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Preparation and Characterization of Racomitrium
japonicum Moss Biochar and Its Adsorption of Sr(II)
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Biochar is recognized as an effective sorbent for environmental
management and many other applications. Herein the authors report
biochar derived from moss Racomitrium japonicum L., prepared via
pyrolysis at 400 °C to 1000 °C. The biochar was characterized by thermal
gravimetric analysis (TGA), elemental analysis, Fourier-transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), and X-ray
photoelectron spectroscopy diffraction (XPS), as well as the ability to
remove Sr2+ from aqueous solutions. The results indicated that a biochar
with high thermal stability, specific surface area, and dense and
mesoporous pores was obtained, with surface functional groups
enhancing the adsorption process. Equilibrium adsorption data were
consistent with the Langmuir isotherm model, indicating surface
homogeneity, with maximum Sr2+ adsorption capacity of 225 mg/g at 25
°C. These results demonstrate that the R. japonicum moss biochar can be
used to develop an efficient adsorbent for the removal of Sr (II) from
aqueous solution and suggests its utility for further application in removing
heavy metals from water.
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INTRODUCTION
Bryophyte is one of the most abundant species on the earth’s surface, covering 3%
of the earth’s surface. Due to the special cellular structure, mosses can grow in different
extreme environments (Adamo et al. 2003; Yoshikawa et al. 2004). Therefore, it is also
widely used to monitor trace metal pollution in the atmosphere (Stanković et al. 2018).
Compared with other biomasses, moss has a high composition of sugars, cellulose,
carbohydrates, and amino acids; its cellulose fibrils are 5 to 20 nm in width and could be
observed directly on the cell wall of moss (Wyatt et al. 2008). In addition, the presence of
lignin in moss has not been confirmed in previous studies (Espiñeira et al. 2011), all of
which are preconditions for the preparation of applicable biochar. In previous studies, the
cellulose content of moss was measured as 42.84% to 44.16% (Plank 1946), which is
comparable to that of recent cellulosic biomass materials (Lawal et al. 2021). The current
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authors have roughly determined the cellulose content in R. japonicum L. at 33% to 36%
using biochemical methods to ensure the minimum cellulose content in the material. In the
application research of moss biomass, the Sphagnum is more common, which has been
well evaluated in sewage treatment and electrochemical research, but research on other
moss species is relatively scarce. It is necessary to strengthen the research and application
of bryophytes, which are almost inexhaustible resources. The development and application
of cellulose materials is conducive to solving the problems of high cost, harsh application
conditions, and secondary environmental pollution in traditional sewage treatment methods
(Llaurado 2011; Ly et al. 2019).
Biochar is an environmentally friendly adsorbent that can purify wastewater and air
and can be used as a catalyst carrier (Alshameri et al. 2018; Xu et al. 2021; Yao et al.
2021). Biochar is usually produced by the slow pyrolysis of biomass in an inert gas
atmosphere, resulting in physical and chemical changes with the degradation, dehydration,
defatting, and aromatization of cellulose (Subratti et al. 2021). It contains abundant pore
structures, including micropores, mesoporous pores, and macropores, and abundant
functional groups are distributed on its surface (Li et al. 2021). Therefore, it has ideal
adsorption and retention effect for different types of pollutants (Cha et al. 2016; Oliveira
et al. 2017). Compared with lignin materials, cellulosic biochar often has a larger specific
surface area and adsorption capacity and can produce a higher proportion of mesoporous
structures (Deng et al. 2016). The single-cell structure of moss is more conducive to the
formation of mesoporous structures of biochar. At the same time, biochar does not require
complex activation processes, saving materials and reducing manufacturing costs, which
is more in line with the concept of sustainable development. In selecting the preparation
method of biochar, the traditional pyrolysis method will be helpful to optimize the final
preparation process according to the actual results (Tripathi et al. 2016).
The increasingly serious effects of environmental pollution, such as the severe
water shortage in many parts of the world, the rapid development of modern nuclear energy
industry, and the imperfection of the production management system, are some of the
reasons for this problem (Liu et al. 2021; Zamora-Ledezma et al. 2021). Sr(II), as a
relatively new industrial element, has gradually come into view with the development of
nuclear energy and the alloy industry, especially after the Chernobyl nuclear power plant
leakage incident (1985, Ukraine) and Fukushima nuclear leakage incident (2011, Japan)
(Steinhauser et al. 2014). Damage to organisms by Sr2+ is mainly due to the competitive
behavior of Sr2+ toward Ca2+ (Burger and Lichtscheidl 2019), causing organ damage.
Excessive accumulation of Sr(II) in the environment has significant toxicity to plants,
inhibiting root growth and chlorosis (Nagata 2019). In the treatment of environmental
heavy metal pollution, many works show that the adsorbent is an effective and economical
method to solve these problems (Li et al. 2021). The aim of this work is to prepare biochar
using readily available fibrous materials with some potential, to give some reference for
the application of this material in pollution remediation and to provide a theoretical basis
for future deep exploration.
EXPERIMENTAL
Preparation of Moss Biochar
The moss R. japonicum L. was cultivated and washed with deionized water to
remove dust and impurities, then dried at 105 °C for 6 h, crushed, and filtered with a 0.45Yang et al. (2022). “Moss biochar for Sr2+ adsorption,” BioResources 17(3), 3965-3983.
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mm sieve. The biochar was prepared by filling a 120-mL capacity ark with 5 g of moss in
a tubular furnace under nitrogen flow of 60 cm3/min at different temperatures (400, 600,
800, and 1000 °C) and constant duration of heating (60 min, 90 min, and 120 min). The
nitrogen flow rate of 40 to 70 cm3/min was conducive to improving the mesoporous ratio
of materials, which helps to adsorb and retain pollutants (Li et al. 2014). The moss biochar
was labeled as SC. Each treatment included three replicates.
Characterization of Biomass and Biochar
A thermogravimetric analyzer (STA 449C; FNETZSCH-Gerätebau GmbH, Selb,
Germany) was used to analyze the pyrolysis process of the material. Equations 1 and 2
were used to calculate the weight loss and yield of moss biochars. The morphology and
structure of biomass and biochar were detected by scanning electron microscopy (SEM,
Regulus 8100; Hitachi, Tokyo, Japan). A Fourier transform infrared spectrometer (Nicoet
460, Thermo Electron Corporation, Madison, WI, USA) was used to identify the carbon
functional groups of biomass and biochar. Semi-quantitative characterization of C/O/N/S
element content on the surface of the material was performed using X-ray photoelectron
spectroscopy (XPS, Cermofield EscaLab 250Xi, Thermo Fisher Scientific, Waltham, MA,
USA). Biochar was mixed with deionized water at a ratio of 1:20 and stirred at 150 rpm
for 2 h at a constant speed. Values of pH and electrical conductance (EC) were determined
using a pH electrode and an EC electrode. The cation exchange capacity (CEC) cation
exchange capacity of biochar was determined by cobalt hexa-ammonia trichloride
method:
(1)

