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Carbon Nanospheres Derived from Crop Residues by
Acidic Lithium Bromide Hydrate Treatment

Jian Chen,®® Xiangin Lu,*%* Zhigiang Pang,? Bingbing Li,® and Cuihua Dong #P*

Exploring an efficient technique for carbon sphere preparation has
attracted extensive attention. Herein, acidic lithium bromide hydrate
(ALBH) was used in the hydrothermal carbonization (HTC) process to
overcome the recalcitrance of lignocellulose, such that nano-carbon
spheres were prepared at mild condition: 140 °C for 150 min with 0.8 M of
HCI from 20-40 meshed corn stover. That carbon spheres showed decent
morphology properties and abundant functional groups, which was better
than that from pine and poplar wood. The corn stover derived carbon
nanospheres could efficiently adsorb both heavy ions and methyl orange
in wastewater. Meanwhile, the ALBH after reaction could be recovered
and reused. Specifically, the morphologies and adsorption capability of the
prepared carbon nanospheres using recovered ALBH were negligibly
affected even after 5 cycles. These results verified the practical production
of carbon nanospheres from lignocellulose at mild conditions, which
provided more potential for the synthesis of novel biomass-based
materials for comprehensive applications.
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INTRODUCTION

Biochar is a carbon-rich material formed by heating biomass under certain
conditions (Ahmad et al. 2014). As an environmentally friendly adsorbent, biochar shows
excellent capability for metal ion and aromatic compound adsorption, such as hexavalent
chromium, iron ions, methy! violet, polycyclic aromatic hydrocarbons, and chlorobenzene
(Qiu et al. 2009; Vithanage et al. 2017; Zhang et al. 2018, 2019a).

The fabrication of carbon spheres has attracted extensive attention in the field of
materials science. Due to its unique properties, including abundant surface functional
groups, high surface area, and controllable particle size, carbon spheres have broad
application prospects in catalysis, electrochemical conversion, energy storage, and
environmental purifications (Qiu et al. 2009; Vithanage et al. 2017; Zhang et al. 2018,
2019a). The properties of carbon spheres heavily rely on the synthesis method and
conditions. Over the past decades, many researchers have made great advances in the
synthesis methods of carbon spheres, such as the template methods (hard template and soft
template), the hydrothermal carbonization method, and the microemulsion polymerization
method (Mi et al. 2008; Fechler et al. 2013; Mao et al. 2018). Template methods involved
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multi-steps: a) the synthesis of the template, b) the preparation of the carbon precursors, c)
the pyrolysis carbonization process, and d) template removal at harsh conditions (Claesson
and Philipse 2005). The complex coating process and the harsh post-treatment condition
of hard template method restricted its wide applications (Tian et al. 2019). The soft
template methods omitted the harsh post-treatment process, but they raised high demands
on the templates. Many soft template precursors were employed with emulsion droplets,
micelles, or surfactant as templates, which could be decomposed during the carbonization
process (Fechler et al. 2013). In soft template methods, the template should tolerate the
temperature before the carbonization and decompose during the carbonization process
(Liang et al. 2008). In addition, the high tendency of carbon precursors to crosslinking
resulted in monodispersed carbon spheres (Liu et al. 2015). Compared with template
methods, the hydrothermal carbonization method (HTC) has many advantages, such as
environmental friendliness and mild treatment conditions. The hydrothermal carbonization
methods were commonly performed at temperatures from 200 to 250 °C for about 12 h to
48 h (Sevilla and Fuertes 2009; Simsir et al. 2017). Many biomass-derived carbon
precursors, such as glucose, fructose, and sucrose, could be transformed into spherical
carbon through the HTC methods (Mi et al. 2008; Nizamuddin et al. 2017; Mao et al. 2018;
Tian et al. 2019). However, the raw lignocellulose was resistant to hydrothermal treatment
and hardly produced the carbon spheres during HTC process (Simsir et al. 2017; Zhang et
al. 2019b).

