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ABSTRACT

Agricultural biomass wastes, which may pollute the environment yet are inefficiently managed worldwide, can
be recycled into biochar, which is subsequently used to remediate salt-affected environments. This creates value-
added or dual benefits of treating the wastes while reclaiming saline water/soil for sustainable development.
Nevertheless, a lack of knowledge about the linkage between biochar characteristics and sodium adsorption
capacity may restrict the wastes from being recycled. The current study aimed to examine physicochemical,
nano/microstructural, and functional-group characteristics of biochar and to assess its sodium isothermal-
adsorption properties. Four biochars made from rice husk (RH-BC), corn stalks (CS-BC), longan branch (LA-
BC), and coconut coir (CC-BC) were used for an isothermal-adsorption experiment. Scanning Electron Micro-
scopy (SEM), Transmission Electron Microscopy (TEM), Brauner-Emmett-Teller surface area (BET area), pore size
distribution, and Fourier Transform Infrared spectroscopy (FTIR) were used to characterize biochars, which were
additionally analyzed for 9 parameters. RH-BC had the highest BET area (151 m? g~1) and porosity, whereas LA-
BG exhibited the lowest BET area (10.6 m? g~1), and LA-BC was more condensed. Functional groups, necessary
for cation adsorption, were found in biochars. The maximum adsorption capacity of RH-BC (33.9 mg g~ 1),
estimated by the Langmuir isotherm model, was the highest while that of CC-BC (15.5 mg g~1) was the lowest.
The Dubinin-Radushkevich isotherm model showed that the Na adsorption mechanism was dominantly a
physical process. The current study provides a feasible value-added and sustainable strategy of recycling agri-
cultural biomass wastes with dual benefits of waste treatment and salt-affected environment remediation,
applicable worldwide.

1. Introduction

Saifullah et al., 2018). Nevertheless, the effectiveness of the pathway of
recycling agricultural biomass waste could be dependent on the linkage

Annually, global agricultural production generates a large volume of
biomass waste, which is inefficiently treated and/or managed. The
agricultural biomass waste may pollute the living environment,
adversely influencing human health, while treating the waste may lead
to significant economic loss (Isaac and Olufemi, 2020). The biomass
waste can be utilized in different ways, such as a soil amendment, soil
protection, biofuel production, animal feed, and other purposes, as well
as on-field free burning (Sarkar et al., 2020; Isaac and Olufemi, 2020;
Tripathi et al., 2019). Each way of treating agricultural biomass waste
has its own set of advantages and disadvantages with varying benefits.
Biomass waste can be recycled to produce biochar for a variety of ap-
plications (Haris et al., 2021; Nguyen et al., 2021; Nan et al., 2021),
including salt-affected soil remediation (Gunarathne et al., 2020;
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between agricultural biomass waste, biochar characteristics, and bio-
char’s sodium adsorption capacity which is insufficiently discussed in
the literature.

The rapid expansion of salt-affected regions of inland soil and fresh-
water bodies due to various reasons such as seawater intrusion is one of
the most damaging environmental stresses, producing a considerable
drop in agricultural yield and quality (Machado and Serralheiro, 2017;
Shrivastava and Kumar, 2014). The salt-affected environments may
include land and water bodies containing a high level of salt of sodium
(Na), which greatly restricts the growth and yield of many crops
(Machado and Serralheiro, 2017; Sahab et al., 2021). The salt-affected
environments should be remediated for better crop productivity and
the aquatic environment in order to meet global food and water demand.
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As a result, removing Na from salt-affected environments is critical for
sustainable development.

Sodium adsorption is one of the few important ways for reducing/
removing the Na concentration of salt-affected environments (Amini
et al., 2016; Minhas et al., 2020). Na adsorption on three reusable ze-
olites was reported by Shrivastava and Kumar (2014) with relatively low
maximum adsorption capacities (from 5.6 to 11.3 mg g~ 1). The removal
of Na from saline water using amorphous carbon thin film as an adsor-
bent was reported by Fathy et al. (2017) with high Na adsorption ca-
pacities (107, 120, and 135 mg g ). Nonetheless, the relatively
complicated production process of amorphous carbon thin film (Fathy
et al., 2017) may lead to additional environmental pollution from waste
acids. Biochar had been shown as a promising adsorbent with a
considerable maximum adsorption capacity for removing Na from saline
water (Rostamian et al., 2015). The effects of biochar on Na removal
may vary, depending on its characteristics, which are determined by
biomass feedstocks used to produce biochar. Nevertheless, our literature
search revealed that insufficient studies have been carried out to
investigate the linkage between biomass feedstocks and biochar char-
acteristics, as well as its sodium adsorption capacity (Rostamian et al.,
2015; Awan et al., 2020).

