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Preparation and Characterization of Biochar from Four
Types of Waste Biomass under Matched Conditions

Yu Hu,** Pei-yuan Li,** Yuan-ping Yang,* Meng Ling,* and Xian-fa Li **

Four contrasting types of waste biomass were subjected to matching
treatments to prepare biochar for the potential removal or immobility Cr(VI)
in polluted water or soil. Rice straw (RS), rice husk (RH), kraft lignin (KL),
and cow dung (CD) were selected. The resulting biochars were
characterized by Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), and N2 adsorption-desorption isotherms. The
physicochemical properties of biochars, such as pH value, ash, yield, and
cation exchange capacity (CEC) were also determined. The results
showed that the biochars were alkaline, except for the KL biochar (KLBC),
which was weakly acidic. Furthermore, the order of CEC was cow dung
biochar (CDBC) > rice straw biochar (RSBC) > rice husk biochar (RHBC)
> KLBC. FTIR showed that there are abundant oxygen-containing
functional groups on the surface of the biochars, with the total amount
almost the same, and the structure was dominated by aromatic ring
skeleton. The KLBC with micro-nano structure exhibited higher surface
area (111 m?/g) than the other BC samples. The Cr(VI) removal followed
the order: KLBC > CDBC > RHBC > RSBC.
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INTRODUCTION

Biochar is a carbon-rich and stable solid organic material produced through
oxygen-limited thermochemical processes from biomass at relatively low temperature
(below 700 °C) pyrolytic conditions (Liu et al. 2017; Ghodake et al. 2021). The unique
physical and chemical properties of biochar determine that it exhibits a variety of properties.
Biochar has the advantages of high specific surface area and developed pore structure,
abundant surface oxygen-containing functional groups, typically high pH value, relatively
high cation exchange capacity, and abundant raw materials (Kumar et al. 2020; Tomczyk
et al. 2020). Biochar can enhance soil fertility, improve soil quality, and affect microbial
community structure (Dai et al. 2021b; Nejad et al. 2021; Saffari et al. 2021). At the same
time, biochar is also beneficial to plant growth and nutrient absorption from soil and
improves soil water holding capacity (Dai ef al. 2021a; He et al. 2021; Zhang et al. 2021).
Biochar can also be used as an adsorbent to remediate heavy metal contaminations in soil
and water. Because of stability and carbon enrichment of biochar, it can reduce the emission
of CO2 and N20 in soil (Woolf et al. 2010; Case et al. 2015; Qin et al. 2020), thus reducing
the greenhouse effect.
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Chromium has been reported to be one of the most toxic ions to the human body
among the heavy metal ions. Chen ef al. (2022) prepared bagasse pith-derived biochar for
high-efficiency removal of Cr(VI) with removal capacity of 185 mg/g and further
hydrogenation of furfural. Kokab et al. (2021) prepared biochar from walnut shell that was
effective for removal of Cr(VI) from wastewater with the maximum removal of 93%. An
et al. (2022) reported that Pseudomonas hibiscicola strain L1 immobilized on peanut shell
biochar was used to remove Ni(Il), Cr(VI), Cu(Il), and nitrate in mix-wastewater. The
results illustrated that the removal ratios of Ni(II), Cr(VI), Cu(Il) and nitrate were 81.17%,
38.21%, 45.84% and 75.19%, respectively.

However, the application of biochar in different areas depends on its physical and
chemical properties. These can be expected to be closely related to raw materials and
carbonization conditions, viz., carbonization temperature and pyrolysis time. In general,
with the increase of pyrolysis time and carbonization temperature, the ash content and
specific surface area will gradually increase, while the cation exchange capacity (CEC) and
surface oxygen-containing functional groups will decrease (Sahoo et al. 2021; Xie et al.
2021). At the same time, raw materials also have a great impact on the properties of biochar,
such as the number and types of oxygen-containing functional groups on the surface, which
is an important factor in determining the final application and effect of biochar (Rodriguez
et al. 2020). Wang et al. (2018) investigated the adsorption behavior of different raw
materials on Cd*>" on biochar and its relative adsorption mechanism. They found that due
to the different composition of raw materials and oxygen-containing functional groups, the
role of the involved Cd*" removal mechanism varies with different raw materials.

