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Abstract: Biochar modification has received significant research attention due to its attractive and
fruitful rewards in improving biochar performances. However, the determinants of modified biochars’
stability and the ability of aged modified biochars to remove heavy metals have not been comprehen-
sively evaluated. Therefore, three commonly used functional groups of modified biochars (5% and
10% H;O,-modified (BCH5 and BCH20); 25% and 65% HNO3-modified (BCA25 and BCA65); and
amino-modified (BCN), were prepared in this study to explore their stability and the Cd(II) removal
performance of aged functional groups modified biochars was studied. The results showed that the
O/C ratio is not sensitive enough to predict the stability of functional groups modified biochars,
which was commonly used to evaluate pristine biochar (BCO0); instead, -COOH content is crucial
for modified biochar stability (r = —0.99, r = —0.91, p < 0.05). BCA65 displayed the highest less
prone to oxidation property, which indicated that the high surface charges and uniform surface
determined the less prone to oxidation ability of the functionally modified biochars. The order of the
stability of functionally modified biochars was HNO3-modified > HyO,-modified > amino-modified.
After oxidation, the surface charges and pores were significantly reduced, and the Cd** adsorption
mechanism of modified biochar changed from multilayer adsorption to monolayer adsorption, which
led to a reduction in overall Cd(II) removal. The maximum adsorption capacities of BCA65 were
reduced from 18.15 mg~g_1 t0 4.86 mg-g_1 after oxidation, particularly. In the design and preparation
of modified biochar, the long-term stability of the structure and function of modified biochar and its
sustainable application in the environment should be considered while improving the heavy metal
removal performance of biochars.
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1. Introduction

Biochars, as carbon-rich materials originating from limited oxygen pyrolysis of agri-
cultural and forestry wastes, have been broadly known as important carbon sequestration
materials and soil amendments in the agricultural field. Biochars are a promising option
for C-fixing and removal from the short-term carbon cycle and can be stored in soils for
long periods [1]. However, because of its abundant porous structure and surface functional
groups, biochars are also commonly used to remove pollutants from water and soil. To
further improve biochar’s pollutant removal performance, many chemical and physical
measures have been used to tune the properties of modified biochars, such as the specific
surface area, functional groups, and mineral content [2—4]. Oxidative acids are often used
to introduce functional groups on the biochar surface to enhance the heavy metal removal
capacity. Zhang et al. used a mixed HNOj3; and H,O, solution to successfully introduce
carboxyl functional groups and phenolic hydroxyl groups on the surface, which led to the
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adsorption capacity of Cd?* increasing by 34.48% [5]. Indeed, there is increasing research
interest in biochar modification due to its promising application; however, the environmen-
tal sustainability of modified biochar, including its stability and effectiveness in removing
pollutants after aging, has not been systematically studied.

The aging process for unmodified biochars has been carefully discussed [6,7]. Once
biochars enter the environment, biochars undergo biotic and abiotic aging processes. Mi-
croorganisms can utilize liable carbon on biochars as their energy source. Abiotic aging
processes undergo many physical and chemical processes, such as freeze-thaw cycles,
photochemical degradation, and mild oxidation of root exudates [8]. All these processes
can lead to significant changes in biochar properties [9,10]. Cheng et al. found that after
incubation of biochars in soil for 12 months, the functional groups, such as carboxyl func-
tional groups and phenolic hydroxyl groups, were formed on the biochar surface, which
led to the positive surface charge of biochars disappearing and the generation of a negative
charge [11]. Therefore, evaluating biochars before their application to soil is important. The
International Biochar Initiative (IBI) states that biochars with an O/C molar ratio of <0.2 are
generally most stable, with an estimated half-life of <1000 years; biochars with an O/C
ratio of 0.2-0.6 have half-lives of between 100 and 1000 years [12]. Schmidt et al. further
recommended that H/Corg and O/ Corg ratios could be used as indicators for evaluating the
stability of biochars [13]. Till now, most of the studies have used the O/C ratio to determine
the overall stability of biochars [14,15]. However, it is not clear whether the O/C ratio can
accurately evaluate the stability of functionally modified biochars.

However, once pristine biochars are treated by acids, alkalis, and oxidizers, many
functional groups are introduced onto the surface of biochars [16,17]. These modification
processes greatly increase the O/C ratio on the surface of biochars. According to the
previous conclusions, the overall stability of modified biochars should be significantly
reduced. On the other hand, it is worth debating whether introducing functional groups
on biochar surfaces requires relatively harsh oxidation conditions, which might reduce
the liable carbon from the biochars. As a result, the stability of biochars should be further
improved. Research has also shown that the pore structure of biochars is destroyed
during hash acid treatment, resulting in inner surface exposure and endogenous mineral
release [18]. Both processes make oxidants easily access the biochar surface, which may
reduce the less prone to oxidation ability of biochars eventually.