The acidic concentrated lithium bromide hydrolysis (ALBH) process was reported
as a green and recyclable method to overcome the resistance of biomass and cleave the
linkages of cellulose into glucose under mild conditions without pretreatment (80 °C to
110 °C) (Pan and Shuai 2015; Yang et al. 2016; Lu et al. 2020). Previous research
suggested that the ALBH process could be used to synthesize biochar from corn stover (Lu
et al. 2020). This reaction was carried out under mild conditions to directly transform
lignocellulose into biochar without any pretreatment (Pan and Shuai 2015; Yang et al.
2016). The carbon nano-spheres were formed by the ALBH method via one mild treatment
(140 °C for 150 min) with raw crop residue as the carbon precursors (Pan and Shuai 2015).
Thus, the potential of ALBH in carbon nano-spheres production is worthy of further
development. The biochar synthesis depended on the synthesis of biomass types and
conditions (Li et al. 2017). Raw lignocellulose, such as agricultural residues and forest
waste, is abundant in nature and is the most common feedstock for biochar synthesis. The
properties of lignocellulose, such as the compositions of carbon precursor, the inorganic
compounds, the degree of crystalline etc., were reported to affect the properties of biochar
(Zhang et al. 2015). In addition, many studies have shown that the parameters of synthesis
conditions, such as temperature, rate of heating, and residence time, also affected the
properties of biochar (Zhang et al. 2015; Nizamuddin et al. 2017). On this basis, this work
further investigated the impact of the factors including the chemical composition and the
origin of carbon precursor, the substrate size, and the reaction conditions on the spherical
morphology of biochar and considered the general process of biochar balling under ALBH
conditions. Moreover, the recovery of ALBH solution was explored and excellent results
were obtained.

Chromium, one of the most common heavy metals pollution in wastewater, has a
wide range of sources including leather tanning, landfill leachate, printing industry,
electroplating, and textile industries. Cr(V1) is a swallowable and inhalation poison that is
easily absorbed by the body. Skin contact with Cr(VI) can cause sensitive and genetic
defects and even lead to cancer by invading the respiratory tract (Liu et al. 2016). Methyl
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orange (MO) is an acid anion azo dyes representative. It is widely used in the dye industry,
accounting for a large share of the global dye market. Due to the toxicity, mutagenicity and
carcinogenicity of MO, it will also cause safety hazards to people's lives (Liu et al. 2021).
With the rapid development of industry, a large amount of industrial wastewater is
discharged into the ocean every year, which greatly aggravates the pollution to the
environment. Therefore, how to remove the MO and Cr ions present in sewage has become
a hot spot of concern. Adsorption is an important way to remove heavy metals and dyes in
sewage, and it is urgent for people to find an efficient adsorbent.

The biochar synthesis depends on the biomass type and conditions (Li et al. 2017).
The raw lignocellulose, such as agricultural residues and forest waste, is abundant in nature
and was the most common feedstock for biochar preparation (Zhang et al. 2015). Thus,
this study was performed to prepare biochar using different biomass as feedstock by the
ALBH method. In addition, the optimum conditions for carbon nano-spheres production
were determined, and the adsorption capacity of biochar on heavy metal ions (Cr(V1)) and
polyvalent aromatic hydrocarbons (MO) were also evaluated.

EXPERIMENTAL

Materials

Poplar and pine chips were provided by Shandong Sun Paper United Co., Ltd.
(Jining, China) and corn stover were obtained from farmland in Jinan, Shandong Province,
and the compositions of the feedstocks are shown in Table 1. Lithium bromide was
purchased from Macklin Reagent Co., Ltd. (Shanghai, China). Holocellulose was prepared
from corn stover as reported by Guo et al. (2014). Lignin was provided by Shandong
Longlive Bio-Technology Co., Ltd. (Jinan, China).

