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Tis paper addresses the analysis of hydrothermal carbonization of Tetra Pak residues using diluted sulfuric acid to obtain
hydrochars for cleaning water polluted by heavy metal ions. Te hydrochar samples were prepared under diferent carbonization
conditions, and a detailed study of their composition, textural parameters, and surface functionalities was performed. It was found
that the hydrothermal carbonization and dwell time of the Tetra Pak wastes signifcantly afected the composition of the
hydrochars. Tese hydrochar samples contained oxygenated functional groups and aluminum-silicon moieties that were re-
sponsible for the Pb2+, Zn2+, and Hg2+ adsorption. Te removal of these heavy metal ions using Tetra Pak hydrochars was an
endothermic and multi-ionic process. Hydrothermal carbonization is a promising approach to improve Tetra Pak waste
management, generating materials with interesting properties for addressing the problem of wastewater and industrial efuent
depollution.

1. Introduction

Integral waste management in urban and rural sectors is
fundamental to meet the goals of sustainable development of
society. Various strategies have been implemented to val-
orize solid residues and obtain value-added products [1, 2].
Tis approach allows the minimization of waste generation
and its corresponding environmental impact and the re-
duction of its management costs according to the circular
economy perspective. To date, novel materials for addressing
depollution problems (e.g., water and air cleaning) have
been synthesized from diferent wastes and residues [3, 4].

In particular, the Tetra Pak wastes are generated
worldwide because of the extensive application of this
packaging container in the food industry. Tey can be

classifed as composites containing aluminum, paperboard,
and polyethylene [5, 6]. Consequently, their recycling and
reuse present diferent challenges, where the separation of
the main Tetra Pak components is difcult and relatively
costly [7]. Te recycling of residual Tetra Pak containers has
mainly focused on cellulose recovery [8–11]. Te extraction
of cellulose fbers from Tetra Pak waste can be performed via
sulfuric acid treatment, where the properties of the fnal
product can be tailored for specifc applications [12]. Tis
recycled cellulose can be utilized to prepare diferent
products [9, 11, 12].

Other viable options, both fnancially and industrially,
for the valorization and exploitation of Tetra Pak packing
components have been addressed in recent studies [6, 13].
Tese include the preparation of recycled polymers [14],
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fame-retardant copolymers [6], catalytic production of bio-
oil [7], and synthesis of adsorbents for water cleaning [5, 15].
For example, the application of diferent solvents allows the
separation of the main components of Tetra Pak waste via
delamination [16]. Wang et al. [7] studied the production of
bio-oil and other subproducts, including a solid phase that
was not physiochemically characterized, via the catalytic
hydrothermal liquefaction of Tetra Pak residues.

Pyrolysis and hydrothermal carbonization are thermo-
chemical conversion routes for valorizing Tetra Pak residues
[5, 15, 17, 18]. Tey can be utilized to prepare porous
materials for diferent applications, including water depol-
lution. However, the contributions in this direction are
limited. For the case of pyrolysis, Ding et al. [15] analyzed the
arsenic removal using a Tetra Pak-based char. Te packing
container wastes were pretreated with acid and pyrolyzed at
600°C. Tis adsorbent removed 24–33mg/g of arsenic from
polluted aqueous solutions. Another study showed that the
pyrolysis of Tetra Pak residues allows the preparation of new
materials for the mercury adsorption [5]. Tese adsorbents
exhibited high adsorption properties to remove this toxic
metal ion at 30–40°C and pH 1.5–4. Recently, Zmijková et al.
[18] reported the Tetra Pak pyrolysis at 400–700°C to obtain
char samples, which were not evaluated for the water
depollution. Herein, it is convenient to point out that the
main disadvantage of pyrolysis as a valorization route is
associated with the high temperatures (>600°C) required to
obtain these adsorbents causing the corresponding increase
in the energy consumption and production cost. On the
other hand, the hydrothermal carbonization of Tetra Pak
containers has been addressed in a few studies [13, 17, 18].
Lokahita et al. [13] analyzed the hydrothermal carbonization
of Tetra Pak at 200–240°C for 60min. Te hydrochars ob-
tained under diferent conditions were partially character-
ized, but their application in water treatment was not
assessed. Hydrothermal carbonization of Tetra Pak residues
at 160–240°C for 40–120min was also studied by Muñoz-
Batista et al. [17] to prepare hydrochars. Some properties of
these materials were compared with those of Tetra Pak chars
obtained via pyrolysis at 400–600°C. However, these authors
did not report the adsorption properties of hydrochars and
chars for the removal of water pollutants.

Tis literature overview clearly shows that the Tetra Pak
adsorbents obtained from pyrolysis have been introduced to
remove a few toxic pollutants (i.e., arsenic and mercury)
[5, 15], while the adsorption and surface properties of Tetra
Pak-based hydrochars have not been reported to remove
contaminants commonly found in wastewater. Tis is de-
spite the fact that the hydrothermal carbonization can
operate under milder conditions, favoring the energy con-
sumption during waste conversion. Tis highlights the ne-
cessity of studying the main physicochemical characteristics
and removal performance of these hydrochars with the aim
of establishing their potential to depollute wastewater and
industrial efuents.

