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a b s t r a c t
The current study reports the adsorption of aluminum (Al3+) from aqueous solutions through batch 
experiments using eucalyptus wood waste-derived biochar (EWB). The EWB morphology and 
structure were observed by surface area analysis, scanning electron microscopy, as well as Fourier-
transform infrared spectroscopy. A thorough analysis of the variables influencing adsorption per-
formance was conducted. The adsorption process was examined using the Freundlich, Langmuir, 
pseudo-second-order models as well as pseudo-first-order. The EWB showed a high adsorption rate 
in low concentration Al3+ solutions. The adsorption of Al3+ was exothermic and spontaneous. The 
prepared EWB are very promising as an alternative adsorbent for Al3+ due to their porous structure 
and high adsorption capacity (>90%).
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1. Introduction

Al3+ is the 3rd most prevalent element in the Earth’s crust 
after silicon and oxygen, and is a toxic element that is not 
essential to the human body [1]. Al3+ is also contained in the 
deposited particulate matter [2]. The excessive use of alumi-
num salts (alum) in chemical treatment processes in water 
treatment plants as a coagulant to remove microorganisms, 
color, turbidity as well as organic matter [3,4]. Al3+ can cause 
neurological disorders, including Alzheimer’s disease (AD), 
amyotrophic lateral sclerosis, as well as Parkinson’s demen-
tia [5,6]. The World Health Organization estimates that the 
number of people infected with the AD disease will reach 
9 million by 2030 [1].

In the past few years, a lot of work has been done on 
the treatment of wastewater. Diverse methods are created 
to cater the elimination of toxic elements as of wastewater, 
which incorporate reduction, chemical precipitation, chem-
ical reduction/oxidation, electrochemical treatment, pho-
tocatalytic reduction, membrane separation, ion-exchange, 
coagulation or flocculation, chemical precipitation, complex-
ation, filtrations, electrochemical precipitation, solid phase 
adsorption, biosorption, as well as adsorption [7–15]. In any 
case, the majority of these techniques have some impedi-
ments, such as high venture and support costs, confused 
working systems [16].

Adsorption is an important wastewater treatment tech-
nique that is widely used to remove toxic metals from waste-
water [17,18]. Assortment of adsorbents utilized for this 
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reason incorporates chemically treated biosorbents [19,20], 
Rhizopus oryzae [21], biochar/bentonite/waste polyethylene 
terephthalate as well as biochar/bentonite/waste polystyrene 
[17], Phoenix dactylifera coir wastes [22], Ziziphus leaf [23], 
Moringa oleifera seed pod [24], microalgae [25], Sargassum hys-
trix algae [26], Padina sanctae-crucis algae [27], various other 
adsorbents [28], biosorbents [29], montmorillonite clay [30], 
cuttlebone [31], shrimp shell waste [32], green synthesis of sil-
ver nanoparticles [33], ligand based composite material [34], 
metal/mineral-incorporating materials [35], iron oxide-im-
pregnated dextrin nanocomposite [36], ether based meso-
porous adsorbent [37], magnetic glycine-modified chitosan 
[38], papaya peel carbon [39], ligand functionalized organic–
inorganic based novel composite [40], thiourea-formalde-
hyde resin and its magnetic derivative [41], chitosan grafted 
polyaniline [42], modified conjugate material [43], CuO as 
well as Cu(OH)2 embedded chitosan [44], waste rubber tires 
[45], ligand-doped conjugate adsorbent [46], magnetic glyc-
idyl methacrylate resin [47], iron-based metal organic frame-
work [48], novel optical adsorbent [49], ligand-based efficient 
conjugate nanomaterials [50], and novel facial composite 
adsorbent [51,52].

In the current research work, the eucalyptus wood 
waste-derived biochar (EWB) has been prepared successfully 
by a simple and low-cost method. The adsorption perfor-
mance of EWB was evaluated by batch experiments, and the 
adsorption behavior of EWB for Al3+ was studied in detail, 
including the effect of initial Al3+ concentration, temperature, 
contact time, pH, adsorbent dose, adsorption isotherm, and 
adsorption kinetics, and the research results indicate the 
remarkable adsorption performance of EWB for Al3+ make 
it has the potential to meet actual application requirements, 
which has very special significance for pollution control 
and remediation.