Biochar, a carbon-rich substance, can be produced from various
organic carbon-based materials, such as rice husk and straw, rubber-
wood, coffee husk, corn stalks, and coconut biomass through the py-
rolysis process (Gamage et al., 2016; Dharmakeerthi et al., 2012; Dume
et al., 2015). Biochar has been studied and used in multidisciplinary
areas for various purposes (Nguyen et al., 2018; Al-Wabel et al., 2017;
Kaur and Sharma, 2020). Biochar is also an effective adsorbent of
various organic and inorganic contaminants in the environment (Bispo
et al., 2018; Zhang et al., 2021) with a few primary mechanisms
including (1) electrostatic interactions, (2) cation exchange; (3)
complexation with functional groups; (4) precipitation to form insoluble
compounds; and (5) reduction and subsequent sorption of the reduced
metal species (Li et al., 2017). Its adsorption capacity is highly greatly
dependent on biochar characteristics such as surface area, pore size
distribution, and ion-exchange capacity, mineral composition, and sur-
face functional groups (Li et al., 2017; Saeed et al., 2021), which greatly
vary with feedstocks (Li et al., 2017; Ahmad et al., 2013). Some feed-
stocks such as rice husk, corn stalks, longan branch, and coconut coir,
considered as agricultural biomass wastes, are widely available in many
countries throughout the world. Using these widely available feedstocks
to produce biochar, which is then used for Na adsorption, is a
value-added and multi-benefit solution for controlling environmental
pollution caused by agricultural biomass wastes. This could be done by
recycling the wastes and reclaiming salt-affected environments through
biochar’s adsorption capacity.

However, our most recent search revealed that, while many studies
have been conducted to examine the biochar’s capacity to adsorb
organic and organic contaminants (Ambaye et al., 2020; Ahmad et al.,
2013; Betts et al., 2013), only a few studies were conducted to examine
its adsorption capacity of sodium. Therefore, the current study was
carried out on four biochars made from agricultural biomass wastes for
Na adsorption. The current study aimed to (1) investigate the physico-
chemical, nano/micro-structural, and functional-groups characteristics
of biochars and (2) assess their sodium isothermal-adsorption proper-
ties. We hypothesize that biochar produced from non-wood stem crops
such as rice husk and corn stalk adsorbed more Na than biochar from the
wood-stem tree, such as longan tree and that the adsorption mechanism
is mainly a physical process.

2. Materials and methods
2.1. Experimental materials

Four biochars were produced from agricultural biomass wastes,
which were rice (Oryza sativa) husk, corn (Zea mays L.) stalks, longan
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(Dimocarpus longan Lour.) branches, and coconut (Cocos Nucifera L.) coir.
More details about these biomass wastes were shown in Text S1 (Sup-
plemental Material). The pyrolysis temperature of around 350 °C was
used to produce biochars because this relatively low biochar-producing
temperature was found/estimated to have greater economic efficiency
and chemical functional groups of the generated biochars (Li et al.,
2017) for sodium adsorption. The formed biochars were labeled as
RH-BC (rice-husk biochar), CS-BC (corn-stalk biochar), LA-BC (longan
biochar), and CC-BC (coconut-coir biochar). Some adsorption-related
characteristics of these biochars are shown in Table 1, Figs. 1-4.

The experimental salt solutions were made by dissolving pure salt of
sodium chloride in distilled water at six concentrations of 0, 0.25, 0.5,
1.0, 2.0, and 3.5 (%), which were equal to 0, 1438, 2875, 5750, 11,500,
and 20,125 (mg L1 Na™h), respectively. The salt concentrations used in
the current study were selected because the highest concentration of 3.5
(%) salt was similar to that of the seawater (Schnepf et al., 2014), while
the others fell within thresholds by Richards (1954) for classifying soil
salinity. These experimental solutions were made and used for the
adsorption experiment immediately.