Tis study analyzed the hydrothermal carbonization to
valorize Tetra Pak residues and obtain new adsorbents for
cleaning water polluted by toxic heavy metals. Tetra Pak-
based hydrochars were prepared using diluted H2SO4 at

diferent carbonization temperatures and dwell times, and
their adsorption properties were assessed for the depollution
of aqueous solutions containing zinc (Zn2+), lead (Pb2+), and
mercury (Hg2+) ions. Surface properties of these adsorbents
were determined using X-ray difraction, FTIR, SEM/EDX,
and N2 physisorption. Te adsorption equilibrium for these
heavy metals was studied using the best hydrochars, and
a multisite adsorption model was employed to describe and
interpret their adsorption mechanisms. Te results reported
in this paper will contribute to the development of alter-
natives for the valorization and recycling of residual Tetra
Pak containers.

2. Preparation of Tetra Pak-Based Hydrochars,
Their Characterization, and
Adsorption Properties

2.1. Conditions of Hydrothermal Carbonization of Tetra Pak
Residues and Teir Characterization. Residual Tetra Pak
containers were collected from local markets, washed, dried,
and cut to obtain particles with ∼0.67mm size. An exper-
imental design was utilized to prepare hydrochars under
diferent hydrothermal carbonization conditions for the
thermochemical conversion of Tetra Pak wastes and to
identify the samples with the best adsorption properties for
cleaning water polluted by heavy metal ions. Table 1 shows
the 3-level factorial experimental design where the hydro-
thermal carbonization temperature (180–230°C) and dwell
time (6–18 h) were manipulated to analyze their efect on
hydrochar adsorption properties. Nine samples were pre-
pared from this experimental design and assessed for Pb2+,
Hg2+, and Zn2+ removal from aqueous solutions. A stainless-
steel reactor (100mL capacity) was employed for the hy-
drothermal carbonization of Tetra Pak residues with
0.1MH2SO4 as the reaction medium. Te reactor load used
in the hydrothermal carbonization was 1 g of Tetra Pak per
3mL of the acidic solution. Te solid product yield was
determined for all tested hydrothermal carbonization con-
ditions.Te washing (with deionized water) and drying of all
hydrochar samples were performed, and their fnal particle
sizes were ∼0.21mm.

Te heavy metal removal properties of hydrochar
samples were assessed with batch adsorbers. Tese studies
were carried out with 1 L of aqueous solution (with initial
metal concentrations of 1–3mmol/L) per 2 g of hydrochar
sample. Te operating conditions for Pb2+ and Zn2+ ad-
sorption were 30°C and pH 5, respectively, while Hg2+
removal was analyzed at pH 4 and 30°C. Preliminary
studies indicated that these operating conditions favored
the removal of these heavy metal ions thus reducing the
adsorption competition caused by H+ at low pH. Also,
these pH values avoided the microprecipitation of tested
pollutants; see Figure S1 of Supporting Information.
Deionized water and reactive-grade nitrate and chloride
salts of Pb2+, Zn2+, and Hg2+ were utilized to prepare
aqueous solutions for the adsorption experiments. Atomic
absorption spectroscopy was used to quantify Zn2+, Hg2+,
and Pb2+ concentrations in all the solutions. Te
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adsorption capacities were calculated using the material
balance of the batch adsorber (see Figure 1). Te results
and statistical analysis of the experimental design (Ta-
ble 1) were applied to select the best hydrochar to remove
tested contaminants. Te adsorption isotherms for Pb2+,
Zn2+, and Hg2+ were measured employing the hydrochar
samples with the highest adsorption properties. Tese
equilibrium studies were conducted at 30 and 40°C under
the same operating parameters as those used in the as-
sessment of the experimental design.

Te adsorption properties of hydrochars were asso-
ciated with their main surface properties. Te functional
groups and crystalline structures of these adsorbents
were analyzed via FTIR spectroscopy and X-ray dif-
fraction. FTIR analysis allowed the identifcation of the
main organic surface functionalities of hydrochars, while
X-ray difraction permitted the identifcation of alumi-
num moieties and other crystalline compounds on their
surfaces. Tese characterization techniques were also
useful for studying the surface chemistry transitions of
samples obtained under diferent hydrothermal car-
bonization conditions. Elemental analysis was performed
using SEM/EDX, and textural parameters of the
hydrochars were analyzed via nitrogen physisorption.
Te pH values at the point of zero charge and the
concentrations of the acidic sites were also determined.
Figure 2 provides an overview of the equipment and
conditions of these analyses.

