 30 minutes at a mass-to-liquid ratio of 1:20
(g: mL). The samples were then filtered and dried in
an oven for 24 hrs at 105 °C, followed by crushing
with a mortar and pestle, and then sieved with a 150
pm ASTM El11 ELE International laboratory test
sieve (United Kingdom).

2.4 Physicochemical analysis and characterization

2.4.1 Heavy metal analysis

To determine the concentrations of heavy metals in
the soils, biochar, and plant biomass, the soils,
biochar, and biomass were digested using an aqua
regia solution prepared at a 3:1 vol/vol HCl: HNO;
ratio. The samples were digested as follows: 10 mL
of aqua regia solution was separately added to 0.1 g
of the soils, and 0.5 g of the biomasses and biochars.
The mixtures were heated on a hot plate in a fume
hood at 95 °C for 30 minutes. For the biomass
samples, 2 mL of H,O, was added to digest the
organic matrix. After all the solids had dissolved, the
samples were left to cool before filtration with 0.45
pm syringe filters for heavy metal (HM) analysis.
The analysis of heavy metals (Cu, Ni, Mn and Zn)
was done using a Thermo Scientific iCAP 7400 Duo
Inductively Coupled Plasma - Optical Emission
Spectrometer (ICP-OES) from China. A 5-point
instrument calibration process was carried out using
ICP-OES calibration standard solutions in the range
of 0.1-5.0 mg/L. Leaching tests of the HMs from
biomass and biochar were done using deionized
water at 298.15 K at a solid: liquid ratio of 1:20 (g:
mL) by oscillation for 24 hrs in an orbital shaker at
a speed of 200 rpm.

2.4.2 pH, electrical conductivity, and total

dissolved solids

Water suspensions of the samples were prepared at
298.15 K using a solid: liquid ratio of 1 g: 20 mL. The
suspensions were agitated for 2 hrs at 200 rpm in an
orbital shaker and thereafter tested for pH, EC, and
TDS. The instrument used for analysis of EC and TDS
was a SensION+ EC7, Hach Lange S:L:U electric
conductor (Germany). The instrument used to
measure pH was a Thermo Scientific ORIONSTAR
AIIIl pH meter (USA).

2.4.3 Biochar characterization

The phase composition and crystal structure of the
samples were analyzed using a Bruker D8 Advance
Cu-Ko X-ray diffractometer (XRD), Germany. The
values of 20 were between 5 and 90 degrees and the
step size was 0.02 degrees, with a time of 0.200
sec/step. A Fourier transform infrared (FTIR)
spectrometer (Vertex 70v), Germany, was used for
functional groups analysis. For the examination of the
sample’s surface properties and microstructure, a
Scanning Electron Microscope (SEM) from ZEISS
Sigma, Germany, was used. The magnification used
was 10,000X. For the determination of specific
surface area and pore size distribution, the BET
surface area analyzer (Anton Paar GmbH NOVA 800,
Australia) was used.

2.4.4 Surface charge analysis

The point of zero charge (PZC) for the biochar was
determined using the salt addition method, with
sodium nitrate (NaNOs) serving as the electrolyte
[10]. An adsorbent mass of 0.2 g was added to 40 mL
of 0.1 M NaNOj; solution, with initial pH (pH;) values
ranging from 1 to 12. The samples were tightly sealed
in reagent bottles and agitated at 200 rpm in an orbital
shaker for 24 hours at a temperature of 298.15 K, after
which the final pH (pHr) was recorded. The change in
pH, ApH (pHs - pH;), was plotted against the initial pH
and the point of zero charge was recorded as the initial
pH, where the ApH was zero

2.5 Batch adsorption studies

To evaluate the effects of contact time, adsorbent
dosage, solution pH, temperature, and initial
methylene blue (MB) concentration, adsorption
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studies were conducted in capped glass vials. During
each experiment, 25 mg of biochar was mixed with 20
mL of a 50 mg/L MB solution at pH 7, except when
the specific parameter under investigation was varied.
The suspensions were agitated to reach equilibrium
for 7 days. After attainment of equilibrium, the
mixtures were centrifuged at 14,000 rpm for 4
minutes. The supernatant was carefully transferred
into a quartz cuvette, and the residual MB
concentration was determined using a UV-visible
spectrophotometer at the maximum MB absorption
wavelength (Amax) of 662 nm. Quantification was
performed using a five-point calibration curve.
Adsorption capacity (mg/g) and adsorption efficiency
(%) were calculated using Equations (1 and 2).

, . (Co - Ce)V
Adsorption capacity (q,) = —w @)
(Co B Ce)

Adsorption ef ficiency (%) = x100% (2)

Co

Where C, represents the initial concentration of
methylene blue in mg/L, C. denotes the equilibrium
concentration in mg/L, q. is the equilibrium
adsorption capacity expressed in mg/g, W is the mass
of the adsorbent (g), and V is the solution volume (L).

2.5.1 Adsorption isotherm experiments

Methylene blue (MB) solutions of varying
concentrations ranging from 20 to 1008 mg/L were
used in batch adsorption experiments. A mass of
25 mg of the adsorbent was added to 20 mL of MB
solution at pH 7 in glass vials. The mixtures were
shaken at 200 rpm in an orbital shaker maintained
at 298.15 K for 7 days. Following agitation, the
suspensions were centrifuged at 14,000 rpm for 4
minutes, and the supernatant was analyzed using a
UV-visible spectrophotometer to determine the
residual MB concentration. To evaluate the
adsorption characteristics of MB onto the biochar,
the equilibrium data were fitted to three widely
used isotherm models: Langmuir, Freundlich, and
Temkin models. Nonlinear regression analysis was
applied to fit the data to the models, and the best
fitting model was selected based on the lowest sum
of squared residuals (SSR). The mathematical
formulae of these models are provided in Table 1.
The separation factor was calculated using
Equation 3.

