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Abstract: In the Ecuadorian Amazonia, there is a concern about the presence of high concentrations
of cadmium (Cd) in rivers and sediments because of changes in land use and anthropogenic activities,
e.g., mining and oil exploitation. Hence, the research related to water treatment processes to meet
environmental standards has gained relevance. The use of biochar (BC) as adsorbent is considered
a promising and low-cost alternative to improve the water quality in developing countries. In this
work, lignocellulosic wastes from Guadua angustifolia were transformed through thermochemical
treatments, into a promising carbonaceous material, such as BC. BC samples were prepared by
pyrolysis (termed pyrochar, PC) and hydrothermal carbonization (termed hydrochar, HC). Their
physicochemical properties were correlated with the Cd adsorption removal performance, analyzing
the effect of adsorbent dosage, initial solution pH, adsorption kinetics and adsorption isotherms.
HC showed the highest Cd adsorption performance, due to the presence of a higher number of
oxygenated functional groups, as confirmed by FTIR, XPS and Raman spectroscopy. This research has
proposed a sustainable alternative for the recovery of an available waste, contributing to mitigate the
effects of the presence of metals on the health and economy of the most vulnerable sectors of society.

Keywords: biochar; Guadua angustifolia; pyrolysis; hydrothermal carbonization; cadmium; adsorption

1. Introduction

In South America, especially in Ecuador, the management of mining waste is not
adequate, which has promoted heavy metal contamination of several water sources, such
as rivers and basins [1]. In the Ecuadorian Amazon Region, the concentration of heavy
metals (e.g., cadmium (Cd), arsenic (As), lead (Pb), among others) in some rivers (e.g., Napo
and Papallacta rivers) reached values above the permissible limits for the preservation of
aquatic life [1–3]. For example, the concentration of Cd (which is one of the most harmful
metals that directly affects ecosystems and can have repercussions on human health [4]) in
rivers located in the Eastern Andean foothills of the Ecuadorian Amazonia ranges from
3.1 to 46 µg/L, while its permissible limit is 1 µg/L. This fact makes its removal from
wastewater prior to discharge into the environment of high importance [5–7].

Several water treatment processes, such as ultrafiltration [8,9], chemical precipita-
tion [10], membrane separation [11], electrochemical deposition [12] and adsorption [5]
have been studied to meet environmental standards. Among them, adsorption has attracted
a higher interest due to its low-cost and high efficiency [5]. In this sense, biochar (BC) based
materials have been considered as promising adsorbents to remove heavy metals (e.g., Cd),
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due to their physicochemical properties, such as large surface area, high stability, high
amount of surface functional groups and excellent pollutant removal capacity, [13–15]. In
a recent study, 72% of Cd was removed using rice husk BC, which exhibited an adsorption
capacity of 17.8 mg/g after 120 min adsorption time [16]. Likewise, 90% Cd removal was
achieved with a silicate modified oiltea camellia shell-derived BC [17]. Meanwhile, a total
Cd removal was reached by using a phosphoric acid-modified HC derived from banana
peels as adsorbent [18].

Physicochemical properties, chemical composition and performance of BC strongly
depend on the synthesis methods and conditions [19–21]. The thermochemical conversion
processes have been the main alternatives to produce BC, where pyrolysis and hydrother-
mal carbonization (HTC) are the most common pathways. Pyrolysis is a thermochemical
conversion of low moisture content waste at high temperature (300–700 ◦C) in absence of
oxygen, used to produce BC, called pyrochar (PC) in this work [22–26]. In contrast, HTC
corresponds to a direct thermal conversion of high moisture content waste at low temper-
atures (180–350 ◦C) through hydrolysis, dehydration, polymerization and aromatization
reactions to obtain a BC product with a high number of functional groups and condensed
aromatic structures, termed hydrochar (HC) [27–29]. The physicochemical properties of BC
also depend on the residual biomass used as raw material [30–32]. Several residual biomass
resources have been studied to produced BC, such as rice husks [16], chicken feather [33],
banana [34] and avocado [35] peels, corncob residues [36], wheat straw [37], wood and
barks [38,39] and bamboo wastes [40–42].

Guadua angustifolia species represents an endemic bamboo resource in some countries
of South America [43]. In Ecuador, 600,000 ha are covered with different types of bamboo,
among them, G. angustifolia is the most common [44,45]. These materials have been widely
used in construction and in the industries producing flooring, panels and agglomerates [46].
However, a large amount of biomass waste is generated by these industries. In fact, only
20 to 30% of the raw material is used and the rest is discarded by the companies [45].

One of the principles of a circular economy is to provide a benefit by using residual
biomass. This type of waste can be recycled, reused, refused or renewed to produce energy
and other materials, as well as to rethink the way in which they are disposed. In this sense,
the use of carbon-based materials obtained from residual biomass (e.g., BC) has attracted
great interest due to several applications, such as a solid acid catalyst for biodiesel produc-
tion [47–51], gas adsorbent [52] and, of course, as adsorbent for contaminant reduction in
soil and water [53,54].

Considering these facts and the local availability and cost-effectiveness, this work aims
to prepare BC sorbents derived from G. angustifolia residues by pyrolysis and HTC and
correlate their physicochemical properties with their Cd adsorption efficiency, evaluated
as a function of the effect of adsorbent dosage, adsorption kinetics, adsorption isotherms
and the initial Cd solution pH. Through this study, it is intended to encourage the cir-
cular economy in the Ecuadorian Amazon, based on the exploitation of organic wastes
to obtain materials with a potential use for the removal of heavy metals in the waters
of the Ecuadorian Amazon Region, by a simple and non-expensive method, such as the
adsorption process.

2. Materials and Methods
2.1. Biochar Synthesis and Characterization

G. angustifolia residues were provided by an Ecuadorian bamboo board factory to
synthesize both types of biochar: HC and PC. No size reduction operation was performed
before the carbonization processes, and the particle size of the residues was very hetero-
geneous, ranging from some microns to less than 1 cm. Moisture, volatile matter, ash and
fixed carbon content were measured according to ASTM-D3173 (Standard Test Method for
Moisture in the Analysis Sample of Coal and Coke), ASTM-D3175 (Standard Test Method
for Volatile Matter in the Analysis Sample of Coal and Coke) and ASTM-D3174 (Standard
Test Method for Ash in the Analysis Sample of Coal and Coke from Coal).
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PC was prepared by pyrolysis of biomass residues previously exposed to phosphoric
acid. Precisely, 1 kg of guadua residues were immersed in 12 L of 60 wt.% H3PO4 aqueous
solution at room temperature for 5 h under continuous stirring. After filtering to remove
acid excess, the biomass residues were placed in a ceramic crucible, which was introduced
into a Nichols-Herreshoff single hearth pilot furnace equipped with a center shaft with a
rabble arm for agitation. The pyrolysis was conducted at 550 ◦C, agitation for 1.5 h, under a
reducing environment by setting the fed air/stoichiometric air ratio (λ) to 0.9. After cooling
down to room temperature, PC was washed, pH measured, and dried at 90 ◦C overnight.

HC samples were synthesized by HTC using Teflon-lined stainless steel hydrothermal
reactors of 200 mL capacity. This consists of an autoclave, where the pressure is self-
generated during the synthesis, due to the heating of the aqueous medium. For this
preparation, 5 g of G. angustifolia residues were mixed with 80 mL of 50% H3PO4 aqueous
solution for 3 h. The hydrothermal reactor was hermetically closed and then heated at
200 ◦C for 5 h in an electric drying oven with a heating rate of 5 ◦C/min. After natural
cooling to ambient temperature, the black biochar composite was filtered and washed
several times with distilled water to reach a neutral pH. Finally, the solid sample was dried
at 60 ◦C overnight to obtain HC.

