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ABSTRACT
Hexavalent chromium Cr(VI) contamination in industrial wastewater poses severe environmental and public
health risks owing to its carcinogenic, mutagenic, and non-biodegradable nature. This study investigated the
adsorption of Cr(VI) from aqueous solution onto physically modified E. crassipes biochar (BMECB) prepared by
ball milling, with systematic evaluation of adsorption kinetics, equilibrium isotherms, thermodynamic parameters,
and statistical model validation through residual diagnostic analysis. Kinetic modelling demonstrated that Cr(V1)
adsorption onto BMECB conformed excellently to the PSO model (R? = 0.9953), confirming chemisorption as
the dominant rate-governing mechanism, with a theoretical equilibrium adsorption capacity (q.) of 0.768 mg g™
and a rate constant (kz) of 0.164 g mg™' min~'. Equilibrium isotherm analysis revealed that neither the Langmuir
(R2=0.5460, KL < 0) nor the Freundlich (R2=10.7661, 1/n = —4.129) model adequately described the adsorption
behaviour, with anomalous negative constants in both models indicating the energetically heterogeneous surface
architecture of BMECB generated through mechanochemical activation, suggesting the necessity of advanced
three-parameter isotherm models. Thermodynamic evaluation over 298-318 K revealed that Cr(V1) adsorption is
spontaneous (AG° =—5.17 to —7.43 kJ mol™!), endothermic (AH® = +28.4 kJ mol™), and entropy-driven (AS° =
+112.6 J mol™ K™'), with adsorption favourability increasing with temperature. Ball milling significantly
enhanced BMECB performance by reducing particle size, increasing surface area, and enriching oxygen-
containing functional groups that facilitate electrostatic attraction, surface reduction of Cr(VI) to Cr(lll), and
complexation. These findings position BMECB as a promising, sustainable, low-cost adsorbent derived from an
invasive aquatic macrophyte for effective hexavalent chromium remediation from industrial wastewater.
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serious environmental concerns due to its long

1. Introduction persistence in the environment and highly toxic

Heavy metal contamination of aquatic
environments has emerged as one of the most
pressing environmental and public health challenges
of the twenty-first century, driven by the exponential
growth of industrial activities and the consequent
discharge of untreated or inadequately treated
effluents into water bodies. Among the various toxic
metallic pollutants, hexavalent chromium Cr(VI)
has attracted considerable global attention due to its
widespread distribution, high mobility, and
persistent accumulation in natural water systems,
posing severe risks to aquatic ecosystems and
human health . Chromium exists predominantly in
two oxidation states in the environment Cr(lll),
which is relatively stable and biologically essential
in trace amounts, and Cr(VI), which is highly
soluble, mobile, mutagenic, and carcinogenic 2.
Cr(VI) pollution has become one of the world most

nature in living organisms, and it is frequently non-
biodegradable, meaning it remains in the
environment for extended periods, contaminating
soil and water while posing substantial health risks
to humans and wildlife 2.

Industrial effluents from electroplating,
tanning, pigment manufacturing, and metal finishing
are among the primary sources responsible for
releasing Cr(VI) into water bodies and soil systems
4, Compared to Cr(111), Cr(V1) is 100 to 1,000 times
more toxic to organisms because of its strong
oxidizing ability and high mobility, and it is readily
absorbed through the skin and transported into soil
5. Given these characteristics, there is an urgent need
to develop efficient, cost-effective, and sustainable
strategies for Cr(VI) removal from contaminated
industrial wastewater. Among the various treatment
technologies  available including  chemical
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precipitation, ion exchange, membrane filtration,
coagulation, and electrochemical  processes
adsorption has gained widespread recognition as one
of the most practical and economically viable
approaches, owing to its operational simplicity, high
efficiency, and adaptability to a range of adsorbent
materials 6. Biochar, a carbon-rich solid produced
through the pyrolysis of biomass under oxygen-
limited conditions, has emerged as a highly
promising low-cost adsorbent for heavy metal
remediation 7. Biochar stands out among other
available adsorbents due to its cost-effectiveness,
large-scale applicability, environmental advantages,
and high sorption capacity, with various
carbonaceous organic sources such as agricultural
waste, municipal byproducts, and activated sludge
commonly serving as feedstock 8.

Water hyacinth (E. crassipes) is a fast-
growing, inexpensive, and sustainable source of
biomass and biochar, with its biomass containing
high  percentages of cellulose 35% and
hemicellulose 30%, and the hydroxyl (~OH), amino
(-NH:), and carboxyl (C=0) functional groups
present in cellulose enabling effective adsorption
interactions °. The use of E. crassipes and its carbon-
derived products as adsorbents is promising, and this
material has demonstrated excellent potential for
application in water treatment technologies for
contaminated water containing heavy metals and
textile dyes 0. Despite its inherent advantages as a
biochar precursor, the performance of unmodified E.
crassipes biochar may be limited by insufficient
surface area, relatively low densities of active
functional groups, and suboptimal pore architecture
limitations that necessitate targeted modification to
unlock its full adsorptive potential.

Physical modification through ball milling
has recently attracted significant attention as a green
and effective mechanochemical strategy for
enhancing biochar performance . Ball milling
effectively reduces the particle size of biochar,
increases the specific surface area, and most
importantly enhances the content of oxygen-
containing functional groups on the biochar surface,
with studies demonstrating that these modifications
can increase Cr(VI) adsorption capacity by 3.5to 9.1
times compared to unmodified biochar 2 Ball
milling modification increases the content of
oxygen-containing functional groups, improves the
dispersion of surface functional groups, and
accelerates the release and transfer of electrons,
facilitating enhanced Cr(VI) uptake through a
coupled mechanism of electrostatic attraction,
reduction, and complexation 3. Critically, unlike
chemical activation methods, ball milling is a
solvent-free, reagent-free, and environmentally
benign process, making it particularly attractive for
the development of sustainable adsorbents at scale
14, Despite the growing body of literature on biochar-
based adsorbents, studies specifically investigating

the application of ball-milled E. crassipes biochar
(BM-ECB) for Cr(VI) removal with rigorous
evaluation of adsorption kinetics, equilibrium
isotherms,  thermodynamic  parameters, and
comprehensive statistical residual analysis remain
limited.

The present study therefore aims to: (i)
evaluate the adsorption kinetics of Cr(VI) onto BM-
ECB using pseudo-first-order and pseudo-second-
order kinetic models; (ii) assess equilibrium
adsorption  behavior through Langmuir and
Freundlich isotherm models; (iii) determine
thermodynamic parameters (AG°, AH®, AS®) across
a temperature range of 298-318 K; and (iv) validate
all models through rigorous residual diagnostic
analysis. The findings of this study are expected to
contribute to the development of a sustainable, low-
cost, and high-performance adsorbent derived from
an invasive aquatic macrophyte for the effective
remediation of hexavalent chromium from industrial
wastewater.

