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ARTICLE INFO ABSTRACT
Keywords: Microbially-aged hydrochar were prepared to investigate how aging affected their ability to remove Cd*>* from
Sawdust hydrochar aqueous solutions. Based on aging time in an anaerobic fermenter, four samples were produced: HC, M20-HC,
Microbially aged process M40-HC, and M60-HC. Results indicated increases in specific surface area, pH, and negative charge on hydro-
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char surface with aging process. Also, there were a decrease in O/C and an increase in surface functional groups,
such as -COOH. The adsorption experiments confirmed the positive correlation between aging time and ad-
sorption performance. The 60-day-aged M60-HC treatment displayed the maximum adsorption capacity, which
was 3.8 times higher than that of HC. The Langmuir and pseudo-second-order kinetic equations fitted well with
isothermal and kinetic data, respectively. Thermodynamic study indicated that Cd*>* adsorption is dominated by
chemisorption. This study showed that microbial aging process is an effective and promising measure to improve
hydrochar adsorption capacity for Cd**.
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1. Introduction

Cadmium, a toxic heavy metal, is usually found in cationic form
(Cd®") in the wastewater discharged from batteries, ceramic, paint,
electroplating, mines, phosphate fertilizers, and other industrial pro-
cesses and products (Fosso-Kankeu, et al., 2017). Cadmium is extremely
toxic to humans and can lead to blood, muscle, bone, urinary tract, and
cardiovascular diseases (Cui et al., 2018; Henriques et al., 2019). The
most widely used technologies for Cd removal include co-precipitation,
ion exchange, membrane separation, filtration/ultrafiltration, reverse
osmosis, and dialysis/electrodialysis (Bolisetty et al., 2019).

Every technology has its own application scope and shortcomings.
For example, co-precipitation produces a large amount of sludge, re-
sulting in secondary pollution. Technologies like ion exchange, mem-
brane filtration, and electrodialysis are characterized by high operating
and maintenance costs. Among the mentioned conventional technolo-
gies for Cd removal, adsorption has a good application potential be-
cause of its operational simplicity and low-cost (Gayathri et al., 2019).
In fact, 2015, the degree of popularity of adsorption technology for Cd
removal depends on finding a low-cost and high-efficiency adsorbent.

Biochar is a carbon-rich solid of anthropogenic origin. This product
is a low-cost absorbent obtained from the pyrolysis, hydrolysis, gasifi-
cation, or dissociation of biomass in limited-oxygen conditions. Biochar
is mainly derived from widely available agricultural and forestry waste.
In recent years, it has attracted much attention as a low-cost heavy
metal absorbent because of its high specific surface area and high af-
finity of their surface functional groups (Wang and Wang, 2019). Yu
et al found that corn stalk-derived biochar removed 88.1% of Cd** from
sewage samples (Yu et al., 2018).

Hydrochar is a special type of biochar obtained by hydrothermal
carbonization of biomass performed in the 150-375 °C temperature
range under autogenous pressure (Usman et al., 2019). Hydrothermal
carbonization results in the production of a char characterized by the
presence of abundant oxygen-containing functional groups (Yu et al.,
2019). Parshetti et al found that the carbonaceous material prepared
from a lignocellulosic feedstock by hydrothermal carbonization coupled
with chemical activation exhibited high performance for CO, capture
(Parshetti et al., 2015). The advantages associated with hydrochar use
consist of its high energy density, high conversion efficiency, lack of a
need for pre-drying, and relatively low preparation temperature. De-
spite the above-mentioned advantages, hydrochar is characterized by a
low aromatic hydrocarbon content, poor heat resistance, and low va-
lues for specific surface area and porosity (Patel et al., 2016). Therefore,
increasing this product’s specific surface area and adsorption porosity
as well as the number of oxygen-containing surface functional groups is
a necessity for its use in environmental remediation.

Some approaches to improve the physicochemical properties of
hydrochar are currently being implemented. Commonly used methods
to reach this goal include altering hydrochar properties by physical,
chemical, and biological means. Physical methods include alternate
drying and wetting and freezing and thawing (Zhang et al., 2019).
Chemical methods include acid-base treatment, oxidant treatment, use
of metal salts, and metal oxidant treatment (Rechberger et al., 2017).
Biological methods for the improvement of hydrochar properties in-
clude aging techniques like co-composting to improve the surface
oxygenic functional groups of biochar.

In the present study, the Cd?>* adsorption capacity of biologically
improved hydrochar was investigated. Compared to the physical and
chemical technologies for hydrochar improvement, biological technol-
ogies are low-cost and environmentally friendly. In this study, the
surface characteristics of sawdust-derived hydrochar were improved by
enhancing microbial activity on hydrochar surface as part of an anae-
robic fermentation process. Notably, anaerobic fermentation is a widely
used strategy in organic waste treatment and biogas production (Zhao
et al., 2019). The biological modification of hydrochar was performed
to achieve microbial aging performed over different time intervals. The
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effects of aging time on the physical and chemical properties of hy-
drochar, its adsorption characteristics, and the mechanism of Cd?*
adsorption were investigated. This study aims to provide theoretical
and experimental data in support of the use of hydrochar derived from
agricultural and forestry waste to ameliorate heavy metal pollution.