2.2. Adsorption Isotherms of Pb2+, Hg2+, and Zn2+ for the Best
Tetra Pak-Based Hydrochars. Te equilibrium and ther-
modynamics of Zn2+, Hg2+, and Pb2+ adsorption on the best
hydrochars were studied. Te experimental adsorption
isotherms were quantifed at 30 and 40°C, pH 5 (Pb2+ and
Zn2+) and pH 4 (Hg2+). A hydrochar dosage of 2 g/L and
continuous stirring (120 rpm) for 24 h were utilized to reach
the adsorption equilibrium in these experiments. Te sat-
uration of hydrochar samples was obtained with initial heavy
metal concentrations range of 0.05–11mmol/L. All the
adsorption studies were carried out by triplicate, and the
average values (with an error ≤5%) are reported in this study.
Adsorption enthalpy changes (ΔH, kJ/mol) were calculated
using the experimental adsorption isotherms following the
procedure described in [5].

2.3. Adsorption Mechanism of Heavy Metals on Tetra Pak-
Based Hydrochars. Te mechanism of Pb2+, Hg2+, and Zn2+
adsorption on Tetra Pak-based hydrochars was analyzed
using two adsorption models via a nonlinear regression using
the Solver add-in of Microsoft Excel®. Te surface chemistry
characterization results indicated that the hydrochar samples
had diferent compositions depending on the conditions
applied for the hydrothermal carbonization of the Tetra Pak
residues; therefore, it was assumed that the removal mech-
anism of these metallic species occurred via one or two ad-
sorption sites, depending on the adsorbent sample. Tese
adsorption models also hypothesized that these heavy metal
ions formed amonolayer on the adsorbent surface [19]. Based
on these facts, equation (1) describes a monolayer heavymetal
adsorption involving one type of functional group (i.e., one
heavy metal-hydrochar interaction energy):

qe �
IonS1DS1

1 + [Ion]hS1/[Ion]e( 
IonS1

, (1)

where IonS1 is the number of Pb2+, Hg2+, and Zn2+ that can
interact with adsorption site 1 from the hydrochar surface,
DS1 is the density (mmol/g) of adsorption site 1 participating
in the heavy metal removal, qe is the adsorption capacity at
equilibrium (mmol/g), [Ion]hS1 is the heavy metal ion
concentration (mmol/L) at the half saturation condition for
adsorption site 1, and [Ion]e is the equilibrium concentration
(mmol/L) of the heavy metal ion in the aqueous solution.

Equation (2) corresponds to a monolayer adsorption
with two adsorption sites (i.e., one interaction energy for
each adsorption site because its chemical nature is diferent
for each other) [19].

qe �
IonS1DS1

1 + [Ion]hS1/[Ion]e( 
IonS1

+
IonS2DS2

1 + [Ion]hS1/[Ion]e( 
IonS2

,

(2)

where IonS2, DS2, and [Ion]hS2 are the model parameters for
the adsorption site 2. Te experimental isotherms of the
heavymetal adsorption on hydrochar samples were analyzed
with these adsorption models. Te interaction energies for
the heavy metal ion-adsorption site interface (ES1 and ES2,
kJ/mol) were calculated with the following equations [19]:

ES1 � RT ln
SIon

[Ion]hS1
 ,

ES2 � RT ln
SIon

[Ion]hS2
 ,

(3)

where SIon is the water solubility (mmol/L) of the salt used to
prepare the heavy metal ion solution, R is the universal gas
constant, and T is the adsorption temperature (K).

3. Results

3.1. Removal Performance of Tetra Pak-BasedHydrochars and
Teir Surface Chemistry. Figure 3 shows the results of heavy
metal adsorption using the Tetra Pak-based hydrochars

Table 1: Hydrothermal carbonization conditions used to obtain
Tetra Pak-based hydrochars.

Hydrochar sample
Hydrothermal carbonization

Temperature (°C) Dwell time (h)
TP1 180 6
TP2 180 12
TP3 180 18
TP4 200 6
TP5 200 12
TP6 200 18
TP7 230 6
TP8 230 12
TP9 230 18
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Hydrothermal
carbonization

Lab Companion ON-
01E/11E/21E

convection oven

Hydrion Scientific
reactor

• H2SO4 0.1 M (3 mL)
+ Tetra Pak (1 g)

• Temperature: 180,
200 and 230 °C

• Time: 6, 12 and 18 h

Synthesis of hydrochar

Tetra Pak pre-treatment

Collecting Washing Drying Cuting and Sieving

• Room
temperature

• 24 h

• Particle size:
~0.67 mm

Full factorial
experimental design

180 °C
200 °C
230 °C

6 h
12 h
18 h

• Washing with desionized
water until constant pH

• Drying: 50 °C and 24 h
• Sieving: ~0.21 mm

particle size

Hg2+, Pb2+ and Zn2+

adsorption experiments
in aqueous solution

• Adsorbent – adsorbate
ratio (m/V): 2 g/L

• pH: 4 (Hg2+) and 5 (Pb2+

and Zn2+)
• Adsorption temperature:

30 °C

Batch adsorption
experiments

Preliminary studies with
adsorbents: TP1 to TP9

• Time: 24 h
• Stirring: 120 rpm

• Initial concentrations:
TP1: Zn2+ (0.285 – 7.115
mmol/L)
TP 5: Pb2+ (0.054 – 1.945
mmol/L) and
TP8: Hg2+ (0.088 -10.797
mmol/L)