Endogenous minerals were another factor responsible for biochar stability. Han et al.
showed that the stability of biochars with low ash content mainly depends on their aromatic
C content, while the stability of biochars with high ash content mainly depends on aromatic
C and mineral components [14]. However, Siatecka et al. showed that sludge biochars,
as one of the modified biochars, contained more minerals than willow biochars [19]. The
contained minerals caused defects in aromatic structures during the pyrolysis process,
which led to a decrease in the overall stability of sludge biochars. Therefore, the type of
biochars modification process could influence the endogenous mineral content of modified
biochars and lead to an uncertain change in their chemical stability.

In summary, modified biochars have grabbed a lot of research interest, but their
physicochemical properties and how to affect their stability remain unclear. It is also
uncertain whether the methods used to evaluate the functional and structural stability
of functionally modified biochars are the same as those used in pristine biochars. Since
functional groups modified biochars are the most common type of modified biochars, it
is important to understand the less prone to oxidation properties of this kind of modified
biochars. In addition, determining the parameters of the stability of modified biochars
is the premise of their large-scale environmental application. Therefore, in this study,
three kinds of functional groups modified biochars (-OH-modified, -COOH-modified,
and -NHjy-modified) were prepared, and K,Cr,O7 was used to determine the stability of
functional groups modified biochars. By comparing the property changes before and after
oxidation, the key parameters to control the stability of functionally modified biochars,
as well as the heavy metal adsorption performance, were identified. This research will



Sustainability 2023, 15, 7745

30f15

provide a basic theoretical understanding of the key factors that could control the durability
of functional groups modified biochars and guide the design and sustainable utilization of
future modified biochars.

2. Materials and Methods
2.1. Preparation and Modification of Biochars

Rice straw biochars (BC0) used in this study were produced through a slow pyrolysis
process under an Ny atmosphere at 550 °C for 6 h and passed through a 100-mesh sieve.
HNO;3; modification was performed by treating the biochars with 25% and 65% HNOs3
(solid-to-liquid weight ratio as 1:30) for 4 h at 90 °C [20] and labeled as BCA25 and BCA65,
respectively. HyO, modification was performed by treating the biochars with 5% and
20% HO; (solid-to-liquid weight ratio as 1:30) for 6 h at 80 °C [16] and labeled as BCH5
and BCH20, respectively. Amino modification was performed by placing 6 g biochars with
50 mL concentrated sulfuric acid and 50 mL concentrated HNOj into an ice-cold water bath
flask and stirring for 2 h. The pretreated biochars were filtered and washed with deionized
water and isopropanol and then dried at 90 °C. The pretreated biochars were mixed with
50 mL H,O and 15 mol-L~! ammonia for 15 min, and then 28 g NayS5,04 was added and
stirred for another 20 h. Then, 120 mL of 2.915 mol-L~! acetic acid was added to the
mixture. After 5 h of reflux at 100 °C, the suspension was cooled to room temperature [21].
The prepared biochar is numbered BCN. After the modification process, all the modified
biochars were washed with deionized water until the pH remained unchanged, dried at
60 °C, and stored in a brown bottle for later use.

2.2. Determination of Biochar Stability

The K,Cr,O7 oxidation method was used to determine the chemical oxidation resis-
tance of biochars [22]. It has been widely used to determine the content of soil organic
carbon or oxidation carbon in recent decades [23]. A total of 30 mg of biochar was mixed
with 5 mL 0.1 mol-L~! K,Cr,Oy solution, and 6 mL concentrated H,SO, was put into
brown bottles and placed in an oven at 135 °C for 30 min. The residual Cr®* concentration
in the solution was detected at 540 nm by diphenylcarbazide using an ultraviolet spec-
trophotometer (UV-2600, Shimadzu, Kyoto, Japan) [24]. The remaining solid-liquid mixture
filtered out the biochars. Biochars were washed and dried for future use. The surface
functional groups of modified biochars also reacted with K,Cr,O7, so the consumption of
KyCr,O7 was used to represent the loss of biochars in this study.

2.3. Batch Sorption Experiments
2.3.1. Batch Sorption Isotherm Experiments

All the batch sorption isotherm experiments were carried out at room temperature
(22 £ 2 °C) by adding 8 mg of modified biochars before and after oxidation by K,Cr,Oy7 into
10 mL brown bottles, which contained 8 mL 1.0-20.0 mg~L’1 Cd?%* solution (0.01 mol-L~1
NaNOj; as background solution). The mixture was shaken in a mechanical shaker at room
temperature at 150 rpm for 24 h to achieve the adsorption equilibrium state. After the
adsorption experiments reached equilibrium, the mixtures were filtered through a 0.45 pm
PES membrane filter. The Cd?* concentration in the filtrates was determined by atomic
absorption spectrophotometry (Hitachi Z-2000 Series) [25]. The pH of the experimental
system was maintained at 6 using 0.01 mol-L~! HNOj; and NaOH.