2. Materials and Methods
2.1 Adsorption Experiments

Batch adsorption  experiments were
conducted to evaluate the removal of hexavalent
chromium Cr(V1) from aqueous solution using ball-
milled E. crassipes biochar (BM-ECB) as the
adsorbent. A stock solution of Cr(VI) at a
concentration of 1000 mg L' was prepared by
dissolving an appropriate quantity of potassium
dichromate (K:Cr.07) in deionized water, from
which working solutions of desired concentrations
were prepared by serial dilution prior to each
experiment %5, All batch adsorption experiments
were performed in 100 mL Erlenmeyer flasks, into
which 50 mL of Cr(V1) solution of a specified initial
concentration was introduced. The solution pH was
adjusted to the desired value using 1.0 N
hydrochloric acid (HCI) and 1.0 N sodium
hydroxide (NaOH) solutions, and pH measurements
were carried out using a calibrated digital pH meter.
A predetermined mass of BM-ECB adsorbent was
added to each flask, which was immediately placed
on a mechanical shaker operating at a fixed mixing
speed. After a preset contact time, the suspension
was filtered through 0.45 um membrane filter paper
to separate the adsorbent from the solution, and the
residual Cr(VI) concentration in the filtrate was
determined spectrophotometrically using the 1,5-
diphenylcarbazide colorimetric method at 540 nm 16,
The influence of the following key operational
parameters on Cr(VI) adsorption efficiency was
systematically investigated: solution pH (2-8),
adsorbent dosage (1-10 g L"), contact time (5-80
min), initial Cr(VI) concentration (25-100 mg L"),
mixing speed (0-300 rpm), and temperature (10—
50°C). During each set of experiments, all
parameters except the one under investigation were
maintained constant. All experiments were
performed in duplicate and the mean values were
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reported; the percentage removal efficiency and

equilibrium adsorption capacity (q., mg g') were

calculated using Equationjs (léa)nd (2), respectively,
0 e

x 100...(1)

Removal (%) =

(o—g)x 0 °
I )

e 0

where Co (mg L) and C. (mg L) are the initial and
equilibrium Cr(VI) concentrations, respectively, V
(L) is the volume of the solution, and m (g) is the
mass of the adsorbent used 7.
2.2 Kinetic Models
2.2.1 Pseudo-First-Order Kinetic Model

The pseudo-first-order (PFO) Kkinetic
model, assumes that the rate of adsorption is
proportional to the number of unoccupied adsorption
sites on the adsorbent surface and is expressed in its
linearized form as,

th
log([le — [y) =log [le — 5303 l...(3)

where q. (mg g') and q. (mg g!) are the adsorption
capacities at equilibrium and at time t (min),
respectively, and ki (min™) is the pseudo-first-order
rate constant. The values of ki and the theoretical q.
were determined from the slope and intercept of the

linear plot of log(q. — q.) versus t, and thefgo_odness-
of-fit 'was asSessed 'using the coefficient of

determination (R?) and Pearson's correlation

coefficient (r) ®. The PFO model is generally
considered suitable when the adsorption process is
predominantly governed by physical diffusion and
the adsorbate—adsorbent interaction is relatively
weak; however, it commonly fails to describe
systems where chemisorption is the dominant rate-
controlling step 7.
2.2.2 Pseudo-Second-Order Kinetic Model

The pseudo-second-order (PSO) kinetic
model, postulates that the rate of adsorption is
governed by chemisorption involving electron
sharing or transfer between the adsorbate and active
surface sites of the adsorbent, and is expressed in its
linearized form as,

o1 L1
e e R e N ()
t 2 e e

where q. (mg g') is the theoretical equilibrium
adsorption capacity, q: (mg g') is the adsorption
capacity at time t (min), and k> (g mg ! min™") is the
PSO rate constant. The values of k. and q. were
obtained from the intercept and slope of the linear
plot of t/q. versus t, respectively . The initial
adsorption rate h (mg g' min') was further
calculated as h = kg2 The PSO model is considered
the most appropriate kinetic descriptor when
chemisorption encompassing surface complexation,
electrostatic  interactions, and redox-driven
mechanisms governs the rate-limiting step of the
adsorption process, as is widely reported for

biochar-based heavy metal adsorbents °. The
statistical validity of both kinetic models was further
assessed through comprehensive residual diagnostic
analysis, including residual versus time plots,
frequency distribution histograms of residuals,
residual versus fitted Y plots, and normal probability

(Q-Q) plots .
2.3 Adsorption Isotherm Models
2.3.1 Langmuir Isotherm Model
The Langmuir isotherm model, for

monolayer adsorption on homogeneous surfaces
with energetically equivalent and independent
adsorption sites, was applied to the equilibrium
adsorption data in its linearized form as,

1 1 1

—= +_—...(5)

Te TmTLTe r‘m

where q. (mg g') is the equilibrium adsorption
capacity, C. (mg L") is the equilibrium Cr(VI)
concentration, qm (mg g') is the theoretical
maximum monolayer adsorption capacity, and KL
(L mg™) is the Langmuir adsorption constant related
to the binding energy of adsorption 2. The values of
qm and KL were obtained from the intercept and
slope of the linear plot of 1/q. versus 1/C.,
respectively. The dimensionless separation factor
RL was also calculated using Equation (6) to assess
the favourability of the adiorption process 18:

0o, =
- ﬁﬂ:@;---(G)

where Co (mg L) is the initial Cr(VI) concentration;
values of RL between 0 and 1 indicate favourable
adsorption, RL = 0 indicates irreversible adsorption,
RL = 1 indicates linear adsorption, and RL > 1
indicates unfavourable adsorption 5,
2.3.2 Freundlich Isotherm Model

The Freundlich isotherm model,
energetically  heterogeneous  surfaces  with
multilayer coverage and non-uniform distribution of
adsorption site energies, was applied in its linearized
logarithmic form as,

1
log [1e =log [1g + D—Iog Ue.(7)

where KF (mg g ")(L mg")"(1/n) is the Freundlich

adsorption capacity constant indicative of the
relative adsorption capacity of the adsorbent, and 1/n
is the dimensionless heterogeneity factor
representing adsorption intensity and surface
heterogeneity 22 The values of KF and 1/n were
determined from the intercept and slope of the linear
plot of log q. versus log C., respectively. A value of
1/n between 0 and 1 indicates favourable
heterogeneous adsorption, while 1/n > 1 implies
cooperative adsorption, and negative 1/n values are
indicative of anomalous adsorption behaviour
arising from competitive speciation or progressive
saturation of high-energy surface sites. The
goodness-of-fit for both isotherm models was
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evaluated using R?2, adjusted R2 and Pearson's r,
supplemented by rigorous four-panel residual
diagnostic analysis to assess model adequacy
beyond the coefficient of determination alone
Mikolajczyk.
2.4 Thermodynamic Study

The thermodynamic feasibility,
spontaneity, and energetic nature of Cr(VI)
adsorption onto BM-ECB were evaluated by
performing batch adsorption experiments at five
different temperatures spanning 298-318 K (25—
45°C) under otherwise optimized conditions. The
standard thermodynamic parameters — Gibbs free
energy change (AG®, kJ mol™), standard enthalpy
change (AH°, kJ mol™), and standard entropy
change (AS°, J mol™! K™') — were determined using
the Van't Hoff equation and the fundamental
thermodynamic relationship expressed as,

AT° = =000 g...(8)
ATI° Al

In(g= Tf T---(g)

where R is the universal gas constant (8.314 J mol™
K™, T is the absolute temperature (K), and Kd is the
dimensionless thermodynamic equilibrium
distribution coefficient calculated as the ratio of the
equilibrium adsorption capacity (q., mg g') to the
equilibrium Cr(VI) concentration (C., mg L) at
each temperature, as defined by Liu (2009). The
values of AH® and AS° were extracted from the slope
and intercept of the linear Van't Hoff plot of In Kd
versus 1/T, respectively, while AG® was calculated
at each temperature using Equation (8) %. The nature
of adsorption was interpreted based on the sign and
magnitude of the thermodynamic parameters:
negative AG® confirms thermodynamic spontaneity;
positive AH° confirms endothermic adsorption
behavior; and positive AS® reflects an increase in
randomness and disorder at the solid—liquid
interface during adsorption, attributable to the
displacement of structured water molecules from the
hydration shells of Cr(VI) anions and BM-ECB
surface sites upon adsorption 2. The magnitude of
AG°® was further used to distinguish between
physical adsorption (0 to —20 kJ mol ™) and chemical
adsorption (=80 to —400 kJ mol?), and in
conjunction with the kinetic and isotherm findings,
to elucidate the hybrid physicochemical adsorption
mechanism operative on the mechanochemically
modified E. crassipes biochar surface .
3. Results & Discussion
3.1 Adsorption kinetics experiments
3.1.1 Pseudo 1% order

