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21  Highlights

22 e Chitosan-biochar composite fibers (FBC) were prepared from paper mill sludge.

23 o FBCs showed higher phosphate removal efficiency compared to biochars.

24 o Phosphate adsorption isotherm of FBCs fitted to Redlich—Peterson model.

25 o Phosphate adsorption was governed mainly via chemisorption.

26 o XANES spectra confirmed phosphate association with Fe minerals (Fe-P) on FBCs.
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Abstract

Excess phosphorous (P) in aquatic systems causes adverse environmental impacts including
eutrophication. This study fabricated Fe(lll) loaded chitosan-biochar composite fibers (FBC-N
and FBC-C) from paper mill sludge biochar produced under N2 (BC-N) and CO2 (BC-C)
conditions at 600 °C for adsorptive removal of phosphate from water. Investigations using
SEM/EDX, XPS, Raman spectroscopy, and specific surface area measurement revealed the
morphological and physico-chemical characteristics of the FBC. The Freundlich isotherm model
well described the phosphate adsorption on BC-N, while the Redlich—Peterson model best fitted
to data of three other adsorbents. The maximum adsorption capacities were 9.63, 8.56, 16.43,
and 19.24 mg P g* for BC-N, BC-C, FBC-N, and FBC-C, respectively, indicating better
adsorption by Fe(lll) loaded chitosan-biochar composite fibers (FBCs) than pristine biochars.
The pseudo-first-order kinetic model suitably explained the phosphate adsorption on BC-C and
BC-N, while data of FBC-N and FBC-C followed the pseudo-second-order and Elovich model,
respectively. Molecular level observations of the P K-edge XANES spectra confirmed that
phosphate associated with iron (Fe) minerals (Fe-P) were the primary species in all the
adsorbents. This study suggests that FBCs hold high potential as inexpensive and green
adsorbents for remediating phosphate in contaminated water, and encourage resource recovery

via bio-based management of hazardous waste.

Keywords: Eutrophication; Clean water and sanitation; Charcoal; Water quality; Chitosan;

XANES
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1. Introduction

For several decades, water polluted with inorganic/organic pollutants has been perceived as a
significant threat as it causes acute/chronic health risks to all living creatures (Geng et al., 2019;
Palansooriya et al., 2019b). Phosphorus is an essential nutrient element for all organisms and is
vital for the functioning of ecosystems (Huang et al., 2020a). In aqueous phase, phosphoric acid
(HsPO4) is dissociated at different pKa values to produce phosphate species (H2POs at
pKa=2.15; HPO4* at pKa=7.20, and PO4> at pKa=12.35). Thus, the total phosphate is the sum of
all these anionic phosphate species (Awual, 2019). However, when the excess P that is not
assimilated in the biogeochemical P cycle, it is released into the waters and causes eutrophication
(Hautier et al., 2020). Eutrophication leads to production of toxic algal blooms, loss of
biodiversity, and dead zones in aquatic ecosystems (Yang et al., 2019). Therefore, effective and
practical measures for phosphate removal from water bodies is of great importance.

Numerous physicochemical and biochemical treatments, including membrane filtration (Yang et
al.,, 2014), reverse osmosis (Luo et al., 2016), electro-dialysis (Zhang et al., 2013),
electrocoagulation (Irdemez et al., 2006), ion exchange (Acelas et al., 2015), chemical
precipitation (Lei et al., 2019), adsorption (Xiong et al., 2017), and microbial processes
(Delgadillo-Mirquez et al., 2016) have been developed for the removal of phosphate from water.
Adsorption has gained considerable attention because of its ease operation, cost effectiveness,
and design flexibility. Various phosphate adsorbents, including carbon-based materials (e.g.,
biochar and activated carbon) (Khalil et al., 2017), iron-based adsorbents (e.g., zero valent iron,
Fe—Cu binary oxides, Fe-Zr binary oxide) (Li et al., 2014; Ren et al., 2012; Wen et al., 2014),

zeolites (Goscianska et al., 2018), synthetic polymers (e.g., polyvinyl alcohol) (Ding et al.,

4
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2018), and agro-wastes (e.g., rice husk) (Mor et al., 2016) have been used for phosphate removal
from water. Many of these adsorbents exhibit technical drawbacks in terms of low adsorption
capacity, small particle sizes that are difficult to handle, challenges in post-application separation
and collection, poor chemical and mechanical stability in agueous media, and high cost, (Blaney
et al., 2007; Emmanuelawati et al., 2013) which greatly impede their practical implementation
for phosphate removal from wastewater. Hence, there is a need to develop inexpensive, reliable,
and sustainable adsorbents for phosphate removal from aqueous solutions by solving the
observed technical constraints while achieving P recovery for enhancing food production.

Chitosan is a ubiquitous, biodegradable, and nontoxic biopolymer obtained from shrimp and
other crustacean organisms (Luo et al., 2020). As it is rich in amino and hydroxyl functional
groups, it can be widely employed in removing ionic metal contaminants (Elwakeel et al., 2021,
Li et al., 2018). However, poor chemical/mechanical stability (e.g., poor acidic-resistance) of
chitosan limits its practical application for water purification (Osifo et al., 2008). To circumvent
this issue of stability, a combination of chitosan and inorganic/organic materials has been
identified as a promising technique to improve the chemical and mechanical properties of the
polymer. Biochar (Afzal et al., 2018), clay minerals (Rusmin et al., 2015), zeolites (Khanday et
al., 2017), fly ash (Sheng et al., 2016), hydroxyapatite (Fan et al., 2019), silica (hybrid
functionalized chitosan- Al203-SiO2composite) (Zhang et al., 2018b), and TiO2 (Neghi et al.,
2019) and metals (chitosan—metal complex) (Rashid et al.,, 2018) are some of the
inorganic/organic materials that are incorporated with chitosan to fabricate the composites.
Moreover, the incorporation of inorganic additive materials in chitosan has shown an increased

efficiency of contaminant removal from aqueous systems (Jiang et al., 2013).
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Biochar is a carbon-rich material that is obtained from the thermochemical conversion of
biomass under oxygen-free/limited conditions (Palansooriya et al., 2019a). It is a green adsorbent
that is well-known for the removal of a variety of organic/inorganic contaminants in water
(Palansooriya et al., 2019b). However, depending on the type of feedstock and pyrolysis
conditions (e.g., temperature and gas environment), the adsorption capacity of biochar can
significantly vary (EIl-Naggar et al., 2019; Herath et al., 2020). Specifically, most biochar
products exhibit poor adsorption capacity for anionic contaminants, such as phosphate (Lou et al.,
2016; Zhang et al., 2020), arsenic, and nitrite (Tan et al., 2020) due to repulsion forces between
biochar surfaces and phosphate ions. Thus, it is imperative to impart desired functionalities to
pristine biochar by means of modification to enhance the phosphate removal capability.