Textural properties of biochar were determined by N2 adsorption–desorption experi-
ments at 77 K with a Quantachrome Instruments, Nova 4200e (Quantachrome Instruments,
Boynton Beach, FL, USA). Before these experiments, all samples were degassed overnight
under vacuum at 250 ◦C. The Brunauer-Emmet-Teller (BET) model was used to determine
the specific surface area and the Density Functional Theory (DFT) model was applied to
determine the pore size distribution [55]. The Point of Zero Charge (PZC) of HC and PC
was determined by the pH drift method [38,56]. Briefly, 0.1 g of each type of biochar was
added into a sealed vial with 20 mL of 0.01 M NaCl solution with a pH ranging from
2.0 to 11.0. The initial pH (pHinitial) was adjusted by using 0.1 M HCl and NaOH aqueous
solutions. After 24 h of continuous shaking at 200 rpm, the final pH (pHfinal) of the solution
was measured and compared with the pHinitial value. The PZC of the sample was identified
as the value at which pHfinal is equal to pHinitial.

The surface functional groups in PC and HC were characterized by Fourier Transform
Infrared-Attenuated Total Reflectance (FTIR-ATR, Agilent Cary 630) measurements within
a wavelength of 400–4000 cm−1. Raman analyses of the samples were conducted on a
LabRam HR Evolution Raman spectrometer (Horiba Scientific, Jobin Yvon Technology,
Kyoto, Japan) using a laser source with a wavelength of 532 nm, a power of 0.2 mW
and a spot size of 5 µm. To determine surface chemical states of biochar components,
X-ray Photoelectron Spectroscopy (XPS) analyses were performed on a PHI Versa-Probe III
5000 spectrometer with Al mono Kα X-Ray source at 1486.6 eV under high power mode.

2.2. Cd Adsorption Experiments

All adsorption experiments were performed in a batch mode. To investigate the effect
of biochar dosage on Cd removal, a mass of biochar between 25 to 150 mg was added to a
beaker containing 50 mL of Cd solution (0.5 mg/L) under a continuous thermostatic oscil-
lation (200 rpm) at 20 ◦C for 24 h with an orbital shaker. On the other hand, 0.1 M HCl and
0.1 M NaOH solutions were used to study the effect of initial solution pH (3.0 < pH < 6.0),
considering a biochar dosage of 2 g/L, an initial Cd concentration of 0.5 mg/L and a
shaking time of 3 h (200 rpm).

For the kinetic studies, the contact time varied from 5 to 360 min, at 20 ◦C, with a
biochar dosage of 2 g/L and an initial Cd concentration of 0.5 mg/L. Similar conditions
were used for the adsorption equilibrium studies (3 h equilibrium time), in which the Cd
initial concentration was evaluated over a range between 0.2 to 1.2 mg/L.

After each Cd adsorption experiment, the suspension was filtered with 0.22 µm PVDF
membrane filter. The Cd content in the filtrate was determined by flame atomic absorption
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spectroscopy (contrAA 700, Analytik Gena) at 228.8 nm. The Cd removal efficiency (R, %)
and adsorption capacity (qe, mg/g) of each type of biochar were determined [16], as follows:

R =
(Co − Ce)

Co
× 100% (1)

qe =
(Co − Ce)× V

m
(2)

where Co and Ce correspond to the initial concentration and equilibrium concentration of
Cd (mg/L), respectively, V is the volume of Cd solution (mL) and m is the mass of biochar
(g) used in each experiment.

3. Results and Discussion
3.1. Physicochemical Properties of G. angustifolia Residues and Biochar Samples

Proximate analysis results for the biomass residues are shown in Table 1. The high
content of volatile matter indicated a composition rich in cellulose and hemicellulose. The
fixed carbon content is related to the presence of lignin and is lower than values previously
reported in the literature for G. angustifolia residues [57]. Pyrolysis yield is affected by the
lignin content since this biomass component is difficult to pyrolyze.

Table 1. Physical properties of G. angustifolia residues.

Parameter Content (wt.%)

Moisture 6.4 ± 0.6
Volatile Matter 83.9 ± 2.3

Ash 2.9 ± 0.4
Fixed carbon 13.2 ± 2.2

Textural properties of HC and PC were determined by N2 adsorption–desorption
experiments. As seen in Figure 1, HC biochar presents a composed isotherm (type II and
IV) according to the IUPAC classification, with a hysteresis loop H3, that corresponds
to solids with no porosity [58], which is in agreement with the low specific surface area
determined for the HC biochar (Table 2). HC biochar forms aggregates with a non-rigid
texture that generates slit pores of non-uniform size, as observed in the pore size distribution
in Figure 1 (insert).
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Table 2. Textural properties and PZC of HC and PC.

Sample Specific Surface Area (m2/g) Pore Volume (77 K) (cm3/g) Pore Diameter (nm) PZC

HC 28 0.072 3.5 4.7
PC 238 0.234 0.6 2.6

PC also displays a composed N2 isotherm (type II and IV) according to the IUPAC
classification, with a hysteresis loop H4, often observed for microporous adsorbents having
rigidly bound sheets between them [58]. The specific surface area (SSA) determined by
the BET model was 238 m2/g, with a pore volume of 0.234 cm3/g (77 K). This result
demonstrates that the immersion of the biomass residues in phosphoric acid was effective
in obtaining an activated PC biochar. Preliminary PC and HC synthesis experiments were
conducted without the use of H3PO4, obtaining undetectable SSA values, which confirmed
that this acid acts as an activating agent that improves the physicochemical properties of BC-
based materials. As phosphoric acid acts as a catalyst for dehydration reactions, the biomass
carbonization and porosity are favored by the generation of micropores [59]. Likewise, this
type of chemical activation promotes the cleavage of chemical bonds and the intramolecular
or intermolecular dehydration of the cellulose or lignocellulose biopolymers and enhances
the carbon retention [60,61]. On the other hand, the pore size distribution (PSD) was
obtained from applying the DFT model, which provides a more accurate interpretation of
the PSD, particularly for microporous materials [62]. These results showed that the PSD is
narrow and the pore diameter is below 2 nm, which is consistent with the porosity obtained
by phosphoric acid activation [63].

PC has a SSA almost ten times larger than that of HC (Table 2). This is due to the
pyrolysis and HTC carbonization processes occurring through specific reactions routes
and environments in the reactors, which lead to different textural properties between HC
and PC. A larger SSA is supposed to contribute to a better Cd adsorption, however, it is
necessary to consider the number and types of functional groups at the surface of each
adsorbent, which can further promote the metal removal performance [37,64–66].

PZC plays an important role in the adsorption mechanism [67,68]. This corresponds
to the pH at which the material surface has a zero overall electrostatic charge [69–71].
Thus, if the working pH is lower than the PZC of a material, its surface is protonated and
positively charged, favoring the electrostatic adsorption of anionic species [72]. On the
other hand, its surface can be deprotonated at pH values above its PZC [69,73], which
favors the electrostatic adsorption of cationic species.

According to Figure 2, the PZC of PC was 2.6, which indicates that acidic groups
were dominant on the biochar surface. This value can be compared to that reported by
Wu et al. [74] and Huang et al. [75], who prepared biochar by slow pyrolysis using oak
sawdust and Alternanthera philoxeroides biomass as feedstock, respectively. Meanwhile, the
PZC of HC was 4.7, which is similar to those reported by Nguyen et al. [71], Gai et al. [76],
and Saha et al. [77], who prepared biochar samples by pyrolysis and HTC, respectively.
These differences in the PZC value have been mainly attributed to the presence of different
surface functional groups, as well as their concentration at the surface of each type of
biochar [73,77], which, in turn, can depend on the synthesis method and conditions [78–80],
modifications with other elements [38,81], and the feedstock [82,83].

