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Abstract

Growing plastic waste and industrial wastewater necessitate sustainable treatment solutions. This study optimized
industrial wastewater treatment using activated carbon derived from high-density polyethylene (HDPE) pyrolysis char
via thermal activation, eliminating the need for aggressive chemical agents. Characterization via FTIR, BET, and
SEM-EDX revealed a micro-mesoporous structure with a BET surface area of 287.3 m?/g, a 90.05 atomic percent carbon
content, and dominant pore sizes of 2.1 to 2.6 nm. The adsorbent performance was evaluated against laundry
wastewater using a Central Composite Design and Response Surface Methodology. Statistical analysis yielded a robust
model (R? = 0.9406, adequate precision = 15.54) to assess the impact of dosage, contact time, and initial concentration.
Numerical optimization identified ideal conditions: 8.68 g/L. dosage and 15-minute contact time for a 100 mg/L initial
concentration. Experimental validation confirmed a 77.99% total dissolved solids (TDS) reduction, aligning closely with
the predicted 79.48%. Post-treatment analysis indicated significant quality improvements, with COD and TOC levels
decreasing to 35.8 mg/L and 21.6 mg/L, respectively, while dissolved oxygen increased from 0.6 to 4.3 mg/L. This
research confirms that HDPE-derived activated carbon offers an effective, sustainable approach for both wastewater
remediation and plastic waste valorization.
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1. Introduction

Adsorption using activated carbon is widely
used in wastewater treatment because of its high
surface area, developed pore structure, and ability
to remove dissolved organic and inorganic
contaminants. However, the relatively high cost of
conventional activated carbon can restrict its
wider application, particularly where low-cost
wastewater-treatment technologies are required.
At the same time, the accumulation of post-
consumer plastic waste presents an increasing
environmental challenge. Thermochemical
conversion of plastic waste through pyrolysis
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produces oil, gas, and a carbon-rich solid char,
creating an opportunity to valorize the residual
char as an adsorbent rather than treating it as a
low-value by-product [1].

Previous studies have investigated activated
carbons and carbonaceous adsorbents produced
from waste materials for the removal of dissolved
solids, dyes, and heavy metals from contaminated
water [2]. Plastic pyrolysis chars have also been
converted into activated carbons, particularly
through chemical activation using agents such as
KOH, NaOH, and other activating chemicals, with
improvements in surface area and adsorption
performance as reported [3]. These studies
demonstrate the potential of waste-derived
carbonaceous materials for water treatment
however, much of the reported work on plastic-
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derived activated carbon has focused on specific
contaminants such as heavy metals and has also
relied on chemical activation processes [4].
Furthermore, comparatively limited attention
has been given to integrating detailed
physicochemical characterization of HDPE-
derived carbon with statistically optimized
treatment of laundry wastewater containing
mixtures of dissolved 1ionic and organic
constituents.

This study addresses the research gap
arising from the limited understanding of the
performance of HDPE pyrolysis char converted
into activated carbon without harsh chemical
activation for laundry wastewater treatment
under statistically optimized conditions. The
scientific novelty lies in integrating the
valorization of HDPE  pyrolysis  char,
physicochemical characterization using BET,
FTIR, SEM and EDX, and response surface
optimization of operational treatment variables to
establish structure performance relationships for
laundry wastewater treatment. This approach
provides new experimental evidence connecting
the pore structure, surface chemistry and
elemental characteristics of HDPE-derived
activated carbon with its wastewater-treatment
performance, while simultaneously addressing
plastic-char  valorization and  wastewater
remediation.

Accordingly, this study aims to prepare
activated carbon from HDPE pyrolysis char,
characterize its  textural, chemical and
morphological properties, evaluate its
effectiveness in reducing total dissolved solids
and improving selected  physicochemical
characteristics of laundry wastewater, and
optimize the adsorption process using central
composite design and response surface
methodology. The optimized treatment
performance is further evaluated by comparing
the physicochemical characteristics of the treated
wastewater with relevant Nigerian effluent
standards.