Table 1. The Composition of Different Raw Materials

Species Cellulose (%) Hemicellulose (%) Lignin (%)
Pine 41.20 18.17 27.28
Poplar 42.90 24.30 24.20
Corn stover 32.56 13.97 17.14

Preparation of Biochar

The preparation of biochar was carried out in a pressure-tight high temperature
reactor as described before (Lu et al. 2019, 2020). Briefly, the feedstocks were reacted with
60 wt% lithium bromide and 0.5 M HCI at 140 °C for 150 min. After the reaction, the
carbon residue and the filtrate were separated by suction filtration. The filtrate was
collected and stored at 4 °C. The solid residue was washed with tap water to neutrality,
then dried in an oven at 40 °C for 24 h. The control experiments were conducted under the
same conditions. The yields of biochar prepared by ALBH method were calculated using
the Eq. 1,

Y (%)="""/p %100 (1)
where Y is biochar yield (%), m, is mass of carbon residual after ALBH treatment (g), and
m, is initial mass of the feedstock (g).
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Characterization of Biochar

The Fourier transform infrared spectroscopy (FTIR) analysis of biochar was
performed using an infrared spectrometer (Alpha, Bruker, Karlsruhe, Germany) to analyze
its functional groups. The surface element compositions were analyzed by X-ray
photoelectron spectroscopy (XPS) (ESCALAB Xi*; Thermo Fisher Scientific, Waltham,
MA, USA). The Brunauer-Emmett-Teller (BET) surface of biochar was measured using
an automatic gas adsorption analyzer ASAP 2460 (Micromeritics, Norcross, GA, USA).
The morphologies of biochar were observed by a Hitachi Regulus 8220 (Tokyo, Japan)
scanning electron microscope (SEM).

Adsorption Experiments

Cr(VI) solution (265 mg/L) was prepared by dissolving K2Cr207 into distilled
water. The pH of the solution was adjusted by 30% HCI. A total of 0.05 g biochar and 25
mL Cr (V1) solution were incubated at 150 rpm, 37 °C for 24 h in an automatic thermostatic
oscillation incubator. After incubation, the residue and supernatant were separated by
filtration. The concentration of Cr(V1) in the supernatant was measured by a UV-visible
spectrophotometer (UV-4800; Unico, Shanghai, China) at 540 nm as reported before (Lu
et al. 2019).

The concentrated methyl orange solution (500 mg/L) was prepared by dissolution
of methyl orange in distilled water, and the pH of the solution was adjusted to 2 with HCI.
Then, 500, 255, 206, 175, 110, and 50 mg/L orange solution gradient was prepared by
dilution of the concentrated solution with HCI aqueous (pH 2). The adsorption was
performed by shaking the mixture (0.1 g biochar and 10 mL methyl orange solution) in an
automatic thermostatic oscillator at 150 rpm, 37 °C for 24 h. After that, the residue and
solution were filtered, and the concentration of methyl orange was detected by UV-visible
spectrophotometer at 470 nm as described before (Siyasukh et al. 2018).

RESULTS AND DISCUSSION

Effect of Composition of Carbon Precursor on Morphology of Biochar

The composition of carbon precursor was an essential factor influencing the
production of biochar (Vaughn et al. 2013; Simsir et al. 2017). Cellulose, hemicellulose,
and lignin are the main components of lignocellulose; during the pyrolysis process, the
hemicellulose was broken down at temperatures of 220 to 315 °C, and cellulose could
endure relatively high temperature with decomposition temperature from 315 to 400 °C
(van Zandvoort et al. 2013; Zhang et al. 2015). Lignin, aromatic polymer in nature, was
reported to be decomposed over a relatively wide range of temperature from 160 to 900 °C
(van Zandvoort et al. 2013; Ragauskas et al. 2014). Thus, as carbon precursor, varying
lignocellulosic compositions may affect the morphologies of biochar. To verify the
formation mechanism of carbon nanospheres during ALBH treatment, holocellulose
(cellulose and hemicellulose), lignin, and homocellulose-lignin mixture were respectively
used as the precursor to produce biochar under the same treatment conditions (Fig. 1).
Carbon nanospheres derived from holocellulose presented irregular shape and size varied
from 50 nm to 100 nm. In respect of lignin as substrate, some sphere and micropores were
observed on the surface of lignin. During ALBH treatment, part of linkages among lignin
were cleaved, and the hydrophobic lignin units was self-assembled and colloid spheres
were formed (approximately 100 nm diameter) in the aqueous phase. Subsequently, the
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colloid spheres were released from the surface of lignin, and the porous structure of lignin
formed. For the holocellulose-lignin mixture system, charcoal morphology changed with
the proportion of lignin and holocellulose. The results showed that carbon favorably
formed at a suitable holocellulose-lignin ratio, where the carbon-particles at 100 to 200 nm
diameter were produced.