As seen in the IR spectra of both types of biochar (Figure 3), HC structure has more
functional groups than PC. The IR spectra of HC exhibited a broad peak at 3650–3200 cm−1,
which has been attributed to the stretching and deformation vibration of O-H from hydroxyl
functional groups generated during the biochar synthesis in an aqueous media [19,84].
Meanwhile, the peak at c.a. 1696 cm−1 has been associated with the presence of C=O
carbonyl groups [74,85]. Likewise, the peaks at 1593 cm−1, 1428 cm−1 and 1201 cm−1 in the
IR spectrum of HC have been attributed to formation of functional groups associated with
the asymmetric stretching vibration of aromatic C=C [84,86], C-O derived from lactone
groups [71] and C-O-C stretch of the ethers present in lignin [40,79], respectively. An
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additional IR peak at 113 cm−1 has been observed in the IR spectra of PC, which has been
assigned to the formation of O-P-O bonds, probably generated during the biochar synthesis
with phosphoric acid solutions [84,87]. On the other hand, peaks at 1114 cm−1 and 799 cm−1

were observed only in the HC spectrum, attributed to C-H out-of-plane deformations of the
aromatic humic substances generated during HTC of G. angustifolia residues [38,74]. The
higher presence of C-O, and C=O functional groups on biochar based samples promotes
the Cd adsorption behavior of this type of carbonaceous material [27,88]. For instance,
Wang et al. [89] prepared biochar based samples by pyrolysis with a lower presence of
functional groups compared to those reported by Gargiulo et al. [90] and Pattnaik et al. [40]
and Kazak et al. [86], who synthesized biochar based samples by slow pyrolysis and HTC,
respectively, with higher adsorption capacities.
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The IR results have been corroborated by X-Ray Photoelectron Spectroscopy (XPS).
This technique was performed to provide a comparative insight into the bulk material from
both HC and PC samples. The XPS spectra indicate the presence of C1s at 284.7 eV and O1s
at 532 eV as the key features (Figure 4a) [91]. Fitting processes were developed to identify
the chemical environment of both components. Deconvolution analysis of C1s (Figure 4b)
showed the presence of functional groups at the surface going from 286.29 eV, 285.72 eV,
286.8 eV, 288.22 eV, that were assigned to C-C, C-O, C=O and O=C-OH, correspondingly
shown in Figure 4b [91,92]. Figure 4c shows the high resolution O1’s core level spectra
of PC and HC, where the fitting unveils four peaks with binding energies at 530.0 eV,
531.58 eV, 532.6 eV, and 534.5 eV that correspond to a carbonyl group, carbonyl oxygen,
oxygen carboxylic groups, and oxygen in water, respectively, Figure 4c. The specified
binding energy corresponds to each Voigtian equation’s peaks and indicates the presence
of these types of surface functional groups, in which a given element (C or O) is present on
BC and HC surfaces, as seen in the XPS Survey (Figure 4a).
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The fitting area of each contribution on the C1s, shown in Table 3, exhibits the main
contribution of C-O-C functional groups for HC and C-C for PC. The large concentration of
C-C on PC has been attributed to the presence of graphite groups, which, in turn, indicate a
minor generation of oxygenated functional groups at its surface [81,93]. This fact has been
confirmed by the O1s core level deconvolution, which presents four instead of three groups
on HC compared to PC (see Table 3), confirming the results obtained by IR spectroscopy.

In Raman the spectra of biochar materials shown in Figure 5, it is useful to analyze
the D band (~1350 cm−1) which corresponds to low structural orientation, incomplete
graphite microcrystals, and structural defects, along with the G band (~1575 cm−1) that
corresponds to the stretching vibration of the sp2 hetero bond in the plane of the carbon
network, indicating the ordered graphite-like structure [94,95]. Both, PC and HC present
a wide 2D band, (~2770 cm−1) associated with the stacked carbon layers of graphite-like
materials [95,96]. Moreover, the crystallinity in the samples was verified by the ratio (ID/IG)
of the defect intensity peak (~1360) and the graphitization intensity peak (~1586) [72]. The
PC sample presented a better crystallization index of 0.89 with respect to the HC value
of 0.94 (Figure 5). The fact that HC has more significant defects means that the graphite-
like conjugated π-electron aromatic structures with significant defects, could induce a
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π-interaction towards the lone pair of electrons of the metal [96]. Hence, the ability of HC
to provide more π-electrons through aromatic and fused rings promotes the adsorption
capacity, which was confirmed by FTIR spectra by the presence of the asymmetric stretching
vibration of aromatic C=C [97,98].

Table 3. Atomic surface concentration (%) of functional groups on HC and PC obtained from the XPS
O1s and C1s core level spectra.

XPS Spectrum Functional Group
HC PC

BE (eV) Concentration (%) BE (eV) Concentration (%)

O1s

-C-O 530.03 3.61 530.32 20.06
O=C-OH 531.58 9.75 531.39 28.09
O-C=O 533.02 38.22 532.60 51.85
C-O-C 534.59 48.42 - -

C1s

C-C 284.29 19.43 284.29 85.75
C-O-C 285.57 36.73 285.72 5.24
C=O 286.87 31.78 286.83 5.56

O=C-OH 288.22 12.06 288.15 3.44
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3.2. Effect of Biochar Dosage

Biochar dosage is one of the most important factors during the adsorption process,
as it determines the adsorbent–adsorbate equilibrium of the system [99]. For this reason,
doses of PC and HC ranging from 0.5 to 3 g/L were evaluated in each Cd adsorption
experiment using an initial pH of 4.0, which is the pH of the Cd solution of 0.5 mg/L. There
is a direct relationship between the HC dosage and Cd removal (red circles, Figure 6). Thus,
the lowest Cd removal efficiency (10%) was achieved with a HC dosage of 0.5 g/L, while
the highest Cd removal (85%) was reached with 3 g/L of HC. This fact has been attributed
to the greater number of adsorption sites accessible for the Cd adsorption process, which is
due to the higher availability of more functional groups directly related to the higher mass
of adsorbent [37]. A similar behavior of the adsorbent dosage and Cd removal efficiency
was reported by Chen et al. [100], who prepared biochar from municipal sewage sludge by
pyrolysis (surface area = 67.6 m2/g), in which the Cd removal efficiency increased from
10 to 100% by raising the biochar dosage from 1 g/L to 5 g/L. They, in turn, have also
associated the low Cd removal efficiency with the rapid saturation of the limited adsorption
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sites used for binding of Cd ions and the high removal efficiency with the presence of a
higher amount of new adsorption sites due to the higher mass of adsorbent [100,101].
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A considerable effect of the variation of PC dosage on the Cd removal rate (41–48%)
was not observed. This can be attributed to the partial or unsuitable use of all biochar ad-
sorption sites or to the formation of aggregates [37,102]. Likewise, a high adsorbent dosage
could cause the adsorption performance to remain constant or even decrease [102,103].
During the experiments of Cd adsorption using PC dosages of 2.0 g/L and 3.0 g/L with a
0.5 mg/L Cd solution (initial pH = 4.0), the formation of aggregates was observed, which
could explain the reason why the Cd removal rate did not increase as much as in the case
of the HC samples. Considering this fact, a higher PC dosage resulted in a greater agglom-
eration of biochar particles, which, in turn, decreased the number of available adsorption
sites and the functional groups for Cd adsorption on this type of carbonaceous material,
maintaining the Cd removal values below 50%.

As seen in Figure 6, similar Cd removal rates of PC (46.9%) and HC (47.3%) were
obtained using a biochar dosage of 2 g/L under the same adsorption conditions. For this
reason and to avoid a greater formation of agglomerates, the kinetic studies and adsorption
isotherms were conducted with the aforementioned biochar dosage, although the highest
Cd removal was achieved with the highest dose of HC (i.e., 3 g/L).