Weight loss = 𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌(%) =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
× 100%
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

(2)

Adsorption of Sr(II) by Biochar
Reagents were purchased from Cologne Chemical Co., Ltd. (Chengdu, China) and
were all analytically pure. The SrCl2 was dissolved in deionized water to prepare the Sr(II)
reserve solution with a concentration of 1000 mg/L. To prepare the working solution, the
pH was modified to 2.0 ± 0.1 with 0.1 M HNO3. The adsorption screening test was carried
out for all biochar. 0.1 g biochar was added to 250 to 500 mg/L of working solution, and
the biochar was filtered out after 24 h of continuous exposure at 25 °C. The Sr(II) residual
concentration of the solution was measured, and the Sr(II) adsorption capacity of biochar
was calculated with Eq. 2. For the kinetic test, 0.1 g biochar was added into 250 mL with
500 mg/L working solution, and then the solution concentrations were consecutively
sampled and measured at 5, 10, 20, 40, 60, 90, 120, 150, 180, 360, 720, 1440, and 2880
min. In the isothermal experiment, 0.1 g of biochar was placed in 100 mL of working
solution and adsorbed for 24 h. All adsorption was completed in a constant temperature
shaker (25 °C, 120 rpm). The filtrate was filtered using a 0.45-μm microporous membrane
and a disposable syringe and was diluted with 0.1 M of HNO3. An atomic absorption
spectrometer (AAS) acetylene flame method was used to determine Sr(II) in the diluted
solution. The biochar adsorption quantity Qt at t time was calculated with Eq. 2,
Qt = (Co – Ct) x v / w