2. Materials and methods

2.1. Chemicals and materials

The University of Agriculture (Peshawar, Pakistan) pro-
vided biochar made from eucalyptus wood. All chemicals 
and reagents were of analytical grade and utilized without 
further purification, and the water used in this investiga-
tion was deionized. Al(NO3)3 salt was dissolved in 1,000 mL 
of deionized water to prepare the stock solution of Al3+ 
(1,000 mg/L).

2.2. Synthesis of biochar from eucalyptus wood waste

The process of making biochar from eucalyptus wood 
waste involved pyrolysis at 450°C for 1 h in a high perfor-
mance automatic controlled furnace with a continuous 
nitrogen flow. It was necessary to run the off-gas through 
a cooling chamber filled with water in order to allow the 
heavy tar to condense. The EWB was subsequently cooled to 
room temperature within the furnace while being exposed 
to nitrogen.

2.3. Characterization of EWB

The Fourier-transform infrared spectroscopy (FTIR) 
spectra were measured by a Nicolet iS10 FTIR Spectrometer 

(Cary630, Agilent Technologies, USA) with a scanning 
range of 4,000–400 cm–1. The scanning electron microscopy 
(SEM) images were obtained using the FEI Quanta 450 FEG 
Scanning Electron Microscope (JSM-5910, JEOL, Japan). 
Furthermore, the Brunauer–Emmet–Teller (BET) data of the 
samples were tested by a nitrogen adsorption instrument, 
Autosorb iQ2.

2.4. Adsorption performance test

Add 0.1 g of the dried EWB sample to 100 mL of Al3+ 
solution, and the mixture were shaken for 1 h at 25°C in a 
thermostatic shaking chamber at 150 rpm. The effects of 
EWB dosage, initial Al3+ concentration, pH, temperature, and 
contact time on the adsorption efficiency were systematically 
studied. A flame-moded atomic absorption spectrophotome-
ter (AAnalyst 700, PerkinElmer, USA) was used to measure 
the amount of Al3+ in the adsorption solution. Calculations of 
the corresponding adsorption capacity (qe) (mg/g) as well as 
percent removal (%) of EWB were made using the formulae 
listed in Table 1 [17].

Different adsorption models, such as Freundlich in addi-
tion to Langmuir isotherms, were applied in order to further 
study the adsorption behaviour (Table 2). By incorporating the 
adsorption data into the first and second-order kinetic equa-
tions (Table 3), the adsorption kinetics was also examined [17]. 
The effect of temperature on the thermodynamics parame-
ters ΔG°, ΔH° and ΔS°) was also examined (Table 4) [32–35].

Table 2
Isotherm models used in the study

Model Equation
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e
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Since, qe is the quantity of adsorbed Al3+ 
on the eucalyptus wood waste-derived 
biochar at equilibrium (mg/g) and Ce is the 
equilibrium-concentration of the Al3+ (mg/L).
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Since: n and Kf are the adsorption intensity 
and capability, respectively.

Table 1
Equations used for qe and % qe calculations
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Co (mg/L) = Initial Al3+ concentration;
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3. Results and discussion

3.1. Characterization analysis

SEM, FTIR, and surface area analysis were used to deter-
mine the characteristics of the biochars made in the labora-
tory from eucalyptus wood waste. The granular morphology 
in the SEM micrograph of EWB (Fig. 1) is non uniform. The 
biochar particles, which range in size from less than 5 µ to as 
large as 30 µ, are visible as fine grains and lumps.

The EWB sample FTIR spectrum (Fig. 2) shows peaks 
centered at around 3,000 and 2,800 cm–1 corresponding to 
aromatic C–H and methylene C–H bonds. Multiple peaks 
positioned at 1,630 and 1,500 cm–1 indicates aromatic C=C, 
a peak around 1,447 cm–1 and 693 indicates methylene C–H 
vibration.