2.2. The experiment of sodium isothermal adsorption

The isothermal adsorption experiment was carried out by weighing
1.5 g of each biochar into a 50-mL centrifuge tube containing a 30-mL
salt solution of varying Na concentrations (0, 0.25, 0.5, 1.0, 2.0,
and 3.5%). The experimental tubes were shaken on an end-over-end
shaker for 24 h before being allowed to settle for 1 h at room temper-
ature. The supernatant from the experimental tubes was filtered using
Whatman filter paper into centrifuge tubes and the filtrate in the tubes
was acidified by adding 3 drops of HNO3 and kept in a 4 - °C refrigerator
until measurement. The adsorption experiment was conducted in four
replicates and a total of 96 experimental tubes (4 (biochars) x 6
(experimental salt solutions) x 4 (replicates)) were created for the
experiment.

2.3. Measurements

Six raw biochars were ground till they passed through a 2-mm sieve
before being measured for pH, EC, Na, K, Ca, Mg, Al, Fe, Mn, organic C,
and ash content. The material was mixed with distilled water at a 1:5
(w/w) ratio and the extract was measured for pH and EC using a pH
meter and an EC meter, respectively. The concentration of exchangeable
Na, K, Ca, Mg, Al, Fe, and Mn was determined using the barium chloride
method (Carter and Gregorich, 2008), and the extract was measured
using an Inductively coupled plasma-optical emission spectrometry
(ICP-OES). The ash content was determined by heating 2 g of individual
biochars overnight at 600 °C. All of these measurements were carried
out in four replicates. The 96 acidified filtrates after the experiment were
analyzed for Na, K, Ca, and Mg using an ICP-OES.

The micro-scale morphology of the four biochars was characterized
using a scanning electron microscope (SEM, model LE01430VP, Ger-
many). The Brunauer-Emmett-Teller surface area (BET area) and pore
size distribution of the four biochars were determined using a NOVA
4000E Brunauer - Emmett - Teller Surface Area and Pore Size Analyzer
(Quantachrome Instruments) using nitrogen adsorption isotherms at
77.3 K. The porosity of the four biochars was estimated from the SEM
image using ImageJ program (Astuti et al., 2018). The nano-scale
structure of four biochars was captured using a high-resolution trans-
mission electron microscope (JEM 2100, JEOL). Fourier Transform
Infrared (FTIR) analysis was applied on four biochars to examine their
functional groups using the method developed by Li et al. (2020) on a
Jasco FT/IR-4700 type A spectrophotometer. The wavenumber associ-
ated with spectral peaks of individual functional groups was deter-
mined, based on (Kaur et al., 2020), (Daffalla et al., 2020), and (Mireles
et al., 2019). Raman spectroscopy of the four biochars was carried out
using a Raman spectrometer (Raman Horiba Zplora plus Raman
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Table 1

Selected physicochemical properties of the four biochars. n = 4.
Biochars EC pH Ash content Na K Ca Mg Al Fe Mn

@sm™ (%) (mg g™

Mean
RH-BC 0.31 8.5 49.19 2.28 10.88 2.86 0.50 0.010 0.028 0.014
CS-BC 5.15 9.1 21.54 3.70 80.75 7.21 1.08 0.016 0.207 0.036
LA-BC 0.19 7.2 4.76 1.38 0.97 3.12 0.28 0.006 0.002 0.016
CC-BC 3.64 9.4 12.49 23.85 64.34 2.74 1.11 0.104 0.165 0.014
Standard error
RH-BC 0.004 0.05 0.44 0.080 0.114 0.220 0.024 0.0003 0.0003 0.0011
CS-BC 0.026 0.08 0.08 0.238 1.900 0.449 0.083 0.0010 0.0049 0.0022
LA-BC 0.014 0.05 0.82 0.099 0.029 0.229 0.013 0.0004 0.0001 0.0011
CC-BC 0.022 0.05 0.18 0.529 1.956 0.379 0.080 0.0023 0.0050 0.0019

Fig. 1. Micro-scale morphology of biochars produced from rice husk (a), corn stalks (b), longan branch (c), and coconut coir (d) captured by using a Scanning

Electron Microscopy (SEM).

microprobe, France) with a laser 532 nm as a laser excitation, the power
of 3.2 mW, and acquisition time of 10 s for one measurement (Pham
et al., 2021). Peak fitting of Raman spectra to proximately estimate the
carbonaceous structure of the associated biochars was conducted based
on the method by (Sousa et al., 2020; Maliutina et al., 2018) and using
Originpro 2018 (OriginLab Corporation, Northampton, Massachusetts,
USA). Raman shifts at 1586, 1362, 1683, 1501, and 1174 em~! were
assigned to bands of G, D1, D2, D3, and D4, respectively (Maliutina
et al., 2018).