3.3. Cd Adsorption Kinetics

Figure 7 shows the adsorption capacity of HC and PC as a function of time, for a
Cd initial concentration of 0.5 mg/L, at 20 ◦C, and an adsorbent dosage of 2 g/L. The
Cd adsorption capacity of both adsorbents increased with time and then stabilized upon
reaching equilibrium (3 h and 1 h for PC and HC, respectively). To confirm this fact, Cd
adsorption analyses were performed for 24 h, obtaining similar qe values to those obtained
for the mentioned equilibrium time. Adsorption rates of HC increased from 20 to 44%,
when contact time was increased from 5 to 50 min, in contrast to PC, which increased from
20 to 45% at 175 min. HC reached its maximum capacity of adsorption (42 %) at 50 min,
while PC reached it (47%) at 175 min.
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The Cd adsorption was rapid on both BC samples in the initial stages (adsorption
time below 90 min). These results are comparable to the results reported by Li et al. [104],
who evaluated the Cd adsorption performance on rape straw-based BC samples. They
indicated that likely adsorption primarily occurs on the outer surfaces of adsorbents. With
increasing adsorption time, Cd ions gradually diffuse into the carbon pores and then adsorb
onto them [104]. The overall adsorption process is limited by the rate of the adsorption
mass transfer steps (i.e., external diffusion, internal diffusion and adsorption on active
sites), which, in turn, depend on the adsorbate–adsorbent system and can be evaluated
considering its kinetics [105].

For the adsorption kinetic analysis, the experimental data were fitted with the non-
linear forms of three standard kinetic models (see Figure 8): pseudo-first order (PFO);
pseudo-second order; and Elovich model, since nonlinear forms are appropriate for de-
scribing the adsorption kinetics in the liquid phase [106]. The PFO model (3) assumes that
the rate of adsorption is related to the number of unoccupied active sites on the adsorbent
and it indicates that the adsorption rate is controlled by mass transport (i.e., external diffu-
sion) [107]. The PSO model (4) assumes that the rate of adsorption on the surface of the
adsorbent is proceeded by internal diffusion and chemisorption [108]. While, the Elovich
model (5) describes adsorption processes that follow a chemical adsorption mechanism,
considering that the adsorption sites are energetically heterogeneous, so they show different
activation energies [109].

Pseudo first order:
qt = Qe

(
1 − e−k1 t

)
(3)

Pseudo second order:

qt =
k2Q2

e t
1 + k2Qet

(4)

Elovich:
qt = β ln(αβt) (5)

where Qe (mg/g) is the adsorption capacity of an adsorbent at equilibrium; qt (mg/g) is
the adsorption capacity at time t; k1 (1/min) and k2 (g/mg-min) are the rate constants
in the pseudo first and pseudo second order adsorption models, respectively; α is the
initial adsorption rate (mg/g-min); β (g/mg) is a constant related to surface coverage and
activation energy; and t (min) is the contact time.
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The kinetic models were validated by using the non-linear regression analysis based
on the Gauss Newton algorithm, through a script written in R language containing the NLS
function. The best-fit model was evaluated in terms of the relative standard error (RSE),
which is the ratio between the root mean square error and the standard deviation of the
experimental data. Table 4 shows the parameters of the kinetic models evaluated and the
RSE for each case (the lowest RSE value is considered to give the best fitting). According to
these results and to the fitting shown in Figure 8, the PFO model is the most appropriate
to describe the adsorption of Cd onto HC, since its RSE value is the lowest (RSE = 0.0074).
Likewise, the Qe,first value is identical to Qe,exp (0.108 mg/g), which suggests that the
adsorption is controlled by mass transport (i.e., external diffusion). There is scarce informa-
tion about the adsorption process of heavy metals on hydrochars that fit the PFO model.
However, our results are consistent with the kinetic data reported by Zhu et al., who pre-
pared phosphate-modified activated bamboo BC samples. Likewise, Moussout et al. [110]
and Romero-Cano et al. [111] have reported that the PFO model described the adsorption
kinetics of Cd onto chitosan-based materials and of Cu on biosorbents prepared from fruit
peels, respectively.

Table 4. Parameters for the Pseudo first order, Pseudo second order and Elovich models for Cd
adsorption on PC and HC.

Samples
Pseudo First Order Pseudo Second Order Elovich

Qe,exp
(mg/g)Qe,first

(mg/g) k1 RSE Qe,second
(mg/g) k2 RSE Qe,elovich

(mg/g) α β RSE

HC 0.108 0.080 0.0074 0.118 1.04 0.0083 0.124 0.17 68.13 0.0123 0.108
PC 0.110 0.080 0.0080 0.119 1.04 0.0042 0.119 0.12 61.15 0.0068 0.118

Units of k1: (1/min); k2: (g/mg-min); α: (mg/g-min); β: (g/mg).

According to Figure 8, the experimental data of adsorption kinetics of Cd on PC better
fit the PSO model. Moreover, RSE (0.0042) and Qe values (Qe,exp ≈ Qe,second = 0.119 mg/g)
confirm the validity of this model, which indicates that the Cd adsorption process is
dominated by the chemisorption mechanism, which includes the sharing or exchange of
electrons between the adsorbent and adsorbate as covalent forces, and ion exchange [107].
These results are in agreement with those reported by Saeed et al. [112], who determined
that chemisorption was associated with the Cd adsorption process on kenaf fiber-derived
PC. Moreover, similar results were reported by Wang et al. [106] who studied BC samples
from willow wood and cattle manure prepared by pyrolysis. In addition, calculated Qe
values from the Elovich model is near to Qe,exp (see Table 4). These results corroborate that
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the Cd adsorption on PC is determined by the chemisorption, since the two aforementioned
models (PSO and Elovich) are based on this mechanism.

3.4. Adsorption Isotherms

Adsorption isotherms correlate the Cd adsorption capacity for each adsorbent (qe) and
the Cd concentration in the solution at equilibrium (Ce) [113], and are shown in Figure 9.
To analyze the Cd adsorption behavior on HC and PC, Langmuir [114], Freundlich [115]
and Temkin [116] models were considered, in which the non-linear least squares estimates
of the parameters were obtained through a script written in R language containing the NLS
function, which uses the Gauss Newton algorithm.
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Langmuir proposed that all metal ions are chemically adsorbed to a fixed number of
free sites, which are energetically equivalent [114]. The linear form of his theory, relates the
ratio of the adsorbate solution concentration and the adsorbed concentration at equilibrium,
Ce/q, to adsorption capacity qmax [117]:

Langmuir:
Ce

qe
=

1
b·qmax

+
Ce

qmax
(6)

where b is the adsorption constant.
In contrast, Freundlich associated the mass of metal adsorbed by unit mass, qe (mg/g),

with the concentration of a solute adsorbed onto the surface of a solid:
Freundlich:

log(qe) = log
(

K f

)
+

1
n

log(Ce) (7)

where Kf and 1/n are constants that indicate the adsorption capacity for a given adsorbate
and adsorbent at a given temperature.

Temkin assumes that the concentration of adsorbate adsorbed at equilibrium (mg/g),
qe, is proportional to the sum of the log of the Temkin isotherm constant, A (L/g), and the
log of adsorbate concentration in solution at equilibrium, Ce (mg/L):

Temkin:
qe = B ln(A) + B ln(Ce) (8)

where B is equal to RT/b and represents the heat of adsorption and A is the Temkin
constant (J/mol).