Table 1: Adsorption isotherm models applied in this
study.

Adsorption isotherms Non-linear equations

. kil
Langmuir qe 1+K,.C,
Freundlich qe = Kp. Cel/n

Rr
Temkin qe = b In (Kr.C,)
T
Separation factor (R,) = —— 3)
eparation factor =
P YT 11 KC,

Where q. (mg/g) denotes the equilibrium adsorption
capacity and C. (mg/L) represents the solute concentration
at equilibrium. The constants K;, Kr, and Kr correspond
to the Langmuir, Freundlich, and Temkin models,
respectively, and are associated with adsorption capacity
and performance. The Langmuir constant Ky, reflects the
affinity between the adsorbate and adsorbent, with higher
values indicating stronger interactions.

Similarly, a larger K¢ value suggests greater
adsorption capacity [11]. An increase in the Temkin
constant Kr with temperature may imply enhanced
adsorption strength at the adsorbent surface [12]. The
parameter qm (mg/g) represents the maximum monolayer
adsorption capacity and is an important indicator of
adsorbent performance. Cp is the initial solute
concentration (mg/L), while (R;/by) is the Temkin
constant that is associated with the heat of adsorption. The
term 1/n describes adsorption intensity or surface
heterogeneity; values within the range 0.1 < 1/n < 1.0
indicate favorable adsorption conditions [12].

2.5.2 Kinetic adsorption experiments

MB solutions with initial concentrations of 50 mg/L
at pH 7 were contacted with the biochar adsorbents at a
mass-to-volume ratio of 1:800 (mg: mL). The systems
were evaluated at four temperatures: 298.15, 308.15,
318.15, and 328.15 K, up to the equilibrium time of
seven days. Residual MB concentrations at
predetermined time intervals were measured using the
procedure described in the batch adsorption experiments.
To interpret and predict the adsorption behavior, the
experimental data were fitted to four kinetic models
representing adsorption at active sites as well as external
and internal diffusion mechanisms. These models are the
pseudo-first-order, pseudo-second-order, intraparticle
diffusion, and Elovich models. Their mathematical
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expressions are provided in Table 2. Model suitability
was evaluated using the sum of squared residuals (SSR).

In these models, q; (mg/g) represents the amount
of MB adsorbed at time t (minutes), and g (mg/g) is
the adsorption capacity at equilibrium. The constants
ki and k, correspond to the pseudo-first-order and
pseudo-second-order rate constants, respectively. For
the intraparticle diffusion model, Kgs is the
intraparticle diffusion rate constant, while C is
associated with boundary layer thickness. Within the
Elovich model, a represents the initial adsorption rate,
and f relates to the extent of surface coverage during
chemisorption. The reciprocal term 1/B provides an
estimate of the number of available adsorption sites
[13]-[15].

Table 2: Adsorption kinetic model equations used.
Adsorption Kinetic Non-linear equation

model

PFO qe = Qe(l - eiklt)

PSO _ kpqit
=17 k,q,t

Elovich

q: = %+ In(aft+1)

Intraparticle diffusion qr = Kgipp X 12+ C

2.5.3 Thermodynamic studies

The thermodynamic parameters (standard Gibbs
free energy change, standard entropy change, and
standard enthalpy change) were calculated using
Equations (4)-(5).

AG® = —RTInK (4)
i = — A A 5
METRr TR ©

Where the standard Gibbs free energy change is
represented by AG°, the absolute temperature is
represented by T, while the equilibrium constant is
represented by K, and R represents the gas constant.
Furthermore, the standard enthalpy change (AH®) and
standard entropy change (AS®) were derived from the
slope and intercept of a linear plot of In K versus 1/T
(Equation 5). The equilibrium constant, K, was calculated
using Equation 6, after modification of the equation
K=q,/C. from Ahmed et al., (2025) [16] , which was also
derived from the fundamental relationship expressed in
Equation 7, into a dimensionless quantity.

K= Z,—e x MW (MB) x [adsorbate]® (6)
e
[adsorbate]® = standard concentration of the

adsorbate (mol/L)

C_ 1 G

de  AmK.  Gm

Q)

Where K is the Langmuir constant (L/mg), g is the
adsorption capacity at equilibrium (mg/g), Ce is the
solute equilibrium concentration (mg/L), qm is the
maximum adsorption capacity (mg/g) and MW is the
molecular weight of methylene blue (g/mol).

2.6 Regeneration

Spent biochar adsorbents were regenerated by
washing with deionized water for 120 minutes in an
orbital shaker operating at 200 rpm and 298.15 K, at
a weight: volume ratio of 1: 100 (g: mL). The washed
materials were separated by gravity filtration and
oven-dried at 105 °C for 24 hrs. This regeneration
approach was intentionally designed to avoid the use
of additional chemical reagents.

2.7 Statistical analysis of the data

Analysis of variance (ANOVA) was performed using
R software to assess the statistical significance of
differences. All experiments were conducted in
triplicate, and the reported values represent the mean,
with error bars indicating the standard deviation (SD).