2. Materials and methods
2.1. Hydrochar preparation and modification

Hydrochar was prepared from sawdust in a sealed self-pressured
hydrothermal reactor. The reaction was carried out at a temperature of
220 °C using water as the solvent. The hydrochar thus prepared and was
dried in an oven and subsequently subjected to microbial aging in an
anaerobic fermenter. The aging inoculum was obtained mixing 100 L of
biogas slurry and 11 kg of wheat straw in a 150 L anaerobic fermenter.
The inoculum thus prepared was then mixed with 3.78 kg of sawdust
hydrochar (HC). The pH in the fermenter was kept in the range of 6-8,
and after 20 d, 40 d, and 60 d of aging the fermented products were
removed from the fermenter, washed, dried, ground, and sieved
(0.3 mm). The unmodified and microbially modified hydrochar samples
were labeled HC, M20-HC, M40-HC, and M60-HC, according to the
aging time (0-60 days), respectively.

2.2. Characterization of different hydrochar samples

The ash content of hydrochar samples was determined by the ig-
nition method. Freshly prepared hydrochar samples with deionized
water in a ratio of 1:10 were used to perform pH measurements. The
elemental contents of C, N, and H in the hydrochar samples were de-
termined using an elemental analyzer (Varo EL cube, Elementary,
Germany). Analyses performed with this instrument involve high cat-
alytic combustion temperature and infrared detection of the product
gases (CO,, H,, and NO,). The samples were analyzed by elemental
analysis, SEM-EDS, XPS and FTIR. The sample spectra were measured
using a FTIR spectrometer (VERTEX70, Bruker, Germany) scanning in
the 500-4000 cm ™! wavelength range. The elemental composition of
the hydrochar surfaces was determined by X-ray photoelectron spec-
troscopy (XPS) performed with a Thermo ESCALAB250Xi instrument.
The Cd®* concentration in the filtrates after the adsorption process was
determined by inductively-coupled plasma-atomic emission spectro-
scopy (ICP-OES, Perkin Elmer, USA).

2.3. Adsorption experiments

2.3.1. Kinetic experiments

An evaluation of the kinetic adsorption parameters of the various
hydrochar samples was carried out in batch experiments. In particular,
0.05 g of each adsorbent sample (HC, M20-HC, M40-HC, and M60-HC)
was added to a 25 mL aliquot of a 50 mg-L.~! Cd** solution at pH=7.
The mixtures were shaken in a mechanical shaker at room temperature;
and at pre-determined time intervals (5, 10, 15, 30, 60, and 90 min),
aliquots from the shaken mixtures were filtered through a 0.45 pm
membrane. The concentration of Cd** in the various filtrate samples
was measured by ICP-OES. The amount of adsorbed heavy metal was
calculated as the difference between the initial and final Cd** con-
centrations in the filtrate. All the adsorption experiments were per-
formed in triplicates, and the average parameter values are provided.

Lagergren pseudo-first-order and pseudo-second-order Kkinetic
models were used to fit the sorption kinetics data. According to this
model, the rate at which adsorption sites fill is proportional to the
number of unoccupied sites.

2.3.2. Isotherm adsorption experiments
In these experiments, 0.05 g hydrochar sample were placed in
centrifuge tubes containing 50 mL solutions of Cd** at different
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concentrations (10, 20, 30, 40, and 50 mg~L_1). These samples were
then filtered through a 0.45 pm membrane after being subjected to
oscillation (160 rad-min ') at 25 °C for 24 h. Langmuir, Freundlich, and
Temkin models were used to fit the adsorption isothermal data.

The Langmuir model assumed that the monolayer adsorbed on the
uniform surface without interaction. Freundlich model is an empirical
one which is often used to describe chemical adsorption on hetero-
geneous surfaces. Temkin equation considers that when adsorbent in-
teracts with the adsorbed solute to affect the adsorption behavior and
process. The specific energy relationship is that the adsorption heat
decreases linearly with the adsorbed amount.

2.3.3. Effect of pH on Cd** adsorption

To investigate the effect of pH on Cd** adsorption, aliquots of
1 gL.”! biochar were added to 30 mg-L™! Cd?* solutions adjusted to
different pH values (2-11) using 0.1 mol'L ™! HCl or 0.1 mol'L.~! NaOH
solutions. The mixtures were shaken at a constant temperature of 25 °C
in an oscillator for 24 h (160 rad-min~') and later filtered. The Cd**
concentration in the various filtrate samples was then measured.

2.3.4. Effect of the temperature on Cd** adsorption

The temperature effect on the adsorption process was studied under
similar experimental conditions as the isothermal adsorption process.
The adsorption reaction temperatures tested were 5 °C, 25 °C, and 45 °C
and in an oscillator for 24 h (160 rad'min~!) and later filtered. The
initial concentration of the liquid was 30 mgL~'. The Cd** con-
centration in the various filtrate samples was then measured.

2.3.5. Effect of competitive ions on Cd>* adsorption

In real environmental applications, competitive adsorption is a
common phenomenon that negatively affects the overall performance
of an adsorbent. Therefore, the effect of competitive ions on Cd>* ad-
sorption was investigated. The experimental conditions were similar to
those of the isothermal adsorption process described above. Three
metal ions of different valence, Na*, Ca?", and AI** at the con-
centrations of 0.01 molL. ™%, 0.05 molL.™?, and 0.1 molL ™", respec-
tively, were used to investigate the effect of competitive ions on Cd**
adsorption experiment.

3. Results and analysis
3.1. Effect of aging time on the basic properties of hydrochar samples

After microbial aging, the surface of hydrochar was rougher and the
pore structure was well developed, which can be confirmed by SEM
pictures (data not shown). As the aging time increased, so did the
number of micropores; M40-HC and M60-HC in particular are char-
acterized by compact and well-arranged pores. Importantly, the ad-
sorption potential of hydrochar is expected to increase alongside the
number of pores working as active sites of metal ion adsorption. The
above-described observations are also in agreement with the results of
the BET specific surface area discussed further on in this article (see
Fig. 1a and Table 1).

