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Abstract

Acacia dealbata, an invasive species in Portugal, produces large amounts of residual biomass
during control operations, thereby presenting challenges and opportunities for sustainable
valorization. Heavy metal contamination, including zinc (Zn), remains a critical environ-
mental challenge due to its widespread industrial release and potential ecotoxicological
impacts. This study explores the potential use of A. dealbata biomass as a biosorbent for
zinc removal from aqueous solutions, comparing the performance of natural biomass and
A. dealbata charcoal fines. Adsorption isotherms, kinetics, and surface characterizations
were conducted to evaluate their physicochemical properties and sorption efficiency. The A.
dealbata charcoal fines exhibited a significantly higher specific surface area (33 m? g~!) and
total pore volume (0.030 cm® g~!) compared with the untreated biomass (1.4 m? g~! and
0.004 cm? g~ 1, respectively). Despite these structural differences, both materials demon-
strated similar maximum adsorption capacities (23.36 and 23.79 mg g~! for natural and
charcoal fines, respectively). These results indicate that untreated A. dealbata biomass can
perform as a biosorbent comparably to its carbonized form, representing a simple, low-cost,
and sustainable alternative for heavy metal removal, offering a low-energy and sustainable
alternative for Zn remediation.

Keywords: Acacia dealbata; invasive species; biomass valorization; biosorption capacity;
zinc removal; wastewaters

1. Introduction

There are approximately 1380 species of Acacia distributed globally, with nat-
ural occurrences primarily in Australia (around 1000 species), Africa (144 species),
Asia (89 species), and the Americas (a total of 185 species). At least eight Australian
acacia species have been introduced into Southern Europe, where they are classified as in-
vasive [1]. Acacia dealbata Link, in particular, is considered invasive across Europe, America
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and Africa, with proven impacts on soil properties and native plant communities, thereby
threatening local biodiversity [2].

The intentional introduction of non-native species has historically been motivated by
various objectives, including commercial, ornamental, or ecological restoration purpose [3].
A. dealbata was introduced in Southern Europe in the 19th century as an ornamental
plant [1,4,5], and now is widely established in France, Italy, Portugal, and Spain [1].

This species has a pronounced invasive potential in Portugal, which is largely ex-
plained by its prolific seed production, high germination rate (>70%), rapid growth, and
allelopathic capacity [4,6]. According to the most recent National Forest Inventory, the area
invaded by acacias expanded between 1995 and 2010, from 2701 ha to 5351 ha [7], while
field observations allow estimating a much higher area coverage nowadays. This increase
poses a considerable ecological threat to Portuguese ecosystems [5].

Wildfires and climate change constitute major drivers of environmental disruption and
facilitate the spread of alien species by altering forest structure and function [8,9]. Portugal
is the European country most impacted by wildfires [10], which exacerbates the issue of
biological invasions, as alien species frequently display greater adaptive capacity to new
edaphoclimatic conditions than native flora [3].

Several acacia species are pyrophytic, with fire acting as a stimulus for germination and
dispersal, while gaining a competitive advantage over native vegetation under increasingly
hot and dry climatic regimes [4,5]. Evidence indicates that acacias not only demonstrate
resilience to high-severity wildfires but also contribute to increased fuel accumulation
in the short and medium term [11]. In addition, many acacia species persist in viable
soil seedbanks [11,12], which can promote large-scale germination events following fire
disturbances [9,11,13]. For example, a widespread invasion of A. longifolia was documented
in Portugal subsequent to a wildfire event [14].

Acacia invasions threaten biodiversity conservation within protected areas, disrupt
ecosystem services, and negatively impact the forest sector. In response, control strategies
aimed at mitigating their proliferation have been implemented [15]. However, invasive
plant control is typically costly and demands continuous financial investment [16]. More-
over, these interventions generate substantial amounts of residual biomass, which is com-
monly incinerated for energy recovery or deposited in landfills [16,17]. For instance, the
control operation of just 2 ha of A. dealbata generated approximately 140 tons of biomass [3].

Exploring high-value applications for acacias biomass could help to offset these costs,
thereby improving the economic sustainability of management practices. Several studies
have investigated the valorization of several Acacia species for its chemical or pharmaceuti-
cal potential [13,18,19], cellulose or pulp production [20-22], adsorbents application [23-25],
and as a renewable energy source, such as bioethanol or pellets [17,26,27]. However, the
valorization of A. dealbata is still scarcely explored. Therefore, the management of acacias,
particularly of A. dealbata, is of critical importance, and their valorization as bio-adsorbents
represents a promising approach.

Heavy metals are persistent environmental pollutants capable of accumulating
throughout the food chain, and due to their high solubility and mobility, they pose se-
rious risks to both ecosystems and human health. Although zinc is considered one of
the less toxic heavy metals and intoxication cases are relatively rare, excessive exposure
can still cause adverse effects such as loss of appetite, nausea, irritability, and muscle
stiffness [28,29]. Heavy metal contamination, including zinc (Zn), is a growing concern due
to intensive industrial discharge. Zn commonly enters water bodies through galvanization,
electroplating, mining, fertilizers, pigments, and wastewaters from the textile and leather
sectors. Industrial effluents may contain Zn concentrations exceeding 50-200 mg L, far
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above permissible discharge limits. These levels justify the need for effective, low-cost
water remediation technologies.

In this context, the removal of heavy metals from aqueous systems has become
a crucial environmental challenge. Among the available treatment methods, adsorption
stands out as one of the most efficient, rapid, and cost-effective techniques for metal
removal [30,31]. This process offers high versatility and operational simplicity, making
it particularly suitable for large-scale applications. Nevertheless, improving adsorbent
performance often requires chemical or thermal modification, which can increase energy
consumption and chemical use, potentially limiting its sustainability [30].