(3)

where Co is the initial concentration (mg/L) of working liquid, V is the volume (L) of
working liquid in the adsorption process, and W is the amount of biochar (mg).
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Data Analysis
The significance of the test data was statistically analyzed using a one-way analysis
of variance (ANOVA) in SPSS (26.0) software (SPSS Inc., Chicago, IL, USA), and the
infrared data was analyzed by OMNIC software (Thermo Fisher Scientific, Waltham, MA,
USA). All data were the mean and standard deviation obtained by replicating the test three
times. The charts were drawn in Excel (2019) (Microsoft, Redman, WA, USA) and Origin
(2019b) (OriginLab Corporation, Northhampton, MA, USA).
The Lagergren pseudo-first-order dynamics model and pseudo-second-order
dynamics model were used to fit the dynamics data,
log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡 ) = log 𝑞𝑞𝑒𝑒 −
𝑡𝑡

𝑞𝑞𝑡𝑡

=

1

𝑘𝑘2 𝑞𝑞𝑒𝑒2

+

𝑡𝑡

𝑞𝑞𝑒𝑒

𝑘𝑘1

2.303

× 𝑡𝑡

(4)
(5)

where qe is the adsorption amount (mg/g) on biochar adsorbent at adsorption equilibrium,
qt is the adsorption amount (mg/g) on biochar adsorbent at t min, k1 and k2 are rate constants
of first-order and second-order kinetics, respectively.
Langmuir and Freundlich models were used to fit isothermal adsorption model:
𝑞𝑞e = 𝑄𝑄max ×

𝑞𝑞e = 𝐾𝐾F 𝐶𝐶e

1/n

𝐾𝐾L 𝐶𝐶e
1 + 𝐾𝐾L 𝐶𝐶e

(6)
(7)

In the Langmuir isothermal model, KL is the affinity correlation coefficient between solute
and adsorbent, Ce represents equilibrium concentration (mg/L), and Qmax is the maximum
adsorption capacity (mg/g). According to the Freundlich isothermal model and the
adsorption strength measurement, KF is the predicted adsorption capacity (Ezzati 2020).
RESULTS AND DISCUSSION
Biochar Preparation, Properties, and Sr2+ Adsorption
The pyrolysis behavior curve (Fig. 1) was obtained by heating the moss from room
temperature to 1000 °C at a heating rate of 10 °C/min in N2 atmosphere. The thermogram
showed the relationship between weight loss of the materials and temperature, water
content, and ash content. When temperature rose to 105 °C, the weight loss of samples was
mainly due to the evaporation of water (Kim et al. 2020). The weight loss trend of material
pyrolysis increased from 220 °C, which was due to this temperature being the main
degradation temperature range of cellulose and hemicellulose (Yiin et al. 2018; Saha et al.
2019). This trend was moderated by 352.5 °C, before which the organic compounds
volatilized rapidly. At 687 °C, a relatively stable weight was obtained, which was attributed
to the combustion consumption of fixed carbon in biochar and the decomposition of
residual cellulose (Oginni and Tingi 2020). With the temperature rise, a series of reactions,
such as decarboxylation and aromatization, are intensified in the carbonization process,
and finally the ordered aromatic structure is formed, and the thermal decomposition is
essentially completed (Anukam et al. 2015).
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Fig. 1. Thermogravimetric analysis of moss biochar obtained from room temperature to 1000 °C

The results of weight loss and yield of samples at different temperatures and
constant temperature time are shown in Table 1. Apparently, when the pyrolysis
temperature increased from 400 to 1000 °C, the yield of biochar decreased from 47.66%
to 17.2%, which was almost consistent with the lowest yield detected by the
thermogravimetric analyzer (Fig. 1). The larger difference in yield between 400 and 600
℃ as compared to 800 °C depended on the fact that most of the fixed carbon in the material
below 600 °C had not been decomposed. In general, a higher carbonization temperature
resulted in lower volatile content of the products because most of the non-carbon
components in the biomass had been decomposed during the heating process. In the actual
process of preparing biochar, the authors obtained a similar yield at higher temperature,
because the increase in the amount of material requires a higher temperature to obtain
similar products. In general, as the carbonization time increased, the yield decreased. A
long time in a high- temperature environment makes the carbon component in the material
completely burned, and the tar component in the material becomes volatilized. Further
screening of these samples is needed to select the better sample group.
Table 1. Effect of Carbonization Conditions on Weight Loss of Sand Moss (n=3)
Carbonization Conditions
60 min