Paper mill sludge (PMS), which is a waste from the paper industry, can be used as feedstock for
biochar production. PMS contains inorganic Fe and Ca species derived from FeSO4 and CaCOs,
which are used during the production of pulp (Cho et al., 2017b; Hu et al., 2015). The high
inorganic content in PMS is likely to impart the desired properties to biochar, resulting in an
increased adsorption capacity for anionic contaminants, such as phosphate (Cho et al., 2017a).
However, the powdery form of biochar is difficult to separate/collect from aqueous phases
following phosphate adsorption; therefore, it is less suitable for dynamic adsorption applications.
Thus, the conversion of powdery biochar to a form that is easily separable from water following
adsorption application can be beneficial for its practical applications.

Incorporation of chitosan with PMS biochar provides a win-win strategy for producing novel
chitosan-biochar composite fibers, which can further enhance phosphate adsorption capacity
owing to the improved chemical/mechanical stability, surface functional groups, and active sites.

In addition, utilization of these wastes (PMS and chitosan) as a resource (waste as raw materials

6
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to new products) for sustainable waste management coincide with shifting the current linear
model to a circular based economy. Furthermore, waste materials are used to clean water sources
while achieving resource recovery. Considering the existing research gaps in the utilization of
waste materials (i.e., PMS and chitosan) in phosphate removal (convincing synthesis method and
impact of field relevant variable conditions (e.g., pH)), two PMS biochars and two FBCs were
fabricated to evaluate their adsorption performances of phosphate under various conditions. The
objectives of this study were to: (1) produce biochars from PMS and to fabricate FBCs from
PMS biochars; (2) characterize biochars and FBCs using scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), and specific surface area (SSA) measurements; (3)
examine the adsorption isotherms and kinetics to describe the possible interactions between
biochars/FBCs and phosphate; and (4) determine the retention characteristics and mechanisms of

phosphate on biochars and FBCs using X-ray absorption near edge structure spectroscopy.

2. Materials and methods

2.1. Materials

Chitosan (low molecular weight, deacetylated chitin (75%-85% of deacetylation degree),
iron(111) chloride hexahydrate (FeCls-6H20, 97%)), and potassium dihydrogen phosphate
(KH2POa4, 99.5%) were purchased from Sigma-Aldrich (Seoul, Korea). All reagents were
prepared in deionized water. Phosphate stock solutions were prepared by dissolving KH2PO4 in
deionized water. The PMS was obtained from a local paper processing plant (Moorim Paper Co.)
in South Korea. N2 and CO2 gases used in the production of biochar were ultrahigh purity grades

obtained from Daesung Gas Co. (South Korea).
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2.2.  Preparation of biochar and Fe(l1l) loaded chitosan-biochar composite fibers

Two types of biochars were produced from the PMS. The detailed procedure of biochar
production was described by (Cho et al., 2017b). Briefly, the PMS was first oven-dried at 60 °C
for 2-days, crushed, and pyrolyzed at 600 °C at a heating rate of 15 °C min under CO2 and N2
environments using a quartz tubular reactor (CGQ-0900T-13, Chemglass; 25.4 mm outer
diameter and 0.6 m length). The produced biochars were named as BC-N (under N2
environment) and BC-C (under CO2 environment). To fabricate FBC, 4% (w/w) chitosan
solution was prepared in a 5% (v/v) acetic acid solution. The prepared chitosan solution (115 g)
was mixed with 3.22 g of respective biochar (<75 um). Simultaneously, 10 g of FeCls-6H20 was
added to each chitosan/biochar suspension with vigorous agitation. Then, the mixture was
extruded through a 0.2-mm diameter plastic hub needle (TAEHA Co., Namyangju, Korea) into a
2 M NaOH solution (~14 pH) for chitosan gelation. The FBC was cross-linked in a
glutaraldehyde solution (0.6 mL/L) at 25 °C for 2 h. After the cross-linking reaction, the FBC
was rinsed with deionized water several times until it attained a neutral pH, after which it was
lyophilized. The FBCs thus produced with BC-N and BC-C were named FBC-N and FBC-C,

respectively.

2.3.  Characterization of biochar and Fe(lll) loaded chitosan-biochar composite fibers

The surface morphology and elemental composition of biochar and FBC were determined using
a field-emission scanning electron microscope (FE-SEM; Quanta 250 FEG) equipped with an
energy dispersive spectrometer (SEM-EDS). The SSA, pore volume, pore size, and porosity
were determined by the Brunauer-Emmett-Teller (BET) method with a volumetric adsorption

analyzer (ASAP 2020, Micrometrics) using N2 adsorption—desorption isotherm analyses at -
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196 °C. Characteristics related to the functional groups of the materials were assessed by
determining the changes in the selected elemental signals (Cls and N1s) using XPS. Spectra
were collected on a monochromatic Al Ka (1486.7 eV) X-ray source at 40 eV pass energy.
Furthermore, the structural properties of carbon in the samples were characterized using a Raman
spectrophotometer (LabRam ARAMIS IR2, Horiba Jobin Yvon). The crystallographic structures

in the samples were identified by X-ray diffraction (XRD) analysis using Cu K a (k = 1.54 °A)

radiation at 45 kV within a 20 range of 278-410 (Rigaku, SmartLab).

2.4.  Adsorption experiments

Batch experiments were performed in 50 mL polypropylene tubes to assess the phosphate
adsorption as affected by initial phosphate concentration, contact time, adsorbent dosage, and
solution pH. The four adsorbents were examined for phosphate sorption ability under different
conditions. The suspensions were then filtered through a 0.45 pm membrane (syringe) filter; the
residual aqueous P concentration was determined by the ascorbic acid method using a UV-VIS
spectrophotometer (Genesys 10S UV-VIS, Thermo Fisher Scientific Solutions LLC). All the

experiments were performed at room temperature (25 °C) in triplicate.

2.4.1. Adsorption isotherm

Biochar or FBC of 2 g L (0.05 g of solid in 25 mL of solution) was mixed with the phosphate
solution at 10, 20, 40, 50, 60, and 70 mg P L at pH 4. All the vials were sealed and shaken at
120 rpm on a horizontal shaker for 24 h until the apparent equilibrium (see Fig. 6) was reached.
At equilibrium, the samples were filtered, and the residual P concentrations were determined.
The equilibrium adsorption capacity was calculated using Eq. 1:
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Ge = [(Co — Ce) x VIIM (Eq. 1)
where, ge is the phosphate adsorption capacity at equilibrium (mg P g*); Co and Ce are the initial
and equilibrium phosphate concentrations (mg P L), respectively; V is the volume of the
solution (L); and M is the mass of adsorbent (g).