In this work, the adsorption capacity Q. (mg-g~!) of Cd?* at the equilibrium state for
different modified biochars was calculated according to the following equation:

(Co — Ct) x Vx1073
m

Q =

where C, and C; are the initial concentration of metal (mg-L_l) and the metal concentration
at contact time t, respectively. V (mL) is the volume of the solution, and m (g) is the weight
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of the added modified biochars. All experiments were performed in duplicate, and the
data are presented as mean =+ standard deviation.
The Langmuir model was used to simulate the sorption isotherms:

0 _Qn X K x Ce
e 1+CeXKL

Q. (mg-g~1) is the adsorption capacity for modified biochars at equilibrium, while
Ce (mg~L’1) represents the equilibrium concentration of the metals in the liquid phase.
Qm (mg-g~!) refer to the maximum adsorption capacity, and K (L-mg~!) is the Langmuir
adsorption constant related to the energy of adsorption.

The Freundlich adsorption model is based on adsorption onto a multilayer heteroge-
neous surface with an interaction between adsorbed ions. The liner form is given by the
following equation:

1
Qe:KFXCé1

where Kk is the Freundlich equation constant that characterizes the adsorption capacity; n
is the Freundlich equation constant.

2.3.2. Kinetic Study

To obtain the adsorption kinetics, 6.80 mg-L~! of Cd?* solution was sampled with
time intervals of 0, 20, 40, 60, 180, 300, 420, 720, and 1440 min. The pH of the experimental
system was maintained at 6 using 0.01 mol-L~! of HNO; and NaOH. After the adsorption
experiments, the mixtures were filtered through a 0.45 um PES membrane filter. The Cdz
concentration was determined by atomic absorption spectrophotometry.

The pseudo-first-order and pseudo-second-order kinetic models simulated the kinetic
adsorption process. The equations are as follows:

Pseudo-first-order model:

Q= Qe x (1 - e_klt)
Pseudo-second-order model:

Q.2 x ky x t
1+Qe ><k2><t

Qt:

where Qe (mg-g~!) is the adsorption quantity at equilibrium. k; (min~!) and k,
(mg-(g-min) ~!) are the rate constants of the pseudo-first-order model and pseudo-second-
order model, respectively.

2.4. Characterization of Biochars

The surface area of different biochars was determined by N, adsorption-desorption
isotherms obtained from a surface area analyzer at 77 K (ASAP 2020, American Mike Model,
GA, USA). The elemental content (C, H, O, N, S) of the modified biochars was determined
using an elemental analyzer (Microcube, Elementar, Frankfurt, Germany). The ash content
was measured by weighing a certain amount of biochars in a crucible and burning it at
700 °C for 2 h to obtain the ash content. Fourier transform infrared spectrometer (FTIR,
Varian 640-IR, Thermo Fisher, Waltham, MA, USA) was used to determine the surface
functional groups of biochars. The analytical samples were prepared via the potassium
bromide tablet method. An X-ray scanning photoelectron spectrometer (XPS, 250Xi, Thermo
Fisher Scientific Escalab, Waltham, MA, USA) determined the elemental composition and
the speciation changes on the biochar surface. The X-ray source was a monochromatic Al
K-alpha radiation anode target. The variations in the surface potentials of the biochars with
pH (6.5) were detected using a zeta potential analyzer (ZetaPlus, Brookhaven, NY, USA).
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2.5. Boehm Titration

The surface carboxyl functional group on the biochar surface was quantified using the
Boehm titration method [26]. XPS peak splitting is quick and convenient and is often used
to estimate the content of -COOH on the surface of biochars. Boehm titration was used to
ensure the reliability and accuracy of XPS peak splitting results. Briefly, 50 mL NaHCOs3
solutions (0.05 mol-L~1) were added to 100 mg dried biochar samples and shaken for 20 h
on a magnetic stirring apparatus. Then, 20 mL of solution was separated and back-titrated
using 0.05 mol-L~! of HCl until pH stabilized to 5.1. The consumption of NaHCO; was
used to calculate the number of carboxylic groups on the modified biochar surface. All
titrations were conducted in triplicate.

2.6. Statistics

The data were analyzed using SPSS v.25, and significant differences between means
were determined according to the analysis of variance (ANOVA). All significant differences
were reported at the 0.05 probability level.