According to the International Union of Pure and Applied
Chemistry, the pores of porous materials are divided into micropores
(< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm) based on
the size. the N, adsorption—desorption curves of fresh HC and aged
hydrochar M60-HC display the characteristics of I and IV isotherms,
suggesting that microporous and mesoporous structures are present on
their surfaces, respectively (Yoshida et al., 2018). Based on the data
reported in Fig. 1a, BET analysis calculations indicate that the specific
surface areas of fresh HC and M60-HC have values of 3.24 m*g~' and
10.33 m*g ™, respectively. Thus, microbial modification of hydrochar
surfaces causes a decrease in pore size and a contemporary increase in
pore volume and specific surface area. The specific surface area of
microbial-aged biochar M60-HC displays a three-fold increase with
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respect to that of HC, which will have more sites for Cd*>* adsorption in
solution.

The observed increase in pore numbers in microbial-aged hydrochar
may be due to the release of dissolved organic matter on the surface of
the material (Zhu et al., 2019). With aging, these compounds undergo
mineralization, rendering the carbon skeleton more porous and in-
creasing the number and volume of pores. The increase in the number
and volume of hydrochar pores also causes an increase in specific
surface area and adsorption sites. The presence of soluble organic
components on the surface of hydrochar samples is also confirmed by
the reduction of TOC (Total Organic Carbon) in the leachate of mi-
crobial-aged hydrochar. The TOC content in different hydrochar extract
water was 451 mgg~ ', 227 mgg~!, 155 mgg !, 100 mgg ?, re-
spectively, and the content decreases with aging time.

The properties of hydrochar differ from those of the conventional
limited-oxygen-conditions pyrolyzed biochar (pyrochar). Hydrochar is
similar to soft biochar material, which contains large amounts of de-
composable and soluble organic and inorganic components on the
surface of the carbon skeleton. These components get easily lost during
microbial fermentation, leaving an empty space, and causing an in-
crease in the specific surface area of hydrochar. The pore development
and adsorption properties of pyrochar decrease with aging (Jian et al.,
2018). Conventional oxygen-limited pyrolyzed biochar produced at
high temperature is relatively rigid, as it comprises relatively inert or-
ganic and inorganic components. The microbial degradation of the
surface components of pyrochar probably reduced the material’s spe-
cific surface area by blocking the development of pores and adsorption
sites.

To understand the role of surface ion exchange in the adsorption
process, the metal ions present on the surface of aged hydrochar sam-
ples were analyzed. The analysis was conducted to determine the
change in the concentrations of common metal ions (AI**, Ca?™, and
Mg?™) as a consequence of the aging process. As can be seen from the
data reported in Fig. 1b, AI**, Ca®*, and Mg®* concentrations increase
following microbial aging. The concentration of AI** in M60-HC is
twice as large as that in M20-HC and M40-HC. The observed trend of
increasing Ca®* and Mg>" concentrations with aging indicates that
these metal ions can be exchanged with Cd?>* in the adsorption process
(Cui et al., 2016). Zhang et al. have also reported the amount of cd?
adsorbed on the biochar surface to be equal to the sum of the metallic
cations (e.g., K*, Ca?*, Na*™ and Mg?") released in the wastewater
(Zhang et al., 2019). However, the insignificant amount of AI®* and
Ca®™ ions released in the same experiment suggests that ion exchange
plays a certain role in the adsorption process, but it is not an important
leading role (Kumar et al., 2017).

In order to investigate the influence that temperature has on the
residual mass and weight of hydrochar, thermogravimetric (TG) and
differential thermogravimetry (DTG) analyses were conducted. The
largest weight losses for hydrochar are observed at 55 °C, 190 °C, and
340 °C (Fig. 1c). The weight loss peaks at 55 °C and 190 °C may be due
to the loss of adsorbed moisture and chemically-bound water, respec-
tively. Sample volatilization and combustion occur mainly above
340 °C, which suggests the loss of volatile and biodegradable organic
compounds, including leftover cellulose, hemicelluloses, and their de-
gradation products (Wang et al., 2018). During hydrochar pyrolysis, the
degradation of hemicelluloses and cellulose takes place in the
160-180 °C range, when most of the lignin remains stable (Liu et al.,
2018).

Comparison of the intensities of the weight loss peaks of M20-HC,
M40-HC, and M60-HC to that of HC at 190 °C indicates that the water
content of hydrochar decreases as a consequence of the microbial aging
process (Fig. 1c). The second stage, hydrochars were observed huge
weightlessness peak in combustion stage. These are indicated by the
mass loss peaks at 300-464 °C and 300-404 °C. This indicates that the
volatiles lose weight and the combustion stage lasts for a short time and
the combustion rate is faster, which may be because the volatiles



Y. Hua, et al.
2 -1
40 _ I BET (m~-g)
I Pore Volume (><10'2)
[ Average Pore Size (nm)
30 |
Q
=2
<
~ 20}
| '_‘ l_‘ m
0
HC M20-HC M40-HC M60-HC
(a)
-4
1o —-:
~ g
s =
2 1o 2
Z
a
12

30 1 1 1 1
0 200 400 600 800
Temperature (°C )

(©)

Bioresource Technology 300 (2020) 122708

Top 14T I HC [ M20-HC [ M40-HC [ M60-HC
o0

£

< 12+

g Mjgz+

Z10 AP h ca®*
[}

k=

g 87

Ea

=

©

g a2}

g

)

2 0

[}

=

= Q‘Q ?29 /Q‘C, :2‘0 Q\Q /Q‘C )2‘0 }2‘0 Q\Q )2‘0 ?2‘0 ?2‘0

SISICHN SO
YIS YIS YIS

(b)

Fig. 1. a) BET, pore volume, and average pore size of HC, M20-HC, M40-HC, and M60-HC; b) metal ion concentrations in hydrochar extracts; ¢) thermogravimetric
(solid lines) and differential thermogravimetry (dotted lines) curves for HC, M20-HC, M40-HC, and M60-HC.