Different adsorption isotherm models, namely Freundlich, Langmuir, Sips, and Redlich—Peterson

(Supplementary Information (SI)) were adopted to fit the experimental data.

2.4.2. Adsorption kinetics

The kinetic tests were conducted using 2 g L™ of adsorbent dosage at pH 4 with 40 mg P L* of
initial phosphate concentration over 24 h. At predetermined time intervals, 1 mL of the
suspension was removed from the solution to analyze the P concentration. The phosphate
adsorption kinetics data were described by the pseudo-first-order (PFO), pseudo-second-order

(PSO), intra-particle diffusion, and Elovich models (SI).

2.4.3. Effect of pH and adsorbent dosage on phosphate adsorption

The influence of adsorbent dosage on phosphate adsorption was determined at 1, 2, and 4 g Lt
of adsorbent dosages, at pH 4, and an initial phosphate concentration of 40 mg P L. The effect
of solution pH was assessed at pH values varying between 2 and 10, initial phosphate
concentration of 40 P mg L%, and adsorbent dosage of 4 g L. Experiments were carried out for
24 h. Herein, the adsorption efficiency of each adsorbent was calculated using Eq. 2:

Removal efficiency (%) = [(Co-Ce)/Co] x100 (Eq. 2)

2.5.  Phosphorus K-edge XANES spectroscopy

10
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Phosphorus K-edge XANES measurements were conducted at Aichi Synchrotron Radiation
Center (Aichi, Japan) using a beamline BL6N1 equipped with an InSb (111) monochromator at
ambient temperature under a He atmosphere. The XANES spectra of the samples were collected
in fluorescence yield mode. The monochromator was calibrated at the whiteline (2481.7 eV) of
K2SOs’s S K-edge X-ray absorption fine structure (XAFS) spectrum. The background and
baseline of all spectra were corrected and normalized using the Athena software (Ravel &
Newville, 2005). Moreover, linear combination fitting (LCF) of the XANES spectra was
performed using all possible binary and ternary combinations of the available P reference
compounds measured in previous studies (Yamamoto & Hashimoto, 2017; Yamamoto et al.,
2018). The reference compounds used for LCF were hydroxyapatite and tricalcium phosphate for
P associated with Ca minerals, strengite, phosphate adsorbed on ferrihydrite for P associated
with Fe minerals, and variscite and phosphate adsorbed on gibbsite for P associated with Al
minerals. Methods for the preparation of reference samples have been reported in a previous
research (Yamamoto & Hashimoto, 2017). The quality of LCF results was quantified through a
residual (R) value, after which the top three or four results were reported (SI). The LCF was

performed in the relative energy range between -5 and 20 eV.

2.6.  Statistical analysis
The adsorption data were presented as mean + standard error. The kinetic and isotherm

adsorption models were fitted by non-linear regression using least square method.

3. Results and discussion

3.1. Surface morphology and elemental composition of adsorbents

11
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The SSA of BC-N (50.58 cm? gt) was greater than that of BC-C (46.02 cm? g1) (Table 1). After
producing fibers, the SSA of the FBCs was lower than the original biochars (FBC-N: 7.30 cm? g
1-FBC-C; 12.30 cm? g%; Table 1). The pore volume, pore size, and porosity of the biochars and
FBCs exhibited a similar trend, showing relatively higher values for biochars than FBCs (Table
1). These observations could be attributed to the blockage of biochar pores by chitosan during
fiber preparation (Cui et al., 2016; Zhang et al., 2015). The results were further confirmed by
SEM morphology (Fig. S1 and Fig. S2) of biochars and FBCs, where the pore surfaces of FBCs
were observed to be covered and encapsulated.

Both biochars had heterogeneous surfaces with highly porous surfaces (Fig. S1), which could
have caused high porosity and SSA of the biochars (Table 1). The atomic percentages of
elements, namely Mg, Al, Ca, and Fe, that are expected to aid phosphate immobilization, were
higher in BC-C than in BC-N (Fig. S1). A high percentage of inorganic elements in the biochars
could have resulted from the feedstock (PMS) rich in those elements. For example, CaCOz and
FeSOs are added during the treatment of papermill wastewater, which ultimately produces PMS
rich with Ca and Fe species (Yoon et al., 2017). The surface morphology and elemental
composition of FBCs (Fig. S2) were found to be quite different from those of the biochars. FBC-
N had a rough surface topography, whereas FBC-C had a wrinkled surface (Fig. S2). The
wrinkled surface on FBC-C might be the reason for the higher surface area of FBC-C than that of

FBC-N (Table 1), leading to increased phosphate adsorption sites.

3.2. Surface functional groups of adsorbents
Figure 1 shows the high-resolution C1s photoelectron spectra and their deconvolution results for

the two biochars along with their corresponding FBCs. For BC-N, four different peaks were
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observed at 284.6, 285.7, 289.2, and 290.1 eV, which attributed to C atoms in the form of C-H/C,
C=C (61.7%), C-OH/C-CI (30.3%), HO-C=0 (5.0%), and carbonates (3.0%), respectively
(Araujo et al., 2014; Zhang & Zhang, 2010), with C-H/C, C=C having the most dominant peak.
Similar peaks were observed for BC-C at different percentages; however, two new peaks were
observed at 283.1 and 286.6 eV, which corresponded to C-metal (8.1%) and C-O-C/C-O (15.4%),
respectively (Huang et al., 2016; Zhang & Zhang, 2010). Moreover, the C-OH/C-CI peak was
absent in the case of BC-C. Lee et al. (2017) obtained a similar result, wherein biochar produced
from red pepper stalk under N2 environment showed -OH groups on the surface but did not show
-OH group on the surface for biochar produced in a CO2 environment. This could be due to the
interaction between CO:2 and the base functional groups on the biochar surfaces (Lee et al., 2017).
In the case of FBC-N, five different peaks were observed at 284.4, 286.1, 287.5, 288.1, and
289.2 eV (Fig. 1), which corresponded to C-H/C, C=C (47.1%), C-O-C, C-O (31.9%), C=N, N-
C=0 (3.8%), C=0 (2.3%), and HO-C=0 (14.8%), respectively (Araujo et al., 2014; Zhang &
Zhang, 2010). For FBC-C, similar peaks were observed, except C=0. However, a new peak
appeared at 282.8 eV, corresponding to C-metal (8.8%), and this represented carbon combined
with metallic elements. The formation of organometallic Ca2C and/or FesC was likely triggered
by the addition of FeCls or Ca and Fe metals that were inherently present in PMS (Ghods et al.,
2011). The C-metal peak did not appear in either the FBC-N or BC-N Cl1s spectra (Fig. 1). A
previous study reported that biochar produced under a CO:z environment contained more
aromatic carbon structures than that produced under an N2 environment (lgalavithana et al.,
2019). Aromatic carbon structures can increase the biochar surface negativity, thereby increasing
the stabilization of metals on biochar surfaces (lgalavithana et al., 2019). Similarly, Ca and Fe

present in PMS were well-stabilized during the production of BC-C and were successfully
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embedded in FBC-C. Compared to biochars, FBCs had new N-containing peaks corresponding
to C=N (62.4% in FBC-N) and N-C=0 (5.6% in FBC-N and 65.9% in FBC-C). This could be
due to the addition of N from chitosan during FBC preparation (Zhang et al., 2018a).