3. Results and Discussion
3.1. The Properties of Modified Biochars

The elemental composition of whole biochar samples was obtained by elemental
analysis, and the relative content of the elemental composition on the surface of different
biochar samples was measured by XPS. The different element content obtained from these
two regular analysis methods could show the heterogeneity of biochars. Table 1 shows that
the O/C ratio of BCO gained by elemental analysis was 0.16, and it also did not change after
5% and 20% H,O, modification, but the O/C ratio of BCA25, BCA65, and BCN increased
from 0.16 to 0.33, 0.47, and 0.22, respectively (p < 0.05). On the other hand, the surface
O/C ratio of BCO measured by XPS was 0.23, which was significantly higher than what
was measured by the elemental analyzer (0.16). After 5% and 20% H;O, modification, the
surface O/C ratio was increased to 0.24 and 0.25, which was still higher than what was
measured by the elemental analyzer. The surface O/C ratio of BCA25 and BCA65 measured
by XPS were 0.36 and 0.47, which started approaching the O/C ratio measured by elemental
analysis. The O/C ratio of BCN was almost equal to that of BCA25, probably because of
the involvement of HNQO3 in the first step of the amino modification process. These results
indicated that pristine biochars had higher heterogeneity than modified biochars. When
biochars were modified by HNOj3, the pores were destroyed by the oxidation process [27],
leading to the similarity of surface and inner matrix properties. The oxidative ability
of HyO, was not strong enough; therefore, after HyO, modification, the O content on
the surface of biochars was only slightly increased (Table S1), and the overall O/C ratio
of biochars remained the same. This result reinforced that HNO3 modification can not
only change the O content on the surface of biochars but also allow oxidants to penetrate
deep into the biochar interior. This resulted in pore expansion and the overall element
distribution of modified biochars. This conclusion can be further verified via BET results.
The specific surface area of the two HyO,-modified biochars (BCH5 and BCH20) only
decreased from 132.35 cm?-g~! to 94.83 and 37.52 cm?-g~!, which is 28% and 72% of the
unmodified biochar, respectively. For HNO3s-modified biochar, its specific surface area was
dramatically reduced by 96%. Nzediegwu et al. and Peiris et al. reported that the reduction
in the specific surface area of HNO3-modified biochars was due to pore collapse, which
is consistent with the conclusion of our results [28,29]. SEM (Figure 1) clearly shows the
changes in the porous structure for different functionally modified biochars. The inner
surface of pores of BCO, BCH5, BCH20, and BCN are smooth, but the inner pore structures
of BCA25 and BCAG65 are relatively rough (green circles) and even have some small new
pores on the cross-section area (red circles).
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Table 1. Basic properties of biochars.

Biochar Type BCO BCHS5 BCH20 BCA25 BCA65 BCN
CHN H/C 0.49 + 0.01 b 041 +0.02¢ 042 +0.02 ¢ 044 + 0.01 ¢ 0.49 + 0.00 b 059 +0.02a
CHN O/C 0.16 £ 0.01d 015+ 000e  016+000de 033 +0.00b 047 +0.00 a 022 +0.01 ¢

XPS 0/C 023 0.24 0.25 0.36 047 0.35
Ash content 25.36% 17.80% 17.08% 17.56% 17.55% 14.78%

SSA (cm?-g~1) 132.35 94.83 37.52 5.94 5.32 25.81

Pore yolume 0.089 0.071 0.039 0.015 0.013 0.025
(em>-g™%)

Average pore 2.70 2.9 418 10.22 9.84 391

size (nm)
In/Ig 0.71 0.76 0.78 0.83 0.85 0.83
Zeta (mV) 2.42 —0.21 ~131 —2.09 —4.05 —0.60

Note: CHN represents the data measured using an elemental analyzer, and XPS represents the data measured by
the X-ray diffraction energy spectrum. The lowercase letters in the same row indicate a significant difference in
the data (p < 0.05). CHN H/C passed a single-factor ANOVA test. F(5,6) = 23.31 > F ¢5(5,6) = 4.39. CHN O/C
passed a single-factor ANOVA test. F(5,6) = 2251.16 > Fy ¢5(5,6) = 4.39.

¥
2um
' |»—————’

Figure 1. SEM images of different modified biochars. Note: The green circles indicate the relatively
rough internal pore structure created by oxidation, and the red circles indicate the pores formed by
oxidation on the cross-section area.

The ash content of all kinds of modified biochars was significantly lower than unmod-
ified biochars due to the low pH of HNO; and peroxide. This low pH would lead to the
loss of endogenous inorganic minerals in biochars [30]. There was no significant difference
in ash content among the three different modified biochars, indicating that the endogenous
inorganic minerals that remained in the modified rice straw biochars should be in the
matrix of the carbon structure. Modification damaged the pores to varying degrees, but the
ash content of three modified biochars remained the same.