2.4. Modeling and statistical analyses

The Langmuir isotherm model (LMM) and the Dubinin-
Radushkevick isotherm model (DRM) were used to examine the de-
pendency of the adsorbed quantity of Na on the Na concentration at
equilibrium, thereby estimating the maximum adsorption capacity and
adsorption mechanism of Na on biochars. More details of these two

models were shown in Text S2 (Supplemental Material). In addition,
Analysis of Variance (ANOVA) as a completely randomized design with
four replicates was conducted to examine the difference between the
biochars. The exponential functions were also fitted to examine the re-
lationships between the adsorbed quantity of Na at equilibrium and the
salt concentration of the experimental solution. All figures and model
fittings were carried out using Sigmaplot 12 (Systat Software Inc.).

3. Results
3.1. Chemical properties of biochars

The chemical properties of the four biochars used in the current
study were shown in Table 1. The RH-BC contained the highest ash
content of around 49.19 (%) of the total mass. The CS-BC had the
greatest values of EC, pH, and the concentration of exchangeable K, Ca,
Al, Fe, and Mn. It was important to notice that the CC-BC had the
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Fig. 2. Nanoscale structure of the tested biochars produced from rice husk (a), corn stalks (b), longan branches (c), and coconut coir (d) captured using a Trans-

mission Electron Microscopy (TEM).
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Fig. 3. The BET surface area (a) and porosity (b) of four biochars. Notice the porosity was estimated, using ImageJ software. Within a panel, bars attached with the

same letter were not significantly different.

greatest concentration of exchangeable Na (23.83 mg g 1), compared to
the other biochars varying from 1.38 to 3.70 (mg g~1). The LA-BC had
the lowest values of EC, pH, and the concentration of exchangeable Na,
K, Mg, Al, Fe, and Mn.

3.2. Micro- and nano-structure of biochars

Fig. 1 showed that biochar made from rice husk had more micro-size
pores than the other biochars, and biochar produced from longan had
fewer pores than those produced from rice husk and corn stalks. Biochar
made from coconut coir exhibited limited microstructural pores and its
image showed various small fragments. TEM images at the nanoscale of

the four biochars were shown in Fig. 2. Biochars were composed of short
C layers of amorphous structure with no lattice structure. Carbon layers
of the LA-BC were stacked over each other, making this biochar more
condensed than the other biochars. Some fiber-liked shape of the C layer
was seen from the TEM image of the CC-BC.

3.3. BET area, and pore size distribution

The surface area of the RH-BC was significantly highest, around 151
(m? g~1), followed by CC-BC (15.4), CS-BC (13.4), and LA-BC (10.6, m>
g~ 1) (Fig. 3a). Similarly, the porosity (Fig. 3b) of the RH-BC was the
highest (around 60.5%), and that of the LA-BC was the lowest (around
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Fig. 4. Fourier-transform infrared (FTIR) spectra of the four biochars used for
the current study.

25.9% of the total cross-section image area shown in Fig. 1. The total
pore volume of the RH-BC was the highest, followed by CC-BC, CS-BC,
and LA-BC (Fig. S1, Supplemental Material). The RH-BC had the highest
pore volume at pore diameter rank from 1 to 5 nm; the CS-BC was from
1.5 to 4.5; the LA-BC was from 2 to 5, and CC-BC was from 1.5 to 5 nm
(Fig. S1, Supplemental Material).