High-resolution N1s spectra and their deconvolution results for BC-N, BC-C, FBC-N, and FBC-
C are presented in Fig. 2. Two dominant peaks, namely C—N and N-C =O were observed in both
the biochars. BC-N had a lower proportion of N-C=0 (23.2%) than BC-C (N-C=0: 46.4%).
However, proportions of C-N were comparable in BC-N (44.3%) and BC-C (46.0%). In BC-N, a
peak centered at 403.9 eV represented the CH3sCO-NH group(Zhang & Zhang, 2010) which was
absent in BC-C. Moreover, the C-NH2 group was observed in both the biochars; however, BC-N
(25.9%) had a higher proportion of C-NH2 than BC-C (3.8%). Due to the acidic nature of COz,
alkaline amines (-NHz) could be neutralized by reacting with CO2 (Vaidya & Kenig, 2007),
thereby eliminating -NH2 groups from biochar surfaces. This was the plausible reason for the
disappearance of CH3CO-NH from BC-C and the higher proportion of C-NHz groups on BC-N
than BC-C. In the FBC-N spectra, four different peaks centered at 397.7 (—NH2), 399.1 (C=N),
399.9 (N-C=0), and 400.1 eV (C-NH2) were observed (Fig. 2). In FBC-C, four peaks were
centered at 397.2 (metal nitrides), 398.4 (C—N), 399.6 (N-C =0), and 403.5 eV (CH3CO-NH)
(Fig. 2). In FBC-N and FBC-C, the dominant peaks were C=N (62.4%) and N-C=0 (65.9%),
respectively. Therefore, following the preparation of fibers, FCB-N was functionalized with C=N
and -NH2 groups, whereas FBC-C was functionalized with the CH3CO-NH group. These groups
were not present in the corresponding biochar. The difference in the Csl and N1s spectra
between biochar and FBCs originates from the modification of pristine biochars with FeCls and
chitosan, respectively, as also observed by Zhang et al. (2015). The XPS results further indicated

that FBCs were fabricated successfully in this study.
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3.3.  Raman spectroscopy
The aromaticity and aliphaticity of the adsorbents were examined by Raman spectroscopic
analysis (Fig. 3). The deconvoluted Raman spectra of all four adsorbents revealed a D band

between 1350 and 1372 cm™!, which represented large aromatic ring systems containing six or
more rings (Yang et al., 2018b). The G band, between 1599 and 1601 cm™!, represented the sp?-

bonded graphite crystallite and alkene C=C (Li et al., 2006b). Another major band (GL) was
observed between the D and G bands in all four adsorbents, which represented aromatics with 3—
5 rings and amorphous carbon structures (Li et al., 2006b). Peak assignments for all
characteristic subpeaks are listed in Table S1. The ratio of integrated intensity (peak area (A))
between the D and G bands (Ao/Ac) is an important measure to study the degree of aromaticity
and crystalline or graphite-like carbon structures (Igalavithana et al., 2018; Li et al., 2006a). A
lower Ap/Ac ratio implies more ordered carbon structures or a higher degree of graphitization of
biochar (Wei et al., 2016). The Ap/Ac ratios of BC-N, BC-C, FBC-N, and FBC-C are presented
in Table S2. BC-N (1.93) and FBC-N (1.50) had lower Ap/Ag ratios than BC-C (3.16) and FBC-
C (2.54), indicating the effect of biochar production atmosphere (CO2 and N2) on their properties.
Biochar produced under a CO2 environment showed defective carbon structures due to the
reaction of volatile organic matter of PMS with CO2, which did not occur in the case of an N2
environment (Cho et al., 2016). This could explain the higher Ap/Ag ratios in adsorbents derived
in a CO2 environment than in an N2 environment. However, the production of FBCs led to a
decrease in the Ap/Ac ratio compared to their corresponding biochars (Table S2). The Ab/Ac
ratio decreased from 1.93 in the case of BC-N to 1.50 with respect to FBC-N, whereas that of

BC-C decreased from 3.16 to 2.54 for FBC-C. These results indicated that the production of
15
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FBCs tended to have more well-ordered carbon structures in the fabricated materials. The S band
represents Caromatic—Calkyt, aromatic (aliphatic) ethers, C—C on hydroaromatic rings, hexagonal
diamond carbon sp?, and C—H on aromatic rings(Li et al., 2006b). The ratio of As/Ac could give
an idea about the O-containing functional groups, or decarbonization and decarboxylation
reactions in the materials (Yang et al., 2018b). S bands were observed in BC-C and FBC-C, but
not in BC-N and FBC-N (Fig. 3). Moreover, a high As/Acratio of BC-C (Table S2) implied that
BC-C underwent decarbonization and decarboxylation reactions and lost its O-containing
functional groups during biochar production (Li et al., 2006a; Yang et al., 2018a). The As/Ac
ratio also decreased in FBC-C following the fabrication of BC-C with FeCls and chitosan (Table

S2).