In this work, we reinforce the environmental relevance of Zn removal and provide
a scientifically grounded justification for studying its mitigation using low-cost materials.
We also highlight the novelty of evaluating Portuguese A. dealbata biomass and directly
comparing untreated biomass with commercially produced charcoal fines, a comparison
not previously reported. Charcoal fines derived from A. dealbata biomass, and untreated
acacia biomass were prepared, characterized, and evaluated as bio-adsorbents for Zn(II)
removal from aqueous solutions, with adsorption behavior analyzed through isotherm and
kinetic models.

2. Materials and Methods
2.1. Sample Preparation

The biomass of Acacia dealbata was collected in the Viseu region, Portugal, by harvest-
ing young trees. The stem and branches, including the wood and bark components, were
kept while foliage was discarded. The material, without pre-treatment, herein coded as AN,
was milled (Fritsch pulverisette 19, Idar-Oberstein, Germany) and sieved (Retsch AS200;
Retsch-Allee, Haan, Germany) to obtain fractions of different particle sizes; the powder
fraction (~177 um) was selected for use as a bio-adsorbent (untreated acacia biomass).

The Acacia dealbata charcoal fines (AB) were produced by Kool Nature (Sao Paio de
Mondego, Portugal) from dust and fines separated from vegetal charcoal derived from
A. dealbata prior to use. This charcoal, marketed as BioCarvao or Ekoology, was obtained
through slow pyrolysis at 800 °C for 8-12 h under strictly controlled low-oxygen conditions,
maintaining O, ingress below 2% to ensure efficient carbonization and minimal volatile
release. The resulting material contains >94% fixed carbon, <3% volatile matter, and
negligible moisture. The charcoal fines were sieved to the same granulometric range as AN
to ensure comparability.

2.2. Sample Characterization

High-resolution scanning electron microscopy (SEM) was conducted with a Hitachi
SU-70 microscope (Hitachi High-Tech Corp., Tokyo, Japan) operated at 15 kV and equipped
with energy-dispersive X-ray spectroscopy (EDS, Briiker, Germany) for elemental analysis.
Samples were mounted on aluminum stubs and coated with a conductive carbon film using
an Emitech K950X evaporator (Emitech Group, Montignyle-Bretonneux, France).

Powder X-ray diffraction (XRD) patterns were obtained at room temperature ona 6/6
diffractometer Empyrean PANalytical diffractometer (Malvern Panalytical B.V., Almelo, The
Netherlands) equipped with a PIXcel 1D detector and Cu Ko radiation (A; = 1.5406 A,
A2 =1.5444 A) at 45 kV and 40 mA, using Bragg-Brentano geometry and continuous scanning
from 5° to 80° (20) with a 0.01° step size.

The specific surface area and porous properties of AN and AB powders were measured
via Nj adsorption—desorption isotherms using the Brunauer—-Emmett-Teller (BET) and BJH
methods, respectively, on a Gemini V-2380 analyzer (Micromeritics Instrument Corporation,
Norcross, GA, USA).
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2.3. Adsorption Tests

All adsorption experiments were conducted in triplicate under identical conditions at
room temperature, using an adsorbent dosage of 4 g L~!. Following adsorption, filtration
was performed by gravity using standard paper filters, ensuring accurate AAS quantifica-
tion and preventing particle interference. The influence of pH was assessed by measuring
the adsorption efficiency across a pH range of 3 to 9. Control tests without adsorbent
were conducted to quantify Zn precipitation as Zn(OH), at pH values > 7. All subsequent
experiments were carried out at the pH value that yielded the highest removal efficiency.

Adsorption isotherms were evaluated by conducting experiments with Zn(II) ion
concentrations ranging from 10 to 50 mg L~!, and the resulting data were fitted to the
Langmuir and Freundlich models, respectively, Equations (1) and (2).

l - + ( ! ) X i (1)
e Gmax Kr X Gmax Ce

Ing, = InKr + % x InC, 2)

where g, (mg g~ 1) represents the quantity of ions adsorbed in each g of adsorbent material,
gmax corresponds to the saturation capacity of the adsorbent material, C, (mg L) is the
equilibrium concentration, and K, is the Langmuir constant. The n of Freundlich indicates
the magnitude of the surface heterogeneity, and the K is the Freundlich constat.

Additionally, the Ry of Langmuir was calculated to describe the favorability of the
adsorption, according to Equation (3).

1

Rp=—+~—
L 14+ Cy x K,

©)
where Cj is the initial concentration of the adsorbate. The value of R} indicates the nature
of the adsorption process: R < 1 means favorable, R;, =1 is linear, Ry > 1 is unfavorable,
and Ry, = 0 indicates irreversible adsorption.

2.4. Kinetic Studies

Kinetic experiments were performed at an initial Zn(II) concentration of 20 mg L~!
over contact times between 1 and 120 min, and the adsorption dynamics were analyzed
using the pseudo-first-order (PFO) model presented by Equation (4).

In(ge — q¢) =In(qe) — kg x ¢ (4)

where g, and g; (mg g~!) represents the amount of solute absorbed at equilibrium and
the adsorbed at time ¢, respectively; k1 (min) is the pseudo-first-order rate constant, repre-
senting the rate at which adsorption sites are occupied. Higher k; values indicate a faster
adsorption process.