Table 1
Physicochemical properties of hydrochar samples obtained after implementing
different aging times.

Parameters HC M20-HC M40-HC M60-HC
Ash 28.87 26.57 16.78 12.83
pH 4.18 5.17 6.04 6.92
Zeta potential (mv) 0.37 -13.2 -16.3 —18.20
C (%) 63.55 65.36 68.23 67.44
O (%) 30.33 26.48 25.79 25.40
H (%) 291 5.63 3.97 3.06

N (%) 2.09 3.47 2.29 2.81
H/C 0.05 0.09 0.06 0.05
o/C 0.48 0.41 0.38 0.38

(0 + N)/C 0.51 0.46 0.41 0.42

Al (%) 0.18 0.07 0.34 0.10

Si (%) 0.17 0.29 0.25 0.45

P (%) 1.56 0.11 0.81 0.71

S (%) 0.76 0.27 0.32 0.41

Ca (%) 0.47 0.30 0.47 0.89
Mg (%) 0.33 0.45 0.61 0.69

Fe (%) 1.17 0.36 0.24 0.29
Functional groups (%) HC M20-HC M40-HC M60-HC
C-C 62.3 28.3 35.8 38.8
C-0 24.1 11.2 42.2 35.2

C = 0, COOH 13.6 60.5 221 26.2

Note: HC, M20-HC, M40-HC and M60-HC indicate non-aged, and 20 d, 40 d,
and 60 d microbially-aged sawdust hydrochar samples, respectively. The con-
tent of C, H, O, N was measured by element analysis. The solid-to-liquid ratio of
pH was 1:10. The content of Al, Si, P, S, K, Ca, Mg was measured by EDS-
Mapping. The content of the zeta potentials (mV) of hydrochar samples were
measured at pH=5. Average abundance of different functional groups was
measured by X-ray photoelectron spectroscopy.

content is lower or the required ignition point is not high. The rate of
weight loss for M20-HC (2.7%min" %), M40-HC (2.2%min" %), and
M60-HC (1.9%min ') between 300 °C and 464 °C was relatively low
compared to the same parameter measured for HC (3.4%min ). The
low weight loss rates observed for the aged samples confirm the
structural stability of hydrochar after undergoing microbial aging. As a
carbon fixation material, hydrochar itself needs a stable environment to
alleviate the greenhouse effect. At the same time, it can reduce the
adverse effects on the adsorption system, such as the release of labile
organic components from hydrochar.

The change in the physicochemical properties of the hydrochar as a
consequence of microbial aging was studied (Table 1). The ash content
of hydrochar was found to decrease gradually with aging (from 28.87%
to 12.83%); this effect may be due to the dissolution of mineral com-
ponents resulting from microbial activity. The pH gradually rises to
achieve near-neutral values (from 4.18 to 6.92); this observation may
be the result of the microbial decomposition of organic acids present on
the surface of hydrochar during aging process. With respect to fresh HC,
with aging an increment in C, H, N, and O contents, a decrease in the O/
C atomic ratio, and an increase in the H/C and O + N/C atomic ratios
were observed (Feng et al., 2019). The results of XPS and FTIR analyses
provide further evidence that microbial aging is associated with an
increase in the number of oxygen-containing surface functional groups,
which causes an increase in the presence of polar functional groups on
hydrochar surface (Qian and Chen, 2014).

The zeta potential results indicate that M—HC had a negative
charge on its surface and the magnitude of this negative charge in-
creased (from —13.2 mV to —18.2 mV) as a consequence of the aging
process. This observed change may be due to an increment in the
number of -OH groups on the hydrochar surface. The increase in the
number of surface functional groups such as -OH and -COOH also
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contributes to the negative surface charge. Notably, the increase in
surface negative charge increased hydrochar potential for electrostatic
interactions with the positively charged heavy metal ions in solution
(Xu et al., 2016).

Results of the SEM-EDS mapping experiments on fresh and aged
hydrochar samples indicate that hydrochar surfaces are mainly com-
posed of C, N, O, Ca, Mg, Al, and a small amount of Si. As the aging time
of the hydrochar increased, the surface C content decreased, whereas
the O, Ca, Mg, Al, and Si contents increased (Table 1). The decrease in
surface C content is attributed to the fact that, as aging time increases,
the unstable contents dissolves and decomposes under the influence of
temperature, moisture, and microbial activity. The rise in O content
from 43.83% to 49.56% was also confirmed by XPS and FTIR data,
which will be discussed further. The relative increase in the contents of
Ca, Mg, Al, and other metallic elements may be due to these elements’
resistance to microbial decomposition and degradation.

Silicon is an important constituent of inorganic crystals in biochar
(Zama et al., 2018), which, based on SEM-EDS mapping experiments,
display a 165% increment following microbial aging. Silicon-based
species are difficult to dissolve and decompose. Amorphous phytolith
and opal A-particles (phytolith, diatom) are widely present in biomass
(Desplanques et al., 2006). In dry weight, biomass may contain
0.1-10% of silicon (Epstein, 2009). Silicon is retained in biomass even
after carbonization, and, as a result of aging, it accumulates and gets
exposed on the hydrochar surface as insoluble inert silicon. The ex-
istence of the Si-O-Si functional group on the hydrochar surface is also
confirmed by the peaks observed on the FTIR spectra, as discussed in
detail below.