• Adsorption temperature:
30 and 40 °C

Quantification of
adsorption experiments

Atomic absorption
spectrophotometer iCE
3000 Thermo Scientific

Adsorption capacities

q: adsorption capacity (mmol/g)

Initial concentration (C0,
mmol/L)

-

- Final concentration (Cf ,
mmol/L)

q = (C0 – Cf) (V/m)

Adsorption isotherms
with the best adsorbents

Hydrochar samples
(TP1, TP2, TP3, TP4, TP5,
TP6, TP7, TP8 and TP9)

Adsorbent
Synthesis conditions

Temperature (°C) Dwell time (h)
TP1
TP2
TP3
TP4
TP5
TP6
TP7
TP8
TP9

180 6
180 12
180 18
200 6
200 12
200 18
230 6
230 12
230 18

Figure 1: Flowchart of the methodology used in the preparation of Tetra Pak-based hydrochars and their evaluation for the depollution of
aqueous solutions containing heavy metal ions.

Hydrochar
characterization

SEM/EDSNitrogen adsorption-
desorption isotherms

TM3000 Hitachi 
Scanning electron 
microscope (SEM)

Micromeritics ASAP 
2020 porosimeter

-Temperature: -196 °C -Energy dispersive system (Nano XFlash) 
coupled to the SEM. 
-SEM accelerating voltage: 15 kV
-Working distance of 14.2–14.8 mm
-EDS resolution energy: 135 eV @ MnKα

pHpzc Boehm titration

• 30 °C, 120 rpm 
and 48 h
• 10 g/L hydrochar -
NaOH (0.1 M) or
HCl (0.1 M) ratio

Tiration:
-Nitrogen atmosphere
-NaOH 0.1 M
-HCl 0.1 M

• 30 °C, 120 rpm 
and 48 h
• 4 g/L hydrochar -
NaCl (0.1 N) ratio
• pH: 5, 6, 7 and 8

Experimental conditions

LAQUAact-HORIBA potentiometer

FTIR XRD

-Wavenumber range: 
4000 - 400 cm-1

-Resolution: 4 cm-1

-Scans: 32

-Step size: 0.026 °
-Range: 5 - 80 °2θ 
-Scanning speed: 93.39 s

Thermo Scientific 
Nicolet iS10 infrared 

spectrometer

Empyrean Malvern-
Panalytical X-ray 

diffractometer

Quantification

Measurement:
pHinitial – pH final

Analytical/chemical
techniques

Figure 2: Instrumental and analytical techniques applied to characterize the Tetra Pak-based hydrochars.
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prepared under diferent hydrothermal carbonization con-
ditions. Te adsorption capacities ranged from 0.015 to
0.063, 0.054 to 0.074, and 0.036 to 0.231mmol/g for Pb2+,
Zn2+, and Hg2+, respectively. Te hydrochars showed the
best adsorption properties for Hg2+ removal, while the
lowest removal performance was obtained for Pb2+ with all
adsorbents. Both the temperature and time of hydrothermal
carbonization impacted the adsorption properties of the
Tetra Pak hydrochars. It was found that increasing both the
hydrothermal carbonization temperature (at 180–230°C)
and dwell time (e.g., 6, 12 and 18 h) favored the adsorption
properties of these samples to remove Pb2+ and Hg2+. Tese
variables signifcantly afected the Pb2+ and Hg2+ removal
performance of the nine hydrochars, mainly because of their
roles in determining the adsorbent composition and surface
chemistry. However, these variables had less impact on Zn2+
adsorption. Note that the adsorption capacities of Pb2+ and
Hg2+ can vary up to 333 and 533% due to the change in the
hydrothermal carbonization conditions, while Zn2+ ad-
sorption only changed up to 38%. Te best adsorbents for
Zn2+, Pb2+, and Hg2+ removal were TP1, TP5, and TP8,
respectively.

Hydrochar yields ranged from 49 to 94% where the
highest and lowest values were obtained for the Tetra Pak
hydrothermal carbonization at 180°C for 6 h and 230°C for
18 h, respectively. Te increase in hydrothermal carbon-
ization temperature or dwell time caused a gradual
degradation of the main components of the Tetra Pak
residues, thus afecting the fnal hydrochar composition.
Previous thermogravimetric analyses of Tetra Pak wastes
have shown that the cellulose degradation occurs at
280–400°C, while polyethylene degradation starts at
>400°C [17]. Te yields of the TP1–TP4 samples were
92–94%, while those of the TP5–TP9 samples were
49–55%. Tese fndings agreed with those reported by
Muñoz-Batista et al. [17] for the hydrothermal carbon-
ization of Tetra Pak using distilled water. Tey attributed
the diferences in the hydrochar yields to the dehydration
and degradation of Tetra Pak compounds, mainly cellu-
lose. Te degradation of this natural polymer can be
accelerated by hydrothermal carbonization in an acidic
medium, as reported in this paper. X-ray difraction
patterns of the TP1, TP2, and TP4 hydrochars confrmed
the presence of cellulose I, which was identifed by the
characteristic difraction peaks at ∼15, 22, and 34°2θ
[8, 20] (see Figure 4). Although the three samples had the
same crystalline structure, their crystallinity and purity
were slightly diferent. On the other hand, TP2, TP5, and
TP7 samples displayed the crystalline structure of cellu-
lose I and aluminum silicate hydroxide (ICDD: 00-029-
1488). Te difraction pattern of the last component
corresponds to the peaks at Bragg angles of ∼12.3, 27.9,
35.1, 36.1, 39.2, 44.8, and 55.1°2θ. Aluminum represents
approximately 5% of the Tetra Pak composition, and it is
exposed once kraft paper decomposition occurs [21].
Crystalline structures of aluminum silicate hydroxide and
polyethylene (ICDD: 00-053-1859) were detected in the
TP6, TP8, and TP9 samples, suggesting the complete
decomposition of cellulose. Lokahita et al. [13] also