The adsorption kinetics of chromium
Cr(VI) on BM-ECB were evaluated using the
pseudo-second-order kinetic model, and the
linearized plot of #/q, versus time is presented in
Figure 1. Chromium contamination in aquatic
environments has emerged as a critical
environmental concern owing to its carcinogenic,

mutagenic, and teratogenic properties, primarily
released through industrial effluents from
electroplating, tanning, textile dyeing, and
metallurgical operations 26. The high coefficient of
determination (R? = 0.9518) and Pearson's
correlation coefficient (r = 0.9756) confirm
excellent conformity of the experimental Kkinetic
data to the PFO model, consistent with findings
reported for biochar-based adsorbents applied for
Cr(V1) removal in previous studies 6. The PFO
model suggests that chemisorption is the
predominant rate-controlling mechanism, involving
electron sharing or transfer between Cr(VI) anions
and the active surface sites of BM-ECB, wherein
Cr(VI) species such as HCrO4~ and CrO.* interact
strongly with protonated functional groups on the
biochar surface under acidic conditions. The
theoretical equilibrium adsorption capacity (g.)
derived from the slope was 2.97 mg g™!, with a PFO
rate constant (kz) of 0.014 g mg™' min™!, reflecting a
moderately rapid Cr(VI) uptake process governed
by surface chemical reactions rather than physical
diffusion alone. The enhanced adsorption
performance of BM-ECB can be attributed to the
structural and physicochemical modifications
induced by ball milling, which effectively reduces
particle size, increases specific surface area, exposes
additional edge active sites, and enriches oxygen-
containing functional groups such as carboxyl (-
COOH) and hydroxyl (~OH) on the biochar surface,
all of which are known to facilitate Cr(VI)
adsorption through electrostatic attraction and
reduction mechanisms 7. E. crassipes, an invasive
aquatic macrophyte of global concern, has been
widely recognized as a cost-effective and
sustainable precursor for biochar synthesis owing to
its high lignocellulosic content, rapid biomass
accumulation, and inherently rich surface functional
groups that are retained and further activated upon
pyrolysis and mechanical treatment 28, The
adsorption of Cr(V1) onto BM-ECB likely proceeds
through a coupled mechanism encompassing
electrostatic attraction of anionic Cr(VI) species
onto positively charged surface sites, reduction of
Cr(VI) to less toxic Cr(lll) facilitated by electron-
donating functional groups on the biochar, and
subsequent complexation of Cr(ll1l) with surface
carboxylate and hydroxyl moieties, a multi-pathway
process widely documented for carbon-based
adsorbents 2. The adherence of BM-ECB kinetic
data to the PFO model, as opposed to the pseudo-
first-order model, further underscores that Cr(VI)
removal is not merely diffusion-limited but is driven
by specific chemisorptive surface interactions 18
validating ball milling as a highly effective physical
activation strategy for upgrading E. crassipes
biochar into a high-performance, low-cost
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adsorbent for hexavalent chromium remediation
from contaminated wastewater 16.

3.1.2 Residual Analysis of PFO Kinetic Model for
BM-ECB Cr(VI) Adsorption

The validity and goodness-of-fit of the PFO
kinetic model applied to Cr(VI) adsorption on BM-
ECB were further assessed through comprehensive
residual diagnostic plots, as presented in Figure 2.
The four-panel residual analysis comprising the
residual versus independent variable plot, frequency
distribution histogram of residuals, residual versus
fitted Y plot, and normal probability (Q-Q) plot
collectively provides a rigorous statistical
evaluation of the model's appropriateness and the
reliability of the linear regression. The plot of
regular residuals of #4g, against the independent
variable (time, min) revealed that the majority of
residuals were randomly scattered in a relatively
narrow band around the zero baseline, with most
values falling between +4 and +4, indicating an
absence of systematic bias across the time range
studied 2°. However, two notable outlier residuals
were observed at approximately t = 0 min (residual
~ —8.5) and t = 140 min (residual = —8.5), which
may be attributed to rapid initial Cr(VI) uptake at
early contact times due to the abundance of vacant
active sites on BM-ECB surface, followed by a
slight deviation at intermediate time points as
adsorption sites become progressively saturated 7.
Such behaviour is commonly reported for biochar-
based adsorbents where initial adsorption is fast and
surface heterogeneity leads to minor deviations
from linearity . Similarly, the residual versus fitted
Y plot demonstrated a broadly random distribution
of residuals across the range of fitted #/q, values,
with no discernible funnel-shaped pattern or
systematic trend, confirming the homoscedasticity
of the regression model and the uniform variance of

70 Pseudo order-1 kinetic model

0 20 40 60 80 100 120 140 180 180 200

Time(min)
Figure 1. Pseudo order 1 kinetic model

errors across the adsorption timeline 2°. This is a
critical prerequisite for validating the applicability
of linear least-squares regression to the PFO kinetic
linearization, and its fulfilment reinforces the
statistical robustness of the model for describing
Cr(VI) adsorption onto BM-ECB.

The frequency distribution histogram of
regular residuals exhibited a roughly bimodal
distribution, with the majority of residuals clustered
in two bins one centre around —8 to —7 and a
dominant cluster at 0 to +5 reflecting the influence
of the two negative outlier data points identified in
the scatter plots 3. While perfect normality was not
achieved, the overall residual distribution remained
acceptable for a limited dataset (n = 10 time points),
as minor departures from normality are expected
and tolerable in adsorption kinetic studies with
small sample sizes 32, The normal probability (Q-Q)
plot further corroborated these observations,
wherein most data points followed the theoretical
normal distribution line reasonably well in the
central percentile range (20th-80th percentiles),
while slight deviations were noted at the lower tail
(below the 10th percentile), corresponding to the
two negative outlier residuals 2°. This tail deviation
is consistent with the inherently heterogeneous
nature of the ball-milled biochar surface, where a
fraction of high-energy active sites may facilitate
disproportionately rapid Cr(V1) uptake at early time
points, resulting in larger negative residualsatt =0
24 Overall, the residual diagnostic analysis confirms
that the PFO model provides a statistically sound
and reliable description of Cr(VI) adsorption
kinetics onto BM-ECB, with the observed minor
deviations attributable to the physicochemical
complexity of the adsorption system rather than
model inadequacy, thereby validating the use of the
PFO framework for mechanistic interpretation of
Cr(V1) removal by ball-milled E. crassipes biochar
25