2. Materials and Methods

High-density polyethylene (HDPE) post-
consumer plastic waste was sourced, sorted,
washed to remove surface dirt, sun-dried, and
shredded into flakes of approximately 5-10 mm
prior to pyrolysis. All reagents used for the
physicochemical analyses of the wastewater
(potassium chloride standard solution, buffer
solutions of pH 4.0, 7.0 and 9.2, and turbidity
standard suspensions) were of analytical grade
and were used as received. Nitrogen gas (99.999%
purity) was used as the purge/inert gas for the
pyrolysis process and as the adsorbate gas during
textural characterization. Raw laundry

wastewater was obtained directly from a domestic
laundering point, collected in clean 25-litre high-
density polyethylene containers, and stored at 4°C
prior to analysis to minimize microbial
degradation of the organic load.

2.1. Preparation of Activated Carbon from Plastic
Pyrolysis Char

The shredded HDPE flakes were charged
into a laboratory-scale batch pyrolysis reactor and
heated under a limited-oxygen (inert nitrogen-
purged) atmosphere to convert the polymer into
gaseous, liquid, and solid (char) fractions.
Pyrolysis  proceeded  through slow  de-
volatilisation of the polymer chains, releasing
condensable oil vapours and non-condensable
gases, and leaving behind a carbon-rich solid
residue (char). The resulting HDPE-derived
biochar was allowed to cool under an inert
atmosphere to room temperature, after which it
was pulverised and sieved to a uniform particle
size.

2.1.1. Char activation

The pyrolysis char was activated to develop
the porosity and surface area required for an
effective adsorbent. Activation was carried out to
promote the release of volatile matter trapped
within the carbon matrix and to open the pore
network. After activation, the resulting activated
carbon was cooled, ground, and sieved to a particle
size of 0.24 g. The sample was subsequently used
for textural analysis, while separate batches were
reserved for the wastewater adsorption trials.

2.2. Collection and Physicochemical
Characterization of Laundry Wastewater

Composite laundry wastewater samples
were characterised for pH, electrical conductivity
(EC), turbidity, dissolved oxygen (DO), total
organic compound (TOC), total dissolved solids
(TDS), and chemical oxygen demand (COD) before
and after adsorption treatment, using the
following standardised methods.

2.3. Batch Adsorption Experiments

Batch adsorption tests were conducted by
contacting pre-weighed masses of the HDPE-
derived activated carbon with fixed volumes of
raw laundry wastewater under agitation at room
temperature. The three operational variables
investigated were the adsorbent dosage (A),
varied between 1.0 and 10.0 g/L, the contact time
(B), varied between 15 and 120 minutes and
initial concentration (C) varied between 10 to
130.68 mg/L. At the end of each contact period, the
suspension was filtered, and the residual TDS
concentration of the filtrate was measured. The
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percentage TDS reduction achieved in each run
was computed relative to the TDS of the
untreated wastewater.

2.4. Experimental Design and Statistical
Optimization

The effects of adsorbent dosage, contact time,
and initial concentration on the percentage
reduction in TDS were investigated and optimized
using response surface methodology (RSM) based
on a central composite design (CCD). A rotatable,
randomised, three factor CCD (Design-Expert,
quadratic response-surface model, 19
experimental runs, no blocking) was constructed
with adsorbent dosage (A), contact time (B) and
(C) Initial Concentration as the independent
factors and percentage TDS reduction as the
response. The coded and actual levels of the
factors are summarized in Table 1.

3. Results and Discussion

3.1. Textural Properties of the Activated Carbon
Derived from HDPE Pyrolysis Char

Nitrogen adsorption—desorption analysis
showed that the activated carbon derived from
HDPE pyrolysis char exhibited excellent BET
linearity (r = 0.999512) over 0.058-0.303 P/P,

y = 11.770x + 0.3532
404 r=0999512

BET surface area = 287.252 m?/g

1/IW((Po/P) = 1) ]

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Relative Pressure, P/Po

Figure 1. Multi-point BET transform plot of the
HDPE-derived activated carbon (N, 77.350 K);
the linear fit (slope = 11.770, intercept = 0.3532,
r = 0.999512) yields a BET surface area of
287.252 m?/g.