XPS experiments were conducted to investigate the characteristics
of the functional groups on the surface of HC, M20-HC, M40-HC, and
M60-HC, as well as the mechanism by which Cd?™ is adsorbed. By peak
splitting (Langova and Matysek, 2010), the bond positions between C-C
(284.5 eV), C-0O (285.7 eV), C = O (287.0 eV), and -COOH (288.9 eV)
were found (Estrade-Szwarckopf, 2004).

After hydrochar microbial aging, the main XPS peak (-COOH) was
more obvious at the binding energy of 288.9 eV, indicating that the
oxidation degree of hydrothermal carbon increased after aging (see
Supporting Information). Table 1 describes the specific changes of the
functional groups on the surface of hydrochar samples as a result of
microbial aging. A significant increase in the peak of C-O and C = O
while the decrease in C-C functional groups was recorded in micro-
bially-aged hydrochar samples. These changes may be attributed to the
conversion of surface alkanes to acids or alcohols as part of energy
production during anaerobic digestion. The increase in oxygen-con-
taining functional groups, especially C = O and —COOH, has a positive
effect on the adsorption of cations like Cd*>*. These groups remove
heavy metals from the solution by forming metal ion complexes (e.g., R-
OH and R-OOH on the carbon surface (Yu et al., 2018).

Results of the FTIR investigation on the surface functional groups of
HCs point to the presence of a few absorption peaks at 3338, 2925,
1700, 1600, 1496, 1276, 1205, 1031, 877, 811, and 642 cm™ ' (see
Supporting Information). The position of the —OH absorption peak
shifted from 3338 cm ™! to 3394 cm ™! was observed in the spectra of
M20-HC, M40-HC, and M60-HC, and the degree of stretching vibration
increased significantly. Additionally, the amplitudes of the peaks at-
tributed to the Si-O-Si stretching vibrations of M20-HC, M40-HC, and
M60-HC at 804 cm ™! and 1031 cm ™! were enhanced, indicating the
strengthening of the Si-O-Si bonds of the relevant functional groups
present on these hydrochar samples’ surfaces (Qian and Chen, 2013).

The characteristics of the infrared spectra of M60-HC recorded be-
fore and after performing Cd®* adsorption experiments indicate that, as
a consequence of Cd** adsorption, the ~OH absorption peak shifts from
3394 cm ™! to 3483 cm ™! (see Supporting Information). This shift
suggests a weakening of the mentioned bond’s stretching vibration. In
fact, the formation of a coordination bond between —OH and Cd?™ has
been reported to reduce the intensity of the intermolecular —-OH-based
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hydrogen bonding interactions (Yu et al., 2018).

After Cd** adsorption, the degree of telescopic vibration of the
aromatic C-H absorption peak at 802 cm ! and 846 cm ™! was reduced.
This suggests that the aromatic functional groups were involved in the
binding of Cd** (Cortes-Arriagada, 2017). This bonding interaction
causes the aliphatic C-H absorption peak at 2934 cm ~ ! to disappear. A
shift to 801 cm ™! of the absorption peak originally appearing at a
wavelength of 781 cm™! indicates that the Si-O-Si functional groups
may also act as adsorption sites for Cd** in the hydrochar. Qian et al
(Qian and Chen, 2014) have reported that silicon centers on the biochar
surface engage in binding interactions with heavy metal ions to increase
the material’s adsorption capacity, consistent with the findings of the
present study.

The weakening of stretching vibrations of the C = C, C = O, and
—COOH bonds as a consequence of Cd®* adsorption confirms the par-
ticipation of the relevant chemical groups in the adsorption process.
Notably, Cd** has been reported to form complexes with the carboxyl,
phenol, hydroxyl, and mercaptan groups (Brose and James, 2013).

3.2. Effect of key environmental parameters on Cd** adsorption

pH is one of the important parameters for the adsorption perfor-
mance of heavy metal ions in aqueous solution. It is closely related to
the solubility of heavy metal ions, ionization of functional groups on the
surface of adsorbent, and electrostatic interaction adsorption site. The
data in Fig. 2a indicate that the adsorption of Cd** increased as the pH
shifted from acidic to basic. The Cd** adsorption by HC, M20-HC, M40-
HC, and M60-HC increased 7.96, 3.48, 3.71, and 5.66-fold, respec-
tively, as the pH value went from 2 to 8. In particular, the adsorption
capacity slowly increased as the pH value increased from 2 to 5; on the
other hand, a rapid increase in this adsorption rate was observed as the
pH rose from 5 to 8. In the 2-11 pH range, the largest Q. values were
recorded for M60-HC.

The observed increase in Cd** adsorption capacity alongside the pH
value may be due to the de-protonation of the solution prompted by the
increase in pH value (Wu et al., 2017). This phenomenon leads to the
development of a net negative charge on the hydrochar surface, which
in turn favors Cd®* adsorption (Bai et al., 2017). At pH 6, there are few
competitive hydrogen ions, which favors Cd>* adsorption by the sur-
face metal reaction (Aster et al., 2019). At high pH values, a proportion
of Cd?" ions are known to form Cd (OH),, which precipitates from
solution, negatively affecting the adsorption capacity of the adsorbent
(Rawat and Singh, 2019). Any change or ionic radius deformation also
affects the adsorbent’s adsorption capacity. However, in the present
study, due to the weak acidic nature of hydrochar, Cd** does not
precipitate in Cd (OH), form, and the maximum adsorption of Cd?™ is
recorded at pH 8.