N2 adsorption isotherms at 77.35 K (Fig. 3) were used to 
calculate the surface parameters of the EWB, including pore 
radius, pore volume, BET surface area (SBET), and Barrett–
Joyner–Halenda surface area (SBJH). Table 5 presents the find-
ings. According to the surface analysis results (Table 5), the 
calculated SBJH for EWB was found to be 14.10 m2/g. The SBET 
was found to be 18.37 m2/g, with a pore volume of 0.01 cm3/g, 
and a pore radius of 14.90 A0. From the data, it is clear that 
the EWB adsorbent has high surface area and large pore 
size. Therefore, EWB has a better adsorption potential.

Table 3
Kinetic models used in the study

Model Equation

Pseudo-first-order ln lnq q q Ke t e t�� � � � 1  (5)
Since: qe and qt are the amounts of 
adsorbed Al3+ (mg/g) at equilibrium 
and time t (min), respectively, and K1 
is the rate-constant of pseudo-first- 
order (min–1).

Pseudo-second-order t
q

t
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Since: K2 is the rate-constant of 
pseudo-second-order adsorption 
(g/mg·min) and at equilibrium the 
sorption capacity is presented by qe.

Table 4
Equations used for the thermodynamic parameters calculations

Gibbs free 
energy

�G RT KD� � � ln  (7)
where R is the ideal gas constant, 8.314 J/K·mol–1; 
T is the absolute temperature in K; KD is the 
equilibrium coefficient of the PAHs adsorption 
on the eucalyptus wood waste-derived biochar.
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Fig. 1. Scanning electron microscopy image of eucalyptus wood 
waste-derived biochar.

Fig. 2. Fourier-transform infrared spectra of eucalyptus wood 
waste-derived biochar.

Fig. 3. N2 adsorption isotherms of eucalyptus wood waste- 
derived biochar at 77 K.
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3.2. Adsorption performance analysis

3.2.1. Effect of contact time

The effect of adsorption time on the amount of Al3+ that 
is adsorbed on the EWB was also studied. The studies were 
conducted over a range of adsorption durations, including 
15, 30, 45, 60, and 90 min. The results are displayed in Fig. 4, 
which demonstrates that the adsorption of Al3+ increases lin-
early with an increase in adsorption duration and reaches its 
maximum within 90 min. However, an increase in adsorp-
tion beyond this point has no further effect on adsorption. 
These findings imply that as the adsorption time increases, 
the number of accessible adsorption sites on the EWB surface 
initially increases the adsorption rate. The vacancies were 
filled in less than 90 min, therefore the adsorption stabilised 
after that [17,53–56]. These findings led to the decision that 
90 min was the ideal adsorption time.

3.2.2. Effect of initial Al3+ concentration

The impact of the initial Al3+ concentration on the EWB 
adsorption capability is shown in Fig. 5. Adsorption of Al3+ 
was found to be increased when increasing the initial Al3+ 
concentration. This is because of the way that increasing 
of the initial Al3+ concentration may result in the availabil-
ity of Al3+ to adsorb over the adsorbent surface active sites. 
Similar behavior has been observed in previous studies and 
arises from the effect of interactions between the initial Al3+ 
concentration and adsorbent [53–56]. Al3+ can be effectively 
adsorbed on the surface of the EWB in low concentrations 
through hydrogen bonds, hydrophobic and electrostatic 
interactions, and ion-exchange [17].

3.2.3. Effect of EWB dosage

Another important factor affecting the adsorption level 
of harmful metals is the amount of adsorbent used. The abil-
ity of the adsorbent to be used efficiently while maintain-
ing high adsorption efficiency is typically necessary for the 
investigation of the optimal adsorbent dosage. The necessary 
adsorbent dosage was adjusted between 0.1 and 0.3 g/L in 
order to find the ideal value for Al3+ adsorption on EWB. 
The adsorption effect of EWB adsorbent dose in an aqueous 
medium is depicted in Fig. 6. As seen in Fig. 6, the adsorption 
capacity of the adsorbent for Al3+ decreases as the adsorption 
rate rises. This pattern is caused by the dispersion of Al3+ 
over a large fraction of the adsorbent surface area, which 
reduces the adsorption capacity of EWB per unit mass [17].