Adsorption is interpreted as the interaction between the adsorbate and two indepen-
dent active sites on the adsorbent, as described by the pseudo-second-order kinetic model.
The linearized form of this model is presented in Equation (5).

1 t

== 5
q kg qe ©)

In this model, k, (g mmol~! min~!) denotes the pseudo-second-order adsorption rate
constant. Based on k», the initial adsorption rate & (mg g’l min~1) is defined as shown
in Equation (6).

h=ky xq? (6)
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The Weber-Morris intraparticle diffusion model [32] was applied to gain deeper insight
into the rate-limiting steps governing Zn(II) adsorption onto the AN and AB biosorbents.
The model is expressed by Equation (7).

qt:kidxt1/2+C )

where k;; (ng g’l min~1/2) is the intraparticle diffusion rate constant, and C (mg g’l) is
the intercept associated with boundary-layer resistance.

The residual Zn(II) concentration in solution was quantified by atomic absorption
spectroscopy (AAS) and calculated using Equation (8).

%adsorption = Cig G % 100 (8)
i
C; is the initial concentration of the metal in the solution (mg L~') and Cy is the

concentration of the metal remaining in the solution (mg L.~!) after the adsorption process,
measured by AAS.

3. Results
3.1. Characterization of the Natural and Modified Acacia Biomass

The SEM micrographs and EDS spectra of the AN and AB samples are shown in
Figures 1 and 2, respectively. Natural acacia (AN) contains small granular particles with
cellular fragments that contain various cellular structures: small and rather isodiametric
cells, which are typical of wood rays, shown in fragment 1, while a considerable amount
of long cells representing the main wood fiber and vessel structures are presented in
fragment 2.

2 4 6

Energy (eV)

S| C Ca,

2 4 6

Energy (¢V)

Figure 1. SEM micrographs of the Acacia dealbata untreated sample (AN) and EDS spectra recorded
from two particulate fragments (1-2).

Figure 2 reveals that the acacia charcoal fines have a heterogeneous structure com-
bining numerous small fragments mostly with approximate spherical shape with longer
fragments more of a fibrous nature. For instance, fragment 2 shows a vessel structure with
vessel elements measuring about 10 um in width and 40 pum in length.
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Figure 2. SEM micrographs of the Acacia dealbata charcoal fines (AB) and EDS spectra recorded from
two particulate fragments (1-2).

The XRD pattern (Figure 3) of the AN shows that the material is predominantly
amorphous, containing minor crystalline features. In contrast, the charcoal fines (AB)
exhibit distinct diffraction peaks corresponding to calcite (CaCO3), suggesting that mineral
transformations occurred during the pyrolysis process.
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Figure 3. XRD patterns of the Acacia dealbata untreated biomass (AN) and charcoal fines (AB).

To provide additional insights into the biosorbents” physical properties, the specific
surface area was determined by the multipoint BET method. The specific surface area (SSA)
of AN was 1.4 m?g~! and total pore volume of 0.004 cm®g~!, whereas AB shows much
higher SSA (33 m?g~!) and total pore volume (0.030 cm3g~1).

The N; adsorption—-desorption isotherms and pore size distribution curves are pre-
sented in Figure 4a and 4c, respectively. The pore size distribution of the AN (Figure 4b)
and AB (Figure 4d) were estimated using the Barret-Joyner-Halenda (BJH) method.
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Figure 4. N, adsorption-desorption isotherms (a,c) and pore size distribution curves (b,d) of Acacia
dealbata: (a,b) correspond to the untreated (AN) sample; (c,d) correspond to the charcoal fines (AB).

The AN has a smaller pore volume (0-0.004 cm®g~!) and a narrower pore width
(2-33 nm) compared with AB (0-0.025 cm?’g’1 and 2-157 nm, respectively). AN powder
presents a type Hy hysteresis loop, which is typical for complex pore structures with the
presence of a very steep desorption branch, which can probably be attributed to pore
blocking [33]. On the other hand, the AB powder presents a more similar hysteresis loop
of type Hj, where the adsorption branch resembles a type II isotherm, characteristic of
macropores and aggregates of plate-like particles [34].

Based on the physicochemical characterization of the adsorbent materials (AN and
AB), the potential mechanisms involved in the adsorption of Zn(Il) ions onto the active
sites on the biomass surface are summarized in Figure 5.

O 2+ *)
@ Zn @ Q Electrostatic Attraction

@0 Q - \\ //v an»»@m
' ]

Figure 5. Proposed mechanisms for Zn(II) adsorption on natural acacia (AN) and charcoal fines
(AB), including electrostatic interactions, ion exchange, and surface complexation at active functional
groups—hydroxyl (-OH), carboxyl (-COO), carbonyl (-C=0), amine (-NHp), etc.
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3.2. Experimental Adsorption Tests, Isotherm and Kinetics

The pH plays a crucial role in the adsorption process, as it governs both the surface
charge of the adsorbent and the degree of ionization of the adsorbate, thereby directly
affecting the adsorption efficiency and mechanism. The best pH for zinc removal by both
acacia-based biosorbents was investigated (Figure 6).

100 -
i
98 -
S
S
& o4 -
n
e’ —eo— AN
< 9 |
92 B
90 ; ; : :
2 4 6 8 10

Figure 6. Study of the pH effect on the adsorption of Zn ions by the Acacia dealbata biosorbents
(natural—AN and charcoal fines—AB).