3.4. Phosphate adsorption

3.4.1. Adsorption isotherms

The amount of phosphate adsorbed at equilibrium phosphate concentration on the four
adsorbents followed the order of FBC-C> FBC-N > BC-N> BC-C (Fig. 4). The phosphate
adsorption capacities increased with increasing equilibrium concentrations of all four adsorbents.
The adsorption isotherm data were fitted to the Freundlich, Langmuir, Sips, and Redlich—
Peterson models; the model fitting parameters are listed in Table 2. The non-linear fitting of each
model is shown in Figs. S3-S6. BC-N was best fitted to the Freundlich isotherm with higher
correlation coefficients (R?= 0.89) and higher ratio of performance to deviation (RPD = 2.37).
The Redlich—Peterson model provided a better fit for the adsorbents, such as BC-C (R?= 0.77;
RPD =1.72), FBC-N (R?= 0.97; RPD =5.72), and FBC-C (R?= 0.91; RPD =3.38) with high R?

and RPD values (Table 2). However, the Redlich—Peterson equation is a combination of
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Langmuir and Freundlich equations (Hong et al., 2009; Ng et al., 2002). If the exponent “g” of
the Redlich—Peterson equation tends to zero, the equation becomes more Freundlich. In contrast,
the equation follows the Langmuir condition when the exponent “g” reaches one (Ng et al.,
2002). As the “g” value for BC-C is zero, it is evident that BC-C follows Freundlich adsorption
isotherm, whereas FBC-N (g=2.36) and FBC-C (g=1.54) follow Langmuir adsorption isotherms.
This suggests that BC-N and BC-C have heterogeneous surface and the phosphate adsorption
occurred as multilayer sorption (Jiang et al., 2013). Whereas FBCs have homogeneous surfaces
and phosphate was adsorbed as monolayer surface coverage without interaction between the
adsorbed phosphate ions (Zhao & Feng, 2016).

The Langmuir maximum phosphate adsorption capacities of BC-C, BC-N, FBC-N, and FBC-C
were 9.63, 8.56, 16.43, and 19.24 mg P g}, respectively (Table 2). The phosphate adsorption
capacities of the FBCs were much higher than those of the biochar, confirming that the
modification with chitosan and Fe greatly contributed to the adsorption ability of the adsorbents.
The FBC-C was found slightly superior to FBC-N for phosphate removal in aqueous system
probably due to the availability of more functional groups in FBC-C (Fig. 1 and Fig. 2) which
increased the phosphate removal capacity. Moreover, SEM-EDS elemental composition clearly
indicated the presence of almost 2 times higher Fe content (weight %) in FBC-C (53.79%) than
FBC-N (29.65%) which contributed to better phosphate removal efficiency for FBC-C than
FBC-N and other biochars (Fig. S2). Similarly, previous studies have shown that biochar
modification with chitosan and metals (e.g., Fe, Mg, Zr, and La) enhanced the phosphate
removal efficiency in aqueous solutions (Cui et al., 2016; Cui et al., 2019; Huang et al., 2020b;
Liu & Zhang, 2015). Nevertheless, Fe(lll)-doped chitosan and crosslinked Fe(ll1)-chitosan

composites exhibited 15.7 and 10.2mg P g ! of phosphate adsorption capacities, respectively
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(Zhang et al., 2018a). Chitosan biocomposites chelated with Ca?* ion showed 13.44 mg g * of
phosphate adsorption capacity (Kumar & Viswanathan, 2017). In comparison to the results in the
literature, FBC-C and FBC-N are superior in terms of phosphate removal in aqueous system.

The calculated separation factor (RL) value refers to the isotherm type that is unfavorable (RL >
1), linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) (Ahmad et al., 2013). In this
study, the Rc values were <1 for FBCs, indicating that phosphate adsorption was favorable; thus,
adsorption on FBC-C was the most favorable among all the adsorbents (Fig. 5). However, the RL
values of the biochars were >1, indicating that phosphate adsorption was unfavorable for BC-N
and BC-C. Therefore, the fabrication of biochars with FeCls and chitosan transformed the
unfavorable phosphate adsorption into a favorable process for FBCs. Zhang et al. (2019) found
that phosphate adsorption to biochars derived from vegetable wastes was very low. Similarly,
Michalekova-Richveisova et al. (2017) observed low phosphate adsorption capacities for biochar
derived from corn cobs, garden wood waste, and wood chips (0.036, 0.132, and 0.296 mg g™,
respectively). A Fe-impregnation of biochar was done to improve the phosphate removal
efficiency, but the resultant adsorption capacities were also not satisfactory (1.988, 2.754, and
3.201 mg g}, respectively). These findings indicate the novelty of the current study synthesizing
advanced functionalized materials (e.g., FBCs) using biochar to maximize phosphate removal

efficiency.

3.4.2. Adsorption kinetics

The phosphate adsorption kinetics were studied in order to determine the factors controlling the

rate of adsorption, which might provide profound insight for the adsorption process. The
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phosphate adsorption process on biochars and FBCs was rapid in the beginning (first 4 h);
afterwards, it increased slowly until the plateau of adsorption equilibrium was achieved (Fig. 6).

The phosphate adsorption kinetic data were fitted to the PFO, PSO, intra-particle diffusion, and
Elovich models. The model fitting parameters are listed in Table 3. The model fittings of the four
adsorbents are shown in Figs. S7-S10. The results showed that the PFO model better fitted the
experimental data of BC-N (R? = 0.91; RPD = 3.41) and BC-C (R? = 0.77; RPD = 1.98),
suggesting that the adsorption process mainly depends on the equilibrium phosphate
concentration in the solution (Mandal & Singh, 2016). In contrast, FBC-N (R? = 0.97; RPD
=5.40) fitted well to the PSO model, indicating that phosphate adsorption is a chemisorption

process, which may involve a chemical reaction between PO4>~ and functional groups on the

biochar surfaces (Wang et al., 2018). Moreover, it suggests that the adsorption rate of phosphate
is more dependent on the availability of adsorption sites on the surface of FBC-N than the
phosphate concentration in the solution (Liu, 2008; Mandal & Singh, 2016). FBC-C showed the
best fit with the Elovich model (R? = 0.95; RPD = 4.33), which describes the chemical
adsorption of phosphate into FBC-C. The Elovich model further explains that the rate of

adsorption decreases as surface area coverage increases (Wu et al., 2009).

3.4.3. Effect of solution pH and adsorbent dosage

The initial pH of the solution is a key factor that controls phosphate adsorption. This is because
pH affects the molecular form of phosphate in the solution as well as the properties of adsorbents
(Aswin Kumar & Viswanathan, 2018). When the solution pH is acidic (between 2-3.5), HsPO4
and H2PO4 are the dominant species of phosphate. In contrast, when the pH is basic (between 9—
11), HPO4* is the dominant species (Cui et al., 2016). Thus, the changes in solution pH can
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largely affect the phosphate removal efficiency of an adsorbent by influencing phosphate
speciation and ionization in the solution (Jang & Lee, 2019). The phosphate removal efficiencies
(%) of both biochars were higher at a pH range of 6-10, as compared to a lower pH range (Fig.
7). However, FBCs showed high phosphate removal efficiency in acidic pH, which decreased
with increasing pH (Fig. 7). Although FBCs showed the highest phosphate removal efficiency at
pH 2, FBCs tended to dissolve under such strongly acidic conditions. However, substantial
phosphate removal efficiency was observed at pH 4 for FBC-N (39.8%) and FBC-C (54.7%),
whereas the corresponding biochars showed lower removal efficiency at all pH values compared
to the FBCs (Fig. 7). Chitosan is rich in amino groups that can be readily protonated, leading to
the production of positively charged groups on FBCs under acidic conditions (Chatterjee & Woo,
2009). Thus, greater phosphate adsorption capacity at lower pH might be due to the electrostatic
interactions between the phosphate anions and positively charged surface of FBCs, which is
similar to the results of previous studies (Bozorgpour et al., 2016; Jiang et al., 2013; Zhang et al.,
2018a). Under alkaline conditions, electrostatic repulsion along with increased competition and
diffusion resistance results from the elevated hydroxide ions, which leads to the reduction in
phosphate removal efficiency in the solutions (Cui et al., 2019).