3.2.4. Effect of temperature

Temperature is a crucial parameter in adsorption reac-
tions. The Al3+ ability to be adsorbed from aqueous solu-
tion on the adsorbent will be impacted by temperature 
changes. Fig. 7 depicts the exothermic nature of the adsorp-
tion process of Al3+ from aqueous solutions onto EWB at 

Table 5
Surface properties of the eucalyptus wood waste-derived biochar

Adsorbent SBJH 
(m2/g)

SBET 
(m2/g)

Pore 
radius (A0)

Pore volume 
(cm3/g)

Eucalyptus wood 
waste-derived 
biochar

14.10 18.37 14.90 0.01

Fig. 4. Effect of contact time on % adsorption of Al3+ over 
eucalyptus wood waste-derived biochar.

Fig. 5. Effect of concentrations on % adsorption of Al3+ over 
eucalyptus wood waste-derived biochar.

Fig. 6. Effect of dose (g) on % adsorption of Al3+ over eucalyptus 
wood waste-derived biochar.
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different temperatures (20°C, 40°C, 60°C, and 80°C). As the 
temperature rises, the equilibrium adsorption capacity rap-
idly decreases. The decrease in adsorption with increasing 
temperature may be due to the weakening of the attractive 
force between the adsorbate and the adsorbent [57].

3.2.5. Effect of pH

Investigating the ideal pH for Al3+ adsorption is crucial 
because the pH of the investigated solution system is crucial 
for both the state of the adsorbate and the surface chemical 
characteristics of the adsorbent. It has been studied how well 
EWB adsorbs Al3+ in the pH range of 2.0–6.0. The related 
adsorption tests were carried out at 25°C and a pH range of 
2.0–6.0 in order to assess the impact of pH on the adsorption 
of Al3+ on EWB and to optimise a specific pH for maximum 
adsorption efficiency.

Fig. 8 clearly illustrates how the variation trends are sim-
ilar in nature and how the adsorption capacity quickly rises 
with increasing pH. When the pH was 5.0, the adsorption 
capacity of activated carbon for Al3+ was at its highest, and at 
pH 6.0, it began to gradually decline. The cause may be due 
to the high concentration of hydrogen ions in the solution 
at low pH levels, which results in reduced active adsorption 
sites due to the competing adsorption of hydrogen ions and 
Al3+ at low pH levels [17,55]. As a result, the Al3+ adsorption 
studies that follow are carried out at a solution pH of 5.0.

3.3. Adsorption kinetics

To further understand the adsorption process, the pseu-
do-first-order and pseudo-second-order adsorption kinetic 
models are introduced. The formulas are provided in 

(Table 6). Fig. 9 and Table 6 display the findings. The pseudo- 
second-order model has a higher R2 than the pseudo-first- 
order model for EWB. Furthermore, the adsorption 
quantities calculated by the pseudo-second-order model are 
significantly more similar to the experimentally obtained 
values. Therefore, the pseudo-second-order model is more 
suitable for describing the adsorption kinetics, which also 
indicates that chemisorption mainly controls the adsorption 
of Al3+ on EWB.

3.4. Adsorption isotherms

Langmuir and Freundlich adsorption isotherms are uti-
lized to fit the experimental results in order to more thor-
oughly investigate the interaction mechanism between the 
EWB and Al3+ (Table 6). According to Fig. 10, the adsorption 
of Al3+ by EWB is more compatible with the Langmuir iso-
therm model because the R2 of the Langmuir isotherm is 

Fig. 7. Effect of temperature on % adsorption of Al3+ over 
eucalyptus wood waste-derived biochar.

Fig. 8. Effect of pH on % adsorption of Al3+ over eucalyptus 
wood waste-derived biochar.