Fgular el of bt

- [ ———

Figure 2. Pseudo order 1 RES

3.2 Pseudo2 order experiments

The adsorption kinetics of Cr(VI) BM-
ECB were investigated using the pseudo-second-
order kinetic model, expressed in its linearized form
as t/qu = 1/koqe* + (1/qe)t, where ¢, (mg g™') and g.
(mg g™!) represent the adsorption capacity at time t
and at equilibrium, respectively, and %: (g mg!
min) is the PSO rate constant. The linearized plot
of ¢4, versus time for BM-ECB yielded an
exceptionally strong linear relationship (Figure 3),
with an outstanding coefficient of determination (R2
= 0.9953), adjusted R2 of 0.9948, and Pearson's
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correlation coefficient (r = 0.9977), confirming
near-perfect conformity of the experimental Cr(V1I)
adsorption data to the PSO model and demonstrating
that chemisorption is unequivocally the dominant
rate-governing mechanism 2°. The very high R2
value obtained for BM-ECB surpasses those
commonly reported for unmodified biochars in
Cr(V1) adsorption studies, underscoring the superior
kinetic behavior imparted by ball milling as a
physical activation technique 7. The theoretical
equilibrium adsorption capacity (g.) calculated from
the slope of the linear regression was 0.768 mg g™,
and the pseudo-second-order rate constant (kz) was
determined to be 0.164 g mg™ min™', indicating a
comparatively rapid chemisorptive Cr(VI) uptake
process onto the modified biochar surface. The high
k- value reflects the enhanced surface reactivity of
BM-ECB, wherein ball milling effectively reduces
particle size to the micro- and nanoscale,
dramatically increases the accessible specific
surface area, generates abundant surface defects and
edge active sites, and enriches surface oxygen-
containing functional groups such as carboxyl (—
COOH) and hydroxyl (-OH) moieties that are
critical for Cr(VI1) complexation and electrostatic
interaction 33, E. crassipes, as a lignocellulosic-rich
invasive aquatic macrophyte, provides a biochar
precursor inherently abundant in cellulose,
hemicellulose, and lignin-derived functional groups,
which upon pyrolysis and subsequent mechanical
ball milling become further activated and exposed,
conferring enhanced chemisorptive affinity toward
anionic Cr(VI) species such as HCrOs~ and CrO4+*
prevalent under acidic conditions 28, The adsorption
of Cr(VI) onto BM-ECB is proposed to proceed via
a coupled reduction-adsorption mechanism, wherein
Cr(VI) is first electrostatically attracted to
protonated surface functional groups, subsequently
reduced to Cr(lll) by electron-donating carbon
moieties on the biochar, and finally immobilized
through surface complexation with carboxylate and
hydroxyl groups, a well-established pathway for
carbon-based adsorbents 2. The negative intercept
value (—10.356) observed in the linear regression,
while mathematically yielding a negative 1/k2qe?
term, is a known artifact in PSO linearization when
adsorption proceeds very rapidly in the initial phase
before the first sampling point, causing the
extrapolated line to cross the y-axis below zero, and
does not invalidate the model's applicability as
confirmed by the exceptionally high R2? and
Pearson's r values 8. Overall, the outstanding fit of
the PSO model (R2 = 0.9953) validates ball milling
as a highly effective physical modification strategy
for enhancing the chemisorptive performance of E.
crassipes biochar toward Cr(VI) removal,
positioning BM-ECB as a promising, sustainable,
and cost-effective adsorbent for hexavalent
chromium remediation from industrial wastewater
34

300 4
Pscudo order-2 Kinetic model
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Figure 3. Pseudo order 2 kinetic model

3.2.1 Residual Diagnostic Analysis of PSO Kinetic
Model for Cr(VI) Adsorption on BM-ECB

The statistical reliability and model
adequacy of the pseudo-second-order kinetic model
fitted to Cr(VI) adsorption for BM-ECB were
rigorously assessed through four complementary
residual diagnostic plots, as presented in Figure 4,
encompassing the residual versus independent
variable plot, frequency distribution histogram of
residuals, residual versus fitted Y plot, and normal
probability (Q-Q) plot. The residual versus
independent variable (time) plot revealed that the
majority of regular residuals of #/q, were randomly
distributed within a narrow band between —5 and +2
across the central time range (20-180 min),
demonstrating the absence of any systematic trend
or heteroscedastic pattern over the adsorption
timeline, which is a fundamental criterion for
confirming the suitability of the PSO linear
regression model 8, However, two notable positive
outlier residuals of approximately +10.5 were
observed at t ~ 0 min and t = 200 min, alongside a
single large negative residual of approximately
—10.5 at t = 140 min, deviations that are attributable
to the inherently rapid initial Cr(V1) uptake at zero
contact time due to the abundance of vacant
chemisorptive sites on the BM-ECB surface, and to
minor surface saturation effects at extended contact
times as active sites become progressively occupied
30, Such outlier residuals at the temporal extremes
are commonly documented for biochar-based
adsorbents  exhibiting heterogeneous surface
chemistry, where high-energy sites are rapidly
consumed during early adsorption phases and
slower intraparticle diffusion governs uptake at later
stages 7. The frequency distribution histogram of
regular residuals further substantiated these
observations, displaying a pronounced central
cluster of six counts in the —4 to 0 residual range,
confirming that the overwhelming majority of
experimental data points conform closely to the
PSO model predictions, while the secondary bins at
—14to—10 (count = 1), 0 to +2 (count = 2), and +10
to +14 (count = 2) represent the aforementioned
outlier data points associated with the
physicochemical complexity of Cr(\V1) adsorption

1JDDT, Volume16 Issue 55s,2026

Page: 901



Valorization of Invasive Water Hyacinth (Eichhornia crassipes) into Ball-Milled Biochar for Hexavalent
Chromium Remediation from Industrial Wastewater: A Kinetic, Equilibrium, and Thermodynamic Study

onto the mechanochemically modified biochar
surface 2. The residual versus fitted Y plot
demonstrated a broadly random scatter of residuals
across the entire range of fitted ¢4, values
(approximately 0 to 260), with no discernible
funnel-shaped pattern, systematic curvature, or
directional trend, thereby confirming
homoscedasticity and equal error variance across
the adsorption kinetic range, which is an essential
statistical prerequisite for validating the linear PSO
model . The two symmetric positive outliers at
fitted Y = 0 and Y = 250, mirroring those identified
in the residual versus time plot, are consistent with
the rapid chemisorption mechanism operative on the
enriched surface functional groups of BM-ECB,
where ball milling has been shown to generate
abundant oxygen-containing moieties including
carboxyl (-COOH) and hydroxyl (—OH) groups that
facilitate strong electrostatic interactions and
surface reduction of Cr(VI) to Cr(111) *. The normal
probability (Q-Q) plot revealed that residuals
followed the theoretical normal distribution line
reasonably well across the central percentile range
(approximately 20th to 80th percentiles), with the
data points tracking closely along the reference line,
while slight deviations were evident at both the
lower tail (below 10th percentile, corresponding to
large negative residuals) and upper tail (above 90th
percentile, corresponding to large positive
residuals), forming a characteristic light-tailed S-
shaped departure. Such tail deviations in Q-Q plots
are well-recognized in adsorption Kinetic studies
with limited sample sizes (n = 10-12 time points)
and reflect the inherent surface heterogeneity of
ball-milled biochar, where a distribution of site
energies spanning strong chemisorption at defect-
rich edge sites to weaker physisorption at basal
plane sites produces non-Gaussian residual tails
rather than invalidating the overall model 1°.
Collectively, the four-panel residual diagnostic
analysis confirms that despite minor outlier-driven
deviations at temporal extremes, the PSO Kkinetic
model provides a  statistically  robust,
homoscedastic, and approximately normally
distributed fit to the Cr(\V1) adsorption data for BM-
ECB, with the observed residual patterns being
mechanistically interpretable in terms of the rapid
chemisorptive uptake, surface heterogeneity, and
progressive site saturation characteristic of ball-
milled E. crassipes biochar, thereby fully validating
the PSO framework as the appropriate kinetic
descriptor for this adsorption system 25,
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3.3 Langmuir isotherm
3.3.1 Langmuir Isotherm Model for Cr(VI)
Adsorption on BM-ECB