3 Results and Discussion
3.1 Biochar characterization

Activating agents HCl, MgCl,, H>O;, and KOH gave
removal efficiencies of 10.1, 6.1, 59.6, and 63.0 %,
respectively, for CP biochar and 5.5, 28.9, 46.1, and
29.1%, respectively, for PA biochar. Thus, KOH was
adopted as the activation agent for CP biochar, and H,O,
was adopted for PA biochar. The activated biochars are
referred to herein as CP-KOH and PA- H,O,. KOH is
considered a good activation agent because it increases
micro/mesopores, enlarging the pore network on the
adsorbent, thereby increasing the surface area. This has
been attributed to the release of CO, and CO during the
reaction of KOH and biochar carbon surface, even
though it has etching behaviour that can destroy
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structures of weak adsorbents like PA plants [17], [18].
Xie et al., (2022) observed a high density of micropores
in KOH-activated biochar [19]. On the other hand,
hydrogen peroxide (H>O») oxidizes the carbon surface,
generating hydroxyl, carbonyl, and carboxyl groups. It
increases the surface polarity and enhances electrostatic
attraction and hydrogen bonding [20], [21].

Figure 1 (a-b) shows the XRD patterns of CP-
KOH and PA- H»O; biochars, with broad diffraction
peaks centered at 20 ~21.9 ° and 23.4 °, respectively.
These values fall within the typical 20-26° range for
the (002) carbon plane, which reflects graphitic
structures and the random stacking of coherent
aromatic graphene layers [22], [23]. Another broad
hump at 26 = 43 ° corresponds to the (100) plane,
reflecting the in-plane sp-carbon hexagonal network.
These two broad peaks indicate an absence of a highly
ordered, long-range crystalline structure in both
activated biochars [24]. Weak peaks at 28.4° and
40.5° observed for CP-KOH biochar (Figure 1 (a))
may be attributed to inorganic phases such as quartz
(Si02) or potassium-containing compounds from
incomplete removal of activating agents [23], [25],
[26].

Figure 2 shows the FTIR spectra of CP-KOH
and PA-H»O, biochars before and after methylene
blue adsorption. Broad peaks observed at 3442 cm™!
for CP-KOH and 3432 cm™! for PA-H,0, correspond
to O-H stretching vibrations, with changes in intensity
after adsorption indicating the involvement of
hydroxyl groups in hydrogen bonding with MB [27].
Weak bands at 2973 and 2943 cm™! were assigned to
aliphatic C-H, -CH», and CH3 stretching bands, with
reduced intensity after adsorption, suggesting electron
transfer or m-n interactions with the biochar surface
[28]. Both CP-KOH and PA-H»0, showed an inverted
peak at 2354 and 2345 cm™!, respectively, which could
have been due to background subtraction error. These
bands were attributed to asymmetric C=0 stretching
modes of CO, [18]. The peaks at 1605 cm™' (CP-
KOH) and 1603 cm™! (PA-H>0,), assigned to aromatic
C=C and carbonyl (C=0) stretching modes, shifted to
higher wavenumbers after adsorption, indicating n-n
interactions between methylene blue aromatic rings
and the biochar surface. Similarly, reduced peak
intensities at 1386 and 1383 cm’!, associated with C-
O stretching modes, confirm their participation in
electrostatic interactions during adsorption [12], [13].
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Figure 1: XRD spectra for CP-KOH biochar (a) and PA-H,0, biochar (b).
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Figure 2: FTIR spectra of CP-KOH (a) and PA- H,O» (b) activated biochar before and after adsorption of MB.
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The SEM images of the biochars in Figure 3 show
well-defined pores with interconnected voids and
channels, normally seen in biochar produced from the
pyrolysis of biomass, where the cell walls and vascular
structures collapse, leaving interconnected openings [14],
[15]. The images depict three-dimensional heterogeneous
micro-macro pores at a magnification of 10000X and
aperture size of 30.00 pm. Channels and voids could be
created when the remaining carbonaceous matrix shrinks
and cracks as compounds like CHs, CO,, and H,O(g)
escape during thermal decomposition of biomass [29]. As
this happens, meso, micro and macro pores are produced
[29]. Biochar SEM images usually show cylindrical and
polygonal pores, interspersed with several large pores.
These same structures are seen in Figure 3.

Date 21 Nov2024

MagRange=2

'a b
Figure 3: SEM micrographs of (a) CP-KOH biochar
and (b) PA-H,0, activated biochar, both at 10,000X
magnification.

The Brunauer-Emmett-Teller (BET) analysis was
also applied for the determination of porosity as well as
to evaluate the specific surface area of the materials, as
indicated in Table 3. CP-KOH had a pore diameter of
3.22 nm, while PA-H,O; had a pore diameter of 3.23 nm.
On the other hand, the surface area of CP-KOH biochar
was 6.19 m%/g, higher than that of PA-H,O; biochar at
2.95 m*g. The pore types in BET are classified based
on the IUPAC classification as: pore sizes <2 nm are
micropores, those between 2-50 nm are mesopores,
while macropores are >50 nm [30]. The pores of both
CP-KOH and PA- H,O, adsorbents used in this study
were identified as mesopores [31].

3.2 Chemical characteristics of phytoremediation
biomass and biochar

3.2.1 pH, EC, and TDS for acid mine drainage soil
where the plant samples were obtained.