The adsorption rate increased with rising solution pH. However, at pH values above 8
or below 4, zinc ions are susceptible to precipitation, mostly as zinc hydroxide (Zn(OH)s,),
which may interfere with the adsorption measurements. Therefore, a near-neutral pH was
considered as the optimal condition for zinc ion removal by both acacia-based biosorbent
materials, achieving removal efficiencies of approximately 98% for acacia charcoal fines
(AB) and 95% for natural acacia (AN). These results indicate that an acid to neutral medium
minimizes H" competition for active sites while preventing the formation of Zn(OH),, thus
optimizing ion—surface interactions.

The results of the adsorption modeling based on the Langmuir and Freundlich
isotherm models are presented in Figure 7, and the corresponding model parameters
are summarized in Table 1.

0.4 2.0
o e °

~034 . & .-...Q 10 ..,.ﬁ
5;0 ........... O Bo : . ¢ .
S 0.2 4 Q... . 00
s . &
8 ® e £, 0.0 - , ®

0.1 ® AN 5 e ® AN

® AB L T ® AB
OO T T T _10 . T T T T
0.0 1.0 0 4.0 0.5 1.0 1.5 20 25 30

Ce (121;1% L1 & In Ce (mg L)
(a) ®)

Figure 7. Plotting of Langmuir (a) and Freundlich (b) isotherm models for the adsorption of Zn ions
onto Acacia dealbata biosorbents (natural (AN) and charcoal fines (AB).
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Table 1. Parameters of Langmuir and Freundlich isotherm models for the adsorption of Zn ions onto
Acacia dealbata biosorbents: natural (AN) and charcoal fines (AB).

Model Parameter Biosorbent Type
AN AB
Langmuir
gmax (mg g~ 1) 23.36 23.79
Ky (Lmg™1) 0.23 0.29
R? 0.71 0.62
Rp 0.30 0.26
Freundlich
n 1.29 1.15
1/n 0.77 0.87
Kg (mg g~ 1).(L mg_l)l/” 0.16 0.16
R? 0.95 0.85

The isothermal adsorption pattern was comparable for both adsorbent materials. The
experimental data fitted the Freundlich model, which describes multilayer adsorption, with
correlation coefficients of 0.95 and 0.85 for the natural acacia (AN) and acacia charcoal fines
(AB), respectively. The maximum adsorption capacity (qmax), estimated using the Lang-
muir model, was also very similar for both materials, with values of 23.36 and 23.79 mg g !
for AN and AB, respectively.

Adsorption is generally considered favorable when the Freundlich constant, , lies
between 1 and 10; higher n values indicate stronger interactions between the adsorbate and
the adsorbent. Since the Freundlich constant n values, 1.29 (AN) and 1.15 (AB), were close
to 1, the adsorption can be described as nearly linear. Moreover, the Langmuir factor Ry, <1
confirms that the adsorption process was favorable under the conditions studied.

Regarding the reaction kinetics, the time-dependent adsorption behavior is illustrated
in Figure 8. The parameters of the pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models, calculated based on the experimental data, are presented in Table 2.

100 7Y
;\3 98 - pr N 7
~ i
§ %4 .
£ o4 -
é) 92 AN
AB
90 T T T T T T
0 40 80 120 160 200 240

Time (min)
Figure 8. Adsorption of Zn ions by Acacia dealbata biosorbents (AN and AB) over time.

The time-dependent adsorption study revealed distinct behaviors between the two
adsorbent materials. In both cases, adsorption occurred rapidly, with more than 90% of
zinc ions being removed within the first few minutes of contact. However, the charcoal
fines exhibited a slightly more variable adsorption profile, showing a gradual increase over
time, whereas the natural acacia displayed a steadier trend, suggesting faster saturation of
its available surface active-sites. This behavior indicates that, despite structural differences
between the materials, both possess high initial affinity for Zn, with equilibrium being
reached within a short contact time.
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Table 2. Kinetic parameters of the pseudo-first-order (PFO) and pseudo-second-order (PSO) models
applied to the adsorption onto Acacia dealbata biosorbents (AN and AB).

Model Parameter Biosorbent Type
AN AB
PFO
k; (L min™1) 7.88 x 1073 1.42 x 1072
Qe calc (mg g~ 1) 0.57 1.00
Je exp (mg g_l) 76.14 79.88
R? 0.78 0.95
PSO
ko (g mg~!.min) 3.85 x 107! 4.16 x 1072
h (mg g~ !.min) 2240.65 266.54
Qe calc (mg g~ 1) 76.24 80.00
Qe exp (mg g~ 1) 76.14 79.88
R? 1.00 1.00
According to the kinetic model fitting, the adsorption process followed the pseudo-
second-order (PSO) model in both cases, with correlation coefficients (R?) of 1.00 for
the natural acacia and acacia charcoal fines. These results suggest that the adsorption
mechanism is predominantly governed by chemisorption.
Given the chemisorption-driven kinetics suggested by the PSO model, it was essential
to evaluate the contribution of mass-transfer mechanisms to the overall adsorption process.
The intraparticle diffusion plots presented in Figure 9 illustrate the Weber-Morris profiles
for Zn adsorption onto natural (AN) and charcoal fines (AB) of acacia, revealing a clear
multilinear behavior for both biosorbents.
76.5 80 - y =79.88
y =0.018x + 76.02 R2=1.00
— RE=083 @ "
pr ¢ y =0.01x +76.10 ;':o .
27 4 R?=1.00 %b 78 1 oy =0.4827x + 7605
= E) N2 R2=0.99
o ® y=0.13x+7562 =)
R2=0.97 [ J
75-5 T T T 1 76 T T T !
0 5 10 15 20 0 5 10 15 20
£1/2 (minl2) t2 (min'/2)
(a) (b)

Figure 9. Weber—Morris plots for Zn ions adsorption onto AN (a) and AB (b), showing three-stage
and two-stage diffusion behaviors, respectively.