The phosphate removal efficiencies increased with increasing adsorbent dosage, although the
biochars tended to release phosphate at 1 g L™ of adsorbent dosage (Fig. S11). As explained by
Zhang et al. (2020), at lower initial phosphate concentrations, biochar tends to release phosphate
rather than adsorbing. Hence, the “net adsorption” of phosphate depends on the release of
endogenous phosphate from biochar into aqueous system and the adsorption of exogenous

phosphate by biochar (Zhang et al., 2020).
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The increase in adsorbent dosage from 1 to 4 g L™ for FBC-N and FBC-C increased their
phosphate removal efficiencies from 18.6 to 63.6% and 26.6. 80.8%, respectively (Fig. S11).
This could be because an increase in the adsorbent dosage could increase the number of active
sites in FBCs (Zhao & Feng, 2016).

Overall, pH edge study confirmed that pH ~ 4.0 was the optimum pH for phosphate removal
with the highest amount of phosphate removed at this pH level. To maximize the adsorption
capabilities in biochars and FBCs, the optimal dosage was selected as 2 g L.

3.4.4. Phosphate adsorption mechanisms: Macroscopic observation

Adsorption isotherm and kinetic studies revealed that the adsorption of phosphate on biochars
and FBCs was dominated by chemisorption. As confirmed by the adsorption edge study (Fig. 7),
electrostatic attraction between the positively charged surfaces of FBCs and phosphate anions
was the main mechanism for phosphate adsorption. Natural river waters have considerable CI-,
NOs™ and SO4% concentrations co-existing with phosphate anions. The selectivity of phosphate
adsorption on a hydrophobic adsorbent depends on the Hofmeister series where the adsorbent
prefers to adsorb less hydrated anions over highly hydrated anions given the charges of the
anions are equal (Awual et al., 2019a). The affinity of monovalent anions to a hydrophobic
adsorbent follows the order: OH~F'< H2PO4<HCO3s'< CI'<HSO3'<Br< NO3'<I'<ClO4" (Awual
& Jyo, 2009). Dominant phosphate species in solution at pH < 5.0 is H2PO4", whereas those at
pH > 5.0 and at pH = 12 become HPO4* and PO4*, respectively (Awual & Jyo, 2011). In this
study, the FBCs were rich in amine (-NH2) and hydroxyl (-OH) functional groups (Fig. 1 and
Fig. 2) due to the incorporation of chitosan. The amine and hydroxyl groups bonded with H2PO4
and HPO.? though H* ion transfer from the parent acid (HsPO:) (Egs. 3, 4, 5 and 6). In addition,

the —NHzand —OH groups were subjected to protonation under acidic conditions, leading to the

21



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

formation of positively charged sites, thereby enabling the adsorption of H2PO4 and HPO4*
through electrostatic attraction at low pH (~4.0) (Fig. 7) (Awual et al., 2019b; Awual et al., 2015;
Cui et al., 2019). However, at high pH (> 5.0), the hydrophobic BC-C and BC-N adsorbed
relatively greater amounts of phosphate (HPO4? species in particular) through strong H-bond
complexation than at low pH. This was likely due to the higher basicity of the predominant
HPO4? species than NOsz", CI- (released from BC-N and BC-C) or SO4* at high pH (Awual &
Jyo, 2011) (Fig. 7). Furthermore, ligand exchange between HPOs* and —OH or CI- on the
adsorbent (Awual et al., 2011; Awual et al., 2014) likely occurred because there were significant
amounts of —OH and CI- on the biochar surfaces (Fig. 1 and Fig. S1). Prevalence of PO:* in the
current study was unlikely because the system pH seldom crossed 10.0. The mechanistic insights
of phosphate adsorption suggested that the novel FBCs hold a great potential for eutrophication
management in real water even in the co-existence of competing anions such as NOs", CI" and
SO4%.

H* transfer and adsorption:

FBC-NH: + H* + HoPOs = FBC-NH3™H:POs  (pH <5.0) (Eq. 3)
FBC-NH> + H* + HPO42= FBC-NHs"*HPOs  (pH > 5.0) (Eq. 4)
FBC-OH + H* + HoPOs = FBC- OHz"H2POs”  (pH < 5.0) (Eq. 5)
FBC-OH + H* + HPO4#2'= FBC- OH"*HPOs>  (pH > 5.0) (Eg. 6)

Moreover, abundant amounts of Mg, Al, Ca, and Fe on the biochar (Fig. S1) and Ca and Fe on
FBC surfaces (Fig. S2) could stabilize phosphate via chemical precipitation. For example, Yao et

al. (2013) observed the formation of MgHPO4 and Mg(H2POs)2 crystals on Mg-rich biochar in a
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phosphate adsorption study which suggested that chemical precipitation play an important role in
phosphate removal from aqueous solutions.

Overall, the increased adsorption of phosphate on FBCs over biochars was mainly due to the
incorporation of chitosan and grafting of FeCls in the fabricated adsorbents. The use of chitosan
and FeCls not only facilitated the stabilization of the biochar, but also significantly enhanced the

adsorption capacity of phosphate.

3.4.5. Phosphate adsorption: Molecular observation

Figure 8 shows the P K-edge XANES spectra of the biochar samples together with P reference
compounds that yielded the best fits by LCF analysis. All XANES spectra of biochar samples
had pre-edge peaks at approximately 2145 eV, indicating the presence of phosphate associated
with Fe (Khare et al., 2004). The XANES spectra of all samples were also characterized by the
shoulder between 2151 and 2154 eV, indicating the presence of phosphate associated with Ca
(Hashimoto et al., 2014). These visual observations of the XANES spectra unambiguously
indicated the presence of phosphate species in the samples. Due to their similar XANES spectra,
Yamamoto et al. (2018) suggested that it was not ideal to differentiate the phosphate species
between adsorbed phases (e.g., phosphate adsorbed on ferrihydrite) and minerals (e.g., strengite).
Rather, the LCF results were reported as a group of phosphate species associated with Fe (Fe-P),
Ca (Ca-P), and Al (Al-P) (Table S3). In the present study, we used XANES data to determine the
phosphate species in the samples, given that the P in the samples was mainly present in an
inorganic form (i.e. phosphate forms).