concluded that the hydrothermal carbonization with
distilled water at >200°C allowed the formation of
hydrochar and a composite (aluminum-polyethylene).
Te shape of the difraction pattern of the TP5 sample
proved that the compositional transition in the hydro-
chars, caused by the partial degradation of cellulose and
polyethylene, occurred at 200°C and dwell time >12 h.
Tus, the dwell time of hydrothermal carbonization seems
to be more signifcant than the temperature in the thermal
degradation process of the Tetra Pak components.

Tetra Pak-based hydrochars were mainly composed of
carbon (C) and oxygen (O) (see Table 2). Te C content
increased with the hydrothermal carbonization temperature,
whereas the O content exhibited the opposite behavior,
causing a decrease in the O/C ratio. Terefore, the highest
carbonization degree (i.e., dehydration and decarboxylation)
was reached for the sample obtained at 230°C for 18 h and
with respect to the decrease in temperature as follows:
230> 200>> 180°C. C and O elemental compositions of the
TP1–TP9 samples agreed with the results reported by
Muñoz-Batista et al. [17] for the preparation of hydrochars
from Tetra Pak using distilled water. Tey reported C and O
contents of 46–51% and 39–44%, respectively, for hydro-
chars obtained at 240°C for 40–120min. In comparison, the
chars obtained from Tetra Pak pyrolysis at 400–500°C
showed C and O contents of 59–71% and 12–25%, re-
spectively [17]. Lokahita et al. [13] also reported O and C
contents of 28–49% and 43–66%, respectively, for Tetra Pak-
based hydrochars obtained with distilled water at
200–240°C.Te presence of inorganic impurities (i.e., silicon
≤0.4%) in hydrochar samples was confrmed by the EDX
analysis (see Table 2). In this case, the presence of silicon is
derived from the processing stage of aluminum because
some alloying elements (e.g., Cu, Mg, Si, Fe, Mn, and Zn) are
usually added to provide specifc properties, such as strength
and corrosion resistance [22]. Note that the purity of alu-
minum used in the Tetra Pak containers ranges from 98 to 99
wt% [22].
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Tetra Pak-based hydrochar sample
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Figure 3: Adsorption capacity of Hg2+, Pb2+, and Zn2+ ions from
water using hydrochars obtained under diferent hydrothermal
carbonization conditions. Te adsorption conditions of the
screening tests were 30°C and pH 5 for Pb2+ and Zn2+ and pH 4 for
Hg2+.
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Te physical changes in the hydrochar samples are
shown in Figure 5. SEMmicrographs showed that increasing
the hydrothermal carbonization temperature and dwell time
afected the morphology and physical appearance of these
materials. Te TP1–TP5 samples had a fbrous appearance,
indicating that some noncellulosic moieties were removed
by thermochemical conversion [12]. Te cellulose fbers in
some samples were thin and dispersed along the axial di-
rection. Similar fndings have been reported by Xing et al.
[12]. TP6–TP9 hydrochar samples exhibited well-defned
particles with rough surfaces, suggesting that hydrothermal
conversion caused total cellulose degradation to form the
hydrochar and aluminum-polyethylene composite. Te
physical appearance of these hydrochars was also quite
diferent, and their color changed from light brown to dark
brown with an increase in the hydrothermal carbonization
temperature and dwell time. At a fxed carbonization
temperature, the adsorbent became darker as the dwell time

increased, indicating a higher degree of degradation of the
Tetra Pak compounds. A similar trend was identifed with an
increase in the carbonization temperature for a fxed
dwell time.