Although different pyrolysis conditions directly affect the yield, and physical and
chemical properties of biochar, even if the pyrolysis conditions are the same, the
differences in properties of biochar prepared from various raw materials also limit its
application in soil improvement, heavy metal pollution remediation, and other fields (Guo
et al. 2021). Therefore, in this study, four different biomass materials were selected to
prepare biochar under the same carbonization conditions. The variances in physical and
chemical properties of the prepared biochar from different raw materials were investigated,
and on this basis, the adsorption performances of the four biochars for Cr(VI) adsorption
was studied, which provided a reference for the selection of stable adsorbents for heavy
metal pollution control.

EXPERIMENTAL

Materials

A muffle furnace, SX-5-12 from Tianjin Tester Instrument Co., Ltd. (Tianjin,
China) and a WFJ7200 Spectrophotometer from Shanghai Unico Instrument Co., Ltd.
(Shanghai, China) were used.

Rice straw (RS) and rice husk (RH) were collected at the Experimental Farm of
Southwest University of Science and Technology located at Mianyang, China; cow dung
(CD) was purchased online (collected at Dabie Mountain, Jinzhai County, Anhui, China);
kraft lignin (KL) from papermaking wastewater was purchased from Shandong Xuemei
Paper Co., Ltd. (Shandong, China). Sulfuric acid (H2SO4), hydrochloric acid (HCI), sodium
hydroxide (NaOH), barium chloride (BaCl2), and potassium dichromate (K2Cr207) used
were analytically pure and purchased from Chengdu Cologne Chemicals Co., Ltd.
(Sichuan, China).
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Biochars preparation

The preparation of the biochars was as in the method described by Hu et al. (2021).
The raw material samples RS, RH, CD, and KL were pyrolyzed in the muffle furnace at
400 °C for 2 h and then cooled to room temperature. The pyrolyzed samples were then
washed with distilled water to remove the soluble impurities to obtain biochars. The
biochar samples were labeled based on different raw materials, bagged, sealed, and stored
in a dry place for later use.

Methods
Characterization of biochars

The specific surface area and pore size distribution of the biochars were measured
by nitrogen adsorption using an Autosorb-1MP analyzer (Konta, USA). The samples were
degassed in vacuum at 350 K for 6 h before testing. The surface morphology of the biochars
was examined by scanning electron microscopy (SEM) (Carl Zeiss NTS GmbH, Ultra55,
Germany).

The surface functional groups in the biochars were determined by Fourier transform
infrared spectroscopy (FT-IR) (PE, Spectrum One, USA); the pH value of the biochars
(solid-liquid ratio 1:20) was determined by a pH meter; the ash content was determined
using charcoal and charcoal standard (GB/T17664-1999). CEC was determined by barium
chloride-sulfuric acid method.

Bath adsorption experiments

A Cr(VI1) stock solution (1000 mg/L) was prepared with ultrapure water and
K2Cr207, and the pH was adjusted to 5 with 1.0 mol/L HCI and NaOH solutions. About
0.2 g of biochar was accurately weighed and placed in a 150 mL conical flask containing
the above solution (50 mL, 50 mg/L). Vibration adsorption was performed at 150 rpm in a
constant-temperature water bath at 25+1 °C for 24 h, and the suspension after adsorption
was subjected to vacuum filtration using a 0.45 um aqueous filter membrane. The
concentration of Cr(VI1) was determined via diphenylcarbonyl dihydrazine spectrophoto-
metry (Wang et al. 2019) (WFJ7200 spectrophotometer, Shanghai). The elimination % of
Cr(V1) solution can be calculated by Eq. 1,

Removal % = (C(’C;Ct) x 100 Q)
0
where co is the initial mass concentration of Cr(\V1) in the solution (mg/L) and ct is the mass
concentration of Cr(VI) in the solution (mg/L) at time t (h).

Statistical analysis

Data were analyzed by one-way analysis of variance and Least Significant
Difference (LSD) tests to compare means of three replicates. Differences were considered
significant at p < 0.05.

RESULTS AND DISCUSSION

Yield, Ash, pH, and CEC of Biochars from Different Raw Materials
As shown in Table 1, by comparing the yields of biochar, the following order
KLBC > RHBC > RSBC > CDBC was obtained, which can be mainly attributed to the
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nature of raw materials. The RS and RH samples contained a lot of cellulose and
hemicellulose, and the molecular weights of cellulose and hemicellulose are lower than
that of lignin. When the temperature rises to 400 °C and above, it is easier to crack and
release these in the form of gas, while lignin has strong thermal stability and it exhibits less
mass loss. It was found that the ash contents of RSBC, RHBC, and CDBC were similar,
which may be caused by the degradation and mineralization of cellulose volatile substances
contained in raw materials during pyrolysis (Tsai et al. 2012). As a soil amendment, the
influence of pH of biochar on the physical and chemical properties of soil cannot be
ignored. The pH value of the biochar varies because of the different characteristics of the
raw materials. By comparing the pH values of different raw materials, it was found that the
pH values of biochar were all alkaline except that of KLBC. The order of pH value was
RHBC >RSBC > CDBC > KLBC. Based on these findings, the first three kinds of biochars
were judged to be suitable for improving acidic soil.