The results of LCF on BC-N demonstrated that phosphate occurred mainly as Fe-P (43%) and

Ca-P (34%), and to a lesser extent as Al-P (16%). The BC-C also had similar phosphate species
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with different proportions (55% of Fe-P, 27% of Ca-P, and 13% of Al-P). In the biochar samples,
Fe (39-47%), Ca (8-11%), and Al (1.5%) were the major components of the elements, suggesting
that phosphate possibly occurred with these metal cations. Up to 7% of phosphate species in BC-
C and BC-N were unidentified by LCF on the XANES spectra. In contrast to biochars, Fe-P was
the primary species in FBC-N and FBC-C, accounting for approximately 58% of the total
phosphate. The Ca-P was found to be a secondary species (~28%). Notably, Al-P in FBC-N and
FBC-C was not identified in the best three results of LCF, corresponding to the much smaller Al
concentrations (0.23-0.31%) than those in BC-C and BC-N (Table S3). Overall, Fe-P was the
primary species in all the four adsorbents; however, the contribution of Fe-P increased more in

the Fe (I11) loaded chitosan-biochar composite fibers (i.e., FBC-N and FBC-C).

4. Conclusions

In this study, Fe (l1l) loaded chitosan-biochar composite fibers (FBC-N and FBC-C) were
successfully fabricated using two types of PMS biochars (produced under CO2 and N:
environments; BC-N and BC-C, respectively), and evaluated for phosphate removal from
aqueous solutions. The SEM-EDS, XPS, Raman spectroscopy, and SSA analysis revealed that
the physicochemical and surface morphological properties of the FBCs were significantly
different compared to the biochars. FBCs exhibited a greater phosphate adsorption capacity than
the other three adsorbents. The solution pH 4.0 and adsorbent dosage 2 g L™ were considered as
the optimum conditions for maximizing phosphate removal. The maximum phosphate adsorption
(gqm) capacities of BC-N, BC-C, FBC-N, and FBC-C were 9.63, 8.56, 16.43, and 19.24 mg P g7,
respectively, indicating that FBCs had enhanced phosphate adsorption abilities, as compared to

pristine biochars. The H* transfer, electrostatic attraction, H-bonding complexation, ligand
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exchange and precipitation mechanisms were involved in the phosphate adsorption. The FBCs
thus demonstrated high potential of being green and inexpensive adsorbents for phosphate
removal from aqueous solutions. The post-treatment FBCs can be used as potential fertilizers,
which could prove to be an ideal method of resource recycling, while conserving the soil and
water quality.
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Figure captions

Fig. 1. XPS C1s deconvolution spectra of (a) BC-N, (b) BC-C, (c) FBC-N, and (d) FBC-C.
Fig. 2. XPS N1s deconvolution spectra of (a) BC-N, (b) BC-C, (c) FBC-N, and (d) FBC-C.
Fig. 3. Raman deconvolution spectra of (a) BC-N, (b) BC-C, (c) FBC-N, and (d) FBC-C.

Fig. 4. Phosphate adsorption isotherm of BC-N, BC-C, FBC-N, and FBC-C (initial phosphate
concentration = 10 to 70 mg P L2, sorbent dosage = 2 g L™, temperature = 25 °C, pH = 4,
equilibrium time =24 h) .

Fig. 5. Separation factor (RL) obtained from the Langmuir model against initial phosphate
concentrations (Co) in water for BC-N, BC-C, FBC-N, and FBC-C.

Fig. 6. Phosphate adsorption kinetics of BC-N, BC-C, FBC-N, and FBC-C (initial phosphate
concentration = 40 mg P L™, sorbent dosage = 2 g L™, temperature = 25 °C, pH = 4).

Fig. 7. Effect of pH on phosphate removal efficiency by BC-N, BC-C, FBC-N, and FBC-C.
Fig. 8. P K-edge XANES spectra of (a) BC-N, (b) BC-C, (c) FBC-N, and (d) FBC-C. The black

solid lines represent the linear combination fits (LCF) using P reference spectra.
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Table 1. Selected surface characteristics BC-N, BC-C, FBC-N, and FBC-C.

Sample BC-N BC-C FBC-N FBC-C
Surface area (cm?g™) 50.58 46.02 7.30 12.30
Pore volume (cm®*g™?) 0.108 0.107 0.005 0.013
Pore size (nm) 11.90 11.67 1.014 1.877
Porosity (%) 17.59 21.08 3.19 277

Biochar produced under N2 environment (BC-N) and CO2 environment (BC-C), and respective
biochar-chitosan fibers (FBC-N and FBC-C).
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Table 2. Estimated adsorption isotherm model parameters for phosphate adsorption onto BC-N,
BC-C, FBC-N, and FBC-C.

Isothermal model Parameters Unit BC-N BC-C FBC-N FBC-C
Freundlich Ks mg gl) (L mgH)Y™ 0.062 0.041 1.28 3.72
1/n Lg? 1.15 1.02 0.67 0.39
R? 0.89 0.68 0.93 0.82
RZadj 0.88 0.66 0.92 0.81
RMSEP 080 0.70 1.10 1.75
RPD 237 122 355 2.01
Langmuir Om mg P gt 9.63 856 1643  19.24
b L mg* 0.023 0.009 0.071 0.103
R? 069 071 082 0.89
R2adj 0.67 069 081 0.88
RMSEP 122 067 1.80 1.36
RPD 098 125 152 2.75
Sips gm mg P gt 849 7.13 15.04 17.17
Ks L mg™ 0.001 0.013 0.015 0.051
1/n 1.92 099 1.89 1.51
R? 086 0.66 0.75 0.87
R%adj 084 062 0.73 0.86
RMSEP 082 072 211 1.47
RPD 218 118 1.77 2.92
Redlich—Peterson Kr Lg? 033 019 057 1.29
aR L mg 1.99 252 0.00009 0.008
g 0 0 2.36 1.54
R? 085 0.77 097 0.92
RZadj 084 075 0.96 0.91
RMSEP 084 059 0.73 1.19
RPD 206 172 572 3.38

Biochar produced under N2 environment (BC-N) and CO2 environment (BC-C), and respective
biochar-chitosan fibers (FBC-N and FBC-C).
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Table 3. Estimated kinetic model parameters for phosphate adsorption onto BC-N, BC-C, FBC-
N, and FBC-C.