Figure 6 provides the infrared spectra of the nine
hydrochars. Te absorption bands attributed to the O-H (at
∼3440 cm−1), C-H (at ∼2929−2890 cm−1), C�O (at
∼1670−1616, 1450, and 1297 cm−1), and C-O (at
∼1037 cm−1) stretching vibrations as well as C-H (at
∼1470−1405 cm−1), C-OH (at ∼896 cm−1), and C-O (at
∼684 cm−1) bending vibrations of diverse functional groups
such as β-glycosidic linkages, phenols, alcohols, aliphatic,
aromatic, hydroxyl, carbonyl, and/or carboxylic groups were
identifed in TP1–TP5 samples [8–10, 14, 17, 23]. FTIR
spectra of these adsorbents also contained the absorption
bands of C-H (at ∼1470 cm−1) and C-OH (∼1295 cm−1)
bonds from CH2 and phenolic groups from cellulose [8, 9].
Te FTIR spectrum of TP5 included an additional small
absorption band at ∼1703 cm−1 attributed to C�O bonds and
the deformation of absorption bands at ∼1370−1290 cm−1,
which resulted in an absorption band at ∼1400 cm−1 cor-
responding to the C-H wagging vibration of CH2 group
[10, 17]. FTIR results agreed with the X-ray difraction
analysis, confrming the transition of hydrochar composi-
tion from the presence of cellulose to polyethylene, since the
characteristic absorption bands of this synthetic polymer
were identifed [10, 17].
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Figure 4: Difraction patterns of Tetra Pak-based hydrochars (a) before and (b) after the adsorption of heavy metal ions from aqueous
solutions.

Table 2: Surface area and elemental composition of Tetra
Pak-based hydrochars.

Hydrochar
Element (wt%)

O/C SBET (m2/g)
C O Si

TP1 53 46 — 0.87 <1
TP5 75 24 0.40 0.32 4
TP8 79 21 0.10 0.26 13
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FTIR results of TP5–TP9 indicated the presence of
absorption bands at ∼3440, 2920−2850, 1703−1614, 1435,
1396, and 1334 cm−1 that were related to O-H, C-H, and
C�O vibrations or deformations of hydroxyl, methyl,
methylene, and carbonyl groups [10, 16, 17, 24]. Te
absorption bands corresponding to Al-O and/or Si-O
bonds were identifed at ∼1037−960 cm−1, while the ab-
sorption bands of Si-O vibrations were located at ∼828
and 547 cm−1 [25–28]. It was also observed that the in-
tensity and widening of the absorption bands in the FTIR
spectra of the samples increased as the temperature and
dwell time of hydrothermal carbonization also increased.
Muñoz-Batista et al. [17] concluded that these results
could also indicate the phase transformation and/or re-
combination of the Tetra Pak compounds. Terefore, the
temperature and dwell time of hydrothermal carboniza-
tion determine the degree of degradation of the main
components of Tetra Pak wastes [17]. In summary, it was
concluded that the Tetra Pak hydrochar samples were
composed of a carbon phase, cellulose or polyethylene,
and aluminum-silicon moieties (see Table 3). Tis com-
position is consistent with the results reported for Tetra
Pak chars prepared via pyrolysis [5]. Finally, the con-
centration of acidic functional groups in the hydrochar
samples ranged from 6.2 to 7.9 mmol/g.

All the hydrochar samples were positively charged at
pH conditions used in the adsorption studies because of
their pH values at point of zero charge (ranging from 6.5 to
7.8) >aqueous solution pH. Consequently, repulsive elec-
trostatic forces occur during the adsorption of these pol-
lutants on hydrochars. Note that the pH values at the point
of zero charge of the Tetra Pak-based hydrochars were lower
than those of the adsorbent obtained from the slow pyrolysis
and acid treatment (i.e., 9.3) of these packing residues [15].
Finally, the surface area of the Tetra Pak hydrochar increased
as the hydrothermal carbonization conditions became more
severe (Table 2), but all hydrochars can be regarded as low-
porosity materials. Te surface areas (i.e., 33–174m2/g) of
Tetra Pak chars prepared via pyrolysis [5, 15] are higher than
those of their hydrochar counterparts. Te relevance of
hydrochar chemistry prevails over the surface area for re-
moving the tested heavy metals.

3.2. Adsorption Isotherms and Removal Mechanism of Tetra
Pak-Based Hydrochars. TP1, TP5, and TP8 hydrochar
samples were utilized to quantify the adsorption isotherms
of Zn2+, Pb2+, and Hg2+, and Figure 7 shows these results.
Te highest adsorption capacities were obtained for Hg2+
(0.24–0.68mmol/g) using TP8, while the adsorption ca-
pacities of TP1 and TP5 to remove Pb2+ (0.09–0.11mmol/g)

(a) (b) (c) (d) (e)

(f ) (g) (h) (i)