90 min

120 min

400 °C

600 °C

800 °C

1000 °C

Weight Loss (g)

2.62 ± 0.07

3.17 ± 0.02

3.54 ± 0.05

3.94 ± 0.03

Yield (%)

47.66 ± 1.4

36.68 ± 0.46

29.16 ± 1.05

21.18 ± 0.65

Weight Loss (g)

2.82 ± 0.05

3.27 ± 0.02

3.69 ± 0.05

4.14 ± 0.02

Yield (%)

43.59 ± 0.95

34.62 ± 0.48

26.13 ± 0.99

17.20 ± 0.38

Weight Loss (g)

2.88 ± 0.03

3.40 ± 0.03

3.85 ± 0.03

4.08 ± 0.11

Yield (%)

42.44 ± 0.65

32.01 ± 0.62

23.01 ± 0.63

18.33 ± 2.23

Figure 2 shows the SEM images of moss biomass (S) and moss-derived biochars at
different carbonization temperatures (400, 600, 800, and 1000 °C) for 90 min (labeled as
SC400, SC600, SC800, and SC1000, respectively).
Yang et al. (2022). “Moss biochar for Sr2+ adsorption,” BioResources 17(3), 3965-3983.
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Fig. 2. SEM images of moss biomass (a) and moss-derived biochars at different carbonization
temperatures for 90 min (b: SC400, c: SC600, d: SC800, and e: and f: SC1000)

The surface of the moss was smooth and dense (Fig. 2a), and the protrusion was a
wart on the R. japonicum L. surface. Devolatilization, condensation, dehydration, and other
reactions in the pyrolysis process at different temperatures will destroy the smooth surface
Yang et al. (2022). “Moss biochar for Sr2+ adsorption,” BioResources 17(3), 3965-3983.
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structure of the moss to varying degrees, and the residual volatile components will be
released. At the same time, the pores on the material surface obtained at higher
temperatures were more dense and evenly distributed (Fig. 2e) (Saber et al. 2019). In Fig.
2f, the moss biochar obtained from R. japonicum L. at 1000 °C (SC1000) showed that the
pore structure was intense, and the distribution and quantity of the holes played an
important role in the adsorption reaction. The cellular pore distribution structure binds
pollutants during the adsorption process and provides considerable space and channels for
pollutants to pass through and stay. The smaller mesopores can serve as charge absorption
binding sites, while ion transport is typically through larger mesopores.
It is a general biochar evaluation method to explore the adsorption capacity of
materials to treat various pollutants in wastewater (Barquilha and Braga 2021). Because
carbon atoms on the surface of biochar materials are easily oxidized in alkaline solution,
thus weakening the electron-giving ability, the authors used 0.1 M HNO3 to adjust the pH
of the working solution to 2.0 ± 0.1. The authors tested the adsorption performance of all
36 biochar samples. As shown in Fig. 3, the biochar sample prepared at 1000 ℃ for 1.5 h
showed satisfactory adsorption performance for Sr (II). This was largely due to the
significant pore structure of moss carbon on the material surface under these conditions
(Fig. 2f), and biochar produced at higher temperatures exhibits better adsorption properties
because of its greater hydrophobicity (Choi et al. 2020).

Fig. 3. Effect of carbonization temperature and time on Sr2+ adsorption by moss biochars; data
presented are mean values with standard deviation (n = 3)