Fig. 1. The morphology of biochar with varying holocellulose and lignin ratio: (a) holocellulose:
lignin = 0:3; (b) holocellulose: lignin = 1:2; (¢) holocellulose: lignin = 1.5:1.5; (d) holocellulose:
lignin = 2:1; (e) holocellulose: lignin = 2.5:0.5; (f) holocellulose: lignin = 3:0

The ALBH has powerful ability for dissolution and hydrolysis of lignocellulose
(Mosier et al. 2005; Deng et al. 2015; Pan and Shuai 2015; Li et al. 2016). For carbon
pellets preparation, most cellulose and hemicellulose were first hydrolyzed into
monosaccharides, whereas lignin negligibly changed. Subsequently, soluble polymers
from glucose were formed by the intermolecular hydration and condensation reaction.
Meanwhile, the polymers interacted with lignin and the aromatic nuclei formed. The
various species in the solution diffused to the surface of the aromatic nuclei and linked to
the nuclei by the oxygen-containing functional groups. As a result of the growth process,
the carbon spheres were formed and a high concentration of reactive oxygen groups were
distributed on the surface of the carbon spheres. Therefore, the aromatic nuclei were
essential for the spheres forming.

The growth process of biochar
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Fig. 2. Schematic diagram of lignocellulose biochar formation
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The self-assembling lignin particles in the solution could provide more
hydrophobic cores for the sphere growth. In addition, more active hydroxyl groups were
formed on the surface due to the cleavage of B-O-4 linkages, providing additional linkages
on the core. Thus, the cleavage ability of ALBH on cellulose and lignin favored the
formation of carbon spheres. The formation of carbon spheres using ALBH system is
schematically showed in Fig. 2.

The Effect of Feedstock Species on the Biochar Characterization

Based on the above analysis, poplar, pine, and corn stover were selected as carbon
precursors to produce biochar using ALBH treatment. Table 2 shows the elemental
composition of biochar produced using different lignocellulose. The carbon content of
biochar prepared from pine wood, poplar, and corn stover was 64.49 wt%, 63.46 wt%, and
61.81 wt%, respectively. These findings suggested that carbonization of lignocellulose
occurred during the ALBH treatment and biochar was formed. Moreover, the yield of
biochar was affected by the lignocellulose species, and corn stover resulted in the lowest
yield (40.44 wt%) among the selected three raw materials. A higher content of lignin in
lignocellulose resulted in a higher yield of the final biochar product. The linkages of
hemicellulose were easily cleaved under thermal treatment, whereas cellulose and lignin
were relatively more stable (van Zandvoort et al. 2013; Zhang et al. 2015). For the superior
thermal stability of lignin, high lignin content of pine (27.30%) and poplar (24.20%)
accounts for high yield of pine biochar (46.71 wt%) and polar biochar (47.63 wt%).

Table 2. Elemental Analysis of Biochar Produced From Corn Stover, Pine, and
Poplar (%)

Feedstock Mesh Number C H o
> 60 61.11 4.76 23.00
Corn stover 40 to 60 61.81 4.87 25.17
20 to 40 62.85 4.59 26.78
Pine 40 to 60 64.49 4.83 28.27
Poplar 40 to 60 63.46 4.93 29.84
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Fig. 3. The morphology of biochar produced from different raw materials
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Figure 3 shows the morphology of biochar. Typical carbon sphere shape is
displayed, especially for corn stover as feedstock. Biochar from corn stover presented
uniform sphere and was evenly dispersed. However, only few carbon spheres were
observed for the biochar prepared from wood pine and poplar, and most carbon spheres
were compactly piled. The irregular morphology of biochar from pine and poplar was
primarily due to the incomplete carbonization of lignocellulose.