3.4. Fourier-transform infrared (FTIR) and Raman spectroscopy

The FTIR spectra (Fig. 4) showed that the biochars contained
vibrational peaks at 3404.3, 2862-2921, 1641.3-1737.7,
1546.8-1652.9, 1440-1510, 1153.4-1300, 1080, 780-800, and 451-
467 cm™!, which were associated with functional groups of O-H,
aliphatic C-H, COOH, aromatic C = C, lignin C=C, C-O, Si-O-Si, C-H,
and Si-O, respectively. RH-BC had the largest amount of Si element with
peaks at 1080 and 476 cm ™!, while the other biochar did not have strong
peaks at these wavenumbers. All four biochars exhibited a strong peak at
1546.8-1652.9 cm ™ of the aromatic C=C group. The LA-BC had a high
peak at 1153.4-1300 cm ™!, which could be from the C-O stretching of
aromatic ester or aliphatic ether. The RH-BC and LA-BC had a strong
peak at 780-800 cm ™}, which could be derived from the C-H bending.
Raman spectra and their peak fitting of the four biochars were shown in
Fig. S2 (Supplementary material). The spectra had two dominant peaks
at around 1362 and 1586 (cm’l), which were designated as D and G
bands. The intensity and bandwidth of G, D1, D2, D3, and D4 varied
greatly with biochars. The bandwidth of the D4 band of RH-BC, CS-BC,
and CC-BC and that of the D2 band of LA-BC was broader than that of the
D1 and G bands.

3.5. Adsorption and desorption of Na, K, Ca, and Mg

The amount of Na adsorbed on biochars was significantly increased
exponentially with an increase in the salt concentration of the experi-
mental salt solution, (Fig. S3, Supplemental Material). Na was released
from all four biochars into the experimental zero-salt solution, as shown
by negative values of the adsorbed Na. The lowest negative value
(-19.5 mg g~ 1), indicating the desorption of Na, was observed on the
CC-BC. For the experimental solutions with salt concentrations ranging
from zero to around 1 (%), the Na quantity adsorbed was increased
rapidly and leveled off afterward. The RH-BC adsorbed the most Na,
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followed by the CS-BC, LA-BC, and CC-BC.

Biochars also released a certain quantity of cations, such as K, Ca,
and Mg into the experimental solution, depending on biochars and the
salt content of the experimental solution (Table S1, Supplemental Ma-
terial). In general, an increase in salt concentration in the experimental
solution resulted in an enhanced quantity of these cations released from
the four biochars. The released quantity of K, Ca, and Mg from RH-BC
was significantly increased, whereas that from CC-BC was slightly
similar across the six salt concentrations.

3.6. Adsorption isotherm of sodium on biochars

The Langmuir isotherm model (LMM) and Dubinin-Radushkevich
isotherm model (DRM) were both appropriate for examining the
adsorption isotherm of Na with coefficients of determination 2 greater
than 95 (%) (Table S2, Supplemental Material). Fig. 5a showed that the
maximum adsorption capacity for Na of RH-BC was significantly the
highest, around 33.9, followed by CS-BC (30.9), LA-BC (17.9, and CC-BC
(15.5 mg g~ 1). The free adsorption energy of the RH-BC estimated by the
DRM was also the highest, whereas that of the CC-BC was the lowest.
The adsorption energy of the four biochars was less than a threshold of 8
(kJ mol ™) (Fig. 5b), indicating that Na adsorption on the four biochars
was mainly a physical process.

3.7. The exchange ratio

The exchange ratio of the adsorbed Na to the total of released K, Ca,
and Mg was calculated and shown in Fig. 6. In general, an increase in salt
concentration in the experimental solution resulted in an enhanced ratio
from negative values to about 6, depending on biochars. The ratio was
negative for the zero-salt solution due to Na desorption from biochars.
Two biochars, RH-BC and LA-BC, exhibited the highest ratio at salt
concentrations ranging from 1 to 2 (%), but a further increase in the salt
concentration led to a reduced ratio. For the other two biochars, CS-BC
and CC-BC, the ratio was rapidly raised from zero to around 1 (%)-salt
concentration and then leveled off.

4. Discussion
4.1. Adsorption-related characteristics of biochars

Of the four biochars tested in the current study, the CC-BC had the
highest content of exchangeable Na, 23.83 (mg g~ '), which can be
discharged into the experimental solution, accounting for the lowest
negative value of Na at the zero-salt concentration (Fig. S3, Supple-
mental Material). Coconut coir contained a high concentration of Na, K,
and Cl (Xiong et al., 2017), responsible for a very high concentration of
Na (23.85) and K (64.34 mg g’l) of the biochar made from the coconut
coir. In Vietnam, the coconut tree is grown in salt-affected soils, which
may result in its biomass being rich in salt elements such as Na. The
LA-BC, on the other hand, contained the lowest concentration of
exchangeable Na (1.38 mg g~1). In comparison to the other biomass
wastes used to make biochars in the current study, the longan branch as
hardwood had a higher density and was more condensed which could be
observed from the microscale SEM images in Fig. 1. Additionally, the
lowest ash content of the LA-BC (Table 1) may account for the lowest
concentration of the exchangeable Na, K, Mg, and Fe of this material.
The highest ash level of the RH-BC could be attributed to the great Si
concentration contained in the material (Wang et al., 2018; Do et al.,
2019). The high Si content of the RH-BC could be also inferred from the
FTIR spectra (Fig. 4), which revealed two great peaks at 1080 and 476
cm ™! for this material.