The AMD soils in which the biomass was growing are
herein referred to as AMD-CP for the soil in which
CP was collected and AMD-PA for the soil in which
PA was collected. The pH of AMD-CP was 5.27 and
4.83 for AMD-PA, indicating very acidic conditions
(Table 4). The acidity may be due to the
oxidation/hydrolysis of heavy metals leached from
the mine processes and acidic rains caused by the
reaction of rainwater with metal particulate matter
[32]. These results align well with results in a study
by Manyiwa et al, (2022), [7]. However,
phytoremediation plants are able to survive in such
highly acidic soils due to their plant processes,
including hyperaccumulation, phytostabilization,
phytodegradation, and rhizofiltration [3], [33].

The electrical conductivity of AMD-CP was
4713 £ 12 mS/cm and for AMD-PA was 4853 = 5
mS/cm, whereas the total dissolved solids for AMD-
CP and AMD-PA were 2343 £ 6 and 2420 = 10
mg/kg, respectively. The high EC and TDS could
have been influenced by the vast amounts of heavy
metal ions from mining processes on top of sulphur-
containing minerals, which influence the formation of
acid mine drainage [34]. High concentrations of these
ions increase the ability of water to conduct electricity
[35].

Table 3: Physicochemical properties of CP-KOH and
PA- H,O,, obtained from BET surface area analysis.

Physiochemical index CP-KOH PA-
H20:
BET Surface Area (m?%/g) 6.19 2.59
Pore volume (cm®/g) 0.00202 0.00816
Pore diameter (nm) 322 3.23

Table 4: Chemical characteristics of the acid mine

drainage.

AMD for pH EC TDS

samples (mS/cm) (mg/kg)

AMD-CP 527+ 4713 +£12 2343+ 6
0.06

AMD-PA 4.83 + 4853 +5 2420 + 10
0.06

p-values

Replicates 0.999, 0.997 0.975,

Biomass x 0.999, 0.998,s 0.987,s

Biomass

Hy = There is no significant difference in mean pH, EC, and TDS
between the replicates and biomasses. p-value < 0.05 = highly
significant, reject Hy, p-value > 0.05 = not significant (ns), fail to
reject H.
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3.2.2  pH of the phytoremediation biomasses and
biochar

The results in Table 5 show an increase in the pH after
the biomass was pyrolyzed to biochar. The pH for the
plant samples was in the same range as the acid mine
drainage soils in which they grew. The pH was 5.37 +
0.06 for CP biomass and 5.2 + 0.2 for PA biomass, as
shown in Table 5.

Table 5: pH of the phytoremediation biomasses and
biochar.

Samples pH

CP biomass 5.37+0.06
PA biomass 5.2+0.2
CP biochar inactivated (CPB) 7.7+0.1
PA biochar inactivated (PAB) 7.6+£0.2
Non-phytoremediation CP 8.47+0.04
Non-phytoremediation PA 7.98 + 0.08
p-values

Replicates 0.999,
Biomass x Biomass 0.934,
Biochar x Biochar 0.9124

Hy = There is no significant difference in mean pH between the
replicates, biochars and biomasses. p-value < 0.05 = highly
significant, reject HO, p-value > 0.05 = not significant (ns), fail to
reject Ho.

The stored heavy metals accumulated during the
phytoremediation process could have been leached
into water and their subsequent hydrolysis, resulting
in the acidic pH obtained [3]. This explains the need
for proper handling of the waste biomass. After

pyrolysis, the biochar suspensions gave a pH of 7.7 +
0.1 for CP-inactivated and 7.6 + 0.1 for PA-
inactivated. The increase in pH after pyrolysis could
have been a result of a decrease in organic functional
groups such as -COOH and -OH at high pyrolytic
temperatures [36]. In biochar produced at higher
pyrolysis temperatures, the degradation of acidic
functional groups, including phenolic and carboxylic
moieties, significantly contributes to the observed
increase in pH [36]. As a result, the biochar will not
reduce the pH of the water during adsorption.

3.2.3  Heavy metal analysis

The results in Table 6 show that Cu and Ni were
present in high concentrations in all samples,
compared to Zn and Mn. The high concentration of
Cu and Ni in the soils was because the Selibe Phikwe
BCL mine mined Cu and Ni, resulting in the
deposition of mine tailings with high concentrations
of Cu and Ni over the years of its operation [37]. The
results show that the concentrations of HM
bioaccumulated by the phytoremediation Cyperus
papyrus biomass (PCPB) and Phragmites australis
biomass (PPAB) were independent of the HM
concentrations in the soils. This was due to the
hyperaccumulation tendencies of the plant species,
which were investigated in a study by Ishmael et al,,
(2024), [38]. Nevertheless, PPAB had concentrations
lower than those in the soil for Cu, Mn, and Ni, except
for Zn, where it had a higher concentration of 12.000
+ 0.005 mg/kg compared to 1.240 £+ 0.002 mg/kg in
the soil. This means the hyperaccumulation abilities

Table 6: Concentration of metals in the AMD soils, phytoremediation biomass and biochar.