The C-containing functional groups on the surface of biochars before and after mod-
ification were revealed by the Cls peak of the XPS spectrum (Figure S1). The Cls of
biochars can be divided into 4 peaks: 284.9 eV (graphic carbon), 286.5 eV (alcohol and
ether), 287.9 eV (C=0 carbonyl carbon), and 289.4 eV (carboxyl or ester) [31]. The relative
concentration of chemical bonds is shown in Table 2. The results showed that the C-C/C=C
content decreased from 88.22% to 72.52%, 67.84%, 66.94%, and 62.70% after H,O, and
HNO; modification, respectively. Meanwhile, the content of C-O, C=0, and -COOH after
H,0; and HNOj treatment all significantly increased. The C-O content of pristine biochars
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was about 8.23%, but after 5% and 20% H,O, modification, it increased to 15.57% and
19.25%, respectively. For HNOj treatment, the C-O content increased to 13.75% for BCA25
but then decreased to 11.57% for BCA65, which is still higher than pristine biochars. These
results indicated that the functional group modification processes could break the C-C/C=C
bonds, reduce the graphitization degree of pristine biochars, and introduce an oxygen
functional group at broken edges [32]. The Ip/Ig values of the Raman spectra in Table 1
can also support the above conclusions. H,O, modification methods introduced -OH on
the biochar surface, leading to the highest C-O content on the biochar surface [33]. HNO3
could introduce C-O and further oxidize to C=0 on the biochar surface [34]; therefore, the
C-O content of BCA 65 was only slightly higher than pristine biochars, but C=O content
was the highest among all the treatments. The content of -COOH can be obtained by XPS
peak splitting. Using Boehm titration to determine the content of functional groups on the
surface of biochars was also conducted to verify the accuracy of XPS peak splitting results.
In statistical analysis, the data obtained by these two methods are significantly correlated
(r=10.995, p < 0.05), indicating that the -COOH data obtained by the peak splitting method
in this study is reliable.

Table 2. The XPS spectra and Boehm titration of functional groups of biochars.

B
Biochar Type  C-C/C=C%X  C-0%X C=0% X -COOH% X -COOH

(mmol/g)
BCO 88.22 8.23 2.11 1.44 0.0740.00 d
BCH5 72.52 15.57 7.72 4.19 0.09 + 0.07 d
BCH20 67.84 19.25 7.00 5.91 0.43 +0.01 ¢
BCA25 66.94 13.75 10.01 9.30 1.03 + 0.08 b
BCA65 62.70 11.57 10.43 15.30 2.01+0.18a
BCN 63.29 19.36 12.58 4.78 0.39 +0.00 ¢

Note: X represents the data measured by X-ray diffraction energy spectrum, and B represents the data measured
by Boehm titration. The different lowercase letters in the same column indicate a significant difference in the data
(p <0.05). -COOH B passed a single-factor ANOVA test. F(5,6) = 152.57 > Fy ¢5(5,6) = 4.39.

The changes in functional groups on the biochar surface through different modification
methods are directly shown in FTIR results (Figure 2). The FTIR spectra of HyO,-modified
biochars BCH5, BCH20, and BCO barely show any difference. They all contained the
following FTIR peaks: 3420 cm ™! is the -OH peak (stretching of -OH), the peak at 1616 cm ™!
correlates with the C=C stretching of the aromatic carbons, the peaks at 1090 cm ! can be
ascribed to phenolic C-O and O-H stretching, and the peak at 1388 cm ! represents -CHj-
bending in the alkane and alkyl groups. On the other hand, the HNO3; modification process
successfully introduced a large amount of -COOH (1715 cm~ 1) and -NO, (-NO, asymmetric
peak (1535 cm 1), as well as a -NO, symmetric peak (1338 cm~!) onto the biochars. This
result was similar to the FTIR shown by Qian and Chen [35] and Khan et al. [36]. BCN
presents a -NH, peak at 1635 cm ™!, reflecting that amino groups have been loaded on
the biochars.

The FTIR spectrum (Figure 2b) shows the broken bonds on the surface of biochars due
to simulated oxidation conditions. After the oxidation of BCO, the C-O peak of biochars
increased, and the -COOH and C=C bond did not change significantly. This result indicates
that the K,Cr,O7 oxidant can oxidize liable carbon on the pristine biochar surface but
cannot oxidize the functional groups (e.g., C-O) of biochars to -COOH or increase the
condensation degree of biochars. However, the -COOH of BCA25 and BCA65 were reduced
after oxidation, and no differences were found in the C-O peak. This shows that K,Cr,O7
destroys the C-C bond connecting the -COOH to the modified biochars.
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Figure 2. FTIR spectra of different modified biochars before (a) and after (b) oxidation by potas-
sium dichromate.