The BET analysis on biochars were conducted (Fig. 4). The biochar prepared from
corn stover had 83.9 m?/g surface area, which was higher than that of the biochar-pine
(42.8 m?/g) and biochar-poplar (45.8 m?/g). The BET results show that compared with
wood raw materials, the surface of biochar prepared from corn straws had a rich pore
structure. During adsorption process, the rich pore structure was beneficial to the
adsorption capacity of biochar. The functional groups on the surface of biochar were
analyzed using FTIR spectroscopy (Fig. 5). Specifically, wide peaks located at 2900 and
3400 cm™ belonged to O-H vibration, and the peaks of 1000 to 1600 cm™ indicated the
existence of -C-O and -C=0 vibration, and the peaks of approximately 700 cm™ was
ascribed to the vibration of -C-H (Lu et al. 2020). The FTIR analysis suggested that a large
number of hydroxyl and carboxyl oxygen-containing groups were present on the surface
of ALBH biochar. Those oxygen functional groups on the biochar could provide the
interaction sites for the metal ions (Wu et al. 2019).
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Fig. 4. BET and adsorption pore radius analysis of different biochar
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Fig. 5. The functional groups presented on the surface of biochar by FTIR

The Production and Characterization of Biochar From Corn Stover by
ALBH Treatment

The above results showed that corn stover as feedstock for biochar preparation can
obtain higher specific surface area and exceptional morphology. Moreover, the effect of
substrate size on the carbon spheres formation was analyzed. The feedstock was ground
and sieved into portions of > 60-mesh (< 250 pum), 20- to 40-mesh (380 to 830 um), and
40- to 60-mesh (250 to 380 pum), and carbon spheres could be formed in all sizes of corn
stover (Fig. 3). Through reducing the feedstock size, rupture of carbon sphere appeared,
and aggregation of the small sphere occurred. Large spheres formed for the biochar
prepared from corn stover with bigger size (60-mesh). Meanwhile, feedstock at too small
size was also unfavorable for the forming of biochar sphere. The biochar produced from
the corn stover with size bigger than 60-mesh (< 250 um) possessing poor surface area,
which further confirmed the above statement (Fig. 4). Comparatively, the biochar from
corn stalks sized with 20- to 40-mesh (380 to 830 um) was selected for further study.

The effect of reaction temperature and acid dosage on the morphology of biochar
were also discussed (Table 3). The morphology of biochar prepared under T1 through T6
conditions was observed by SEM (Fig. 6). The carbon spheres distributed more uniformly
under the conditions of T1 (140 °C), and the particle size of the carbon spheres had poor
uniformity, with a broad distribution, for the samples of T2 (160 °C) and T3 (180 °C). The
effect of various acid concentration (Entries T4, T5, and T6) on the ALBH reaction was
further explored at 140 °C. The acid concentration had a slight effect on the morphology
of the biochar (Fig. 6B). In comparison, the carbon spheres for HCI concentration of 0.8
M (T5) were more uniformly distributed. Summarily, lower temperature and acid
concentration will lead to poor pelletizing performance of biochar, while too high
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temperature and acid concentration will destroy the complete biochar sphere. The carbon
spheres with good properties using 20- to 40-meshed corn stover as feedstock could be
prepared at 140 °C for 150 min with 0.8 M HCI.