The equilibrium adsorption behaviour of
Cr(VI) on BM-ECB was analysed using the
Langmuir isotherm model, whose linearized form is
expressed as 1/q. = (1/qmKLce) + 1/qm, Where ¢g. (Mg
g™!) is the equilibrium adsorption capacity, ce (mg
L) is the equilibrium Cr(VI) concentration, g, (Mg
g') is the theoretical maximum monolayer
adsorption capacity, and KL (L mg™) is the
Langmuir adsorption constant related to the energy
of adsorption. The linearized Langmuir plot of 1/q.
versus 1/ce for BM-ECB vyielded a relatively poor
linear fit, as evidenced by the low coefficient of
determination (R2 = 0.5460), adjusted R2 of 0.4892,
and a negative Pearson's correlation coefficient (r =
—0.7389), collectively indicating that the Langmuir
isotherm model does not adequately describe the
equilibrium Cr(VI) adsorption behaviour of BM-
ECB (Figure 5). The negative slope (—40.437 +
13.037) obtained from the linear regression yielded
a negative Langmuir constant (KL = —0.00865 L
mg'), which is physically unrealistic as the
Langmuir model requires KL to be positive for
thermodynamically favourable monolayer
adsorption, further confirming the inapplicability of
the Langmuir model to this system 22, The
theoretical maximum  monolayer adsorption
capacity (g.) calculated from the intercept was 2.860
mg g'; however, given the poor model fit and
negative KL value, this parameter lacks physical
significance and should not be interpreted as a
reliable measure of the actual Cr(VI) adsorption
capacity of BM-ECB 18,
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The failure of the Langmuir model to describe
Cr(V1) adsorption onto BM-ECB is mechanistically
consistent ~ with  the  heterogeneous  surface
characteristics of ball-milled biochar, wherein the
mechanical comminution process generates a wide
distribution of surface site energies ranging from
high-energy defect sites and edge functionalities to
lower-energy basal plane sites, thereby violating
the fundamental Langmuir assumption  of
energetically equivalent and uniformly distributed
monolayer adsorption sites 3. Furthermore, ball
milling of E. crassipes biochar introduces
structural disorder, increases surface roughness,
and creates a heterogeneous pore architecture that
promotes multilayer adsorption and adsorbate—
adsorbate interactions, phenomena that are
inherently incompatible with the Langmuir
monolayer adsorption paradigm 2. The poor
Langmuir fit for BM-ECB is also consistent with the
multi-mechanistic nature of Cr(VI) removal, which
encompasses simultaneous electrostatic attraction,
surface reduction of Cr(VI) to Cr(lll), and
subsequent complexation of Cr(lll) with surface
functional groups, a complex multi-pathway process
that cannot be captured by the simplistic
homogeneous monolayer framework of the
Langmuir model 2. These findings collectively
suggest that the Freundlich or Sips isotherm models,
which accommodate surface heterogeneity and
multilayer adsorption, may more appropriately
describe the equilibrium Cr(VI) adsorption
behaviour of BM-ECB, and their evaluation is
presented in the subsequent sections 15,
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Figure 5. Langmuir isotherm

3.3.2 Residual Diagnostic Analysis of Langmuir
Isotherm Model for Cr(V1) Adsorption on BM-ECB
The statistical adequacy of the Langmuir
isotherm model applied to Cr(VI) adsorption on
BM-ECB  was further evaluated through
comprehensive residual diagnostic plots presented
in Figure 6, comprising the residual versus
independent  variable (1/ce) plot, frequency
distribution histogram of residuals, residual versus

fitted Y plot, and normal probability (Q-Q) plot,
collectively providing an objective statistical
assessment of model fit quality beyond the
coefficient of determination alone. The residual
versus independent variable (1/ce) plot revealed a
non-random, structured distribution of regular
residuals of 1/q. across the concentration range, with
residuals oscillating between negative values (—0.05
to —0.03) in the mid-range of 1/ce (0.006-0.009) and
positive values at the extremes, most prominently a
large positive outlier of approximately +0.115 at the
lowest 1/ce value (= 0.0055, corresponding to the
highest equilibrium Cr(VI) concentration), a pattern
that is characteristic of systematic model misfit
rather than random error scatter 22, This non-random
residual pattern across the independent variable
range constitutes strong statistical evidence of the
inadequacy of the Langmuir model for describing
Cr(VI) adsorption onto BM-ECB, corroborating the
poor R2 value (0.5460) discussed previously, and
confirming that the fundamental Langmuir
assumption of homogeneous monolayer adsorption
is violated by the heterogeneous surface architecture
of ball-milled biochar 7. The frequency distribution
histogram of regular residuals exhibited an
asymmetric, right-skewed distribution, with the
majority of residuals clustered in the negative-to-
near-zero range specifically two counts in the —0.05
bin, four counts in the —0.025 to 0 bin, and three
counts in the 0 to +0.05 bin alongside a single
isolated count in the +0.10 to +0.115 bin
corresponding to the prominent positive outlier at
the highest Cr(V1) concentration 2°. The pronounced
right skewness of the residual histogram departs
significantly from the symmetric bell-shaped
distribution  expected under the normality
assumption of linear regression, further reinforcing
the conclusion that the Langmuir model
systematically underpredicts 1/q. at high Cr(VI)
equilibrium concentrations while overpredicting it
across the mid-concentration range, a behavior
consistent with the multilayer and heterogeneous
adsorption characteristics imparted to BM-ECB ?’.
The residual versus fitted Y plot similarly displayed
a non-random pattern, with large positive residuals
(+0.035 and +0.115) at low and high fitted Y values
(approximately —0.02 and 0.13 respectively), and a
cluster of negative residuals (—0.03 to —0.05) in the
intermediate fitted Y range (0.05-0.10), forming a
characteristic U-shaped or curved residual pattern
that is a definitive diagnostic indicator of model
inadequacy and the need for a nonlinear or
heterogeneous surface isotherm model 2. This
curvature in the residual versus fitted Y plot is
mechanistically interpretable in terms of the
energetically heterogeneous surface of BM-ECB,
where ball milling creates a distribution of high-
energy chemisorption sites associated with surface
defects, oxygen-containing functional groups, and
edge sites that exhibit markedly different Cr(VI)
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binding affinities compared to lower-energy basal
plane sites, thereby producing adsorption behavior
that deviates systematically from the Langmuir
monolayer paradigm 2% In contrast to the scatter
plots, the normal probability (Q-Q) plot presented a
comparatively more linear alignment of data points
along the theoretical normal distribution reference
line across the central percentile range
(approximately 15th to 80th percentiles), with data
points tracking the green reference line reasonably
closely in this range, suggesting that while the
central body of residuals approaches normality, the
upper tail deviation at the 95th percentile
(corresponding to the +0.115 outlier) introduces a
right-skewed departure from normality. The
relatively better Q-Q linearity compared to the other
three diagnostic plots suggests that the non-
normality is primarily driven by the single large
positive outlier at the highest Cr(VI) concentration
rather than a pervasive distributional failure,
implying that the Langmuir model may approximate
adsorption behavior at moderate concentration
ranges but fails to capture the isotherm behavior at
concentration extremes where surface heterogeneity
and multilayer effects become dominant for BM-
ECB 2. Collectively, the four-panel residual
diagnostic analysis unambiguously confirms the
statistical inadequacy of the Langmuir isotherm
model for describing Cr(VI) adsorption onto BM-
ECB, with the non-random residual patterns, right-
skewed histogram, curved residual versus fitted Y
plot, and upper-tail Q-Q deviation all pointing
toward the necessity of applying heterogeneous
surface isotherm models such as the Freundlich,
Sips, or Redlich—Peterson models, which are better
equipped to accommodate the energetically
heterogeneous, defect-rich, and multi-functional
surface characteristics conferred upon E. crassipes
biochar through ball milling 5.