Table 6
Pseudo-second-order kinetic and isotherm model parameters for adsorption of Al3+ over eucalyptus wood waste-derived biochar

Pseudo-second-order Isotherm model

Adsorbents K2 (mg/g·min) qe
2 (mg/g) R2 qm (mg/g) K1 R2

Eucalyptus wood waste-derived biochar 0.001 0.210 0.991 0.164 0.395 0.989

Fig. 9. Pseudo-second-order kinetics for the adsorption of Al3+ 
onto eucalyptus wood waste-derived biochar.
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higher than that of the Freundlich isotherm. It shows that the 
distribution of active sites on the adsorbent is quite uniform, 
the adsorbed Al3+ molecules dissociate from each other, and 
the Al3+ adsorption on EWB is more consistent with mono-
layer adsorption.

3.5. Adsorption thermodynamics

To better understand the energy variation during the 
adsorption process and to make more accurate predictions 
about the adsorption process, it is helpful to examine the 
adsorption thermodynamic parameters. Eqs. (8)–(10) can be 
used to calculate the thermodynamic parameters, as shown 
in Table 4.

Table 7 displays the relevant variables. A lower tem-
perature is more conducive to the adsorption process, as 
seen by the negative drop in ΔG, which also shows that 
the adsorption of Al3+ by the EWB is spontaneous. Since 
EWB has a ΔH value of –38.53, the adsorption process is 
exothermic. The decrease in randomness at the solid–liquid 
interface during Al3+ adsorption via EWB is shown by the 
negative ΔS values.

3.6. Comparison of adsorption potential of different adsorbents

Table 8 for Al3+ adsorption summarizes the compara-
tive adsorption efficiencies of the adsorbents, especially 
EWB and various adsorption media. Statistics show that 
the adsorption efficiency of EWB is higher than any other 
adsorbent. The increased adsorption capacity used in our 
investigation, which appears to be responsible for the EWB 
performance, is driven by the larger surface area.

3.7. Reusability of the EWB

Five adsorption–desorption cycles were used in the 
reusability research. Shaking adsorption of 0.3 g dried EWB 
in 100 mL Al3+ solution occurred for 90 min (Fig. 11). The 
adsorbed EWB was then submerged in 0.1 M HCl solution 
for 1 h of regeneration. The regenerated EWB underwent 
additional adsorption performance testing after being vac-
uum dried.

4. Conclusion

Herein, we have provided a simple method for prepar-
ing biochar from eucalyptus wood waste. The developed 
EWB can be severed as an efficient adsorbent to remove Al3+ 
from aqueous solution as well as wastewater. The effective 
synthesis and microstructure of the EWB were confirmed 
by a number of characterisation techniques. EWB possess a 
porous structure and large specific surface area, which pro-
vides sufficient active adsorption sites for Al3+. Moreover, 
the external factors affecting the adsorption performance 
were fully investigated. The outcomes demonstrated the 
EWB’s superior reusability and high removal efficiency. 

Fig. 10. Langmuir isotherms for the adsorption of Al3+ onto 
eucalyptus wood waste-derived biochar.

Table 7
Thermodynamic parameters of eucalyptus wood waste-derived 
biochar at different temperatures

Temperature 
(K)

Al3+

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol)

293 –8.05

–38.53 –102.82
313 –5.61
333 –4.96
353 –2.89397

Table 8
Comparison of different adsorbents used for Al3+ adsorption

Adsorption potential 
(mg/g)

References

Adsorbent Al3+

Eucalyptus wood 
waste-derived biochar

139.20 This article

PAN beads as-prepared 0.25 [58]
BDH activated carbon 0.02 [59]
Date pit 0.31 [59]
AXAD-16 resin 24.3 [60]
201 × 8 anion resin 5.6 [61]
XAD-4 4.4 [62]
IIP-PEI/SiO2 53.5 [63]

Fig. 11. Regenerating efficiency of eucalyptus wood waste- 
derived biochar.
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The adsorption process is well modelled by the pseudo-sec-
ond-order and Langmuir models. The findings of this work 
suggest that EWB is a potential adsorbent with the potential 
to effectively remove Al3+ from aqueous solutions. For future 
work, we plan to examine the adsorption efficiency of EWB 
for organic and inorganic pollutants.
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