From the comprehensive assessment, the biochar specimens prepared at 1000 °C
for 1.5 h were selected as representatives for further analysis, characterization, and
exploration. In the BET measurement results, both BET surface area and pore volume at
SC1000 increased significantly, and the pore size changed from 3.33 nm in the
microporous range to 5.12 nm in the mesopore range. Combined with Fig. 2.e, it is believed
that the pores on the surface of the material will develop well during the carbonization
process at 1000 °C for 90 min.
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Characterization of Moss Biomass and Biochar
Based on the adsorption ability of Sr2+, the characterizations of SC1000 and the
moss biomass (S) were compared to understand the adsorption mechanism. The pH of
SC1000 was 11.11 (Table 2), indicating the decrease of hydroxyl oxygen-containing
functional groups on the surface after high temperature carbonization (Zhang et al. 2015a),
with the accumulation of alkali salts, such as carbonate and nitrate, on the surface (Zhang
et al. 2015b; Jian et al. 2018). From Table 1, higher EC value and lower ash contents were
found in SC1000, and the conductivity depended on the concentration of salt in the liquid.
The biochar with higher ash content has higher salt content, resulting in higher electrical
conductivity (Oginni and Tingi 2020). The increase of exchangeable cation content is more
conducive to the adsorption and retention of organic matter. The specific surface area of
biomass after high temperature carbonization increased significantly (P < 0.05) (Table 2),
which was the result of chemical reaction caused by carbonization. It can be explained as
the removal of volatile components in the carbonization process, which forms pores on the
material surface. Moreover, the condensation degree of tar products decreased, and the core
groups of phenolic OH, aromatic CO-, and aliphatic alkyl in the aromatic structure were
removed (Oginni and Tingi 2020).
Table 2. Physicochemical Characteristics of moss biomass(S) and the moss
biochar (SC1000)

S

6.83

EC
(ms/cm)
0.28

SC1000

11.11

3.25

pH

CEC
(cmol+/kg)
24.676

BET Surface
Area (m2/g)
74.4176

Pore Volume
(cm³/g)
0.0618

Pore Size
(nm)
3.3252

161.38

277.5464

0.3554

5.1220

The FT-IR of biomass and the SC1000 after Sr(II) adsorption in the range of 400
to 4000 cm-1 with an energy resolution of 1 cm-1 are shown in Fig. 4. The method of infrared
spectrum analysis and peak recognition of the material has been determined (Schwanninger
et al. 2004; Reza et al. 2014). The absorbance peak of 3600 to 3200 cm-1 was the stretching
of cellulose O-H, 2919 cm-1 corresponding aliphatic lipid chain (-CH3), and the signal of
the methyl group almost disappeared after carbonization (Saha et al. 2019). SC-Sr(II)
showed C=O pull-up of the carboxyl group at 1740 to 1700 cm-1, which is a characteristic
functional group common in cellulose and hemicellulose materials. The sharp absorption
peak of 1627 to 1639 cm-1 may correspond to the C=C (Jian et al. 2018), which is attributed
to the stretching vibration of the aliphatic carbon bond, while the signal weakening in this
range in SC1000 should be caused by the removal of hydrophilic hydrocarbon groups of
cellulose or hemicellulose. The absorbance peak corresponding to 1420 to 1429 cm-1
should be the C-N bond, while the absorption peak corresponding to 1380 to 1389 cm-1 can
be inferred to be C-H bending or C-N stretching (Kadam et al. 2019). The peak at 1259
cm-1 corresponds to O-H bending (Huff et al. 2014), while the absorbance peak at 1054 to
1069 cm-1 corresponds to the stretching of the C-O of the material, which can be attributed
to alcohols, phenols, and carboxyl groups (Uchimiya et al. 2011). In addition, 780 cm-1
corresponds to C-H bond bending outside the aromatic plane. The results showed that the
infrared spectrum of pyrolytic biochar was flatter than that of biomass, and most of the
oxygen-containing functional groups were decomposed during pyrolysis, but some
aromatic hydrocarbon groups were retained.
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Fig. 4. FT-IR spectra of R. japonicum L. (S) and moss-derived biochar (SC1000) and the
adsorbed sand moss-derived biochar (SC-Sr)