HC data for adsorption experiments followed the model of the Langmuir isotherm
(RSE = 0.0070), suggesting that all adsorption sites are energetically equivalent, and the
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uptake of Cd occurs by monolayer adsorption without interactions between metal ions ad-
sorbed by active sites of the adsorbent [118]. PC was best modelled by the Temkin isotherm
model (RSE = 0.0108), indicating that the adsorption heat of all molecules decreases linearly
with the surface coverage of the adsorbent and the adsorption process is distinguished by a
uniform distribution of binding energies (see Figure 9 and Table 5) [119]. Moreover, in the
Freundlich isotherm model, the value of n was calculated as 7.95 and 0.97 for HC and PC,
respectively, which suggests that the Cd adsorption occurred physically and desirably on
the PC surface [118].

Table 5. Langmuir, Freundlich and Temkin constants for Cd adsorption isotherms on HC and PC.

Sample
Freundlich Langmuir Temkin

n KF (mg/g) RSE qm (mg/g) QL (L/mg) RSE AT (L/mg) BT (J/mg) RSE

HC 7.95 0.15 0.0075 0.16 18.56 0.0070 22.64 0.015 0.0093
PC 0.97 0.37 0.0198 0.59 0.90 0.0165 10.00 0.116 0.0108

According to the experimental results, the maximum Cd adsorption was 0.14 and
0.22 mg Cd/g for HC and PC, respectively. Although these values are lower than those
reported with other adsorbents [5,33,39], they are similar than those reported by Mo-
han et al. [120], who prepared BC-based materials derived from pine bark and oak wood
obtaining Cd adsorption values ranging from 0.34 to 0.37 mg Cd/g. Furthermore, for
a better understanding of the performance of these materials during the removal of Cd
in water, the normalized maximum adsorption capacities with the specific surface area
were calculated from experimental and calculated terms of the isotherms (Table 6). Results
confirmed that the difference in the performance of HC and PC in the removal of Cd
from water is promoted by the presence of more functional groups in HC with respect to
PC, as described with FTIR and confirmed by Raman and XPS. Although the Freundlich
adsorption model is not suitable to accurately determine the absolute maximum adsorption
value, it is useful for analyzing the adsorption maximum of both materials. It is evident
that, despite its low SSA, the HC is more efficient at removing Cd than PC.

Table 6. Surface area normalized adsorption maximum values of Cd adsorption for HC and PC.

Sample qe/SSA a

µg/m2
qmax/SSA b

µg/m2
Kf/SSA c

µg/m2

HC 5.14 5.71 5.32
PC 0.92 0.003 1.55

Note: SSA: Specific surface area. a Experimental adsorption maximum values of Cd with [Cd]0 = 0.8 mg/L.
b Maximum adsorption capacity calculated from the Langmuir isotherm. c Freundlich constant related to SSA.

3.5. Effect of Solution Initial pH

The solution initial pH is one of the main factors to be considered during the study of
Cd adsorption on BC samples. It is important to indicate that the pH of real water bodies,
located in areas where adsorption treatment can be conducted (e.g., waters containing
Cd from the rivers at the Ecuadorian Amazon Region) has values ranging from 5.2 to
7.0 [121,122], so it is necessary to regulate this operating condition for the adsorption
process. Cd removal obtained with PC and HC strongly depended on the initial pH of
the Cd aqueous solution, which ranged from 2.0 to 6.0. Initial solution pH values above
6.0 were not evaluated in order to avoid Cd precipitation and to further study its adsorption
on the carbonaceous materials [39].

As seen in Figure 10, the lowest removal and adsorption capacity of Cd on PC and HC
were obtained at an initial pH of 2.0. These performances have been attributed to the PZC
of each adsorbent. As seen in Table 2 and Figure 2, the PZC of PC and HC were 2.6 and 4.7,
respectively. Considering this fact, the surface of each type of BC was protonated at pH
conditions below their PZC, which could favor the adsorption of anionic species [27,68,123].
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However, Cd cations experienced electrostatic repulsion with the positively charged BC
surface, inhibiting the metal adsorption [36,39]. The same behavior was observed during
the Cd adsorption on HC at pH 3.0 (Cd removal below 5%), which was also a condition
in which the Cd cations were electrostatically repulsed from the BC surface [37]. This fact
has also been reported by Den et al. [124], who prepared corncob-based biochars obtaining
Cd removal values below 10% at acidic conditions (pH < 4.0). These authors, in turn,
have associated the poor removal efficiency to the higher concentration of H+ in water,
which generates a competitive sorption between them and metal ions, in addition to the
adsorbent–adsorbate electrostatic repulsion.
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In the Cd adsorption experiments with PC, by raising the initial solution pH up to
values above 4.0, the Cd removal increased from 11.7% to 47.1%. This has been mainly
associated with the PZC of PC, which was 2.7. Thus, at pH values above its PZC, the PC
surface was deprotonated, favoring the Cd adsorption on the positively charged surface.
This fact also explains the Cd adsorption behavior obtained with HC, in which the Cd
removal increased from 0 to 100% by raising the initial pH up to values above 5.0. This
behavior has been also reported by several authors [33,74,78,125], who have associated it
to the negatively charged BC surface generated due to the ionization or dissociation of
oxygen functional groups (e.g., carboxyl, hydroxyl and phenolic groups).

The highest Cd removals (and the highest Cd adsorption capacities) for HC and PC
were obtained during the adsorption experiments conducted at initial pH values above
5.0 (Figure 10). Furthermore, it is important to note that, at these pH conditions, the Cd
adsorption performance with HC was greater than that of PC. Particularly, the Cd adsorp-
tion capacity of HC and PC, after 3 h of shaking time with an initial Cd concentration of
0.5 mg/L (initial solution pH = 5.0 and 6.0), were 0.25 and 0.12 mg Cd/g, respectively, which
correspond to metal adsorption capacities normalized by SSA of 8.87 and 0.503 µg/m2.
This behavior has been attributed to the higher number of functional groups at the HC
surface (as reported in the IR, XPS and Raman spectra, Figures 3–5), despite its SSA being
lower than that of PC (Table 2). In this sense, one can suggest that the HTC synthesis is a
suitable alternative to produce carbonaceous materials with a high number of functional
groups that can promote the Cd adsorption (e.g., HC). This fact, in turn, meets the circular
economy principles, especially in zones with high production of residual biomass derived
from G. angustifolia, providing a low-cost and effective way to reuse them in order to obtain
sorbents for heavy metals, like Cd.
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3.6. Cost Analysis of HC and PC Preparation

The cost analysis plays a vital role in determining the feasibility of the production pro-
cess of HC and PC and the execution of cost-effective water treatment. The availability and
collection of raw material, treatment conditions, carbonization, washing, drying and reuse
have been considered the most critical cost-influencing factors for this analysis [126,127].
The generation of a large amount of G. angustifolia residues from the Ecuadorian bamboo
industries exhibits the accessibility of this raw material for BC production at a large scale.
Considering these facts, Table 7 summarizes the cost estimation analysis to produce 1 kg of
HC and PC, in dollars (USD).

Table 7. Estimated cost analysis for the production of HC and PC.

Particulars Sub Sections Cost Break Up
Total Cost (USD)

HC PC

Raw material processing
Collection or purchase of
raw material cost Collected from local companies with free of cost 0.00 0.00

Drying Sunlight drying 0.00 0.00

Biochar preparation HTC/Pyrolysis cost
hours × units × cost per max heat level
HTC cost = 5 × 1 × 0.11
Pyrolysis cost = 1.5 × 1 × 0.29

0.55 0.44

Washing cost material was cleaned by distilled water:
hours × units × per unit cost = 1 × 1 × 0.054 0.05 0.05

Drying cost hours × unit × per unit cost = 12 × 1 × 0.054 0.65 0.65
Cost of H3PO4 1.71 1.71

Net cost 2.96 2.85
10% overall cost 0.30 0.29
Total cost 3.26 3.14

According to this analysis, the estimated cost to produce 1 kg of HC and PC from
G. angustifolia residues is $3.26 and $3.14, respectively. Their production cost is more
expensive than other types of BC prepared at larger scale ($0.90–$2.78) [128–130], which
is mainly due to the cost incurred using H3PO4 as BC activator (see Table 7). In this
work, H3PO4 was necessary to improve the BC physicochemical properties (e.g., SSA, pore
volume and number of functional groups) and its Cd adsorption capacity. Preliminary
studies were conducted using HC and PC samples prepared without H3PO4, obtaining
undetectable SSA and Cd removal values. Moreover, it has been widely reported that the
use of H3PO4 as BC activator results in a better porous structure [33,59,60,131]. Likewise,
this promotes the carbon retention during the BC synthesis, generating some C-O-P-like
complexes on its surface, which, in turn, enhance its thermal stability [59,132,133]. In
addition, H3PO4 can be easily recovered after washing the sample and it can be reused for
the activation of other carbonaceous materials [134,135].