(Figure 1). The multi-point BET surface area was
287.252 m?/g, compared with 270.9 m?/g for the
single-point BET method, while the Langmuir
surface area was 483.729 m?/g. The relatively high
surface area indicates the development of an
accessible porous structure, demonstrating the
material’s potential as an adsorbent for industrial
wastewater treatment [5].

The surface-area estimates followed the
order Langmuir > BJH > DH > multi-point BET >
single-point BET > DR-micropore > DFT,
reflecting differences in the pore fractions
captured by each model. The multi-point BET
surface area of 287 m?*/g falls within the reported
range for plastic-waste-derived activated carbons
and is comparable to physically activated plastic
char, although lower than values reported for
strongly KOH-activated carbons [6]. The pore-
volume and pore-diameter analysis provides
further insight into the porous architecture of the
material. The Dubinin-Astakhov (DA) micropore
analysis (Figure 2) resolved a dominant narrow
pore-size population with a modal diameter of
2.140 nm and a best fit at an adsorption-energy
parameter E of 1.832 kd/mol (n = 1.000), giving a
total DA micropore volume of 0.203 cc/g. This
indicates that the porosity of the activated carbon
is concentrated principally in the upper-
micropore/lower-mesopore range (around 2 nm), a
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Figure 2. DA-method micropore size distribution
[dV(d) versus pore diameter] of the
HDPEderived activated carbon, showing a
dominant pore population centred at 2.14 nm
(DA micropore volume = 0.203 cm3/g).

Table 1. Coded and actual levels of the experimental design factors (rotatable central composite design,

a=1.414).

Factor Minimum - Maximum ¢, 4041w (1) Coded high (+1)  Mean
(actual) (actual)

A: Adsorbent dosage (g/L) 1.00 2.32 8.68 5.50

B: Time (minutes) 15.00 120.00 30.38 104.62 67.50

C: Initial Concentration (mg/L) 10 130.68 10 100 57.18
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size class of relevance to the entrapment of small
dissolved ionic and organic species that contribute
to TDS and COD in laundry effluents [7].

The BJH adsorption dV(d) analysis (Figure
3), evaluated over the narrower 1.481-2.434 nm
window resolved by the instrument's tabulated
interval, gave a cumulative BJH pore volume of
0.140 cc/g, a BJH surface area of 290.4 m?g, and
a modal (Dv(d)) pore diameter of 2.108 nm,
essentially coincident with the DA-derived mode.
The close agreement between the DA, BJH, and
DH modal pore diameters (2.108-2.140 nm) is
consistent with the H3-type hysteresis behaviour
reported for flaky, non-rigid aggregate
morphologies typical of pyrolysis chars [6].

The DR method yielded a micropore width of
3.866 nm, micropore volume of 0.146 cm?g,
adsorption energy of 6.725 kd/mol, and apparent
micropore surface area of 409.8 m?/g. In contrast,
NLDFT analysis gave lower values of 161.8 m?/g
for cumulative surface area and 0.128 cm?/g for
pore volume, with a modal pore width of 2.647 nm
and a low fitting error of 1.057%. The differences
among DR, DA/BJH, and NLDFT estimates
reflect the distinct assumptions underlying these
pore-structure models, particularly for
heterogeneous and disordered carbon materials.

3.2. Surface Functional-Group Chemistry (FTIR)

The FTIR spectrum of the HDPE pyrolysis
char (Figure 4) exhibited four prominent
absorption bands at 3413.89, 1635.15, 1451.48,
and 875.52 cm™. The broad band at 3413.89 cm™
was attributed to O-H stretching vibrations
associated with surface hydroxyl groups and
adsorbed moisture, indicating the presence of
oxygen-containing surface functionalities [7]. The
band at 1635.15 cm™ was assigned primarily to
aromatic C=C skeletal vibrations, with possible
contributions from C=0 groups formed during
thermal degradation. The absorption at 1451.48
cm™! corresponded to C—H bending vibrations of
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Figure 3. BJH adsorption cumulative pore
volume, V, and pore-volume derivative, dV(d), as
a function of pore diameter for the HDPE-derived
activated carbon.

residual aliphatic and methylene groups.
Meanwhile, the intense band at 875.52 cm™ was
associated with out-of-plane aromatic C-H
bending, suggesting the development of
condensed aromatic structures during pyrolysis.