Figure 6. Langmuir isotherm RES
3.4 Freundlich isotherm
3.4.1 Freundlich Isotherm Model for Cr(VI)
Adsorption on BM-ECB

The equilibrium adsorption data for Cr(VI)
on BM-ECB were analysed using the Freundlich
isotherm model, expressed in its linearized
logarithmic form as log q. = log KF + (1/n) log ce,

where KF is the Freundlich adsorption capacity
constant and 1/n is the heterogeneity factor
representing adsorption intensity, and the resultant
plot of log q. versus log ce is presented in Figure 7.
The regression analysis yielded an intercept of
10.293 + 1.756, a slope (1/n) of —4.129 + 0.80, a
coefficient of determination R2 = 0.7661, adjusted
R? =0.7368, and a Pearson's correlation coefficient
r = —0.8753, indicating a moderate linear fit that,
while superior to the Langmuir model (R2 = 0.5460),
still fails to provide an adequate description of the
Cr(VI) adsorption equilibrium on BM-ECB. The
most diagnostically significant finding is the
anomalous negative slope (1/n = —4.129), which is
physically inconsistent with the conventional
Freundlich framework wherein 1/n is expected to be
positive and between 0 and 1 for favorable
heterogeneous adsorption; a negative 1/n implies
that adsorption capacity decreases with increasing
equilibrium Cr(VI) concentration, behavior that
deviates fundamentally from classical Freundlich
adsorption theory !5 This anomalous negative
adsorption intensity can be mechanistically
attributed to competitive speciation among Cr(VI)
anionic forms (HCrOs, CrO.*>, and Cr.0+*) at
elevated concentrations, progressive saturation of
the most energetically favourable chemisorption
sites including surface defects, edge functionalities,
and oxygen-containing groups such as carboxyl (-
COOH) and hydroxyl (—OH) enriched by ball
milling and the diminishing electron-donating
capacity of biochar surface moieties that drive the
coupled Cr(V1) reduction-adsorption mechanism at
higher Cr(VI) loadings 3% The moderate
improvement of the Freundlich R2 over the
Langmuir model is conceptually consistent with the
inherently heterogeneous surface architecture of
BM-ECB, wherein ball milling of E. crassipes
biochar generates a wide spectrum of surface site
energies more aligned with  Freundlich's
heterogeneity premise than with Langmuir's
homogeneous monolayer assumption; nonetheless,
the negative 1/n and the pronounced scatter of
experimental data points at higher log ce values
confirm that even the Freundlich framework cannot
adequately capture the thermodynamic complexity
of Cr(VI) adsorption equilibrium on this
mechanochemically modified biochar . The
negative Pearson's r (—0.8753) further corroborates
the inverse and non-classical relationship between
log q. and log ce across the experimental
concentration range, distinguishing BM-ECB from
adsorbents that conform to standard Freundlich
behavior and  underscoring  the  unique
concentration-dependent  adsorption  dynamics
arising from the synergistic interplay of electrostatic
attraction, surface reduction, and complexation
mechanisms operative on ball-milled E. crassipes
biochar surfaces 6. Collectively, the failure of both
the Langmuir and Freundlich isotherm models to
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adequately describe Cr(V1) adsorption equilibrium
on BM-ECB strongly suggests the necessity of
applying more comprehensive isotherm frameworks
such as the Sips, Redlich Peterson, or Dubinin—
Radosevich models, which incorporate both surface
heterogeneity and thermodynamic adsorption
energy distribution parameters for a more rigorous
mechanistic characterization of this complex
adsorption system 3,

Freundlich Isotherm
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Figure 7. Freundlich isotherm

3.4.2 Residual Diagnostic Analysis of
Freundlich Isotherm Model for Cr(VI) Adsorption
on BM-ECB The statistical validity of the
Freundlich isotherm model fitted to Cr(VI)
adsorption  equilibrium on BM-ECB was
rigorously examined through four complementary
residual diagnostic plots presented in Figure 8,
encompassing the residual versus independent
variable (log ce) plot, frequency distribution
histogram, residual versus fitted Y plot, and
normal probability (Q-Q) plot, which together
provide a definitive statistical assessment of
model adequacy beyond the R2 value. The residual
versus independent variable (log ce) plot revealed
a distinctly non-random, structured pattern of
regular residuals of log ce across the
equilibrium concentration range, characterized by a
cluster of positive residuals (+0.03 to +0.21) in the
lower-to-mid log ce range (2.05-2.20), followed by
two prominent large negative residuals of
approximately —0.38 and —0.30 at log ce =~ 2.18 and
log ce = 2.23 respectively, and a return to positive
residuals (+0.03 to +0.17) at the highest log ce
values (2.25-2.33), forming a systematic wave-like
or saddle-shaped pattern rather than the random
scatter expected of a well-fitted model ?2. This non-
random, structured residual pattern across the log ce
range constitutes definitive statistical evidence of
systematic model misfit, confirming that the
Freundlich isotherm despite its heterogeneous
surface premise cannot adequately capture the
complex concentration-dependent Cr(VI)
adsorption equilibrium behavior of BM-ECB across
the full experimental concentration range studied 2.
The two large negative residuals at intermediate log
ce values are mechanistically attributable to the
pronounced transition region in the adsorption

isotherm where the dominant Cr(VI) species shifts
from HCrO.~ at lower concentrations to CrO.?~ and
Cr207* at higher concentrations, each interacting
differently with the heterogeneous surface
functional groups of BM-ECB, thereby producing
an adsorption profile that cannot be linearized by the
simple two-parameter Freundlich equation 4. The
frequency distribution histogram of regular
residuals exhibited a markedly asymmetric, left-
skewed distribution, with the dominant cluster of six
counts in the 0 to +0.2 residual range, two counts in
the —0.4 to —0.2 range, one count each in the —0.2 to
0 and +0.2 to +0.4 ranges, reflecting the
disproportionate influence of the two large negative
outlier residuals on the overall residual distribution
and confirming significant departure from the
symmetric Gaussian distribution assumed by
ordinary least-squares linear regression 2°. This left-
skewed residual histogram is consistent with the
Freundlich model's systematic overprediction of log
g. at intermediate equilibrium concentrations,
corresponding precisely to the concentration range
where the surface reduction of Cr(VI) to Cr(l1l) by
electron-donating functional groups on BM-ECB
enriched through ball milling of E. crassipes
biomass becomes progressively rate-limiting,
thereby producing experimentally  observed
adsorption capacities lower than those predicted by
the linear Freundlich regression 2?7, The residual
versus fitted Y plot similarly demonstrated a
pronounced non-random curved pattern, with large
negative residuals (—0.33 and —0.38) at intermediate
fitted Y values (approximately 0.90 and 1.25-1.30),
flanked by positive residuals at low (fitted Y = 0.70—
0.75) and high (fitted Y = 1.60-1.90) fitted Y ranges,
forming a characteristic inverted arch or concave-
downward curvature that is a classical diagnostic
signature of model inadequacy and the need for a
higher-order or nonlinear isotherm framework 22,
This concave residual curvature in the fitted Y plot
definitively indicates that the true adsorption
isotherm of Cr(VI) on BM-ECB follows a more
complex functional form than the power-law
Freundlich equation, further substantiating the
recommendation for nonlinear Sips or Redlich—
Peterson isotherm modelling which incorporate an
additional heterogeneity exponent capable of
capturing the observed inflection in adsorption
behavior 2°. The normal probability (Q-Q) plot
revealed moderate linearity of data points along the
theoretical normal distribution reference line across
the central percentile range (approximately 40th to
80th percentiles), while notable deviations were
observed at the lower tail (below the 15th
percentile), where two data points fell substantially
below the reference line corresponding to the large
negative outlier residuals, and at the upper tail
(above the 90th percentile) where slight positive
deviation was also evident, producing a
characteristic S-shaped departure from normality
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that confirms the non-Gaussian nature of the
residual distribution for the Freundlich model
applied to this system. The lower-tail deviation in
the Q-Q plot is of particular mechanistic
significance as it reflects the systematic failure of
the Freundlich model to predict adsorption capacity
at intermediate Cr(\/1) concentrations where surface
heterogeneity, multi-species competition, and the
coupled reduction-complexation mechanism of
Cr(V1) removal on BM-ECB interact in ways that
produce non-power-law equilibrium adsorption
behavior not captured by the two-parameter
Freundlich framework 6. Collectively, all four
residual diagnostic plots non-random wave-like
residual scatter, left-skewed histogram, concave-
downward residual versus fitted Y curvature, and S-
shaped Q-Q deviation unanimously confirm the
statistical inadequacy of the Freundlich isotherm
model for describing Cr(V1) adsorption equilibrium
on BM-ECB, and together with the previously
demonstrated failure of the Langmuir model,
provide compelling evidence that advanced three-
parameter isotherm models such as the Sips,
Redlich—Peterson, or Dubinin—Radosevich models,
which explicitly account for surface energy
heterogeneity and multi-mechanistic adsorption
pathways, are essential for an accurate and
mechanistically meaningful characterization of
Cr(VI1) adsorption equilibrium on physically
modified E. crassipes biochar %,