The production cost of HC and PC is comparable to that of BC samples derived from
teff straw and activated with H3PO4 with similar concentration, whose cost ranges from
$2.80 (for HC) to $3.35 (for PC) [136]. Moreover, the cost incurred to produce HC and PC
using Ecuadorian G. angustifolia residues is lower than that of BC derived from sugarcane
bagasse activated with 85 wt.% H3PO4 concentrated solution (i.e., $3.64) [137], which
may cause a harmful effect on environmental safety if a process of reuse or recovery of
this activating agent is not considered. On the other hand, although the Cd adsorption
capacities of HC and PC are lower than that reported for other BC derived from bamboo
wastes (q = 24.8 − 28.9 mg Cd/g) [42], the production of this type of carbonaceous materials
could be viable, considering that Ecuadorian bamboo industries do not have an adequate
management of guadua residues, which are 80% or more as previously described. Hence,
this type of by-product can be used as raw material to produce an adsorbent, generating
added value and promoting a circular economy in the region. Its application can be a simple
and cost-effective alternative to treat water containing heavy metals (e.g., Cd). Finally, it
should be noted that this technology is still under development in South America and this
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study can serve as a guide for future large-scale applications of BC, giving the opportunity
to promote bioeconomy in sectors where water quality is very poor.

4. Conclusions

In this study, two types of BC were prepared by pyrolysis and HTC using G. angustifolia
residues provided by an Ecuadorian bamboo board factory. The physicochemical properties
of HC and PC were evaluated by several techniques. Using porosimetry, IR, XPS, and
Raman spectroscopy, it was possible to determine SSA for each BC as well as the presence
of different functional groups at their surface. Cd adsorption studies were performed by
varying the sorbent dosage, adsorption time, initial Cd concentration and initial solution
pH. Cd adsorption kinetics were described by a pseudo-first order and pseudo-second order
kinetic rate expressions for HC and PC, respectively, suggesting that the external diffusion
and chemisorption are the mechanisms of Cd adsorption for each case. Likewise, the Cd
adsorption results for HC and PC were correlated with the Langmuir and Temkin isotherms,
respectively. Considering the experimental results, the equilibrium Cd adsorption capacities
of both types of BC were determined and then normalized in terms of their SSA, which
were 5.14 and 0.92 µg Cd/m2 for HC and PC, respectively, which are, in turn, similar to
that previously reported for BC adsorbents derived from other bamboo wastes. By varying
the initial Cd solution pH, 100% Cd removal was achieved by using HC as sorbent, with an
initial solution pH above 5.0, a BC dosage of 2 g/L and adsorption time of 3 h. Meanwhile
with PC, the highest Cd removal was near 50%. The higher Cd adsorption performance
obtained with HC was associated with a higher presence of oxygenated functional groups
at its surface, despite its low SSA compared to that of PC. Finally, an estimated cost analysis
was performed, obtaining similar costs of production of HC ($3.26/kg) and PC ($3.14/kg),
which are similar and even a bit cheaper than other BC materials activated with H3PO4.
These results indicate that HTC is an appropriate alternative to produce carbonaceous
materials derived from G. angustifolia residues to be used to treat waters containing Cd,
promoting the circular economy principles in South American regions.
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29. Donar, Y.O.; Çağlar, E.; Sınağ, A. Preparation and Characterization of Agricultural Waste Biomass Based Hydrochars. Fuel 2016,

183, 366–372. [CrossRef]
30. Kamali, M.; Appels, L.; Kwon, E.E.; Aminabhavi, T.M.; Dewil, R. Biochar in Water and Wastewater Treatment—A Sustainability

Assessment. Chem. Eng. J. 2021, 420, 129946. [CrossRef]
31. Hagemann, N.; Spokas, K.; Schmidt, H.P.; Kägi, R.; Böhler, M.A.; Bucheli, T.D. Activated Carbon, Biochar and Charcoal: Linkages

and Synergies across Pyrogenic Carbon’s ABCs. Water 2018, 10, 182. [CrossRef]
32. Srivatsav, P.; Bhargav, B.S.; Shanmugasundaram, V.; Arun, J.; Gopinath, K.P.; Bhatnagar, A. Biochar as an Eco-Friendly and

Economical Adsorbent for the Removal of Colorants (Dyes) from Aqueous Environment: A Review. Water 2020, 12, 3561.
[CrossRef]

http://doi.org/10.1007/s10653-021-00935-w
http://www.ncbi.nlm.nih.gov/pubmed/33881675
http://doi.org/10.1016/j.jece.2018.11.040
http://doi.org/10.1080/15320383.2019.1592108
http://doi.org/10.1016/j.jece.2017.05.029
http://doi.org/10.1016/j.desal.2008.04.053
http://doi.org/10.1080/01496390600851665
http://doi.org/10.1016/S0011-9164(04)00169-9
http://doi.org/10.1246/cl.140372
http://doi.org/10.1016/j.chemosphere.2019.01.161
http://doi.org/10.1016/j.cej.2020.124605
http://doi.org/10.1016/j.jaap.2020.104893
http://doi.org/10.1016/j.asej.2021.06.002
http://doi.org/10.1016/j.jclepro.2020.125390
http://doi.org/10.1021/acs.langmuir.2c02693
http://www.ncbi.nlm.nih.gov/pubmed/36442158
http://doi.org/10.1016/j.biortech.2019.03.108
http://doi.org/10.1016/j.jiec.2016.06.002
http://doi.org/10.1016/j.jclepro.2019.04.282
http://doi.org/10.1007/s12649-018-0467-7
http://doi.org/10.1038/ngeo395
http://doi.org/10.1016/j.fuel.2015.05.032
http://doi.org/10.1021/es902266r
http://www.ncbi.nlm.nih.gov/pubmed/20030368
http://doi.org/10.1016/j.apenergy.2015.06.022
http://doi.org/10.1016/j.fuel.2016.06.108
http://doi.org/10.1016/j.cej.2021.129946
http://doi.org/10.3390/w10020182
http://doi.org/10.3390/w12123561


Water 2023, 15, 525 18 of 22

33. Chen, H.; Li, W.; Wang, J.; Xu, H.; Liu, Y.; Zhang, Z.; Li, Y.; Zhang, Y. Adsorption of Cadmium and Lead Ions by Phosphoric
Acid-Modified Biochar Generated from Chicken Feather: Selective Adsorption and Influence of Dissolved Organic Matter.
Bioresour. Technol. 2019, 292, 121948. [CrossRef]

34. Amin, M.T.; Alazba, A.A.; Shafiq, M. Removal of Copper and Lead Using Banana Biochar in Batch Adsorption Systems: Isotherms
and Kinetic Studies. Arab. J. Sci. Eng. 2018, 43, 5711–5722. [CrossRef]

35. Prabakaran, E.; Pillay, K.; Brink, H. Hydrothermal Synthesis of Magnetic-Biochar Nanocomposite Derived from Avocado Peel
and Its Performance as an Adsorbent for the Removal of Methylene Blue from Wastewater. Mater. Today Sustain. 2022, 18, 100123.
[CrossRef]