Table 1. Physical and Chemical Properties of Biochars

Biochars Yield (%) pH Ash (%) CEC per
cmol/kg
CDBC 36.57 8.30 37.68 141.41
RSBC 37.82 9.82 35.34 23.83
RHBC 43.83 10.07 36.76 6.96
KLBC 59.40 4.81 8.78 4.48

CEC is usually used to measure the ability of soil to retain nutrients, and its value
determines the effect of biochar on soil cation exchange. The higher CEC value of the
biochar indicates greater the ion exchange capacity of the soil. Thereby the nutrient
retention capacity of the soil was enhanced. Comparing the CEC of different biochar
materials, it was found that the order was CDBC > RSBC > RHBC > KLBC.

Elemental Composition of Biochar

The elemental composition of the biochar from various raw materials is shown in
Table 2. The raw material of the biochar determines the elemental compositions of the
resulting biochar. The aromaticity, polarity, and hydrophilicity of a substance can be
expressed in terms of H/C, (N+0O)/C, and O/C atomic ratios, respectively (Binda et al.
2020). The aromatization degree of KLBC is the highest, which reveals its stable structure.
CDBC has high polarity and hydrophilicity and contains more oxygen-containing
functional groups.

Table 2. Element Composition of Biochars

Biochars C(%) | H®%) | N(%) | O (%) H/C o/C (O+N)/C
CDBC 40.66 | 2.16 | 2.09 | 17.34 | 0.053 | 0.427 0.478
RSBC 4731 | 212 | 0.62 | 14.33 | 0.045 | 0.303 0.316
RHBC 50.98 | 2.32 | 1.85 6.66 | 0.046 | 0.131 0.167
KLBC 68.05 | 245 | 1.45 | 19.28 | 0.036 | 0.283 0.305
SEM Analysis

The SEM images of biochars prepared from different raw materials are shown in
Fig. 1. The biochars prepared from RS, RH, and CD had obvious pore structure, but the
size and number of pores were different. After pyrolysis and carbonization, the structure
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of biochar was destroyed, and some pores with various shapes appeared. Among these
RSBC, RHBC, and CDBC had abundant pore structures, which were honeycomb-shaped
and closely arranged. However, the surface structure of KLBC was compact, and the
number of pores was less. This may have been due to the collapse of the pore structure
with the increase of temperature, resulting in small and dense pores. Comparing with the
precursor feedstock, KL and KLBC had irregular grain structure. No obvious pore structure
was found on the KL surface.

(RSBC (d) KLBC

(e) (KL)

Fig. 1. SEM images of biochars from different raw materials (2 kx) and feedstock KL (10kx)
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Specific Surface Area and Pore Size of Biochars

The specific surface area, pore volume, and pore size of biochar varied considerably
with different raw materials. The specific surface area of biochar was mainly determined
by the presence of micropores. Among them, the specific surface area of RHBC was the
smallest, which may be attributable to a large amount of ash filling or blocking the
micropores during the carbonization process (Lapham and Lapham 2019). This is
consistent with the SEM observation results. RHBC had more macropores, so the specific
surface area was smaller, while KLBC may contain abundant meso- and micro-pores in its
structure, so the specific surface area was larger, up to 111.2 m?/g.

Figure 2 shows that the adsorption and desorption isotherms of these four biochars
were separated with decreasing P/Po. This finding is consistent with a type 1V isotherm
according to the IUPAC classification. The hysteresis loop belongs to type H, and the
adsorption-desorption hysteresis phenomenon is related to the shape and size of pores
(Kondo et al. 2005). As can be seen in the figure, the hysteresis loops of adsorption-
desorption isotherms of CDBC, RSBC, and KLBC in the range of P/Po < 0.1 are not closed.
Such results can be expected when most of the holes of char materials are flexible pores or
ink bottle holes, and the diameter of the pores shrinks after gas adsorption. As a result, the
adsorbed gas is not as easy to desorb. A further reason for a hysteresis loop not to close is
when there is strong adsorption induced by a microporous structure inside the biochar.
RHBC did not show any adsorption limitation in the higher relative pressure region,
indicating the presence of macropores within the RHBC, which is consistent with SEM
observations.