For both adsorbents, the plots of qt versus t'/? exhibited multilinearity, indicating that
Zn(II) adsorption proceeds through multiple consecutive steps rather than being governed
by a single rate-limiting mechanism. Moreover, none of the linear segments passed through
the origin, confirming that intraparticle diffusion is not the sole controlling step and that
external mass transfer (boundary layer diffusion) plays a significant role in the overall
adsorption process.

For natural acacia, three distinct linear regions were identified in the intraparticle
diffusion model. The first region showed a relatively high intraparticle diffusion rate con-
stant (kid; = 0.13 mg g~ 'min~1/2), indicating a rapid initial uptake of Zn ions. The second
region exhibited a much lower diffusion rate (kid, = 0.018 mg g’lmin’l/ 2) along with a
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reduced correlation coefficient. In the third region, the diffusion rate further decreased
(kidz = 0.01 mg g~ 'min~1/2), corresponding to the equilibrium stage.

Charcoal fines only displayed two linear regions, the first one with substan-
tially higher intraparticle diffusion rate constant, showing a very high diffusion rate
(kid; = 048 mg g 'min~1/2). In the second stage, the curve became horizontal,
indicating equilibrium.

4. Discussion
4.1. Samples Characterization

The morphological analyses provide important insights into the effects of thermal
treatment on Acacia dealbata biomass and its implications for adsorption performance.

The SEM micrographs (Figures 1 and 2) clearly show that both materials have a
heterogeneous and porous structure characterized by cellular structures with different cell
types (e.g., rays, vessels and fibers) that are characteristic of hardwoods and of Acacia
species [35,36]. The cellular-derived characteristics were retained in the charcoal fines with
the pyrolysis process substantially enhancing the surface porosity of the material. The
charcoal fines exhibited a rougher and more heterogeneous surface compared with the
natural biomass, suggesting a significant increase in the number of accessible adsorption
sites. According to the EDS results, the charcoal fines contain higher concentrations of
calcium (Ca) and magnesium (Mg), in agreement with the known mineral composition of
A. dealbata wood, which also presents notable potassium (K) levels (1.77 mg g~ 1) [37]. A
high content in Ca was also observed in sugarcane bagasse biochar [30].

The higher percentages of Ca and Mg in the charcoal fines compared with native A.
dealbata wood, result from the thermal degradation of organic matter during pyrolysis,
which concentrates non-volatile mineral elements in the solid residue and increases their
surface detectability in EDS analysis.

The morphological characteristics observed are consistent with those reported for
other Acacia species. For instance, A. nilotica leaves exhibit a fibrous, amorphous surface
rich in oxygenated functional groups capable of interacting with heavy metal ions [23].
Similarly, Acacia spp. leaves and their citric acid-modified forms display irregular surfaces
dominated by carbon and oxygen elements, as confirmed by EDS analysis [38].

The XRD analysis shows the appearance of calcite (CaCOj3) peaks in the charcoal
fines, absent in the natural biomass, with its characteristic diffraction reflections explicitly
identified at 26 = 29.4°, 36.0°, 39.4° and 43.1°, indicating mineral transformation during
pyrolysis, which can enhance the surface alkalinity and ion-exchange potential. In the
AN, the characteristic amorphous cellulose peak was explicitly identified at 20 ~ 22°,
corresponding to cellulose type I. The diffraction peaks at 20 = 14.9°, 16.2°, and 22° are
characteristic of cellulose type I structures [37,39], while a peak near 25° reflects partial
crystallization and improved structural ordering [40]. Similar amorphous cellulose regions
have been reported for Acacia spp. [38], and for activated carbon derived from A. mangium,
which presents an amorphous carbon matrix with broad peaks at 26° and 44° [41]. These
findings indicate that the carbonization of A. dealbata biomass preserves part of the cellulose
structure while promoting a transition to a more ordered carbonaceous matrix, favorable
for adsorption processes.

The surface area of A. dealbata charcoal fines (33 m? g~!) was significantly higher than
the natural material (1.4 m? g~1). These results confirm that thermal treatment effectively
increased the surface area. Similarly, chemical activation has been shown to drastically
increase surface area in A. auriculiformis biosorbent, whose activation with sulfuric acid
expanded the surface area from 1.9 to 891.4 m? g~ ! [42].
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However, the obtained values of surface areas remain lower than those reported for
other biochars of Acacia species, 103.47, 377.18 and 394 m? g~ [41,43,44], although similar
to that obtained for cork pyrolyzed at 450 °C, of 31.8 m? g~! [45], and higher than those
reported for sugarcane bagasse biochar, 12.63 m? g~! [30]. This pattern suggests that the
applied pyrolysis conditions enabled partial pore development without generating the
extensive micro/mesoporosity typical of chemically activated materials.

Pores are generally classified as micropores (diameter < 2 nm), mesopores
(2-50 nm), and macropores (>50 nm) [46]. In this study, the charcoal fines (AB) exhib-
ited both macroporous and mesoporous structures, with a broader pore width distribution
(2-122 nm) compared with natural acacia (AN), which presented predominantly meso-
porous characteristics (2-33 nm). In contrast, biochar derived from sugarcane bagasse
exhibited a predominantly microporous structure (1.58 nm) [30], whereas biochar from
Eucalyptus sp. and activated carbon from A. mangium presented mesoporous structures,
with pore diameters of 2.37 nm and 5.51-11.8 nm, respectively [34,40]. The pore hetero-
geneity and wider distribution in AB are advantageous for adsorption processes, as they
facilitate the retention of a broader range of contaminant molecules with different sizes and
diffusion properties.