In the energy spectrum characterization results of XPS elements, the molar ratios
of O and N were reduced to varying degrees (Fig. 5). Figure 6 and Table 3 show the results
of peak separation of C1s and O1s in the total peak distribution data of XPS. For peak
deconvolution of C1s, three values were given: 284.0 to 284.9 eV was peak 1,
corresponding to graphite carbon; 285.3 to 286.3eV was peak 2, corresponding to phenols,
alcohols, ethers, and carbon in C-N. Peak 3 was 286.5 to 289.3 eV, corresponding to
carbonyl, quinine, and ester carbons (Cao et al. 2021; Huo et al. 2021). The percentage of
peak content in Table 4 represents the relative content of atoms with different binding
energies of the same element on the material surface. The relative content of peak 1
increased from 57.36% to 62.39%, indicating that high temperature carbonization
accelerated the formation of graphite carbon, increased the total content proportion of
graphite carbon in functional carbon, and graphite carbon itself was hydrophobic. The
increase of graphite carbon and functional carbon ratio after carbonization also increased
the hydrophobicity of biochar (Xi et al. 2019). In addition, the graphite structure can
promote the formation of π-π bonds in the adsorption process of organic molecules, which
is beneficial to the chemical adsorption process (Yu et al. 2018; Dai et al. 2019).
Figures 6b and 6d show the peak separation of O, and Table 3 contains the relative
contents of the corresponding surface functional groups. Peak 1 (532.1 to 532.6 eV)
corresponds to the oxygen atoms in the carbon group of esters, anhydrides, and oxygen
atoms in the -CHO and -CO groups of hydrocarbon groups, and peak 2 (530.4 to 531.9 eV)
corresponds to the oxygen atoms of the carbonyl group in quinine (Zhang et al. 2018).
After carbonization, the relative content of quinine carbonyl oxygen atom in biomass
decreases a lot, while the relative content of functional oxygen-containing functional
groups on the surface increases, which may enhance the chemisorption behavior of biochar
adsorption (Dai et al. 2019).

Yang et al. (2022). “Moss biochar for Sr2+ adsorption,” BioResources 17(3), 3965-3983.

3973

PEER-REVIEWED ARTICLE

bioresources.com

Fig. 5. Full XPS spectrum of R. japonicum L. (S) and moss-derived biochar (SC1000)

Fig. 6. High resolution C1s and O1s XPS scan of R. japonicum L. (S: a, b) and moss-derived
biochar (SC1000: c, d)
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Table 3. XPS Energy Spectrum Characterization
PP At. (%)
Adsorbent
Type
S

Group Relative Content (%)

C

O

N

S

74.23

22.98

2.47

0.32

C1s

O1s

Peak1

Peak2

Peak3

Peak1

Peak2

57.36

36.85

5.78

95.36

4.64

SC1000
88.86
9.60
1.21 0.33
62.39
15.97
21.64
70.70
29.30
PP At.: The percent mass of each atom;
Group Relative Content (%): The integral area percentage of each binding energy site that was
calculated

Sr2+ Adsorption Kinetics and Adsorption Isothermal Fitting
The pseudo-first-order and pseudo-second-order kinetic curve fitting of the
adsorption kinetics of SC1000 on Sr(II) are shown in Fig. 7. The adsorption was basically
stable at 720 min, and the adsorption efficiency of SC1000 on Sr(II) was relatively high
before 240 min (Fig. 7). The adsorption model of SC1000 on Sr(II) solution was closer to
the pseudo-second-order kinetic model (Table 4, R2 > 0.90). This result indicates that the
adsorption process is more likely to be affected by particle diffusion limitation (Hubbe et
al. 2019).

Fig. 7. First- and second-order plots for Sr(II) adsorption onto SC1000; Sr(II) adsorbed onto
adsorbent SC1000 at equilibrium (mg/g)(n=3)

Table 4. First-order and Second-order Kinetic Parameters for the Adsorption of
Sr(II) onto Sand Moss-derived Biochar (SC1000)
Adsorbent :
SC1000

qe
(exp.)
(mg/g)

Sr

156.8

First-order Rate Constants
qe
K
(cal.)
R2
(1/min)
(mg/g)
0.0232
140.5
0.761

Second-order Rate Constants
k2 (g/mg·min)

qe (cal.)
(mg/g)

R2

0.000198

155.9

0.906
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Before adsorption, the surface of SC1000 was smooth and the pore distribution of
the surface structure was obvious (Fig. 8a). After the adsorption of Sr(II) solution, the
surface structure of the material was obviously filled, and the material surface presented
the phenomenon of film coverage (Fig. 8b). Some visible pores were filled, which made
the surface appearance of SC1000 appear dense and smooth after Sr(II) adsorption.