Sample Cu (mg/kg) Mn (mg/kg) Ni (mg/kg) Zn (mg/kg)
CP soil 27+3 7.7+0.5 10.7 0.1 8.1+0.3
PA soil 1350 + 50 53+2 205+5 311
PCPB 6.9+0.5 2.8+0.2 3.01+0.09 3.27+0.07
PPAB 42402 2.67+0.07 1.50 = 0.06 12.0+0.5
CPB 3.09 £0.09 0.4+0.2 0.61 £0.04 2.56 +0.05
PAB 34+0.1 1.61+0.03 0.16 £0.01 53+0.1
p-values

Replicates 0.999,, 0.999, 0.999, 0.993,
Biomass x Biomass <0.0001%*** 0.475, <0.0001%*** <0.0001%***
Soil x Soil <0.0001%*** <0.0001%** <0.0001%** <0.0001%**
Biochar x Biochar 0.135ns <0.0001 *** <0.0001 *** <0.0001 ***
Biochar x Biomass <0.0001%** <0.0001%** <0.0001%** <0.0001%**

CPB: phytoremediation Cyperus papyrus biomass. PPAB: phytoremediation Phragmites australis biomass. CPB: Cyperus papyrus
biochar. PAB: Phragmites australis biochar. Hy = There is no significant difference in mean metal concentration between the replicates

and biomass. p-value < 0.05 = highly significant, reject HO, p-value > 0.05 = not significant (ns), fail to reject Hy
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of PPAB were less than those of PCPB for most
metals investigated in this study [39], [40].

The biochar for both plant species had
concentrations less than those of both the
phytoremediation biomasses and the AMD soils. This is
because during high pyrolytic temperatures, the heavy
metals get transformed into stable oxides or sulfides [41],
which are not readily dissociated in the aqua regia media,
hence making them less bioavailable, reducing mobility
and leaching [29], [42]. With that, biochar was safe for
use in the adsorption of organic pollutants with minimal
risk of leaching HM in water, supported by results from
the leaching test [3]. The leached concentrations of Cu,
Ni, Zn and Mn for CP-KOH were 0.00065, 0.0051,
0.0014, and 0.0002 mg/kg, respectively, while the
concentrations of leached HM for PA-H,O, biochar in
the same order were 0.00052, 0.0030, 0.0014 and 0.0001
mg/kg. A study by Ippolito et al, (2024), [43], also
suggests that pyrolysis reduces the mobility of HM as
HM-contaminated feedstock is converted into biochar
[44].

33 Effects of reaction
methylene blue adsorption

parameters  on

3.3.1  Effect of time

Figure 4(a) shows the adsorption efficiency of MB
onto CP-KOH and PA- H;O; as a function of time
under fixed conditions (25 mg adsorbent dosage, pH
7, and 50 mg/L initial MB concentration). Both
biochars exhibited rapid initial adsorption within the
first 5 min, with removal efficiencies of 50.7 £ 0.3 %
for CP-KOH and 40 + 2 % for PA- H>O,, followed by
a slower uptake phase until equilibrium was reached
after approximately 7 days. At equilibrium, CP-KOH
achieved a higher removal efficiency of 87 + 2 % than

90

PA-H,O, at 80 £ 3 9%, reflecting its superior
adsorption performance.

The prolonged equilibrium time is considerably
longer than the several minutes to hours commonly
reported for activated biochars in methylene blue
adsorption studies [45], [46]. A recent study by
Vasiljevi'c et al., [47] on the adsorption of methylene
blue by commercial activated carbon indicates that
equilibrium was reached in the first 20 minutes with
25 mg of the adsorbent in 25 mg/L MB. Other studies
also found equilibrium time of less than 90 minutes
with the same adsorbate: adsorbent ratio used in this
study [48], [49]. This corresponds to the results
obtained for the same adsorption of methylene blue by
commercial activated carbon, as reported in Figure
4(b). Even so, some studies have reported a long
equilibrium time for the adsorption of MB on
activated biochar [46], [50]. The Weber-Morris
intraparticle diffusion model plots have been used to
explain the potential diffusion and boundary layer
limitations (see section 3.3.6), leading to longer
equilibrium times [50].

3.3.2  Effect of the dosage of biochar

Figure 4(c) illustrates the influence of CP-KOH and
PA-H>O, biochar dosage on MB removal within a
range of 10-40 mg. For both adsorbents, adsorption
efficiency increased with increasing dosage. In the
case of PA-H,0, biochar, only a slight increase in
efficiency was observed between 25 mg and 30 mg,
followed by a more noticeable rise to 40 mg. The
marginal improvement may be attributed to
underutilization of adsorption sites, possibly resulting
from particle agglomeration. Such aggregation can

reduce effective surface area, block pore structures,
and ultimately decrease adsorption capacity [51],
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Figure 4: Effect of time (a) on the adsorption efficiency of CP-KOH and PA- H,O» biochar and (b) on
commercial activated carbon at a concentration of 50 mg/L and pH 7; (c) is the effect of dosage on the
adsorption efficiency of CP-KOH and PA- H,O; biochar.
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[52], [53]. A similar trend was observed for CP-KOH
biochar within the 25-40 mg range. Despite these
observations, both biochars demonstrated an overall
increase in adsorption efficiency with higher dosage.
This enhancement can be attributed to the greater
availability of active adsorption sites, which promotes
increased removal of MB from solution [50].