Regarding pore volume, values were 0.004 cm® g~! and 0.030 cm® g~! for natural
acacia (AN) and charcoal fines (AB), respectively. These values are lower than those
reported for other Acacia-based materials, such as A. nilotica raw biomass (0.064 cm3 g~ 1)
and its corresponding biochar (0.091 cm® g~') [44]. Similarly, a significant increase in
pore volume was observed for A. auriculiformis biosorbent after activation, rising from
0.009 cm?® g~ ! to 0.543 cm® g~ ! [42]. For comparison, biochar produced from Eucalyptus sp.
exhibited an intermediate pore volume of 0.174 cm? g1 [40].

When compared with other lignocellulosic biochars, Acacia-derived materials gen-
erally exhibit moderate surface areas but favorable morphological features. For example,
biochars derived from peanut shells, Bactris gasipaes, and corn cobs presented much higher
specific surface areas (652.8-1224 m? g’l) and larger pore sizes (21.11-30.62 pum) [47].

Overall, these findings reinforce the potential of Acacia biomass, whether in its raw
or modified form, as sustainable material for environmental remediation applications.
Despite the enhanced textural properties of the charcoal fines, the untreated biomass retains
sufficient morphological and chemical functionality to sustain effective metal adsorption,
representing a low-cost alternative without energy-intensive processing.

4.2. Effect of the pH, Isotherm and Kinetics

In the present study, the maximum removal of Zn ions was achieved at pH near 7, with
efficiencies of approximately 95.3% for natural acacia (AN) and 98.4% for acacia charcoal
fines (AB). Although higher removal values were recorded at pH above 7, these may be
attributed to the precipitation of zinc hydroxide (Zn(OH),), rather than to adsorption
alone. Results presented before show that there is almost no soluble zinc for pH over
7 [48]. At the optimal pH, residual Zn concentrations after treatment were <2 mg L~! for
both AN and AB. These values comply with internationally accepted standards for treated
water, including the WHO guideline value (3 mg L™!) and the EU Industrial Wastewater
Discharge Limit (2-5 mg L~!). This confirms that the adsorption efficiencies observed
in Figure 6 correspond to effective reductions in dissolved zinc to levels consistent with
regulatory thresholds.

The influence of pH on adsorption performance has been examined across different
Acacia species. In the simultaneous removal of Ni and aminoazobenzene (dye) by A.
nilotica leaves, maximum adsorption efficiencies were achieved at pH 4 (87.6%) for the dye
and pH 6 (97.8%) for Ni [25]. Likewise, the highest removal rates were reported at pH 6,
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using A. arabica sawdust for the removal of Hg (99.4%), Cr(VI) (99.3%), Pb (94.6%), and
Cu (92.2%) [49].

However, other studies reported that the optimal pH for Pb and Cd removal occurred
at 3 and 5, respectively [23], whereas A. leucocephala bark exhibited maximum adsorption
for Cu, Cd, and Pb at pH 6, 5, and 4, respectively [50]. In opposition, the highest phosphate
removal from aqueous solutions using A. tortilis pruning waste was observed at pH 8.5 [43].

The point of zero charge (pHpzc) of A. dealbata biomass has been reported to range
between 4.73 and 5.29 for leaves and branches [37], suggesting that enhanced cation
adsorption occurs at pH above 5.29, where the biosorbent surface becomes negatively
charged. Similarly, the pHpzc of modified A. tortilis biochar was 5.3, and 6.5 for A. saligna
leaves, with an optimal pH of 6.7 for methylene blue adsorption [24], and pH 8.5 for
phosphate adsorption [43]. The results obtained in the present study are consistent with
these findings.

For AN, adsorption equilibrium was reached rapidly, approximately 10 min after the
beginning of the reaction. In contrast, AB required a longer time to reach saturation, around
120 min. Additionally, the more mineral-enriched surface of the charcoal fines could lead
to competitive interactions between active sites, resulting in less stable adsorption process
over time. Comparable equilibrium times have been reported for other Acacia-based
biosorbents: 20 min [24,51], 30 min [23,51], and 40 min [25], respectively. In contrast, longer
equilibration times were required for A. leucocephala bark (180 min) [50], and treated A.
arabica sawdust (48-72 h) [49].

Regarding the adsorption isotherm, the experimental data for Zn adsorption onto both
natural acacia (AN) and acacia charcoal fines (AB) were best fitted by the Freundlich model
(R? = 0.95 and 0.85, respectively), suggesting a multilayer adsorption process occurring
on a heterogeneous surface with active sites of varying adsorption energies. Similarly, the
competitive adsorption of Pb, Cu, and Zn ions onto rice straw biochar also followed the
Freundlich model, with correlation coefficients ranging from 0.91 to 0.93 [52]. Likewise,
Zn adsorption onto bamboo, Acacia spp., and rice husk biochars was best described by the
same model, showing high correlation coefficients (R? = 0.97-0.99), further supporting the
multilayer and heterogeneous nature of the adsorption mechanism [53].