The great difference in the four biochars can be seen through SEM
micro-scale morphology (Fig. 1), TEM nano-scale image (Fig. 2), BET
surface area, porosity (Fig. 3), and pore size distribution (Fig. S1, Sup-
plemental Material). Pyrolysis temperature raised the BET surface area
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Fig. 6. Exchange ratio (adsorbed Na to the sum of released K, Ca, and Mg) of
four biochars over the tested salt concentrations.

of biochars by destructing labile organic carbon substances and certain
functional groups such as aliphatic alkyls and ester groups, exposing the
aromatic lignin core (Tomczyk et al., 2020; Leng et al., 2021). The low
BET surface areas of the CS-BC (13.4), LA-BC (10.6), and CC-BC (m?*g ™)
were within the lowest range documented by Leng et al. (2021). For a
temperature range below 600 °C, an increase in pyrolysis temperature
would enhance the BET surface area of biochar (Leng et al., 2021). The
pyrolysis temperature applied in the current study was around 350 °C,
which more likely resulted in the biochars having the lowest BET surface
area. The BET surface area and porosity of biochars can be primarily
determined by two factors of biomass feedstock and the pyrolysis
method (Leng et al., 2021). While the latter applied to produce the four
biochars in the current study was the same, the former was different.
Tomcezyk et al. (2020) reported that the low surface area accompanied
by a low ash content (determined by feedstock) was found from some
biochars produced from cottonseed hull, poultry litter, and dairy ma-
nures. Similarly, the current study found that the RH-BC contained the
greater ash content and the BET surface area, whereas the LA-BC had the

lowest ash content as well as BET surface area. The difference in the BET
surface area and porosity of the four tested biochars could be attributed
to the physical structure of the biochar-producing biomass wastes
(paddy rice and corn are cereal grass crops with non-wood stem, while
the longan is a hardwood stem tree and coconut coir is a natural fiber).
Fewer structural pores of the CC-BC (Fig. 1d) may result in the lower
porosity of the material, relative to the RH-BC and CS-BC (Fig. 3).
Additionally, the micro-scale morphology of the four biochars (Fig. 1)
may suggest that LA-BC was more condensed than the other biochars,
leading to the lowest BET surface area and porosity of this material. The
TEM image (Fig. 2) also showed that the nano-structure of C layers of the
four biochar was mainly amorphous, rather than any well-organized
arrangement, such as graphite. Furthermore, Fig. S2 (Supplementary
material) revealed that the defect D4 band (RH-BC, CS-BC, and CC-BC)
and defect D2 band (LA-BC) from Raman spectra had a wider bandwidth
than the D1 and G bands, respectively, indicating that the carbon
structure of the four biochars was highly amorphous (Maliutina et al.,
2018). The amorphous structure, presumably as a result of low pyrolysis
temperature, may lead to greater adsorption of inorganic pollutants
because of the presence of more oxygen-functional groups (Hassan et al.,
2020).

Biochar could contain important multiple functional groups (Chen
et al., 2015), which are required for cation adsorption. The FTIR spectra
of the four biochars showed eight peaks, which varied, depending on
biochar-produced agricultural wastes. The RH-BC, for example, dis-
played great peaks at 1080 and 451-467 cm ™!, which were assigned to
asymmetric Si-O-Si stretching and Si-O bending vibration, respectively
(Wang et al., 2019), indicating that the material contained a high Si
content. The surface functional groups may remove cations from the
surrounding environment through various mechanisms associated with
oxygen-containing functional groups on the adsorbent’s surface (Mireles
et al., 2019; Ahmad et al.,, 2013; Guo et al., 2020). Some cation
adsorption-related functional groups identified from the biochar’s
spectra in the current study (Fig. 4) may include amine (C-N) and/or
aromatic ester and alkyl aryl ether (C-O at 1153.4-1300 cm™1),
carboxyl (COOH at 1641.3-1737.7), hydroxyl (OH at 3404.3), aliphatic
CH (at 2862-2921), (Mireles et al., 2019; Deliyanni et al., 2012; Guo
et al., 2020). All four biochars containing these functional groups in
varying proportions indicated that the tested materials can be potential
adsorbents for ionic Na in salt-affected environments.