36. Luo, M.; Lin, H.; Li, B.; Dong, Y.; He, Y.; Wang, L. A Novel Modification of Lignin on Corncob-Based Biochar to Enhance Removal
of Cadmium from Water. Bioresour. Technol. 2018, 259, 312–318. [CrossRef] [PubMed]

37. Naeem, M.A.; Imran, M.; Amjad, M.; Abbas, G.; Tahir, M.; Murtaza, B.; Zakir, A.; Shahid, M.; Bulgariu, L.; Ahmad, I. Batch and
Column Scale Removal of Cadmium from Water Using Raw and Acid Activated Wheat Straw Biochar. Water 2019, 11, 1438.
[CrossRef]

38. Arbelaez Breton, L.; Mahdi, Z.; Pratt, C.; El Hanandeh, A. Modification of Hardwood Derived Biochar to Improve Phosphorus
Adsorption. Environments 2021, 8, 41. [CrossRef]

39. Mohan, D.; Kumar, H.; Sarswat, A.; Alexandre-Franco, M.; Pittman, C.U. Cadmium and Lead Remediation Using Magnetic Oak
Wood and Oak Bark Fast Pyrolysis Biochars. Chem. Eng. J. 2014, 236, 513–528. [CrossRef]

40. Pattnaik, D.; Kumar, S.; Bhuyan, S.K.; Mishra, S.C. Effect of Carbonization Temperatures on Biochar Formation of Bamboo Leaves.
IOP Conf. Ser. Mater. Sci. Eng. 2018, 338, 54. [CrossRef]

41. Alchouron, J.; Navarathna, C.; Chludil, H.D.; Dewage, N.B.; Perez, F.; Hassan, E.B.; Pittman, C.U.; Vega, A.S.; Mlsna, T.E. Assessing
South American Guadua Chacoensis Bamboo Biochar and Fe3O4 Nanoparticle Dispersed Analogues for Aqueous Arsenic(V) Remediation;
Elsevier: Amsterdam, The Netherlands, 2020; Volume 706, ISBN 6623251618.

42. Zhang, S.; Zhang, H.; Cai, J.; Zhang, X.; Zhang, J.; Shao, J. Evaluation and Prediction of Cadmium Removal from Aqueous
Solution by Phosphate-Modified Activated Bamboo Biochar. Energy Fuels 2018, 32, 4469–4477. [CrossRef]

43. Olivier, J.; Otto, T.; Roddaz, M.; Antoine, P.O.; Londoño, X.; Clark, L.G. First Macrofossil Evidence of a Pre-Holocene Thorny
Bamboo Cf. Guadua (Poaceae: Bambusoideae: Bambuseae: Guaduinae) in South-Western Amazonia (Madre de Dios—Peru).
Rev. Palaeobot. Palynol. 2009, 153, 1–7. [CrossRef]

44. Ministry of Agriculture and Livestock of Ecuador. International Bamboo and Rattan Network INBAR. In Ecuador: Estrategia
Nacional del Bambú; Ministry of Agriculture and Livestock of Ecuador: Quito, Ecuador, 2018.

45. Añasco, M.; Rojas, S. Estudio de La Cadena Desde La Producción Al Consumo del Bambú en Ecuador Con Énfasis en La Especie Guadua
Angustifolia; Ministry of Agriculture and Livestock of Ecuador: Quito, Ecuador, 2015.

46. Gatóo, A.; Sharma, B.; Bock, M.; Mulligan, H.; Ramage, M.H. Sustainable Structures: Bamboo Standards and Building Codes.
Proc. Inst. Civ. Eng. Eng. Sustain. 2014, 167, 189–196. [CrossRef]

47. Dehkhoda, A.M.; Ellis, N. Biochar-Based Catalyst for Simultaneous Reactions of Esterification and Transesterification. Catal. Today
2013, 207, 86–92. [CrossRef]

48. Li, M.; Zheng, Y.; Chen, Y.; Zhu, X. Biodiesel Production from Waste Cooking Oil Using a Heterogeneous Catalyst from Pyrolyzed
Rice Husk. Bioresour. Technol. 2014, 154, 345–348. [CrossRef] [PubMed]

49. Houben, D.; Evrard, L.; Sonnet, P. Mobility, Bioavailability and PH-Dependent Leaching of Cadmium, Zinc and Lead in a
Contaminated Soil Amended with Biochar. Chemosphere 2013, 92, 1450–1457. [CrossRef] [PubMed]

50. Guo, M.; Song, W.; Tian, J. Biochar-Facilitated Soil Remediation: Mechanisms and Efficacy Variations. Front. Environ. Sci. 2020,
8, 183. [CrossRef]

51. Lehmann, J.; Rillig, M.C.; Thies, J.; Masiello, C.A.; Hockaday, W.C.; Crowley, D. Biochar Effects on Soil Biota—A Review. Soil Biol.
Biochem. 2011, 43, 1812–1836. [CrossRef]

52. González, A.S.; Plaza, M.G.; Rubiera, F.; Pevida, C. Sustainable Biomass-Based Carbon Adsorbents for Post-Combustion CO2
Capture. Chem. Eng. J. 2013, 230, 456–465. [CrossRef]

53. Ahmad, M.; Rajapaksha, A.U.; Lim, J.E.; Zhang, M.; Bolan, N.; Mohan, D.; Vithanage, M.; Lee, S.S.; Ok, Y.S. Biochar as a Sorbent
for Contaminant Management in Soil and Water: A Review. Chemosphere 2014, 99, 19–33. [CrossRef]

54. Uchimiya, M.; Wartelle, L.H.; Klasson, K.T.; Fortier, C.A.; Lima, I.M. Influence of Pyrolysis Temperature on Biochar Property and
Function as a Heavy Metal Sorbent in Soil. J. Agric. Food Chem. 2011, 59, 2501–2510. [CrossRef]

55. Bardestani, R.; Patience, G.S.; Kaliaguine, S. Experimental Methods in Chemical Engineering: Specific Surface Area and Pore Size
Distribution Measurements—BET, BJH, and DFT. Can. J. Chem. Eng. 2019, 97, 2781–2791. [CrossRef]

56. Villasana, Y.; Moradi, N.; Navas-Cárdenas, C.; Patience, G.S. Experimental Methods in Chemical Engineering: PH. Can. J. Chem.
Eng. 2022, 100, 24393. [CrossRef]

57. Ardila, C.R.; Folgueras, M.B.; Fernández, F.J. Oxidative Pyrolysis of Guadua Angustifolia Kunth. Energy Rep. 2020, 6, 738–743.
[CrossRef]

58. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of Gases,
with Special Reference to the Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051–1069. [CrossRef]

http://doi.org/10.1016/j.biortech.2019.121948
http://doi.org/10.1007/s13369-017-2934-z
http://doi.org/10.1016/j.mtsust.2022.100123
http://doi.org/10.1016/j.biortech.2018.03.075
http://www.ncbi.nlm.nih.gov/pubmed/29573610
http://doi.org/10.3390/w11071438
http://doi.org/10.3390/environments8050041
http://doi.org/10.1016/j.cej.2013.09.057
http://doi.org/10.1088/1757-899X/338/1/012054
http://doi.org/10.1021/acs.energyfuels.7b03159
http://doi.org/10.1016/j.revpalbo.2008.06.001
http://doi.org/10.1680/ensu.14.00009
http://doi.org/10.1016/j.cattod.2012.05.034
http://doi.org/10.1016/j.biortech.2013.12.070
http://www.ncbi.nlm.nih.gov/pubmed/24405650
http://doi.org/10.1016/j.chemosphere.2013.03.055
http://www.ncbi.nlm.nih.gov/pubmed/23623539
http://doi.org/10.3389/fenvs.2020.521512
http://doi.org/10.1016/j.soilbio.2011.04.022
http://doi.org/10.1016/j.cej.2013.06.118
http://doi.org/10.1016/j.chemosphere.2013.10.071
http://doi.org/10.1021/jf104206c
http://doi.org/10.1002/cjce.23632
http://doi.org/10.1002/cjce.24393
http://doi.org/10.1016/j.egyr.2019.09.057
http://doi.org/10.1515/pac-2014-1117