In contrast, Pb and Cd adsorption onto A. nilotica bark followed the Langmuir model
more closely (R? = 0.879), while Cd adsorption exhibited poor correlations with both
Langmuir (R? = 0.09) and Freundlich (R? = 0.03) models [23]. For A. saligna leaves, the
experimental data were best represented by the Langmuir isotherm model (R? = 0.993) [24].
For A. nilotica leaves, isotherm modeling revealed that Ni adsorption involved both
monolayer and multilayer processes, with high correlation coefficients for both Langmuir
(R? = 0.999) and Freundlich (R? = 0.941) models, whereas aminoazobenzene adsorption
was predominantly monolayer, following the Langmuir model (R? = 0.980) [25]. Similarly,
the removal of Cr(VI), Pb, Hg, and Cu by A. arabica sawdust was consistent with both
Langmuir (R? = 0.97-0.99) and Freundlich (R? = 0.99-1.00) isotherm models [49].

The maximum adsorption capacities (qmax) estimated by the Langmuir model were
comparable for AN and AB, with 23.36 mg g~ ! and 23.79 mg g, respectively. A similar
trend was reported for A. nilotica activated carbon and its raw precursor, with maximum
adsorption capacities of 34.79 and 41.01 mg g~ !, respectively [51]. Conversely, the maxi-
mum monolayer adsorption capacities for A. nilotica leaves were 0.60 mg g~ for Ni and
0.35mg g~ ! for aminoazobenzene [25]. For treated A. arabica sawdust, the adsorption
capacities were 111.61 mg g~ ! for Cr(VI), 52.38 mg g~ ! for Pb, 20.62 mg g~ ! for Hg, and
5.64 mg g~ ! for Cu, respectively [49].
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Table 3 compares the results obtained in this study with previously reported data on

Zn ion adsorption, allowing the identification of the most favorable conditions for zinc

removal across different environmental settings.

Table 3. Comparison of Zn ions adsorption performance using different adsorbents reported in

the literature.

Maximum
Concentrations  Best Adsorbent .. Equilibrium Capacity
Adsorbent of Zn Tested Dosage (g L-1) Optimized pH Time (h) (gmax Reference
Langmuir)
Clarified sludge 1 -1
(steel industry) 10-100 mg L 10 5.0 1 1553 mgg [54]
Rice husk ash 10-100 mg L1 10 5.0 3 1430 mg g~ ! [54]
Activated 1 -1
alumina 10-100 mg L 10 5.0 4 13.69 mg g [54]
Azadirachta
indica (Neem) 10-100 mg L1 10 5.0 4 1329 mg g~ ! [54]
bark
Pinus pinea 10-50 mg L1 4 7.0 0.5 792 mg g [55]
pinecones
Crab shell 0.2-40 mM 1 6.0 - 2.83 mmol g~ [56]
Lemna gibba 0.2-30 mM 1 6.0 - 0.85 mmol g~ [57]
Zizip h];‘;]l‘(mzem’ 20.2-4431mg L~ 0.4 55 1 13.12mg g~ ! [58]
Sargassum 1 1
Hicifolium 60-300 mg L 0.2 6.0 1 2.78 mmol g [59]
Acacia dealbata 1 -1
biomass (AN) 10-50 mg L 4 7.0 0.17 2336mgg Present study
A. dealbata
charcoal fines 10-50 mg L1 4 7.0 2 23.79 mg g~ ! Present study
(AB)

Overall, it is observed that most materials exhibit better performance at slightly
acidic to neutral pH values (pH 5-7), which is consistent with the chemical behavior
of zinc in aqueous solution. Equilibrium times vary considerably among the materials,
reflecting differences in the accessibility of active sites. Lignocellulosic materials or biomass
generally show variable performances associated with their chemical composition. In
this context, Acacia dealbata biomass, in both forms, stands out by presenting significantly
higher maximum adsorption capacities (223 mg g~!), combined with relatively short
equilibrium times.

The PFO model showed a relatively poor description of the experimental data for
both biosorbents. For AN, a low correlation coefficient (R? = 0.78) was obtained, and the
calculated equilibrium adsorption capacity (g, calc = 0.57 mg g~!) was far lower than
the experimental value (g, exp = 76.14 mg-g~1). Although the PFO fit improved for AB
(R? = 0.95), the calculated adsorption capacity (g, calc = 1.00 mg g~!) still deviated signifi-
cantly from the experimental value (g, exp = 79.88 mg g~ !). These discrepancies indicate
that the PFO model is inadequate for describing the overall Zn adsorption process, sug-
gesting that the uptake is not governed solely by physical adsorption or external mass-
transfer processes.

In contrast, the PSO model provided an excellent fit for the kinetic data of both
biosorbents, as evidenced by correlation coefficients of R? = 1.00, and a very close agreement
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between calculated (g, calc = 76.24 mg g~ ! and 80.00 mg g, for AN and AB, respectively)
and experimental adsorption capacities (g, exp = 76.14 mg g~ ! for AN, and 79.88 mg g~!
for AB). This strong conformity indicates that the PSO model more accurately represents
Zn adsorption onto both materials, implying that chemisorption involving valence forces
or electron exchange between Zn(II) ions and surface functional groups is the dominant
rate-controlling mechanism.

The PSO kinetic parameters further highlight differences in adsorption behavior
between AN and AB. Natural acacia exhibited a significantly higher PSO rate con-
stant (k; = 3.85 x 107! g mg~'min~') and a much higher initial adsorption rate
(h =2240.65 mg g_lmin_l) compared to charcoal fines (k; = 4.16 x 1072 g mg_lmin_l;
h = 266.54 mg g~ 'min~1). These results suggest that Zn uptake occurs more rapidly on AN
during the initial stages, likely due to the high accessibility of reactive functional groups
such as hydroxyl and carboxyl groups on the surface.