Figure 5: SEM images and physical appearance of Tetra Pak-based hydrochar samples obtained under diferent hydrothermal
carbonization conditions. Te sample labels are listed in Table 1. (a) TP1; (b) TP2; (c) TP3; (d) TP4; (e) TP5; (f ) TP6; (g) TP7; (h) TP8;
(i) TP9.
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and Zn2+ (0.08–0.12mmol/g) were very similar. All the
isotherms displayed the characteristic type 2L shape
according to Giles classifcation for adsorption in liquid
phase systems, thus suggesting the afnity of Tetra Pack-
based hydrochars towards heavy metal ions [29]. Endo-
thermic adsorption was observed experimentally in the
removal of all adsorbates using these hydrochars under the
tested experimental conditions. Te increment of the
aqueous solution temperature from 30 to 40°C improved the
adsorption capacities for Zn2+, Pb2+, and Hg2+ by 51, 31, and
177%, respectively. Te calculated values of enthalpy
changes for these adsorption systems were as follows: 34 kJ/
mol for TP1-Zn2+, 22 kJ/mol for TP5-Pb2+, and 37 kJ/mol

for TP8-Hg2+, respectively. Tese ΔH values corresponded
to physical interaction forces where electrostatic interactions
play a relevant role for the heavy metal adsorption.
According to Machado et al. [30], electrostatic forces are
involved in the adsorption mechanism for systems with
ΔH= 20–80 kJ/mol. A comparison of the adsorption ca-
pacities of the hydrochar samples and other biomass-based
hydrochars and activated carbons is shown in Figure 8. Te
adsorption capacities of Tetra Pak hydrochars are compet-
itive and outperformed other adsorbents reported in liter-
ature [31–45].

Te results of the crystalline structure and surface
chemistry analyses of the heavy metal-loaded hydrochars are
reported in Figures 4(b) and 6(b), respectively. Te in-
tensities of the difraction peaks associated with TP1 (cel-
lulose) and TP5 (cellulose and aluminum silicate hydroxide)
decreased after Zn2+ and Pb2+ adsorption, but the formation
of new crystalline structures was not identifed. Tis be-
havior also indicated that the removal of these cations was
mainly governed by physisorption, which agreed with the
thermodynamic calculations. It was also observed that the
crystalline structure of TP8 (which was composed of alu-
minum silicate hydroxide and polyethylene) underwent
a drastic change after Hg2+ adsorption, and the mercury
chloride (ICDD: 00-026-0312) was identifed on hydrochar
surface. However, some small difraction peaks ascribed to
aluminum silicate (at ∼12.3, 24.9, 35.1, and 39.2°2θ) pre-
vailed, indicating the possible participation of aluminum-
silicon moieties in the Hg2+ removal. Note that the mercury
can form amalgams with various metals [46]. For example,
Inglezakis et al. [47] reported the removal of mercury using
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Figure 6: Infrared spectra of Tetra Pak-based hydrochars (b) before and (a) after the adsorption of heavy metal ions from aqueous solutions.

Table 3: Composition of Tetra Pak-based hydrochars prepared
under diferent hydrothermal carbonization conditions.

Hydrochar Composition
TP1 Carbon phase + cellulose
TP2 Carbon phase + cellulose

TP3 Carbon phase + cellulose + aluminum silicate
hydroxide

TP4 Carbon phase + cellulose

TP5 Carbon phase + cellulose + aluminum silicate
hydroxide

TP6 Carbon phase + polyethylene + aluminum silicate
hydroxide

TP7 Carbon phase + cellulose + aluminum silicate
hydroxide

TP8 Carbon phase + polyethylene + aluminum silicate
hydroxide

TP9 Carbon phase + aluminum silicate hydroxide
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silica containing adsorbents with adsorption capacities up to
∼0.5mmol/g. Tey suggested the formation of Hg2Cl2 on
silica materials. Diferent studies have also demonstrated
that the aluminum-containing adsorbents allow the efective
removal of mercury ions [48–50].

Te infrared spectrum of Zn2+-loaded hydrochar
showed that the absorption band at ∼3440 cm−1 was slightly
displaced, the absorption band at ∼1450 cm−1 disappeared,

and an intense absorption band at ∼1390 cm−1 was identi-
fed. For TP5 loaded with Pb2+, a small displacement in the
absorption band at ∼3440 cm−1 and a decrease in the in-
tensity of the absorption bands located between ∼1700 and
1100 cm−1 were observed. Tese changes suggest that Zn2+
and Pb2+ ions bind to the hydroxyl and carbonyl groups of
cellulose and the carbon phase contained in hydrochars
[51–54]. Similar results have been reported by Zhan et al.
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Figure 7: Isotherms of the adsorption of heavy metal ions on the best Tetra Pak-based hydrochars. Experimental conditions: (a, b) pH 5 and
(c) pH 4. (a) TP1 hydrochar and Zn2+. (b) TP5 hydrochar and Pb2+. (c) TP8 hydrochar and Hg2+.
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Figure 8: Adsorption capacities of Zn2+, Pb2+, and Hg2+ reported in the literature for diferent adsorbents.
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[55], Xia et al. [56], and Jiang et al. [57] for the Cu2+, Zn2+,
and Pb2+ adsorption on lignocellulosic adsorbents, hydro-
chars, and activated carbons. On the other hand, the
characterization analysis of hydrochar used in Hg2+ ad-
sorption suggested the participation of carbonyl groups and
aluminum-silicon moieties in the removal mechanism, as

the absorption bands located below ∼1700 cm−1 underwent
a considerable decrease in their intensity [58, 59]. Te in-
teractions with oxygenated functionalities and aluminum-
silicon moieties for the adsorption of tested metallic ions
(M�Pb2+, Zn2+, Hg2+) can be described as follows
[5, 47, 53, 60, 61]:

hydrochar − COO−
+ M⟶ hydrochar − COOM

hydrochar − O−
+ M⟶ hydrochar − OM

hydrochar − Al − Si − O−
+ M⟶ adsorbent − Al − Si − O − M

(4)