3.3.3  Effect of solution pH on the adsorption of
MB on biochar

Figure 5 shows the effects of solution pH, in the pH
range of 2 to 12, on methylene blue adsorption onto
CP-KOH and PA-H,O, biochars. Adsorption
efficiency generally increased with increasing pH for
both adsorbents, while the slight variation observed
between pH 2 and 3 was not statistically significant
(p-value > 0.05). At low pH, adsorption efficiency is
low because highly acidic conditions may be
attributed to the elevated positive charge density on
the adsorbent surface, which can cause electrostatic
repulsion of cationic MB molecules [46], [47], [54].
This trend is consistent with the PZC values of 7.9 for
CP-KOH and 5.95 for PA-H,O, (Figure 6), which
indicate that at pH values below these thresholds, the
biochar surfaces are positively charged and
electrostatically repel cationic methylene blue
molecules, resulting in lower adsorption efficiency
[46], [55].

At neutral pH (pH 7), both biochars achieved
adsorption efficiencies above 70%, demonstrating
effective dye removal under near-neutral conditions.
The improved adsorption at higher pH is attributed to
surface deprotonation, which enhances electrostatic
attraction between negatively charged functional
groups and methylene blue molecules [46]. Similar
pH-dependent adsorption behavior has been widely
reported for methylene blue adsorption onto biochars
[47], [54]. Based on these results, pH 7 was selected
for subsequent experiments as it provided high
adsorption performance without requiring additional
pH adjustment for practical application.

Figure 7 illustrates the effects of initial
methylene blue concentration from 20-1008 mg/L on
the adsorption performance of CP-KOH and PA-H,0,
biochars. For both adsorbents, removal efficiency
decreased with increasing initial dye concentration,
while adsorption capacity increased, consistent with
trends widely reported for adsorption studies [54],
[56]. For PA-H,O, biochar, removal efficiency
declined from 90 + 2 % at 20 mg/L to 14.8 + 0.5% at
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Figure 5: The effects of solution pH on the
adsorption of MB on CP-KOH and PA-H,0; biochar
at 7 days, 25 mg and 25 °C
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Figure 6: Point of zero charge (PZC) graphs for
biochar CP-KOH (a) and PA-H>0 (b)

1008 mg/L, whereas CP-KOH showed a decrease
from 97.5 + 0.8% to 9.1 £ 0.8% over the same
concentration range. Despite the reduction in
percentage removal, CP-KOH consistently exhibited
higher adsorption capacity than PA-H>O,, reflecting
its superior adsorption affinity.

3.34
biochar

Effect of initial concentration on CP and PA

The decline in removal efficiency at higher
concentrations is attributed to progressive
saturation of available adsorption sites, while the
increase in adsorption capacity results from the
greater mass transfer driving force, provided by
elevated methylene blue concentrations [57]. This
behavior indicates that although both biochars
become less effective in percentage removal at
high dye concentrations, their adsorption
capacities increase until surface saturation is
approached [58].
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for both CP-KOH and PA-H,O; biochar.

3.3.5 Adsorption isotherm studies

The results of nonlinear adsorption isotherm fittings are
shown in Table 7. Based on the SSR values in Table 7, the
Langmuir model provided the best fit to the experimental
data and was selected as the model that describes the
adsorption of MB onto both CP-KOH and PA-H,O»
biochar adsorbents. CP-KOH biochar had an SSR value
of 572 for Langmuir, compared to 750 for the Freundlich
and 796 for the Temkin model. On the other hand, PA-
H>0» biochar had an SSR value 0f 297 compared to 3704
for the Freundlich model and 5883 for the Temkin model.
Thus, the adsorption process follows the Langmuir model
that assumes monolayer adsorption on homogeneous
surfaces, as also seen in Figure 8 [59]. The obtained
maximum adsorption capacities (qmax) for CP-KOH and
PA-H,O, biochars were 12821 and 79.37 mg/g,
respectively. The separation factors for biochars were

calculated using Equation (3) and values ranged from
0.059 to 0.76 for CP-KOH biochar and from 0.037 to 0.66
for PA-H,0» biochar, indicating favorable and effective
adsorption for both biochars [11].
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Figure 8: Nonlinear fitting to adsorption isotherm models
for CP-KOH (a) and PA-H,O, (b), where the black line
represents the Langmuir model, red represents the
Freundlich model, blue represents the Temkin model, and
black circles represent the experimental data.

Table 7: Isotherm fittings results for the adsorption of MB onto CP-KOH and PA-H,0O, adsorbents.

Model SSR Kwrr) Qmax (Mg/g) Rw (mg/L) n Br
CP
Langmuir 572 0.0206 128.21 0.059-0.76 - -
Freundlich 750 12.1 - - 0.364 -
Temkin 796 0.512 - - - 19.9
PA
Langmuir 297 0.0259 79.37 0.037-0.66 - -
Freundlich 3704 15.2 - - 0.241 -
Temkin 5883 2.45 - - - 9.59
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3.3.6  Adsorption kinetic studies

Figures 9 and 10 represent the results of the nonlinear
fitting of experimental kinetic data to the four models
evaluated in this study. Kinetic experiments were
performed at 298.15, 308.15, 318.15, and 328.15 K.
According to Tables 8 and 9, the Elovich model
provided the best fit across all temperatures, as
evidenced by the lowest SSR values compared to the
other kinetic models. For CP-KOH biochar, the SSR
values obtained using the Elovich model were 10.04,
23.80, 18.12,and 16.99 at 298.15, 308.15, 318.15, and
328.15 K, respectively. For PA-H,O, biochar, the
corresponding SSR values were 49.76, 42.50, 63.71,
and 60.39. The Elovich model applies to
heterogeneous surfaces and primarily explains
chemisorption, with the adsorption rate decreasing
exponentially with increasing surface coverage [46],
[50]. This means that adsorption can be fast at the
beginning, when there are more vacant, high-energy
active sites, and as more active sites become occupied,
the process shifts to lower-energy sites, and the
adsorption rate becomes relatively slow over time
[60]. This potentially explains the high equilibrium
time of 7 days, suggesting that the rate-limiting step is
not a simple diffusion but slow surface reactions and
progressive site energy changes [61]. Similar results
were obtained by [46], [50], [59]. Given that the
adopted adsorption isotherm models suggest
monolayer coverage, this suggests that the system was
not perfectly homogeneous, yet still reached a
monolayer, or near-monolayer, saturation capacity.