Table 3. The Different Reaction Conditions for ALBH Biochar Preparation From
Corn Stover (T1 Through T6)

Entry T1 T2 T3 T4 T5 T6

Solid Loading (%) 5 5 5 5 5 5
Acid (M) 0.5 0.5 0.5 0.6 0.8 1.0
Time (min) 150 150 150 150 150 150
Temperature (°C) 140 160 180 140 140 140

Fig. 6. The morphology of biochar at different treatment conditions: (A) Effect of temperature,
biochar prepared at 140 °C (T1), 160 °C (T2), 180 °C (T3); (B) Effect of HCI concentration,
biochar prepared at 0.6 M HCI (T4), 0.8 M HCI (T5), 1.0 M HCI (T6)

The Recyclability of LiBr Solution

After reaction, the biochar was separated from the reaction system by filtering, and
the solution was analyzed using HPLC. Taking T5 treatment (140 °C, 150 min, and 0.8 M
HCI) as an example, no sugar compounds were detected in the filtrate form. The
dehydration production of sugars in this experiment, such as 5-hydroxymethylfurfural (5-
HMF), furfural, and levulinic acid (LA) were detected. Only slight LA was detected in the
filtrate, and almost no 5-HMF and furfural were detected. Thus, the filtrate after treatment
can be directly reused.

Figure 7 shows the morphology of the biochar prepared using the LiBr after the
fifth run recycling, where carbon spheres with uniform size distribution was still observed.
The biochar using the recovered filtrate could be obtained with yields of 36% to 40% (40%
for run 1, 38% for run 2, 38% for run 3, 38% for run 4, and 36% for run 5), and the biochar
had abundant functional groups after the five cycles (Fig. 8). The results verified the
recyclability of the treated solution and confirmed green production of biochar using
ALBH treatment.
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Fig. 8. FTIR spectrum of the biochar using LiBr solution with different cycles

The Removal Ability of Biochar to Heavy lons and Methyl Orange

The adsorption capability of biochar on Cr(VI) at the initial concentration of 265
mg/L was analyzed (Table 4). The biochar (the T5 sample) obtained an adsorption
capability of 111.0 mg/g Cr(VI), and the corn stover-ALBH biochar had a higher value
than the elephant grass-ALBH biochar. Additionally, the recycle of biochar showed a slight
effect on the adsorption capability on heavy ions, and adsorption of 94.71 mg/g Cr(VI) was
obtained even after five recycling runs. As an adsorbent, the surface area and the functional
groups played important roles relative to the interaction between the ions and the biochar.
In this study, the morphology spheres provided more binding sites for the ions. Meanwhile,
the abundant functional groups also improved the adsorption of biochar on heavy ions.
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Table 4. Adsorption Capacity of Biochar on Cr(VI) During Five Runs of Continual
Recycling of LiBr Solution

Runs Initial 1 2 3 4 5
Adsorption Capacity (mg-g*) | 110.99 | 105.01 | 104.98 | 103.13 | 95.09 | 94.71

The removal ratio of biochar on methyl orange is shown in Fig. 9. Methyl orange
as a water-soluble azo dye is widely used in the industrial sector, and the adsorption was
found to be an effective technique for methyl orange removal. Herein, the corn stover-
ALBH biochar had high potential in the removal methyl orange than other reported carbon
spheres (Siyasukh et al. 2018). A good linear correlation was detected between the
concentration of methyl orange and the adsorption capability of biochar, and the adsorption
capability of biochar on methyl orange increased with the initial dosage of methyl orange.
With the further increase of the concentration of methyl orange in the solution to 2000 mg
methyl orange /g biochar, the removal ratio of methyl orange reached to 84.8%.
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Fig. 9. The removal capability of biochar on methyl orange (a linear correlation with R?2=0.9998
between the concentration of methyl orange and the adsorption capability of biochar); Qe means
equilibrium adsorption capacity; Ce means equilibrium concentration after adsorption.

CONCLUSIONS

1. The carbon spheres from corn stover exhibited excellent morphology properties and
abundant functional groups, which was better than that from pine and poplar wood.

2. Through optimization of the reaction conditions, regular spherical structure with even
size distribution could be obtained, and the product showed strong removal capacity on
both heavy metal ions and methyl orange.

3. The LiBr solution could be readily recycled and reused for many runs. The technique
opened a new pathway for biomass utilization and functional carbon sphere preparation.

4. As a green and solvent-recyclable technique, one-pot preparation of carbon spheres
from corn stover was achieved using acidic lithium bromide hydrate (ALBH) treatment.
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