The presence of these functional groups
indicates that pyrolysis transformed the HDPE
polymer matrix into a carbon-rich material
containing both aromatic and oxygen-containing
surface functionalities. Such functional groups
can contribute to interactions between the char
surface and wastewater contaminants through
mechanisms such as hydrogen bonding, n—m
interactions, and surface complexation. Therefore,
the FTIR results support the potential suitability
of the HDPE-derived pyrolysis char as an
adsorbent for wastewater treatment.

3.3. Surface Morphology of the HDPE Pyrolysis
Char

Figure 5 shows the SEM micrograph of the
HDPE pyrolysis char at 1500 magnification. The
char exhibited an irregular and heterogeneous
morphology, characterized by agglomerated

Figure 5. Surface morphology of the HDPE
Pyrolysis Char.
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Figure 4. FTIR spectrum of the HDPE-derived
pyrolysis char, with the four dominant absorption
bands identified by the automated peak-search
routine (absolute threshold 0.337, sensitivity 50)
labelled and tentatively assigned.
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particles, rough surfaces, folds, fractures, cracks,
and visible cavities. These features indicate
substantial structural modification of the HDPE
during pyrolysis, likely resulting from polymer
decomposition and the release of volatile
products. The resulting cracks and voids may
provide pathways for the penetration of activating
agents and facilitate the development of
additional porosity during activation.

Dark regions observed between the particles
may represent surface cavities, fissures, or
interparticle voids that could contribute to
adsorption [8]. However, these features cannot be
directly classified as micropores because
micropores are smaller than 2 nm and cannot be
reliably resolved at the applied magnification.
Thus, the SEM primarily provides information on

Table 2. EDX elemental composition (atomic and
weight percentage) of the HDPEderived pyrolysis
char surface (field of view 537 um, 15 kV, BSD-
Full detector).

Element Symbol ég(;llzl((:% ) \(Z)iih;% )
Carbon C 90.05 76.31
Calcium Ca 1.36 3.84
Potassium K 1.38 3.80
Silicon Si 1.38 2.74
Fluorine F 1.68 2.25

Iron Fe 0.49 1.92
Phosphorus P 0.87 1.90
Aluminium Al 0.91 1.74
Magnesium Mg 0.65 1.12

external morphology, whereas the BET analysis
offers more reliable evidence of the internal
surface area and pore structure. Bright particles
observed in some regions may be associated with
inorganic residues, additives, mineral fillers, or
impurities from the HDPE feedstock.

3.4. Energy-Dispersive X-Ray Spectroscopy (EDX)

The corresponding EDX elemental map
(Table 2) confirmed that carbon was
overwhelmingly the dominant element,
accounting for 90.05 atomic % (76.31 weight %) of
the analysed region, consistent with a carbon-rich
pyrolysis char. The remaining composition
comprised a range of minor and trace inorganic
elements, principally calcium (3.84 wt.%),
potassium (3.80 wt.%), zinc (3.00 wt.%), silicon
(2.74 wt.%), fluorine (2.25 wt.%), iron (1.92 wt.%),
phosphorus (1.90 wt.%), aluminium (1.74 wt.%),
magnesium (1.12 wt.%), chlorine (0.86 wt.%) and
sulphur (0.52 wt.%). The remaining measurable
composition comprised calcium (3.84 wt.%),
potassium (3.80 wt.%), silicon (2.74 wt.%),
fluorine (2.25 wt.%), iron (1.92 wt.%), phosphorus
(1.90 wt.%), aluminium (1.74 wt.%), and
magnesium (1.12 wt.%). The presence of these
inorganic constituents may be associated with
additives, fillers, pigments, or impurities present
in the post-consumer HDPE feedstock [9].

3.5. Response Surface Optimization of the
Adsorption Process
3.5.1. Experimental design matrix

Table 3 presents the central composite
design comprising 19 experimental runs with
variations in adsorbent dosage, contact time, and

Table 3. Central Composite Design matrix and experimental results for percentage TDS reduction as a
function of adsorbent dosage (A), contact time (B) and Initial Concentration.