Temperature affects the movement rate of ions in the solution and
act on the process of ion adsorption and desorption. The Cd?* ad-
sorption capacity of all hydrochar samples gradually increased as the
temperature increased from 278.15 K to 318.15 K (see Fig. 2b). How-
ever, the temperature-associated increase in Cd** adsorption capacity
was different for each sample. The said adsorption capacity increased
4.60, 2.35, 1.97, and 1.34 times for HC, M20-HC, M40-HC, and M60-
HC, respectively, between 278.15 K and 318.15 K. Thus, both the aging
time and temperature have a positive effect on Cd*>* adsorption.

The Cd** adsorption on the adsorbent’s surface is an endothermic
process, which suggests that, within the appropriate temperature range,
the adsorption rate will increase with temperature. The physical reason
for the mentioned observation could be that, as the temperature rises,
the hydrochar surface particles expand, a phenomenon that causes an
increase in the values of the specific surface area and the physical ad-
sorption (Nessim et al., 2011). According to this model, Cd*>* adsorp-
tion by hydrochar might naturally increase as a consequence of the
increase in temperature, so that the summer would be the most favor-
able time of the year to conduct hydrochar Cd®>* adsorption
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Fig. 2. a) Effect of pH on Cd** adsorption; b) Effect of temperature on Cd** adsorption; c) Isothermal plots reflecting the Cd®>* adsorption process. Ce means
Cd>* equilibrium concentration; Qe means Cd?* equilibrium adsorbing capacity by different hydrochars; d) The adsorption kinetics of the Cd*>* adsorption process.

Qt means the instantaneous adsorption capacity by unit amount of hydrochar.

Table 2
Effect of competitive ions on Cd**adsorption by different hydrochar samples.

Tons Concentration (mol'L 1) Qeexp (mg'g’l)
HC M20-HC M40-HC M60-HC
0 (CK) 1.98 = 0.02e 2.76 * 0.04bc 4.56 * 0.02a 9.02 * 0.10e
Na* 0.01 1.59 = 0.05cd 2.05 * 0.11bed 417 = 0.2le 8.42 + 0.15bc
0.05 1.32 = 0.04bc 1.78 = 0.14b 3.81 + 0.09d 6.38 + 0.19ab
0.1 0.84 + 0.04a 0.85 + 0.05a 2.51 = 0.13b 4.12 * 0.16¢
Ca®* 0.01 1.78 = 0.05de 2,66 * 0.32e 4.14 = 0.07e 8.79 * 0.07 cd
0.05 1.69 + 0.08d 2.56 + 0.31de 3.55 + 0.05c 7.75 * 0.051b
0.1 1.18 + 0.06b 2.04 + 0.10bcd 3.49 = 0.03c 6.03 + 0.10de
AR 0.01 1.6 = 0.30 cd 2.21 * 0.14bcde 4.12 = 0.05e 8.73 * 0.05cd
0.05 1.59 + 0.08 cd 2.45 + 0.31cde 3.45 = 0.05c 7.64 + 0.05bc
0.1 1.15 + 0.07b 1.89 + 0.23b 3.43 = 0.05c 5.96 + 0.06d

Note: the competing species were Na ™, Ca2*, and AI*™" ions, and the ion concentrations were 0.01 mol'L. "%, 0.05 mol'L. "}, and 0.1 mol'L "}, respectively. Q. exp is the

experimental equilibrium adsorption value (mg-g ™).

procedures. This will be further discussed in section 3.3.2.

The results of adsorption experiments conducted in the laboratory
setting are generally different from those carried out in the field, and
the reason for this observation lies the presence of competitive coex-
isting ions in the natural environment. Therefore, the adsorption of
Cd?* was tested in the presence of three metal ions that are abundantly
present in nature: Na*, Ca%", and AI**. In particular, the Cd®* ad-
sorption experiments were carried out in the presence of 0.01 mol'L ™%,
0.05 mol'L. ™!, and 0.1 mol'L.™! concentrations of these three ions, re-
spectively. In the presence of a 0.01 mol'L. ™' concentration of Na*, the

Cd?* adsorption capacity of M60-HC was 5.3 times larger than that of
HC (Table 2). Additionally, the presence of all three competing ions,
Na*, Ca®>*, and AI** in the Cd®* solution had a negative impact on the
Cd?* adsorption onto hydrochar samples, with a significant difference
of P < 0.05. The tested competitive ions, Na*, Ca®*, and AI**, in-
terfered with the electrostatic attraction between Cd** ions and the
adsorbent’s surface. The highest shielding effect and inhibition of Cd**
adsorption was associated with the presence of Na™, followed by that of
Ca®* and AI*™.
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Table 3
Adsorption kinetic parameters and adsorption isothermal parameters of the process whereby Cd** is adsorbed onto various hydrochar samples.
Isotherm models Langmuir Freundlich Temkin
Qm (mgg™") K (Lmg™") R Kpmg! "VmL™ g™t 1/n R Alg™) B R
HC 4.19 0.034 0.990 0.280 0.586 0.989 0.296 0.972 0.975
M20-HC 8.88 0.026 0.988 0.368 0.695 0.981 0.230 2112 0.941
M40-HC 19.90 0.015 0.997 0.444 0.762 0.993 0.231 3.146 0.986
M60-HC 20.18 0.120 0.996 2.903 0.372 0.922 1.314 2.777 0.966
Kinetic models Parameter of Lagergren pseudo-first-order kinetic model Qeexp (mg-g”) Parameter of pseudo-second-order kinetic model R?
Qe, firse (mgg™") K; (min™") R Qe second (mgg™") K, mg(g min) ™’
HC 1.35 0.028 0.985 2.13 2.18 0.052 0.896
M20-HC 1.55 0.045 0.971 2.76 3.26 0.077 0.953
M40-HC 1.94 0.067 0.958 4.56 4.73 0.154 0.904
M60-HC 2.53 0.077 0.984 9.02 9.64 0.352 0.984