Figure 8. i":reundlich isotherm RE

Thermodynamic Study of Cr(VI) Adsorption
onto BM-ECB

The thermodynamic feasibility,
spontaneity, and energetic nature of Cr(VI)
adsorption on BM-ECB were evaluated by
conducting batch adsorption experiments over a
temperature range of 298-318 K (25-45°C), and the
standard thermodynamic parameters Gibbs free
energy change (AG®), enthalpy change (AH®), and
entropy change (AS°) were determined using the
Van't Hoff equation and the thermodynamic
relationship AG® = AH° — TAS®° = —RT In Kd, where
R is the universal gas constant (8.314 J mol™' K1),
T is the absolute temperature (K), and Kd is the
dimensionless thermodynamic equilibrium constant
calculated as the ratio of the equilibrium adsorption
capacity (qe) to the equilibrium Cr(VI)
concentration (ce) at each temperature 2%, The Van't
Hoff linearization plot of In Kd versus 1/T yielded a

straight line with a positive slope and negative
intercept, from which AH® and AS® were extracted
as +28.4 kJ mol!' and +112.6 J mol!' K!
respectively, while the calculated AG® values were
consistently negative across the entire temperature
range studied, decreasing progressively from —5.17
kJ mol™! at 298 K to —7.43 kJ mol ™! at 318 K, as
summarized in Table 1. The negative AG® values at
all five temperatures unambiguously confirm the
thermodynamic spontaneity and feasibility of
Cr(VI) adsorption onto BM-ECB under all studied
conditions, with the increasingly negative AG® at
higher temperatures indicating that the adsorption
process becomes progressively more
thermodynamically favourable as temperature rises,
consistent with the endothermic nature of Cr(VI)
uptake by ball-milled biochar 34 The magnitude of
AG® values, ranging between —5.17 and —7.43 kJ
mol™, falls within the range typically associated
with physisorption (0 to —20 kJ mol™") at the lower
boundary, yet the positive AH® value and the kinetic
evidence of PSO chemisorption collectively suggest
that the overall adsorption mechanism on BM-ECB
is governed by a hybrid physisorption-
chemisorption process, wherein initial electrostatic
attraction and diffusion of Cr(VI) anions to the
biochar surface are followed by stronger
chemisorptive interactions including surface
complexation and Cr(VI) reduction to Cr(ll) at the
enriched functional group sites generated by ball
milling 2%. The positive AH® value of +28.4 k] mol!
confirms the endothermic nature of Cr(VI)
adsorption onto BM-ECB, indicating that higher
temperatures  thermodynamically  favour the
adsorption process by supplying the activation
energy required to overcome the energy barrier
associated with Cr(VI) species removal of the
hydration shell surrounding HCrO+ and CrO+*
anions prior to their interaction with BM-ECB
surface sites and by enhancing the mobility and
diffusion of Cr(V1) ions toward the biochar surface
defects and functional group-rich sites created
through the ball milling process . The endothermic
adsorption behavior of BM-ECB is consistent with
findings reported for other mechanochemically
modified biochar applied to heavy metal removal,
where the ball milling-induced increase in surface
energy and creation of high-energy defect sites
result in adsorption processes that are thermally
activated and become more efficient at elevated
temperatures ¥7. The positive AS° value of +112.6 J
mol' K! reflects an increase in randomness and
disorder at the solid-liquid interface during Cr(VI)
adsorption onto BM-ECB, which is attributable to
the displacement of previously ordered water
molecules from the hydration shells of both Cr(VI)
anions and the BM-ECB surface active sites upon
adsorption, releasing multiple water molecules per
adsorbed Cr(VI) ion and thereby generating a net
increase in the degrees of freedom of the system 2,
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The positive AS° also reflects the structural disorder
introduced at the biochar-solution interface during
the  coupled  Cr(VI) reduction-adsorption
mechanism, wherein the transformation of Cr(VI) to
Cr(Ill) and subsequent surface complexation
involves significant rearrangement of surface
functional groups and release of associated water
molecules, contributing to the overall entropy gain
of the adsorption system 3°. The thermodynamic
parameters collectively establish BM-ECB as a
thermodynamically favourable, endothermic, and
entropy-driven adsorbent for Cr(\VI) removal, with
the ball milling modification of E. crassipes biochar
playing a pivotal role in enhancing the
thermodynamic spontaneity of Cr(VI) uptake
through the generation of high-energy surface sites,
enriched functional groups, and increased surface
disorder that collectively lower the Gibbs free
energy of the adsorption process across the studied
temperature range 1°.

Table 1. Thermodynamics parameters
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The calculated AG® values were negative at all
five temperatures studied, decreasing progressively
from —5.17 kJ mol ™! at 298 K (25°C) to —5.73 kJ
mol ™ at 303 K, —6.30 kJ mol! at 308 K, —6.86 kJ
mol " at 313 K, and —7.43 kJ mol " at 318 K (45°C),
as clearly illustrated by the linear downward trend in
the AG® versus temperature plot (Figure 9, left
panel). The consistently negative AG® values across
the entire temperature range confirm the
thermodynamic spontaneity and feasibility of
Cr(VI) adsorption onto BM-ECB under all studied
conditions without any external energy input, while
the progressively more negative AG® with rising
temperature indicates that the adsorption process
becomes increasingly favourable
thermodynamically as temperature increases,
consistent with the endothermic nature of the system
23, The magnitude of AG® values, ranging between
—5.17 and —7.43 kJ mol™, falls within the energy
range typically associated with physical adsorption
(0 to =20 kJ mol™), yet the kinetic evidence of
pseudo-second-order  chemisorption and the
established multi-mechanistic Cr(VI) removal
pathway encompassing electrostatic attraction,
surface reduction of Cr(VI) to Cr(lll), and
subsequent complexation with surface functional
groups collectively suggest that BM-ECB operates
through a hybrid physicochemical adsorption
mechanism  where both  physisorptive and
chemisorptive interactions contribute to the overall
thermodynamic profile.

The positive standard enthalpy change (AH° =
+28.4 kJ mol™ at 298 K, decreasing to +21.6 kJ
mol™ at 318 K) derived from the Van't Hoff analysis
confirms the endothermic nature of Cr(VI)
adsorption onto BM-ECB, indicating that the
adsorption process absorbs heat from the
surrounding environment and is thermally driven.
The positive AH® is mechanistically consistent with
the energy requirement for desolvation of hydrated
Cr(VI) anions (HCrO+  and CrO+*) prior to their
interaction with BM-ECB surface sites, as the
removal of the hydration shell surrounding these
ions necessitates endothermic energy input that is
subsequently offset by the exothermic energy
released during strong chemisorptive bonding with
the enriched surface functional groups of ball-milled
biochar 7.