Raman spectroscopy can identify structural defects, such as edges, vacancies, and non-
hexagonal units, and heteroatom doping on biochars [37]. Figure 52 shows all biochars have
two characteristic peaks at —1350 cm~! (D-band) and —1580 cm~! (G-band), indicating
that the biochars contained both amorphous C and graphitic C [38]. The ratio between
the D-band and G-band indicates the disorder and defects in the biochar structure. The
higher the Ip/Ig value of biochars, the greater the disorder and defects in the biochar
structure [30]. Ip/Ig values of modified biochars are shown in Table 1. The I /Ig value of
BCAG®65 displayed the most obvious increase among all modified biochars indicating that
HNO; oxidation could destroy the graphitized structure and increase the structural defects
of biochars, which is also consistent with XPS results.

3.2. Chemical Oxidation Resistance of Modified Biochars

K>Cr;0y7 is a commonly used strong oxidant for biochars and can quickly react with
liable structures under acidic conditions. Many studies used this method to simulate the
aging process of biochars in the natural environment [6,39]. K,Cr,O7 oxidation of biochars
can stimulate the real mineralization of biochars in the soil to a certain extent [40]. In this
study, the consumption of K,Cr,O7 was calculated to represent the stability of modified
biochars. The higher the consumption of K,Cr,O; was, the lower the stability of tested
biochars. In Figure 3, when comparing with the pristine biochars, the consumption of
K>Cry0y clearly increased for all modified biochars, indicating that the stability of modified
biochars to chemical oxidation decreased significantly. Among them, the highest K,Cr,O7
consumption of modified biochars is BCN and BCHS5, about 30% higher than unmodified
biochars. The K,Cr,O; consumption of BCH20, BCA25, and BCA65 was 23.73%, 19.14%,
and 16.47%, respectively, which were still higher than unmodified biochars.

The O/C value has been widely used in most studies to estimate the stability of
biochars [41]. However, in this study, the O/C ratio of BCH5, BCH 20, and BC0 was the
same, 0.16, and the consumption of K;Cr,O7 was significantly different. In addition, no
correlation was found in the correlation analysis between the O/C ratio and the consump-
tion of K,Cr,O7 (r = —0.107, p > 0.05) (Figure S3). Therefore, using the O/C ratio as an
indicator to predict the chemical oxidation resistance of modified biochars is insufficient.
For pristine biochars, the change in the O/C ratio only depended on pyrolysis temper-
ature [18]. Research showed, by increasing pyrolysis temperature, O on the surface of
biochars could fall off or migrate into the interior of biochars [42]. However, the O content
of modified biochars was not affected only by the pyrolysis temperature; it also depended
on the number of oxygen-containing functional groups introduced by the modification
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process (Table 1). Therefore, for functional groups modified biochars, the O/C ratio was
not sensitive enough to show the stability difference.

0.06

0.05[ z

0.04[

'\HCL

0.03[

dichromate consumption (mol-g™")

(o
o
\+m
N\ AAANAAANRANRRANNRANNRRN

0.02
BCO BCHS5 BCH20 BCA25 BCA65 BCN
Figure 3. Molar amount of potassium dichromate consumed per gram of different biochars. The
different lowercase letters indicate a significant difference in the data (p < 0.05).

The presence of minerals has been broadly accepted in that it could increase the stabil-
ity of biochars [43,44]. This showed that the amorphous silicon in the poultry litter biochars
at 450 °C could interact with C and prevent C from oxidation to a certain extent [14]. On
the other hand, the presence of exogenous Ca had a negative effect on carbon aromatization
at a low pyrolysis temperature (300 °C), thereby weakening the stability of biochars while
increasing the pyrolysis temperature enhanced the stability of the carbon structure [31].
However, if phosphate and Ca are both present in the pyrolysis process, it could form
thermally stable phosphorus complexes containing metaphosphate and C-O-PO3 groups,
which improve the carbon stability in the soil environment. These groups can act as a phys-
ical barrier to block active carbon sites [45]. In this study, the obvious difference in stability
between modified biochars and pristine biochars could be attributed to the protection of
endogenous minerals. Acid modification removed the ash inside the pores of the biochars
and reduced the protection of liable degradable organic carbon on the biochar, resulting in
a decrease in stability. However, Table 1 shows that the ash contents of biochars after five
different modification processes remained at 17%, but the consumption of K,Cr,Oy varied
significantly (r = 0.599, p > 0.05). This was because the minerals remaining after modifica-
tion were present in the inner sphere of the biochars, which the oxidant could not reach.
Therefore, the minerals could not prevent oxidants from attaching to modified biochars.