Relatively long equilibrium times are routinely
explained by fitting the experimental data to the
Weber-Morris model to eliminate potential mass
transfer or initial diffusion limitations. Figure 11
shows the fit of experimental data to the Weber-
Morris model [50].

The initial steep region corresponds to rapid
external mass transfer (film diffusion), while the
following gradual linear region (middle segment)
indicates that intraparticle diffusion became the rate-
limiting step [46], representing the gradual migration
of the adsorbate into the internal pores of the material,
and the final step indicates reduced adsorption rates as
the active sites become saturated and equilibrium is
approached [59].

The plots were non-linear and did not pass
through the origin, indicating that mechanisms other
than intraparticle diffusion were involved, and the
large values of the intercepts suggest significant
boundary-layer resistance during the early stage of
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Figure 9: Nonlinear model fitting of various kinetic
models for CP-KOH at 298.15 (a), 308.15 (b), 318.15 (¢),
and 328.15 K (d), where the blue line represents the PFO
model, the red line represents the PSO model, the green
line represents the Elovich model, the purple line
represents the Intraparticle diffusion model, and the black
circles represent the experimental data.
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Figure 11: Fitting plots of the intraparticle diffusion
model for CP-KOH (a) and PA-H,0 (b), where the black
circles represent 298.15 K, red circles represent 308.15
K, blue circles represent 318.15 K, and green circles
represent 328.15 K, and the continuous lines represent the
Weber-Morries model for reference temp 318.15 K.

adsorption [59]. However, the initial adsorption factor
(Rj) was calculated, and for both biochars, R; was 0.9<
R; >0.5, indicating that boundary layer diffusion was not
the major limiting step [50].

This suggests that as adsorption progresses, the
rate decreases due to diffusion resistance within the
internal  pore  structure  (intraparticle  diffusion
limitations), indicating that adsorbate molecules require
more time to access deeper active sites [46]. The Elovich
model’s good fit further supports this. In this system,
easily accessible sites were occupied first, followed by
slower adsorption onto less accessible, high-energy sites,
thereby extending the time required to reach equilibrium.

3.4 Thermodynamic studies (biochar)

Thermodynamic parameters for the adsorption
process are shown in Table 10. The standard Gibbs
free energy change values obtained were -18.84, -
19.56,-21.39, and -28.76 kJ/mol for CP-KOH biochar
and -17.20, -18.50, -20.47, and -28.65 kJ/mol for PA-
H>0, biochar at temperatures 298.15, 308.15, 318.15,
and 328.15 K (Table 10). These results indicate that
the adsorption of MB on both CP-KOH and PA-H,0,
was a spontaneous and feasible process. It has been
noted that the adsorption of MB on biochar usually
gives AG® values between -20 and 0 kJ/mol,
indicating physisorption [62]. However, an analysis
of both the adsorption isotherm study and the kinetic
study indicates that the process was a complex process
with some degree of physisorption and chemisorption.
This could suggest a complex mechanism, like ion
exchange or surface complexation [63].

In addition, CP-KOH biochar yielded values of
+74.17 kJ.mol'! and +307.55 J.mol"'K™! for AH® and
AS°, respectively. PA-H,O, biochar had +89.85
kJ.mol! and +354.65 J.mol''K-' for AH® and AS°,
respectively. This indicates that the adsorption
process of methylene blue onto both CP-KOH and
PA-H;O; biochar was endothermic and resulted in a
more disordered system. Additionally, following the
largely positive values of AH® > +40 kJ/mol, the
adsorption process was suggested to be chemisorption
[64].

Table 8: Results for nonlinear fitting of kinetic models at different temperatures for CP-KOH biochar.

Temperature (K)/ Parameters PFO PSO Elovich Intraparticle Diffusion
298.15

9e exp) (MY/Z) 43.39

ki/k, 0.129 0.000289

Qe (eat) (ME/B) 37.03 38.32

SSR 394.08 236.20 10.04 767.29
308.15

9e exp) (MY/Z) 43.58

ki/k, 0.0613 0.000260

Qe (caty (ME/2) 36.98 38.27

SSR 583.87 345.93 23.80 694.40
318.15

9e exp) (MY/Z) 47.80

ki/k, 0.0468 0.000258

Qe (caty (ME/2) 40.05 41.46

SSR 624.83 364.81 18.12 18.12
328.15

Qe (exp) (MZ/2) 49.62

ki/k, 0.0425 0.000251

e (caty (ME/L) 43.20 44.90

SSR 784.43 451.21 16.99 909.57
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Table 9: Fitting results of kinetic models at different temperatures for PA-H,O, biochar