4.2. Biochar as a sodium adsorbent
The maximum adsorption capacity of sodium on the four tested

biochars in the current study was determined using the LMM, which
fitted the Na adsorption data well (r> > 0.95) (Table S2, Supplemental
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Material). Many studies used the LMM to estimate the adsorption ca-
pacity of cations, including Na, on biochar with a high coefficient of
determination (Awan et al., 2020; Wu et al., 2019; Mireles et al., 2019;
Fidel et al., 2018). These indicate that the Na adsorption on biochar
surface could be considered as a homogeneous monolayer, based on the
hypothesis for the LMM (Hettiarachchi et al., 2015).

Fig. 5b showed that the RH-BC adsorbed the most Na, followed by
CS-BC, LA-BC, and CC-BC. Many factors, including surface area,
porosity, pore size distribution, and functional groups, can collectively
determine Na adsorption, which was primarily a surface phenomenon
(Chatterjee et al., 2020; Li et al., 2017; Rostamian et al., 2015). The
surface area and porosity could be the most important features for
adsorption in providing adsorption sites and space for adsorbates to be
adsorbed because adsorption is known as a process of accumulating the
adsorbate on the adsorbent’s surface. The BET surface area (151.5 m?
g~ 1) and porosity (60.5%) of the RH-BC much greater than those of the
other biochars (Fig. 3) could be likely the main reason to explain the
greatest adsorption capacity of the RH-BC, relative to the other biochars.
Similarly, Saeed et al. (2021) showed a strong positive relationship
between surface area and Cd?* adsorption capacity on activated bio-
char. The cadmium (II) adsorption capacity was strongly dependent on
the enhanced surface area of biochar as an adsorbent produced from
different raw materials and pyrolysis temperatures (Chen et al., 2014).
The lowest pore size of RH-BC was from around 1 nm; that of CS-BC was
from around 1.5 nm, LA-BC from around 2, and CC-BC from around 1.5
nm (Fig. S1, Supplemental Material). Meanwhile, sodium has an ionic
radius of 0.102 nm and a hydrated radius of 0.358 nm (Cheng et al.,
2018), indicating that its size (ionic and hydrated diameters) was well
smaller than the smallest pore diameter of the four biochars. This may
imply that ionic Na could easily penetrate the nanopores of the biochars
for surface adsorption and so the pore size distribution of four biochars
in the current study may play a minor role in determining the adsorption
capacity.

Several studies were conducted to quantify the adsorption capacity
of Na on biochar. For example, the maximum adsorption capacity of Na
on rice-husk biochar was reported to vary from 35.2 to 53.9 (mg g~ 1)
(Rostamian et al., 2015), depending on pyrolysis temperature. The
current study showed that the maximum adsorption capacity of Na on
rice-husk biochar was around 33.9 (mg g 1). The low pyrolysis tem-
perature (around 350 °C) could be the reason to explain the adsorption
capacity of Na on rice-husk biochar from the current study lower than
those reported by Rostamian et al. (2015). Meanwhile, Awan et al.
(2020) reported that biochar produced from hemp can adsorb Na up to
0.923 (mg g~ 1), which is much low than the results of the current study.
The sodium adsorption capacity of a mixture of hardwood and soft-
wood produced at 500 °C was reported to be about 60 (mg g~
(Akhtar et al., 2015), which was well greater than those found from
the current study.

4.3. Adsorption mechanisms

The current study used the DRM (Dubinin-Radushkevich isotherm
model) to primarily investigate the process of Na adsorption (Ayawei
et al., 2017) on the tested biochars. The results from Table S2 (Supple-
mental Material) indicated that DRM was appropriately applied with
high coefficients of determination (more than 0.95). The Gibbs free
energy for Na adsorption on biochar was lower than 8 (kJ mol™1),
indicating that Na adsorption was predominantly a physical process
(Taha et al., 2017). The process may include hydrogen bonding, van der
Waals forces, electrostatic forces, hydrophobic interactions, and elec-
trostatic interactions (Zhang et al., 2016; Awan et al., 2020). The pre-
ceding explanation revealed the tested biochars in the current study may
adsorb Na through their functional groups such as OH, COOH, CH,
especially CO/CN (Fig. 4) (Mireles et al., 2019; Guo et al., 2020). The
chemical functional groups of biochars identified in the current study
could physically interact with ionic Na to retain it on the biochar’s
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surface, forming the physical process of adsorption.