Note: Lagergren pseudo-first-order rate equation is given as: Q; = Q,(1-e7%1%), K; is the pseudo-first-order kinetic constant, Qe firs is the adsorption amount obtained
by pseudo-first-order kinetic fitting; The pseudo-second-order rate equation is given as Q, = K;Q2t/(1 + K>Q,.t), K> is the adsorption rate constant, Qe, second is the
adsorption amount obtained by pseudo-second-order kinetic fitting; The Langmuir equation is given as: Q. =Q, K. C./(1 + K. C.), Q, is the theoretical saturated
adsorption capacity (mg-g ™~ 1, K, is the Langmuir constant, which is related to adsorption energy (L'mg~ 1); The Freundlich equation is given as: Q. =Kp Cel/ " Kpis the
Freundlich equation constant representing adsorption capacity, 1/n is the Freundlich equation constant; The Temkin equation is given as: Q. = BlnA + BInC,,A and

B are the Temkin constants.
3.3. Adsorption process and mechanism

3.3.1. Adsorption isotherm and kinetics

As can be seen from the data reported in Fig. 2c and Table 3, the
Langmuir model best fitted the data (R? > 0.988), indicating a
monolayer homogeneous Cd** adsorption (Zhou et al., 2018). The
regression parameters of these models are listed in Table 3. Q,, corre-
sponds to the maximum amount of adsorbate that can be adsorbed on a
unit mass of the adsorbent. The Q,, value increased in the following
order: HC < M20-HC < M40-HC < M60-HC (4.19, 8.88, 19.90, and
20.18 mgg~ !, respectively) for Langmuir adsorption. Notably, the
value of K; (the parameter indicated by the Langmuir model corre-
sponding to the ratio of adsorption to desorption rate) also increased as
the hydrochar aging time increased; therefore, the adsorption ability of
adsorbents also increased with hydrochar aging time. Up to now, only a
few studies reported the adsorption process of heavy metals on hy-
drochars and their modified products. Shi et al. (2018) modified corn
cob hydrochar with polyethylene imine (PEI), and the maximum ad-
sorption capacities for Cr (VI) (33.66 mg~g’1) and Ni (ID)
(29.06 mg-g~") on the modified hydrochars were 365% and 437%
higher, respectively, than those on the unmodified hydrochar. Liu et al.
(2018) reported that hydrochar chemically oxidized by K,Cr,O, and
H,0,, and the adsorption capacity for Cd®* reached 1.6 mg.g™! and
4.0 mg.g~ !, respectively. Compared with these two approaches, in our
study, the microbial aging process showed positive effect on Cd** ad-
sorption, and the adsorption capacity of Cd*>* by microbial aged hy-
drochar was quite high. Besides, the microbial aging method is more
environmentally friendly than conventional chemical modification
method and easy to operate without complicated chemical reaction
process.

The Lagergren pseudo-first-order and pseudo-second-order kinetic
models were employed to fit the data reflecting the time-dependent
variation of Cd*>* concentration and thus provide insight into the re-
action pathway of the adsorption process (Fig. 2d). The experimental
results reported in Table 3 indicate that Cd*>* adsorption by hydrochar
in a Cd®* solution of 50 mg:L.~! concentration reached its maximum
value and equilibrium in 90 min. A correlation coefficient of > 0.896
was determined for the pseudo-first-order kinetic equation and the
pseudo-second-order kinetic equation. The Qex, of the pseudo-first-
order kinetic equation gradually increased with the aging time of the
hydrochar. Although the behavior of all four hydrochar samples was
well fitted by both kinetic models, the second-order kinetic equation

had a higher fitting coefficient (R > 0.95) and Qe second Values closer
to their experimental counterparts. These results indicate the Cd>*
adsorption by HC, M20-HC, M40-HC, and M60-HC had the character-
istics of chemisorption (Asl et al., 2017).

3.3.2. Thermodynamics of adsorption

In order to deduce the adsorption mechanism, a thermodynamic
study of Cd%>* adsorption on the surface of different hydrochar samples
was carried out. Notably, the hydrochar and cadmium ions interact at a
solid-liquid interface, to which Cd*>* ions migrate from the liquid
phase. At equilibrium, the chemical potential of Cd*>* ions in the liquid
phase is the same as that of Cd®*" ions at the solid-liquid interface
(Batool et al., 2018).

As can be evinced from the data in Table 4, the forces involved in
Cd?* adsorption by the hydrochar can be inferred from the enthalpy
change associated with the said adsorption process. The positive en-
thalpy change associated with Cd>* adsorption indicates an en-
dothermic process. The positive entropy changes are indicative of a

Table 4
Thermodynamic parameters of Cd>* adsorption onto different hydrochar
samples.

Hydrochars Temperature (K) AG° AH® AS° R?
®Jmol™")  (KJmol™!)  [J(molK)™']

HC 278.15 —21.02 2.82 65.38 0.761
298.15 -19.73
318.15 —23.56

M20-HC 278.15 -19.73 3.24 81.82 0.941
298.15 -19.17
318.15 —21.65

M40-HC 278.15 —18.95 2.98 34.93 0.879
298.15 —19.82
318.15 —20.12

M60-HC 278.15 -22.12 3.64 45.78
298.15 —21.87 0.765
318.15 —20.98

Note: The equation used for calculations includes apparent Gibbs free energy
change (4G,), apparent enthalpy change (AH®), and apparent entropy change
(48%: AG® = —RTInK, LnK = —AH/RT + S°/R, AG® = AHC-TAS°. the tem-
perature is set to 278.15 K, 298.15 K, or 318.15 K; AGY is the apparent Gibbs
free energy (KJ-mol~1); AH? is the apparent enthalpy change (KJ-mol~%); 45° is
the apparent enthalpy change [J-(mol'’K) ~'].
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degree of disorder at the solid-liquid system (Wang et al., 2018).