The textural characteristics of biochars prepared from various feedstock and KL are
shown in Table 3. The surface area of four biochars followed the order KLBC > RSBC >
CDBC > RHBC. After carbonization of KL, the specific surface area and total pore volume
increased from 27.1 m?/g and 0.08 cm®g to 111.2 m?/g and 0.19 cm?/g, respectively,
indicating that abundant meso- and macro-pores were formed during carbonization.

Table 3. Comparison of the Textural Characteristics of KL and Biochars

Sample Aser (m?g) Vit (cm® g) D (nm)
RHBC 4.1 0.02 236
CDBC 27.0 0.05 79
RSBC 30.3 0.03 45
KLBC 111.2 0.19 69

KL 27.1 0.08 18
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Fig. 2. N2 adsorption-desorption isotherms of biochar prepared from different raw materials

According to IUPAC definition, the pore size range of 2 nm to 50 nm is mesopores,
and more than 50 nm is macropores. The pore size distribution curve is shown in Fig. 3. It
can be seen that the surface areas of meso- and macro-pores of CDBC, RSBC, and RHBC
were small. However, the surface areas of meso- and macro-pores of KLBC was large,
resulting in large total surface area (111.2 m?/g) and pore volume of KLBC. In addition,
the micro- and nano structure features of KLBC increased its surface area.
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Fig. 3. Pore size distribution of biochar prepared from different raw materials

FT-IR Analysis

The FT-IR analysis is an effective tool to observe the changes of oxygen-containing
functional groups on the surface of biochar. It can be seen from Fig. 4 that the characteristic
absorption peaks of the four kinds of biochars were roughly the same, indicating that the
types of functional groups contained were fundamentally the same.
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Fig. 4. The FT-IR of biochars prepared from different raw materials

The peak at 3429 cm?, indicates mainly the stretching vibration of -OH, and that at
2920 cm* was the C-H (methyl-CHs, methylene-CH.) vibration in alkanes. The peaks at
1614 cm* were the stretching vibration of C=C on the aromatic ring, at 1091 cm™* was the
symmetric stretching vibration of -C-O-C, at 800 cm™ was the out-of-plane bending
vibration of C-H on the benzene ring, and at 470 cm™ was Si-O vibration. These results
showed that there were abundant hydroxyl, carboxyl, and carbonyl functional groups on
the surface of biochars, and its main structure was comprised of aromatic ring skeleton.

Comparison of Adsorption Performances of Biochar

Cr(VI) adsorption tests were carried out using the prepared biochars from different
biomass raw materials, and the results are shown in Fig. 5. It can be seen that the adsorption
performance of biochar was obviously different, and the removal efficiency for Cr(V1) ion
of KLBC was higher than that of CDBC, RHBC, and RSBC. This may be related to the
high specific surface area and surface oxygen-containing functional groups of KLBC. The
developed pore structure and large specific surface area of KLBC provided a large number
of effective adsorption sites for the heavy metal ions. The surface of biochar contains
carboxyl, hydroxyl, and other oxygen-containing functional groups, which form stable
complexes with Cr(V1) ions on the surface, which is more conducive to the adsorption of
chromium ions.
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Fig. 5. Effect of biochars prepared from different raw materials on Cr(VI) removal. The error bars
represent the standard deviation (n = 3)

CONCLUSIONS

Biochar derived from various feedstock showed different properties of surface area,
porosity, and morphology.

1. Under the same carbonization conditions, the yield and carbon content of the four
biochars followed the order KLBC > RHBC > RSBC > CDBC, while CEC
showed the opposite result. RHBC, RSBC and CDBC were weakly alkaline and
had higher ash content, ranging from 35.34% to 37.68%; KLBC was acidic with
low ash content (8.78%).

2. The surface morphology of RHBC, RSBC, and CDBC was a mesh-like structure,
but the surface area was small; KLBC was irregular micro-nano particles and had

abundant microporous and mesoporous structure, with a high specific surface area
(111.2 m¥/g).

3. The results of FT-IR characterization showed that there were abundant oxygen-
containing functional groups on the surfaces of the four biochars, which were
beneficial to the adsorption of Cr(VI), and the structure of the four biochars was
mainly comprised of aromatic ring skeleton, which had good stability.

4. The removal of Cr(VI) by the four biochars followed the order RSBC < RHBC <
CDBC < KLBC, which was positively correlated with surface area and pore
structure.
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