Fig. 8. SEM images of moss-derived biochar before and after Sr adsorption (a: SC1000 and b:
SC-Sr)

As shown in Fig. 9, the adsorption of Sr(II) by R. japonicum L. carbon was good
(R > 0.90). The Langmuir model mainly describes the monolayer adsorption process
(Tang et al. 2018; Yi et al. 2021).
2

Fig. 9. Adsorption isotherms of different material onto R. japonicum L. (S) and moss-derived
biochar (SC1000) with qe amounts of metal adsorbed onto adsorbent (mg/g)(n=3)
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Table 5. Langmuir and Freundlich Isotherm Parameters for the Adsorption of
Sr(II) on R. japonicum L. (S) and Moss-Derived Biochar (SC1000)
Material

Sr2+

Adsorbent
S
SC1000

Langmuir Isotherm
qmax
KL (L/mg)
R2
(mg/g)
129.53
0.00196
0.9192
485.63

0.00232

0.9894

Freundlich Isotherm
KF（mg/g)

1/n

R2

0.8264
4.1452

0.7087
0.6768

0.8866
0.9764

In the adsorption curve, the Langmuir isotherm equation would describe the
adsorption type of moss carbon on Sr(II) well, and the theoretical maximum saturated
adsorption capacity would be 441 mg/g. In the adsorption behavior analysis of Sr(II), the
single-layer adsorption behavior can also better explain the chemical attachment behavior
on the material surface as shown in Fig. 9. This is closely related to the functional oxygencontaining functional groups on the surface of the material (Zhu et al. 2020). The
Freundlich model assumes that the adsorption reaction takes place on the heterogeneous
material surface, which occupies a strong adsorption site first, the Freundlich constant
parameter 1/n is between 0 and 1, indicating the heterogeneity of the adsorbed material
surface (Hu et al. 2019). The KF value increased from 0.82 before carbonization to 4.14
after carbonization, indicating that the adsorption capacity of the material increased greatly
after treatment. The results showed that the adsorption equilibrium data were consistent
with the Langmuir and Freundlich models (R2 > 0.94). In the initial stage of adsorption,
the rapid adsorption of micropores was the first, and then the multilayer structure began to
fill the mesopore surfaces.
The actual maximum adsorption capacity of Sr(II) obtained in this study was 225
mg/g. Compared with other similar adsorption test reports (as shown in Table 6), the
biochar prepared by R. japonicum L. achieved the highest adsorption efficiency for Sr(II),
indicating the superior metal adsorption performance of moss biochar and its application
values. Usually, for biochar that has adsorbed pollutants, the influence of various
environmental factors on desorption needs to be considered in consideration of its
adsorption stability of pollutants (Zama et al. 2017). For instance, biochar will be broken,
dissolved, and oxidized after adsorbing heavy metals due to changes in environmental
temperature, rainfall, and microbial activities (Wang et al. 2020). Therefore, the desorption
efficiency for long term application of the biochar needs to be considered in future work.
Table 6. Maximum Adsorption Capacity of Biochar on Sr(II) and Reported in
Various Literature
Work

Adsorbent

Adsorption (mg/g)

Cheng et al. (2019)

Mercerized bacterial cellulose membrane

44.86

Mei et al. (2020)

Highly-elastic carboxymethyl chitosan gel

105.81

Sr2+

Asgari et al. (2019)
Nd-BTC metal-organic framework
58.0
Dan et al. (2020)
Silica composites
75.1
This work
Moss Biochar (SC1000)
225.0
Nd-BTC: Synthesized by Nd ion and benzene tricarboxylic acid with solvothermal method
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CONCLUSIONS
1. Biochar was prepared from R. japonicum L. by traditional pyrolysis under various
conditions. The optimal preparation conditions (1000 ℃ for 1.5 h) were obtained by
analyzing the thermogravimetric properties, yield, structure, and initial adsorption
capacity of Sr(II). The specific surface area of biochar obtained under these conditions
was 277 m2/g, and dense mesoporous pores were distributed on the surface. Both FTIR and XPS characterizations of surface elements and functional groups of biochar
showed that the biochar was more favorable for adsorption reaction.
2. At room temperature, the maximum Sr(II) adsorption capacity of moss biochar was
225 mg/g, while the adsorption reaction agreed with quasi-second-order kinetics,
Langmuir, and Freundlich isothermal adsorption models. The SEM images show that
the adsorbent has a filling effect on the material.
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