3.3. Decisive Roles in the Stability of the Modified Biochar

As mentioned above, the O/C ratio and endogenous minerals cannot be used to
predict the modified biochar stability. Therefore, Pearson correlation coefficient (PCC)
analysis between the carbon stability and different modified biochars (BCO is not involved)
properties was conducted (Figure 4). IBI has suggested that the carbon stability in biochars
could be predicted by the molar ratio of H/C [6]. However, there is no relationship between
the H/C ratio and the consumption of K,Cr,O7 (r = 0.21, p > 0.05). This is because the
harsh acid modification process could destroy the aromatic structure. Therefore, the molar
ratio of the H/C ratio can no longer serve as a good indicator for modified biochars. The
molar ratio of O/C, as another indicator, could represent the stability of biochars [14,22],
but based on our study, there is no significant correlation between the O/C ratio and
the consumption of K,CryOy (r = —0.82, p >0.05). Instead, there is a significant negative
correlation between the -COOH content (received by XPS and Boehm titration) and the
KyCrO7 consumption (r = —0.90, r = —0.89, p < 0.05). -COOH are sufficiently oxidized
functional groups, so it is easy to understand that the higher the content of -COOH on
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the biochar surface, the stronger the biochar stability. Xiao and Chen found that the straw
biochar at 700 °C contained more C=0 bonds than the straw biochar at 500 °C, showing
higher overall stability [46]. Zhao et al. also reported the transformation of C-O to C=0
and O-C=0, leading to a more stable state of biochars [47].

CHN H/C

CHN O/C

XPS O/C

XPS -COOH
Boehm -COOH
ID/1IG

Ash content

Pore volume
Average pore size
SSA

dichromate consumption

CHN H/C
CHN O/C

XPS O/C

XPS -COOH
Boehm -COOH
Ash content
Pore volume

Average pore size
dichromate consumption

Figure 4. Pearson correlation matrix of the carbon stability and different physiochemical properties
of modified biochars.

Another reason is that -COOH are electronegative, and the greater the content of the
carboxyl group (received by XPS and Boehm titration), the stronger the surface electrostatic
repulsion would present (r = —0.99, r = —0.91, p < 0.05) (Table 1) between environmental
oxidizer (such as microorganisms [48],) and the surface of biochars. In addition, the pore
diameter and the consumption of K,Cr,O7 also have a significant correlation (r = —0.91,
p < 0.05). This may be due to the correlation wherein the higher the average pore size of
the biochars, the lower the amount of liable degradable carbon remaining in the structure.
Therefore, the modified biochars with a larger average pore size have strong stability. The
surface -COOH of BCN is higher than that of BCH5, but its stability is not significantly
lower than BCHS. This is because the introduced -NHj is easily oxidized on the surface
of biochars, thus reducing the stability of BCN. The FTIR spectrum showed that the -NH,
peak decreased significantly after K;Cr,Oy oxidation, indicating it is easily oxidized on
the biochars. Therefore, the type of functional group also played an important role in the
stability of modified biochars.

3.4. Chemical Aging Reduced the Adsorption Capacity of Heavy Metals

To investigate the adsorption mechanism and potential rate-controlling steps, includ-
ing mass transport and surface reaction processes, the pseudo-first-order and pseudo-
second-order models were used to fit the experimental data [49]. The values of the ki-
netic parameters and the correlation coefficients were obtained (Table S2). The kinetic
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fitting of the adsorption curve for Cd?* is shown in Figure 5a, which suggests that the
pseudo-second-order kinetic model fits the experimental data with an R? > 0.9. Hence, the
pseudo-second-order model could be applied to predict the adsorption kinetic of oxidized
modified biochars, which reveals the chemisorption rate control mechanism [50,51].

7.0
/(a) e o eBCA6S
BCA2S5
. *BCH20

I ® BCO

- - - Pseudo-first-order
— Pseudo-second-order

1.0 1 1 1 1 1 . 1 . 1 . 1
0 200 400 600 800 1000 1200 1400 1600
Time (min)
20 _ . 6.0
(b) Langmuir model — Langmuir model (©)

S BCAG5 ___ Freundlich model

Figure 5. Fitting curve of adsorption kinetics (a) and adsorption isotherms before (b) and after
(c) oxidation of different modified biochars.