The negative Gibbs free energies associated with Cd®* adsorption
onto HC, M20-HC, M40-HC, and M60-HC confirm that Cd?™* adsorption
by the different hydrochar samples was a highly spontaneous process.
In particular, the larger the absolute value of the Gibbs free energy, the
more thermodynamically favorable the adsorption process. The calcu-
lation of the 4G value associated with the adsorption process provides
the means to acquire an insight into the mechanism by which cadmium
ions are adsorbed onto the hydrochar. As mentioned above, a positive
AS° value is indicative of the degree of disorder in the adsorption
system. Cd** changes from the dissolved state in the solution to the
adsorbed state on the adsorbent is a disordered increase process, which
may be related to the fact that temperature rise is more conducive to
the chemical adsorption of adsorbent for Cd*™.

3.3.3. Summary of the adsorption mechanisms

The isothermal adsorption data conforms to the Langmuir model,
indicating that it is homogeneous adsorption of monolayer, and the
adsorption kinetic data conforms to the second-order kinetic model,
indicating that it is chemisorption-dominated. And thermodynamic
study showed that the adsorption process is endothermic and tem-
perature has an important influence on the whole adsorption process.
M—HC was observed much higher Cd®>* adsorption capacity than
crude hydrochar HC, and the adsorption capacity was higher at longer
aging time, which is due to the better developed porous structure
through microbial process for M—HC.

Based on our results, it is proposed that Cd*>* adsorption onto both
crude and microbially-aged hydrochar may have three possible me-
chanisms that were accountable for the adsorption process: (a) surface
complexation, (b) electrostatics attraction and (c) cation exchange.

The first step of the adsorption process takes place the formation of
a complex between Cd?>* and the oxygen-containing functional groups
present on the hydrochar surface. The results of XPS analyses indicate
that the number of -COOH and C = O groups on the hydrochar surface
increased as a result of aging, subsequently increasing the oxidation
degree of hydrochar. The results of the FTIR analyses suggest that
chemical bonds are formed between —-OH and Cd2*, which weakened
the hydrochar’s intermolecular -OH based hydrogen bonding interac-
tions. Cd*>* ion complexation by hydrochar also affects the position and
appearance of the stretching and vibration absorption peaks of the -OH,
C = C, C = 0, and -COOH groups, confirming their role in Cd** ad-
sorption. The shift in the Si-O-Si absorption peak from 781 cm ™! to
801 cm 7, as a consequence of Cd®* adsorption, indicates that Si-O-Si
functional groups also provide adsorption sites for Cd>* on the hy-
drochar surface. These results are consistent with the evidence reported
by Gao et al. (2019). The formation of cd?* complexes via the =
electrons, C = O, and C = N groups is also an important mechanism in
heavy metal adsorption (Wang et al., 2017). The increase in the C = H
and C = C functional group indicates that it is likely to coordinate with
7t bond to improve the adsorption capacity of Cd2* (Cui et al., 2016).

Electrostatic interactions also play an important role in the me-
chanism whereby Cd®* ions are adsorbed onto hydrochar. The zeta
potential values of hydrochar HC was 0.37 mV, while the M—HC
changed dramatically to —18.20 mV. As is known, the higher the ab-
solute value of zeta potential, the more stable of the hydrochar system.
After aging process, the M — HC became more stable, which is beneficial
to Cd*>* adsorption. In particular, the negative zeta potential of M — HC
means its surface was negatively charged under neutral pH, and will
facilitate Cd>* adsorption. Meanwhile, the pH of the hydrochar surface
changed from acidic to alkaline after aging. Several previous studies
indicated that physical properties of biochar such as surface porosity
and chemical properties such as high pH, CEC, and various surface
functional groups could increase Cd>* immobilization through ad-
sorption and complexation (Ahmad et al., 2014; Zeng et al., 2019). In
addition, these researches explained that surface electronegative
charges could increase Cd?* adsorption through electrostatic
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interaction between Cd®* and biochar surface charges. Similarly, in
this study, microbial aging process also dramatically affected the zeta
potential and pH of the hydrochar surface, which will enhance the
electrostatic interactions between the negatively charged groups on the
surface of hydrochar and the positively charged Cd®* ions in the so-
lution (Xu et al., 2016).

The presence of metal ions such as calcium and magnesium in the
microbially-aged hydrochar water extract confirms that cation ex-
change also plays a role in the adsorption of Cd** (Tang et al., 2019).
Because when a cation such as magnesium ion was detached from the
M —HC surface, it means that a new adsorption site can be combined
with the Cd?>* ion, which will lead to a higher adsorption capacity.
These phenomena suggest that ion exchange between the Cd>* and
common exchangeable cations (Ca?*, Mg?™", and AI*") is an important
mechanism for the removal of heavy metal from aqueous solutions by
hydrochar. This result was in line with previous report by Harvey et al.
(2011).

4. Conclusion

This study indicated that, following microbially aging process, both
specific surface area and pore volume of hydrochar increased, which
improved Cd®* adsorption capacity by 3.8-fold at best. Moreover, the
intensity of functional groups, such as -COOH, increased after aging.
The adsorption of Cd*>* mainly due to the electrostatic interaction and
functional group complexation, the auxiliary effect of cation exchange,
and the coordination of heavy metal ions by way of nt electrons. The
kinetic study suggested that chemisorption is the dominant driver of the
observed adsorption process. According to the thermodynamic data,
Cd?* adsorption by hydrochar is an endothermic process.
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