Despite the faster initial kinetics observed for AN, charcoal fines achieved a slightly
higher equilibrium adsorption capacity. This behavior may be attributed to the more
developed porous structure and higher surface area of AB, which allow Zn ions to grad-
ually diffuse into internal adsorption sites, leading to enhanced uptake at equilibrium.
Therefore, while AN favors rapid Zn binding, AB provides a marginally higher ultimate
adsorption capacity.

Overall, the kinetic analysis demonstrates that Zn adsorption onto both natural
and charcoal fines of acacia is best described by the pseudo-second-order model, with
chemisorption playing a dominant role. The contrasting kinetic parameters emphasize that
AN is more effective for rapid Zn removal, whereas charcoal fines are advantageous when
higher equilibrium adsorption is required. Consistent with these findings, a better fit with
the PSO model have been reported for the sorption of Pb, Cu and Zn (R%=0.99) [52], Zn,
Cu and Ni (R? = 0.95 to 1.00) [59], Ni and aminoazobenzene (R? = 0.99) [25], methylene
blue (R? = 1.00) [24], Cd (R? = 0.999) and Pb (R? = 0.988) [23], as well as for reactive black 5,
with R? ranging from 0.972 to 0.998 [51].

Even though PSO model is the most used model to describe adsorption suggesting that
chemisorption is the main process, in accordance with Aguila-Rosas et al. [60], it also raises
concerns about how researchers often use the PSO model without enough proof. Simply
having a good mathematical fit on a graph is not enough to prove how a chemical reaction
is controlled. These authors state that to truly confirm the mechanism, it is needed more
than just curve-fitting. Supporting data from other tests, such as checking how kinetics
change with temperature, calculating the heat of the process (isosteric enthalpy), or using
spectroscopy to prove that actual chemical bonds are forming are needed.

A direct comparison of the two materials by the intraparticle diffusion model re-
veals that while both follow a similar multistep adsorption mechanism, charcoal fines
demonstrate faster adsorption kinetics and higher intraparticle diffusion rates at all stages.

For AN, three distinct linear regions were observed. The relatively low diffusion
constants across all stages reflect the limited porosity and pore connectivity of natural acacia,
has seen in Figure 4, which restrict Zn ions transport into the internal structure. In contrast,
AB only exhibited two linear regions with the first one presenting significantly higher
intraparticle diffusion rate constant, indicating extremely rapid Zn(II) uptake, reflecting
the higher surface area (33 m?g~!). The equilibrium adsorption capacity calculated by this
model was ~80 mg g~ ! for AB, higher than that of AN (~76 mg g~ 1).

In summary, no significant differences were observed between the two materials
investigated, natural acacia (AN) and acacia charcoal fines (AB), under the conditions eval-
uated. In both cases, the adsorption process proceeded predominantly through multilayer
chemisorption, with comparable maximum adsorption capacities. These results indicate
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that both biosorbents exhibit a similar affinity for zinc ions and possess sufficient surface
functionality to promote effective metal ion retention. However, when considering the
substantial energy requirements associated with the thermal treatment needed to produce
charcoal fines, natural acacia stands out as the most cost-effective and sustainable option.

Comparable trends have been reported for other biomass biochar systems. For in-
stance, Ginkgo (Spiraea blumei) leaves, peanut (Arachis hypogaea Linn.) shells, and Metase-
quoia glyptostroboides leaves were evaluated for Pb and Cu adsorption alongside their
corresponding biochars. Among them, only Ginkgo-derived biochar exhibited enhanced
adsorption capacity after pyrolysis [61]. This finding reinforces that, although biochar is
generally recognized for its effectiveness in heavy metal adsorption, its performance is
not always superior to that of the original biomass, as the adsorption efficiency strongly
depends on feedstock composition and treatment conditions.

In addition to adsorption performance, practical aspects related to material handling
and end-of-life management were considered. After Zn(Il) uptake, both AN and AB can be
safely managed through stabilization/solidification, incorporation into ceramic or compos-
ite matrices, or regeneration using mild acidic eluents, all of which minimize metal leaching
and are widely reported as effective disposal routes for metal-loaded biosorbents [62,63].
Regarding the charcoal fines used as AB, the pyrolysis of A. dealbata biomass typically
yields three product streams—solid biochar, condensable liquids, and non-condensable
gases. Because the AB used in this study was supplied as an industrial by-product, only the
solid fraction was relevant here; however, the literature reports that condensable liquids are
generally rich in water and light organics and can be treated using conventional wastewater
processes, whereas non-condensable gases are commonly combusted for energy recovery
or thermal oxidation [64]. These considerations support the environmental feasibility
of implementing acacia-derived materials in water treatment while ensuring compliant
management of both process by-products and metal-enriched residues.

5. Conclusions

From a practical standpoint, the similar adsorption behavior of natural (AN) and
carbonized acacia (AB) suggests that the simpler, untreated biomass may serve as an
equally efficient and more sustainable alternative for zinc removal from aqueous solutions
at least within the studied conditions. Nevertheless, higher surface area and structural
porosity achieved in the charcoal fines, could offer advantages in a long-term or continuous
treatment applications.

Overall, these findings highlight the potential of Acacia-based biosorbents as low-cost,
environmentally friendly materials for wastewater remediation, particularly in regions
where acacia species are abundant and often considered invasive. The valorization of
invasive biomass also contributes to ecosystem management efforts by providing an added-
value pathway for material that would otherwise require costly disposal.

Future studies should focus on regeneration efficiency of the adsorbent material,
adsorption in multi-metal systems, and large-scale application under real wastewater
conditions. Additional work assessing long-term stability, leaching behavior and safe
end-of-life handling of metal-loaded biosorbents will further support their deployment in
real treatment systems.
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