Te monolayer model with one adsorption site was used
to correlate the Zn2+ isotherms of TP1 sample. Te char-
acterization results indicated that TP1 has surface func-
tionalities mainly from the carbonaceous phase and
cellulose.Tese functionalities correspond to the oxygenated
functional groups that interact with Zn2+ ions during ad-
sorption. Consequently, one adsorption site (i.e., oxygenated
functional groups for TP1) is involved in the Zn2+ removal
mechanism. Equation (1) correlated (R2 � 0.98–0.99) the
adsorption isotherms of this hydrochar, and the calculated
steric parameters are reported in Table 4. On the other hand,

Pb2+ and Hg2+ adsorption on TP5 and TP8 hydrochars was
related to the oxygenated functionalities (from carbonaceous
phase and/or cellulose) and the aluminum-silicon moieties.
In the case of the TP5 sample, this hydrochar was composed
of a carbonaceous phase, cellulose, and aluminum silicate
hydroxide, whereas the TP8 hydrochar contained a carbo-
naceous phase and aluminum silicate hydroxide. Terefore,
the adsorption model with two sites, equation (2), ftted
(R2> 0.99) the experimental equilibrium data of the TP5-
Pb2+ and TP8-Hg2+ systems, and the results are also given in
Table 4.

Table 4: Composition of Tetra Pak-based hydrochars prepared under diferent hydrothermal carbonization conditions.

System T (°C)
Oxygenated site Aluminum-silicon site

IonS1 DS1 (mmol/g) IonS2 DS2 (mmol/g)

TP1-Zn2+ 30 1.8 4.7E− 02 — —
40 2.0 6.3E− 02 — —

TP5-Pb2+ 30 1.0 3.8E− 02 3.2 1.6E− 02
40 1.3 2.9E− 02 3.0 2.6E− 02

TP8-Hg2+ 30 0.7 7.6E− 02 3.0 6.4E− 02
40 0.9 1.6E− 01 2.1 2.6E− 02
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Figure 9: Contribution of surface functionalities of Tetra Pak-based hydrochars to the adsorption of heavy metal ions from aqueous
solutions. (a) 30°C. (b) 40°C.
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Statistical physics modeling indicated that the adsorp-
tion of all these heavy metal ions was multi-ionic (i.e., IonS1
and IonS2> 1), where each functional group could interact
with a maximum of three cations simultaneously. However,
hydrochar surface functionalities play diferent roles during
the removal of these toxic pollutants. Te quantity of ox-
ygenated functional groups involved in the removal of these
heavy metal ions (DS1) ranged from 0.029 to 0.159mmol/g,
while DS2 values for aluminum-silicon moieties were from
0.016 to 0.255mmol/g. TP8 hydrochar showed the highest
concentrations of both adsorption sites. In the case of the
TP1 and TP5 samples, the heavy metal ions were bound to
the hydrochar surface via oxygenated functional groups
(Figure 9). Hg2+ was adsorbed mainly (∼78%) on the
aluminum-silicon adsorption sites of TP8 hydrochar. Tese
calculations confrmed that the temperature and dwell time
of the Tetra Pak hydrothermal carbonization signifcantly
afected the composition and surface chemistry of the
synthesized hydrochars.

Te calculated interaction energies were 21 kJ/mol for
Zn2+-oxygenated adsorption site of TP1, 20 and 34 kJ/mol
for Pb2+-oxygenated adsorption site and Pb2+-aluminum-
silicon moiety of TP5, respectively, and 23 and 11 kJ/mol for
Hg2+-oxygenated adsorption site and Hg2+-aluminum-
silicon moiety of TP8, respectively. Tese energy values were
consistent with the adsorption mechanisms already
described.

4. Conclusions

Hydrothermal carbonization of Tetra Pak wastes generates
hydrochars that can be applied as adsorbents to clean water
polluted by toxic heavy metals. Te hydrothermal carbon-
ization conditions signifcantly afected the composition and
textural parameters of the Tetra Pak-based hydrochars. Low
dwell time and carbonization temperature produced
hydrochars composed mainly of a carbonaceous phase and
cellulose or polyethylene, while hydrochars containing
a carbonaceous phase and aluminum silicate hydroxide were
obtained at >180°C for >12 h. Hydrochars containing car-
bonaceous phase + cellulose ofer better adsorption prop-
erties for Zn2+, while the content of aluminum silicate
hydroxide in the hydrochars improves their performance for
Pb2+ and Hg2+ removal. Zinc, lead, and mercury adsorption
on Tetra Pak-based hydrochars is a multionic and endo-
thermic process. Te preparation of new adsorbents using
Tetra Pak residues and hydrothermal carbonization is
a promising alternative for sustainable waste management
and environmental protection.
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