The positive standard entropy change (AS° =
+112.6 J mol™! K' at 298 K, decreasing to +103.6 J
mol' K-' at 318 K) reflects a significant increase in
randomness and disorder at the BM-ECB-solution
interface during Cr(VI) adsorption, which is
primarily attributable to the displacement of
structured water molecules from the hydration shells
of both Cr(V1) anions and the biochar surface active
sites upon adsorption, releasing multiple water
molecules per adsorbed Cr(VI) ion into the bulk
solution and generating a net increase in the
translational degrees of freedom of the system. The
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positive AS° additionally reflects the structural
rearrangement and disorder introduced at the
biochar surface during the coupled Cr(VI)
reduction-adsorption mechanism, wherein the
electrochemical transformation of Cr(VI) to Cr(ll1)
and the subsequent surface complexation of Cr(lll)
with carboxylate and hydroxyl moieties on BM-
ECB involve significant reorganization of the
surface functional group network and associated
solvent molecules, contributing to the overall
entropy gain of the adsorption system 3. The slight
decrease in AS® from +112.6 to +103.6 J mol™! K!
with increasing temperature suggests that as
temperature rises, the surface adsorption sites
become progressively occupied and the system
approaches a more ordered adsorbed-phase
configuration, mildly reducing the net entropy gain
while still maintaining a significantly positive
overall AS° that thermodynamically drives the
spontaneous adsorption process across the entire
studied temperature range 6 Collectively, the
thermodynamic analysis establishes that Cr(VI)
adsorption onto BM-ECB is a spontaneous (AG® <
0), endothermic (AH® > 0), and entropy-driven (AS°
> () process at all temperatures between 298 and 318
K, wherein the thermodynamic spontaneity is
sustained by the large positive entropy contribution
(TAS®) that more than compensates for the positive
enthalpy input, validating ball milling of E.
crassipes biochar as a highly effective physical
modification  strategy  for  producing a
thermodynamically favourable, sustainable, and
cost-effective adsorbent for Cr(VI) remediation
from contaminated industrial wastewater across a
broad operational temperature range.
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Figure 9. Thermodynamic analysis of Cr(VI)
adsorption on BM-ECB

4. Conclusion

The present study systematically investigated
the adsorption of hexavalent chromium Cr(V1) from
aqueous solution on BM-ECB prepared through ball
milling, with comprehensive evaluation of
adsorption  kinetics,  equilibrium  isotherms,
thermodynamic behavior, and statistical model
validation through residual diagnostic analysis. The
findings collectively demonstrate that ball milling is
a highly effective, green, and sustainable physical
activation strategy for significantly enhancing the
adsorptive performance of E. crassipes biochar
toward Cr(VI) removal from contaminated

waste water. The kinetic study revealed that Cr(\V1)
adsorption onto BM-ECB conformed markedly
better to the PSO kinetic model (R2 = 0.9953, r =
0.9977) than to the pseudo-first-order model (R? =
0.9518), unambiguously  confirming  that
chemisorption is the predominant rate-governing
mechanism rather than simple physical diffusion.
The theoretical equilibrium adsorption capacity (qe
=0.768 mg g!) and the high PSO rate constant (kz
=0.164 g mg™! min™') derived from the PSO model
reflect the enhanced surface reactivity of BM-ECB,
attributable to the mechanical comminution-induced
reduction in particle size, increase in specific surface
area, and enrichment of oxygen-containing
functional groups particularly carboxyl (—-COOH)
and hydroxyl (~OH) moieties on the biochar surface
that facilitate strong electrostatic attraction and
surface reduction of Cr(\V1) to Cr(lll).

Equilibrium isotherm analysis demonstrated
that neither the Langmuir model (R = 0.5460, KL <
0) nor the Freundlich model (R? = 0.7661, 1/n =
—4.129) adequately described the Cr(VI1) adsorption
equilibrium on BM-ECB. The poor fit of the
Langmuir model, evidenced by a physically
unrealistic negative adsorption constant, is
mechanistically consistent with the energetically
heterogeneous surface architecture generated by ball
milling of E. crassipes biochar, which violates the
fundamental Langmuir assumption of uniform
monolayer adsorption. Similarly, the anomalous
negative Freundlich heterogeneity factor confirms
that the adsorption behavior of BM-ECB cannot be
captured by classical two-parameter isotherm
frameworks, pointing toward the necessity of
advanced three-parameter models such as the Sips or
Redlich—Peterson  isotherms  that  explicitly
accommodate surface energy heterogeneity and
multi-mechanistic adsorption pathways for a more
accurate characterization of Cr(V1) equilibrium on
mechanochemically modified biochar.

Comprehensive residual diagnostic analysis
encompassing residual versus independent variable
plots, frequency distribution histograms, residual
versus fitted Y plots, and normal probability Q-Q
plots provided rigorous statistical validation of the
kinetic model fits and corroborated the inadequacy
of both isotherm models. The random residual
scatter and approximate homoscedasticity observed
for the PSO kinetic model confirmed its statistical
robustness, while the non-random, structured
residual patterns, skewed histograms, and curved Q-
Q plots for both isotherm models provided definitive
diagnostic evidence of systematic model misfit
attributable to the physicochemical complexity of
Cr(VI1) adsorption on the heterogeneous BM-ECB
surface.

Thermodynamic  analysis over  the
temperature range of 298-318 K revealed that
Cr(VI1) adsorption onto BM-ECB is a spontaneous
(AG°® ranging from —5.17 to —7.43 kJ mol™?),
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endothermic (AH® = +28.4 kJ mol™"), and entropy-
driven (AS® = +112.6 J mol™* K™") process at all
studied temperatures. The progressively more
negative AG® values with increasing temperature
confirm that elevated temperatures
thermodynamically favour Cr(VI) uptake onto BM-
ECB, consistent with the endothermic of Cr(VI)
anions and thermal activation of surface functional
groups generated by ball milling. The positive AS®
reflects the increased disorder at the biochar—
solution interface arising from the displacement of
structured water molecules and the coupled Cr(VI)
reduction-adsorption transformation mechanism,
wherein thermodynamic spontaneity is sustained by
the large entropy contribution overcoming the
positive enthalpy requirement. Collectively, the
adsorption of Cr(VI1) onto BM-ECB is proposed to
proceed through a coupled multi-pathway
mechanism encompassing electrostatic attraction of
anionic Cr(VI) species (HCrOs~ and CrOs*) to
protonated surface sites, surface reduction of Cr(VI)
to less toxic Cr(lIl) facilitated by electron-donating
functional groups enriched through ball milling, and
subsequent complexation of Cr(lll) with surface
carboxylate and hydroxyl moieties a synergistic
process that underpins the superior chemisorptive
performance of BM-ECB relative to unmodified
biochar. From a sustainability perspective, the dual
valorization of Eichhornia crassipes an ecologically
damaging invasive aquatic macrophyte of global
concern as a hiochar precursor, combined with the
environmentally benign, reagent-free ball milling
modification approach, presents a compelling
circular economy strategy for transforming an
ecological liability into a high-performance, low-
cost adsorbent for industrial ~ wastewater
remediation. The present findings therefore position
BM-ECB as a promising, sustainable, and scalable
material for hexavalent chromium removal, while
future studies should focus on the application of
advanced three-parameter isotherm models, column
breakthrough studies under continuous flow
conditions, regeneration and reusability assessment,
and pilot-scale evaluation to further advance the
practical deployment of ball-milled E. crassipes
biochar in real industrial wastewater treatment
systems.
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