Temperature (K)/ PFO PSO Elovich Intraparticle Diffusion
Parameters

298.15

Qe (exp) (ME/E) 38.58

ki/ks 0.0182 0.000193

Qe (cat) (ME/L) 31.64 33.08

SSR 613.55 401.99 49.76 317.03
308.15

Qe (exp) (ME/E) 40.94

ki/ks 0.0488 0.000171

Qe (cat) (ME/L) 33.01 34.45

SSR 610.80 404.41 42.50 447.49
318.15

e (exp) (mg/g) 44.81

ki/ks 0.0213 0.000162

Qe (cat) (ME/L) 35.67 37.56

SSR 785.98 517.46 63.71 395.15
328.15

Qe (exp) (ME/E) 49.64

ki/ks 0.00831 0.000136

Qe (cal) (ME/L) 4523 46.86

SSR 779.93 459.88 60.39 781.78

Table 10: Thermodynamic parameters for the adsorption
of methylene blue onto CP-KOH and PA-H,O, biochar
adsorbents.

Sample/ AG° AH° AS°
Temp (K) (kJ.mol™) (kJ.mol™) (J.mol'.K™")
CP-KOH

298.15 -18.84 +74.17 +307.55
308.15 -19.56

318.15 -21.39

328.15 -28.76

PA-H,0,

298.15 -17.20 +89.85 +354.65
308.15 -18.50

318.15 -20.47

328.15 -28.65

3.5 Regeneration

To assess the practical applicability and overall
efficiency of the adsorbents for methylene blue
removal, regeneration studies were conducted over
five successive cycles using deionized water as the
washing agent. As illustrated in Figure 12, the
adsorption efficiency of both CP-KOH and PA-H,0,
biochars progressively decreased over the five
regeneration cycles. For CP-KOH biochar, the
removal efficiency declined from 87.0 + 0.6% in the
first cycle to 58 + 2% after the fifth cycle. Likewise,

PA-H,0; biochar exhibited a decrease from 81.6 +
0.6% to 56.9 + 0.6% across the same number of
cycles. This reduction in performance may be
attributed to the gradual loss or blockage of active
adsorption sites, as some MB molecules could have
remained trapped within the pore structure, making
complete desorption difficult [65]. Overall, despite
the observed decline, both adsorbents maintained
reasonably  good  regeneration  performance
throughout the five cycles. It has been reported,
however, that mild chemical regeneration, such as a
low concentration of NaOH, produces better
regeneration performance [59].
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Figure 12: Regeneration cycle of biochar adsorbents.
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3.6 Comparison with other biochar adsorbents

The adsorption capacities of both biochar materials
investigated in this study were evaluated against some
adsorbents reported in recent literature (Table 11).
While certain adsorbents documented in the literature
exhibit higher adsorption capacities, the biochars
derived from phytoremediation of CP and PA
collected from BCL mine tailings demonstrate
considerable potential for methylene blue removal
from dye-contaminated wastewater. This is despite
the limitation associated with their relatively long
equilibrium times. Overall, the findings suggest that
biochar produced from phytoremediation biomass
sourced from BCL mine tailings is a promising and
viable adsorbent for the removal of organic pollutants
such as MB from wastewater systems. The high
adsorption capacity despite the low BET surface area
(Table 3) could be due to the high density of surface
functional groups, which in chemisorption may
increase the adsorption capacity regardless of the
surface area and pore volume [66].

Table 11: Comparing the adsorption capacity of other
adsorbents in the adsorption of MB.

Adsorbent Adsorption Reference
capacity
(mg/g)

Rice Straw Biochar 50.27 [67]

Lychee Seed Biochar 124.5 [68]

Biochar from Phragmites 438.2 [69]

karka

CP-KOH biochar 128.21 This study

PA-H,0, biochar 79.35 This study

4 Conclusions

Biochar derived from phytoremediation waste
biomass demonstrated potential for methylene blue
adsorption, with CP-KOH showing superior
performance to PA-H,0,. CP-KOH exhibited a higher
adsorption capacity of 128.21 mg/g compared to
79.35 mg/g for PA-H,O,, which was attributed to its
relatively higher surface area (6.19 m?/g) compared to
PA-H,0, (2.95 m%g), as well as its well-developed
porous structure. The adsorption data for both
biochars were best described by the Langmuir
isotherm and Elovich kinetic models, indicating
monolayer adsorption on heterogeneous surfaces.
FTIR analysis confirmed interactions between
methylene blue molecules and surface functional
groups. Regeneration studies further demonstrated

that both biochars retained adsorption performance
over five cycles. The leaching test showed that a very
low level of HM metals leached from the biochar,
indicating that the thermochemical process of
pyrolysis has potential as an alternative sustainable
method of handling phytoremediation biomass.
However, the relatively long equilibrium time
and low surface area compared to commercial
activated carbons suggest limitations for large-scale
practical application. Future studies should focus on
improving adsorption efficiency through surface
modification or activation strategies, optimizing
regeneration using mild chemical regenerants, and
reducing equilibrium time to enhance process
feasibility for wastewater treatment applications.
Reduction of equilibration time is key in the
alternative utilization of obtained biochar from
pyrolysis. Additional processes, such as ball milling
to further reduce particle sizes, may be explored in the
future. Overall, the findings demonstrate that
phytoremediation-derived biochar offers a promising,
environmentally sustainable route for waste biomass
valorization and dye removal from aqueous systems.
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