Factor 1 Factor 2 Factor 3 Response 1
Std Run A: Adsorbent dosage B: Time C: Initial Concentration TDS Reduction
(g/L) (min) (mg/L) (%)
8 1 8.68198 104.623 100 25.6
19 2 4.84099 59.8115 55 49.3
10 3 11.3007 59.8115 55 48.87
15 4 4.84099 59.8115 55 49.33
13 5 4.84099 59.8115 20.6807 66.44
18 6 4.84099 59.8115 55 59.3
12 7 4.84099 135.175 55 34.49
2 8 8.68198 15 10 43.96
16 9 4.84099 59.8115 55 49.3
3 10 1 104.623 10 77.55
17 11 4.84099 59.8115 55 49.3
4 12 8.68198 104.623 10 48.49
5 13 1 15 100 52.75
9 14 1.61876 59.8115 55 49.73
1 15 1 15 10 44.48
6 16 8.68198 15 100 77.99
7 17 1 104.623 100 25.76
14 18 4.84099 59.8115 130.681 42.97
11 19 4.84099 15.5522 55 57.11
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initial pollutant concentration. TDS reduction
ranged from 25.60% to 77.99%, with the highest
reduction recorded in Run 16 and the lowest in
Run 1. The variation in responses indicates
possible interactions among the process variables,
supporting the use of a quadratic response-
surface model to evaluate their individual,
interactive, and nonlinear effects and determine
the optimum treatment conditions [10].

3.5.2. Analysis of Variance for the Quadratic
Model of TDS Reduction

The ANOVA results (Table 4) showed that
the quadratic model for TDS reduction was
statistically significant (F = 15.83, p = 0.0002).
Among the linear terms, contact time (B) and
initial concentration (C) significantly influenced
TDS reduction (p < 0.05), whereas the linear effect
of adsorbent dosage (A) was not significant (p =
0.8487). The interaction terms AB and AC were
significant (p = 0.0033 and p = 0.0030,
respectively), while BC exhibited the strongest
interaction effect (F = 73.99, p < 0.0001). The
quadratic terms A2, B? and C? were not
statistically significant within the investigated
experimental range (p > 0.05). The lack of fit was
not significant (F = 1.28, p = 0.4161), indicating
no statistically significant evidence of model
inadequacy relative to the pure experimental
error. Overall, the results demonstrate that
contact time, initial concentration and factor
interactions, particularly the interaction between
contact time and initial concentration, played
important roles in determining TDS reduction.

3.5.3. Fit statistics for the TDS reduction model

The model-fit statistics for TDS reduction
are presented in Table 5. The model recorded an
R2 value of 0.9406, indicating that approximately

94.06% of the variation in TDS reduction was
explained by changes in the operational
parameters investigated. Only 5.94% of the
observed variation remained unexplained by the
fit model. This demonstrates a strong relationship
between experimental factors and TDS reduction.

The model showed good predictive
performance, with an adjusted R? of 0.8812 and
predicted R? of 0.7755, indicating that the model
explained a substantial proportion of the variation
in TDS reduction and had reasonable predictive
capability. The difference between the two values
(0.1057) was below the recommended 0.20,
confirming good agreement between model fitting
and prediction. The standard deviation (4.81) and
coefficient of variation (9.59%) indicated relatively
low experimental variability, while the adequate
precision of 15.5378, well above the recommended
value of 4, demonstrated a strong signal-to-noise
ratio. Overall, the model adequately represented
the experimental data and was suitable for
prediction and optimization within the
investigated operating ranges.

3.5.4. Effect of adsorbent dosage and time on
TDS reduction

The three-dimensional response surface
(Figure 6) demonstrated that adsorbent dosage
and contact time jointly influenced TDS

Table 5. Fit statistics for the quadratic RSM model
of percentage TDS reduction.

Std. Dev.  4.81 R? 0.9406
Mean 50.14 Adjusted R? 0.8812
CV. % 9.59 Predicted R? 0.7755

Adeq Precision 15.5378

Table 4. ANOVA for the quadratic response-surface model fitted to percentage TDS reduction.