Water 2023, 15, 525 19 of 22

59. Chu, G.; Zhao, J.; Huang, Y.; Zhou, D.; Liu, Y.; Wu, M.; Peng, H.; Zhao, Q.; Pan, B.; Steinberg, C.E.W. Phosphoric Acid Pretreatment
Enhances the Specific Surface Areas of Biochars by Generation of Micropores. Environ. Pollut. 2018, 240, 1–9. [CrossRef] [PubMed]

60. Marsh, H.; Rodríguez-Reinoso, F. Activation Processes (Chemical). Act. Carbon 2006, 322–365. [CrossRef]
61. Chen, L.; Huang, Q.; Wang, Y.; Xiao, H.; Liu, W.; Zhang, D.; Yang, T. Tailoring Performance of Co–Pt/MgO–Al2O3 Bimetallic

Aerogel Catalyst for Methane Oxidative Carbon Dioxide Reforming: Effect of Pt/Co Ratio. Int. J. Hydrog. Energy 2019, 44,
19878–19889. [CrossRef]

62. Lastoskie, C.; Gubbins, K.E.; Quirke, N. Pore Size Distribution Analysis of Microporous Carbons: A Density Functional Theory
Approach. J. Phys. Chem. 1993, 97, 4786–4796. [CrossRef]

63. Marsh, H.; Rodríguez-Reinoso, F. Porosity in Carbons: Modeling. In Activated Carbon; Elsevier: Amsterdam, The Netherlands,
2006; pp. 87–142. [CrossRef]

64. Qian, K.; Kumar, A.; Zhang, H.; Bellmer, D.; Huhnke, R. Recent Advances in Utilization of Biochar. Renew. Sustain. Energy Rev.
2015, 42, 1055–1064. [CrossRef]

65. Wang, Y.; Hu, Y.J.; Hao, X.; Peng, P.; Shi, J.Y.; Peng, F.; Sun, R.C. Hydrothermal Synthesis and Applications of Advanced
Carbonaceous Materials from Biomass: A Review. Adv. Compos. Hybrid Mater. 2020, 3, 267–284. [CrossRef]

66. Da Medeiros, D.C.C.S.; Nzediegwu, C.; Benally, C.; Messele, S.A.; Kwak, J.H.; Naeth, M.A.; Ok, Y.S.; Chang, S.X.; Gamal El-Din,
M. Pristine and Engineered Biochar for the Removal of Contaminants Co-Existing in Several Types of Industrial Wastewaters:
A Critical Review. Sci. Total Environ. 2022, 809, 151120. [CrossRef]

67. Gupta, S.; Sireesha, S.; Sreedhar, I.; Patel, C.M.; Anitha, K.L. Latest Trends in Heavy Metal Removal from Wastewater by Biochar
Based Sorbents. J. Water Process Eng. 2020, 38, 101561. [CrossRef]

68. Shakoor, M.B.; Ali, S.; Rizwan, M.; Abbas, F.; Bibi, I.; Riaz, M.; Khalil, U.; Niazi, N.K.; Rinklebe, J. A Review of Biochar-Based
Sorbents for Separation of Heavy Metals from Water. Int. J. Phytoremediat. 2020, 22, 111–126. [CrossRef]

69. Brunelle, J.P. Preparation of Catalysts by Metallic Complex Adsorption on Mineral Oxides. Pure Appl. Chem. 1978, 50, 1211–1229.
[CrossRef]

70. Kosmulski, M. Compilation of PZC and IEP of Sparingly Soluble Metal Oxides and Hydroxides from Literature. Adv. Colloid
Interface Sci. 2009, 152, 14–25. [CrossRef] [PubMed]

71. Nguyen, T.H.; Pham, T.H.; Nguyen Thi, H.T.; Nguyen, T.N.; Nguyen, M.V.; Tran Dinh, T.; Nguyen, M.P.; Do, T.Q.; Phuong, T.;
Hoang, T.T.; et al. Synthesis of Iron-Modified Biochar Derived from Rice Straw and Its Application to Arsenic Removal. J. Chem.
2019, 2019, 5295610. [CrossRef]

72. Chen, W.; Zhao, B.; Guo, Y.; Guo, Y.; Zheng, Z.; Pak, T.; Li, G. Effect of Hydrothermal Pretreatment on Pyrolyzed Sludge Biochars
for Tetracycline Adsorption. J. Environ. Chem. Eng. 2021, 9, 106557. [CrossRef]

73. Mukherjee, A.; Zimmerman, A.R.; Harris, W. Surface Chemistry Variations among a Series of Laboratory-Produced Biochars.
Geoderma 2011, 163, 247–255. [CrossRef]

74. Wu, L.; Zhao, X.; Bi, E. Predicting the Effect of Dissolved Humic Acid on Sorption of Benzotriazole to Biochar. Biochar 2022, 4, 15.
[CrossRef]

75. Huang, X.; Liu, Y.; Liu, S.; Li, Z.; Tan, X.; Ding, Y.; Zeng, G.; Xu, Y.; Zeng, W.; Zheng, B. Removal of Metformin Hydrochloride
by: Alternanthera Philoxeroides Biomass Derived Porous Carbon Materials Treated with Hydrogen Peroxide. RSC Adv. 2016, 6,
79275–79284. [CrossRef]

76. Gai, C.; Guo, Y.; Peng, N.; Liu, T.; Liu, Z. N-Doped Biochar Derived from Co-Hydrothermal Carbonization of Rice Husk and:
Chlorella Pyrenoidosa for Enhancing Copper Ion Adsorption. RSC Adv. 2016, 6, 53713–53722. [CrossRef]

77. Saha, N.; Saba, A.; Reza, M.T. Effect of Hydrothermal Carbonization Temperature on PH, Dissociation Constants, and Acidic
Functional Groups on Hydrochar from Cellulose and Wood. J. Anal. Appl. Pyrolysis 2019, 137, 138–145. [CrossRef]

78. Tran, H.N.; You, S.J.; Chao, H.P. Effect of Pyrolysis Temperatures and Times on the Adsorption of Cadmium onto Orange Peel
Derived Biochar. Waste Manag. Res. 2016, 34, 129–138. [CrossRef] [PubMed]

79. Zhou, J.; Chen, H.; Thring, R.W.; Arocena, J.M. Chemical Pretreatment of Rice Straw Biochar: Effect on Biochar Properties and
Hexavalent Chromium Adsorption. Int. J. Environ. Res. 2019, 13, 91–105. [CrossRef]

80. Jedynak, K.; Charmas, B. Preparation and Characterization of Physicochemical Properties of Spruce Cone Biochars Activated by
CO2. Materials 2021, 14, 3859. [CrossRef]

81. Singh, P.; Sarswat, A.; Pittman, C.U.; Mlsna, T.; Mohan, D. Sustainable Low-Concentration Arsenite [As(III)] Removal in Single
and Multicomponent Systems Using Hybrid Iron Oxide-Biochar Nanocomposite Adsorbents—A Mechanistic Study. ACS Omega
2020, 5, 2575–2593. [CrossRef] [PubMed]

82. Oh, S.Y.; Seo, Y.D. Sorption of Halogenated Phenols and Pharmaceuticals to Biochar: Affecting Factors and Mechanisms.
Environ. Sci. Pollut. Res. 2016, 23, 951–961. [CrossRef]
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