Additionally, biochars released a certain quantity of Na (clearly
observed at the zero-salt concentration, Fig. S3, Supplemental Material)
and other cations such as K, Ca, and Mg (observed at all salt concen-
trations, Table S1, Supplemental Material). Biochars used in the current
study were made from agricultural biomass wastes (rice husk, corn
stalks, longan branch, and coconut coir), which contained a certain
quantity of these elements. Similarly, Awan et al. (2020) observed that
some elements such as Ca, Mg, and Na were released to the extracted
solution from their tested biochars. High Na concentration in the
experimental solution increased concentrations of K, Ca, and Mg in the
experimental solution after the adsorption experiment, suggesting that
an ion-exchange mechanism may exist in the current study. The ex-
change ratio of the CC-BC was less than 1 at all six salt concentrations
(Fig. 6), implying that the quantity of Na adsorbed was less than the
quantity of K, Ca, and Mg released into the solution. The exchange ratio
of the CS-BC varied around the number 1, when the salt concentration
changed from 0.25 to 3.5 (%), suggesting that the adsorbed Na was
relatively equal to the total of K, Ca, and Mg released. The two other
biochars (RH-BC and LA-BC) had a similar exchange ratio, which
reached the highest value at the salt concentration of around 1 (%). The
exchange ratio of the two biochars was much higher than 1 for the salt
concentrations above 0.25 (%), indicating that these biochars adsorbed
a greater quantity of Na while releasing a relatively lower amount of K,
Ca, and Mg.

These findings suggest that biochars made from agricultural biomass
wastes at low pyrolysis temperatures (350 °C) can retain a certain
quantity of Na from the environment. Two mechanisms responsible for
the adsorption may include the physical adsorption and ion exchange
process. This indicates that biochars also release a certain quantity of
some cations such as Na, K, Mg, and Ca, which are contained in the
biomass wastes. The released cations may increase the salinity and Na
concentration of the salt-affected environments which requires addi-
tional attention in reclamation. Washing out cations contained in bio-
chars before their application could be an option for reducing the
feedback effects of the released cations. On the other hand, the selection
of agricultural biomass waste for biochar production, such as rice husk
and its biochar, should be the most important in remediating the salt-
affected environments to archive the greatest effect for sustainable
development.

5. Conclusions and implication

The results from the current study demonstrated that the sodium
adsorption capacity was strongly linked to biochars’ characteristics,
which were determined by agricultural biomass wastes. Of the four
tested biochars, the rice-husk biochar with the greatest BET surface area
(151 m? g™1) and porosity (60.5%) exhibited the highest adsorption
capacity of sodium (33.9 mg g~1). Other biochars made from corn stalks,
longan, and coconut coir had significantly lower BET surface area
varying from 10.6 to 15.4 (m? g~!), and sodium adsorption capacity
ranging from 15.5 to 30.9 (mg g~ 1). Biochar derived from corn stalks
exhibited a lower BET surface area (13.4 m?> g’l) but higher sodium
adsorption capacity (30.9 mg g~!) than biochar derived from coconut
coir (15.4 m? g~! and 15.1 mg g}, respectively), which could be
attributed to differences in chemical functional groups and porosity of
the tested biochars. The micro and nanoscale images of the biochars help
explain the difference in porosity, BET surface area, and consequent
sodium adsorption capacity of the biochars. The Na adsorption mecha-
nism was dominantly a physical process and the ion-exchange mecha-
nism also played an important role. In brief, the analyses of the physical,
chemical, morphological, nano-structural, and chemically functional-
group properties, as well as Na adsorption experiment on the four bio-
chars, strongly confirmed that the rice-husk biochar is a potential
adsorbent and the coconut-coir biochar is a poor adsorbent to remove
ionic Na from the salt-affected environments. These findings indicate
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that recycling agricultural biomass wastes, such as rice husk, into bio-
char, which is subsequently used to reclaim salt-affected environment, is
a sustainable management strategy. It creates additional value to the
treatment of agricultural biomass wastes. This strategy offers dual
benefits of treating agricultural biomass wastes while reclaiming salt-
affected water/soil, which can be applied worldwide for sustainable
development.
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