Langmuir and Freundlich isotherm models were used to describe the adsorption
isotherms of biochars [52]. Table S3 shows the parameters of the isotherm model of six
biochars modified to Cd?** before and after oxidation. The Freundlich model can best
describe the Cd?* adsorption behavior on oxidized modified biochars since it presented
a higher R?. The Cd?* adsorption on functional groups by modified biochars can be
considered multilayer adsorption on internal and external surfaces. This result indicated
that the adsorption energy distribution was uneven on the modified biochar surface [53].
However, after modified biochars were oxidized by K,Cr,Oy, the Langmuir model can best
describe Cd?* adsorption behavior, indicating a monolayer adsorption process [54]. This
interesting adsorption behavior change was due to the disappearance of functional groups
on the surface of modified biochars caused by oxidation, which evened the adsorption
energy distribution on the biochar surface. In addition, oxidation could lead to a reduction
in pores of modified biochars, and the homogenization of the surface structure could lead to
the average distribution of adsorption energy. Compared with BCO, the adsorption capacity
of BCA65 for Cd?* increased by 14.09 mg-g~!. In addition, the adsorption capacity of
biochars was significantly correlated with its -COOH content (r = 0.93, p < 0.05) (Figure S4).
Moreover, the carboxyl group shown in FTIR spectra (Figure 2b) can also correspond
to the content analyzed by the Boehm titrated and XPS spectra. This showed that the
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modified biochars mainly depend on the surface carboxyl functional group to remove
heavy metal from the aqueous solution [20]. After the modified biochars were oxidized,
the -COOH on the surface decreased, resulting in a decrease in the maximum adsorption
capacity of Cd?*. This result stated that -COOH would complex with Cd?* and lead to
the removal of Cd?* from the solution [50,55]. The maximum adsorption capacities of
BCA25 and BCA65 were reduced from 7.42 and 18.15 mg-g~! to 4.95 and 4.86 mg-g !
after oxidation, and the maximum adsorption capacities of BCH5, BCH20, and BCN were
reduced from 6.21, 7.95 and 4.83 mg-g~! to 2.29, 2.50 and 2.24 mg-g ! after oxidation,
respectively. These results showed that aging leads to a loss in the adsorption performance
of oxygen-functional modified biochars. In this study, the FTIR spectrum (Figure 2b) shows
that when the -COOH on the surface was further oxidized, the C-C bond between the
-COOH and the carbon matrix was broken, resulting in the fall of -COOH from the biochar
surface, leading to an obvious decline in the adsorption capacity of Cd?*. Although a
large amount of -COOH was shed by oxidation on the surface of BCA25 and BCAG65, the
content of -COOH remained higher than that of other modified biochars. Most previous
studies have shown that the original biochars can improve the fixation of heavy metals
after aging [56,57]. Still, Meng et al. showed that four aging treatments (combined aging,
dry-wet cycling, acidification, and freeze-thaw cycling) negatively affect the long-term
immobilization of cadmium in soil [58]. This further revealed that the adsorption function
of modified biochars is not stable. After modified biochars are added to the soil, they can
be oxidized by oxidizing substances such as reactive oxygen species in the environment;
therefore, the adsorption capacity changes accordingly.

4. Conclusions

In this study, by comparing the less prone to oxidation capacity of the modified
biochars treated with H,O,, HNOj3; and amino groups, it was clearly shown that the less
prone to oxidation capacity of functionally modified biochars decreased, which was due to
the removal of ash. The -COOH content rather than the O/C ratio was crucial for modified
biochar stability. Surface charges and a homogeneous surface of modified biochars can
reduce their contact with oxidizers such as dichromate, which protect them from further
oxidation. In addition, -NH, was easily oxidized on the surface of biochars; thus, the type
of functional groups also played an important role in the stability of modified biochars.
Therefore, the order of stability of functionally modified biochars is HNO3-modified >
H,0;-modified > amino-modified. Moreover, the adsorption property of modified biochars
was significantly reduced after oxidation, and the adsorption mechanism changed from
multilayer adsorption to monolayer adsorption. The maximum adsorption capacity of
BCAG65 decreased from 18.15 mg-g~! to 4.86 mg-g~!. The above results revealed that the
stability and adsorption performance of modified biochars is not as stable as we expected.
Therefore, in the design and preparation of modified biochars in the future, we should
comprehensively consider the stability and sustainability of the structure and function of
modified biochars in the environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15107745/s1, Table S1: Elemental content ratio of elemental
analysis and XPS analysis of different biochars; Table S2: Fitting of adsorption kinetics data of
different biochars; Table S3: Fitting of adsorption isotherms data of different biochars; Figure S1: Cls
of XPS spectrum of different modified biochars; Figure S2: Raman spectrum of different modified
biochars; Figure S3: Relationship between CHN O/C ratio of pristine, modified biochars, and their
consumption of potassium dichromate; Figure S4: Relationship between Cd?* adsorption capacity of
modified biochars and their carboxyl functional groups.
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