Source Sum of Squares df Mean Square F-value p-value

Model 3294.27 9 366.03 15.83 0.0002 significant
A-Adsorbent dosage 0.8918 1 0.8918 0.0386 0.8487

B-Time 331.96 1 331.96 14.36 0.0043

C-Initial Concentration 285.27 1 285.27 12.34 0.0066

AB 363.69 1 363.69 15.73 0.0033

AC 373.46 1 373.46 16.15 0.0030

BC 1710.54 1 1710.54  73.99 <0.0001

A? 11.11 1 11.11  0.4807 0.5056

B2 60.88 1 60.88  2.63 0.1391

C? 3.46 1 3.46 0.1499 0.7077

Residual 208.08 9 23.12

Lack of Fit 128.20 5 25.64 1.28 0.4161 not significant
Pure Error 79.88 4 19.97

Cor Total 3502.35 18
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reduction. TDS removal increased from
approximately 40-45% at low dosage (1-3 g/L)
and short contact time (15—40 min) to about 60—
65% at higher dosage (6-8 g/L) and extended
contact time (>80 min). The improvement with
increasing dosage may be attributed to the
greater availability of adsorption sites, while
longer contact time facilitates mass transfer and
diffusion of dissolved species into the adsorbent
pores [11]. The gradual flattening of the surface
at longer contact times suggests that adsorption
equilibrium was approached, limiting further
improvement [12]. The curvature of the surface
confirms an interactive, nonlinear relationship
between the variables. These findings
demonstrate the importance of simultaneous
optimization of dosage and contact time for

efficient TDS removal while minimizing
unnecessary adsorbent use and treatment
duration.

3.5.5. Effect of adsorbent dosage and initial
concentration on TDS reduction

The response surface plot illustrates the
combined effects of adsorbent dosage (A) and
initial concentration (C) on TDS reduction (Figure
7). Increasing adsorbent dosage enhanced TDS
removal, likely due to the increased availability of
active adsorption sites and surface area [13]. In
contrast, higher initial concentration slightly
reduced removal efficiency, probably because of
increased competition among dissolved species for
limited adsorption sites and progressive surface
saturation. The negative effect of concentration
was partly offset by increasing the adsorbent

80
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TDS Reduction (%)
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560919
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25364
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Figure 6. Three-dimensional response surface
showing the combined effect of adsorbent dosage
(A) and contact time (B) on percentage TDS
reduction.

TDS Reduction (%)

dosage, which provided additional sites for
contaminant uptake [14]. Overall, the response
surface indicates that higher adsorbent dosage
combined with low-to-moderate initial
concentration favours improved TDS reduction,
highlighting the importance of optimizing dosage
according to wastewater characteristics for
efficient treatment.

3.5.6. Effect of contact time and initial
concentration on TDS reduction

The response surface plot demonstrates the
interactive effects of initial concentration (C) and
contact time (B) on TDS reduction (Figure 8). TDS
removal increased with increasing contact time
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Figure 8. Three-dimensional response surface
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Figure 7. Three-dimensional response surface
showing the combined effect of adsorbent dosage
(A) and initial concentration (C) on percentage
TDS reduction.

Copyright © 2026, ISSN: 3032-7059



Journal of Chemical Engineering Research Progress, 3 (2), 2026, 397

but decreased slightly at higher initial
concentrations. The positive effect of contact time
is attributed to enhanced diffusion of dissolved
species into the adsorbent pores and increased
interaction with available active sites until
equilibrium is approached [15]. Conversely,
higher initial concentration increases competition
for limited adsorption sites, resulting in lower
percentage removal.

3.5.7. Model validation: predicted versus actual
TDS reduction

The predicted versus actual plot (Figure 9)
showed good  agreement  between  the
experimental and model-predicted TDS removal
values, with most points closely distributed
around the diagonal line. The model exhibited
strong reliability, with an R? of 0.9406, indicating
that 94.06% of the variation in TDS reduction was
explained by the model. The adjusted R? (0.8812)
and predicted R?* (0.7755) also demonstrated
reasonable predictive performance. Furthermore,
the adequate precision of 15.5378, exceeding the

Predicted vs. Actual
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Figure 9. Parity plot of predicted versus actual TDS
removal.

recommended value of 4, confirmed an adequate
signal, while the coefficient of variation of 9.59%
indicated acceptable experimental precision.
Overall, the close agreement between predicted
and actual values confirms that the developed
CCD model is reliable for predicting and
optimizing TDS removal within the experimental
range, consistent with model validation
approaches reported in adsorption optimization
studies using RSM [16].

3.6. Comparison of Physicochemical
Characteristics of Treated Laundry Wastewater
with Nigerian Effluent Standards and Evaluation
of HDPE Char Treatment Performance

Table 6 compares the physicochemical
characteristics of the treated laundry wastewater
with NESREA (2011) and FEPA effluent
standards. The treatment process using activated
carbon derived from HDPE pyrolysis char
resulted in substantial improvement in
wastewater quality. The treated wastewater
recorded a pH of 7.4, which falls within the
acceptable limits of both NESREA (6.5-8.5) and
FEPA (6.0-9.0), indicating that the adsorbent
treatment maintained a suitable chemical
condition. The reduction in TDS from 430 ppm
(untreated wastewater) to 73 ppm after
treatment, together with the decrease in electrical
conductivity and salinity, demonstrates the
ability of HDPE-derived activated carbon to
remove dissolved ionic substances from the
wastewater [17]. Similarly, the increase in
dissolved oxygen from 0.6 mg/LL to 4.3 mg/L
indicates reduced organic pollution and improved
wastewater quality after adsorption treatment.
The considerable reduction in COD from 129.6
mg/L to 35.8 mg/LL and TOC to 21.6 mg/L further
confirms the effectiveness of HDPE pyrolysis
char-derived activated carbon in removing organic
contaminants [18]. This performance can be
attributed to the porous structure and available
surface functional groups of activated carbon,
which facilitate adsorption of organic molecules

Table 6. Comparison of characteristics of the treated laundry wastewater with the limits prescribed by the
National Environmental (Surface and Groundwater Quality Control) Regulations, 2011 and the FEPA
effluent limitation guidelines.

Property Final value ggf 5 EA Standard FEPA Effluent Limit
pH 7.4 6.5—8.5 6.0-9.0

Total Dissolved Solids, TDS (ppm) 73 Not specified 2,000

Electrical Conductivity, EC (uS/cm) 146 Not specified Not specified
Dissolved Oxygen, DO (mg/L) 4.3 >4.0 Not specified

Salinity (ppt) 0.17 N'ot specified Not specified
Chemical Oxygen Demand, COD (mg/L) 35.8 <30 Not specified

Total Organic Compound, TOC (mg/L) 21.6 Not specified Not specified
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through surface interactions and pore diffusion
mechanisms [19]. Similar improvements in
wastewater treatment using biomass- and waste-
derived activated carbons have been reported due
to their high surface area and adsorption capacity
[20].

4. Conclusion

This study successfully evaluated and
optimized the treatment of laundry wastewater
using activated carbon derived from HDPE
pyrolysis char. Characterization of the adsorbent
confirmed the development of a porous, carbon-
rich material, with a BET surface area of 287.252
m?/g, dominant pore sizes around 2.1-2.6 nm, and
carbon accounting for 90.05 atomic % of the
analysed surface. FTIR and SEM analyses further
confirmed the presence of surface functional
groups and an irregular porous morphology
suitable for adsorption. The response surface
methodology demonstrated that the investigated
operating conditions significantly influenced TDS
reduction and provided a statistically adequate
model for process optimization. The model
achieved R?* = 0.9406, adjusted R? = 0.8812,
predicted R?* = 0.7755, and adequate precision =
15.5378. Under the investigated conditions, a
maximum experimental TDS reduction of 77.99%
was obtained. Treatment also improved the
physicochemical quality of the laundry
wastewater, reducing TDS from 430 to 73 mg/L
and COD from 129.6 to 35.8 mg/L, while dissolved
oxygen increased from 0.6 to 4.3 mg/L. The
treated wastewater attained acceptable values for
several evaluated parameters, although the final
COD remained slightly above the NESREA limit
of 30 mg/L. Therefore, activated carbon derived
from HDPE pyrolysis char demonstrated
potential as an adsorbent for the optimized
treatment of laundry wastewater, providing a
pathway for simultaneous valorization of plastic
pyrolysis char and improvement of wastewater
quality.
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