Models Parameters Unit BC-N BC-C FBC-N FBC-C
Pseudo-first- order Qe mg P g*! 209 111 9.22 12.69
ki mint 0.005 0.002 0.021 0.018
R? 092 079 092 0.85
R%dj 091 077 091  0.84
RMSEP 022 018 081 1.53
RPD 341 198 3.87 2.86
Pseudo-second-order Qe mg P g*! 239 0.06 10.04 13.87
k2 gmgimin?  0.003 0.04 0.003 0.002
R? 092 0.78 0.97 0.93
RZadj 091 077 0.96 0.92
RMSEP 022 018 055 1.03
RPD 326 192 5.40 3.99
Elovich o mgglmin? 010 002 1.56 1.83
gmg? 262 568 0.67 0.48
R? 089 071 0093 0.95
RZadj 0.88 0.69 0.92 0.94
RMSEP 025 021 0.76 0.88
RPD 255 130 358 4.33
Intra-particle diffusion ki mggltmin?2 0.06 0.03 0.21 0.31
0 mg gt 020 -0.03 3.85 4.85
R? 0.80 0.77 0.66 0.74
RZdj 078 075 064 073
RMSEP 034 019 166 2.02
RPD 194 179 1.37 1.67

Biochar produced under N2 environment (BC-N) and CO:2 environment (BC-C), and respective
biochar-chitosan fibers (FBC-N and FBC-C).
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Fig. 1. XPS C1s deconvolution spectra of (a) BC-N), (b) BC-C, (c) FBC-N, and (d) FBC-C).
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1. Adsorption Isothermal models

The phosphate adsorption isotherm data obtained from various experiments were fitted to
Langmuir, Freundlich, Sips and Redlich—Peterson isotherm equations by non-linear regression
using the least square method. The empirical equations are detailed below.

Langmuir isotherm: ge = (b Ce gm)/ (1 + b Ce) (Eq. 1)
Freundlich isotherm: ge = Kr Ce!/" (Eq. 2)
Sips isotherm: ge = (gm Ks Ce*M)/ (1 + Ks Ce'/") (Eq. 3)
Redlich—Peterson isotherm: ge = (Kr Ce) / (1 + aR Cé9) (Eq. 4)

where, Ce (Mg P L) is the equilibrium concentration of phosphate; gm is the potential adsorption
maxima of the biochar adsorbents (mg P g); b is the bonding energy constant (L mg™?); K [(mg
g ) (L mgH)¥" and 1/n (L g2) are the Freundlich constant at equilibrium and exponential factor,
respectively; Ks indicates the affinity of constant for adsorption (L mg™); Kg, is the adsorption
capacity constant (L g); oR and g are the isotherm constant (L mg™) and the exponential factor,
respectively.

The thermodynamic characteristics of the Langmuir isotherm model were evaluated using the
separation factor (RL) to determine the favorable adsorption process. The RL value was

calculated using Eqg. 5 as follows:
Ri=1/ (1+ K.C,) (Eq. 5)

where, KL is the Langmuir affinity constant (L g2).

2. Adsorption kinetic models
The kinetic phosphate adsorption data obtained from various experiments were fitted to pseudo-
first order, pseudo-second order, intra-particle diffusion, and Elovich models by non-linear
regression using the least squares method. The empirical equations are as follows:

Pseudo-first order: qt = ge (1 — e 1Y) (Eq. 6)

Pseudo-second order: qt=qe? kot/ 1+ ge ka t (Eq. 7)
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Intra-particle diffusion: qt=kiat¥2 + 6 (Eq. 8)
Elovich: gi=1/8In (o) + (1/) In t (Eq. 9)

where, ge is the equilibrium amount of adsorption of phosphate on the biochar adsorbents (mg P
gh); ki is the rate constant of pseudo first-order adsorption (min); k2 is the equilibrium rate
constant of pseudo second-order (g mg™* min™); kid is the rate constant (mg g *min*2); 6 (mg g’
1) is the intercept. a is the sorption rate (mg g min™,) and B is the desorption constant (g mg™)

during the experiment.

3. Data modeling
The details of the formula for the coefficient of determination (R?) (Eq. 10), adjusted coefficient
of determination (R%;) (Eq. 11), root mean square error of prediction (RMSEP) (Eq. 12), and the

ratio of performance to the deviation (RPD) are given below.

R? = 1- [(Ci" (Qe'meas - Gecate) 2) + (i (Qe'meas = Qe’meas mean) 2)] (Eq. 10)

R2aqj = 1- (1- R?). % (Eq. 11)
RMSEP = E Si" (Qe'meas - calc) 2 (Eq. 12)
RPD = SD/RMSEP (Eq. 13)

where, n = no. of data points; p = no. of parameters in the model equation
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Table S1: Assignments of characteristic peaks deconvoluted from the Raman spectra.

Band name Position (cm™) Assignment Reference
SR 1226-1262 Aryl-alkyl ether; para-aromatics (Lin-Vien et al., 1991)
S 1183-1194 Caiky—Caryl and -CH3 on aromatic rings (Li et al., 2006; Nemanich
et al., 1988)
S. 1084 C—H on aromatic rings; benzene (ortho-di- (Lin-Vien et al., 1991)

substituted) ring

D 1350-1372 Aromatics with no less than 6 rings but less (Yang et al., 2018)
rings than graphite

G 1599-1601 sp?-bonded graphite crystallite and alkene C=C (Li et al., 2006)

GL 1530-1538 Aromatics with 3-5 rings and (Lietal., 2006; Yang et

al., 2018)
amorphous carbon

Table S2. Ratio of integrated intensity (peak area (A)) of different peaks in Raman spectra for

BC-N, BC-C, FBC-N, and FBC-C.

Sample Ap/Ac As/Ac
BC-N 1.93 -
BC-C 3.16 0.86
FBC-N 1.50 -
FBC-C 2.54 0.51

Biochar produced under N2 environment (BC-N) and CO2 environment (BC-C), and respective
biochar-chitosan fibers (FBC-N and FBC-C).
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Table S3: Results of binary and ternary combinations of linear combination fit (LCF) on P K-
edge XANES spectra of BC-N, BC-C, FBC-N, and FBC-C. The values in bold characters are
used for the interpretation of LCF results.

hydroxyapatite ] . P- Strengite Variscite
Sample P-ferrihydrite Caz(POa)2 S Sum  R-factor
Cas(PO4)s0H gibbsite  FePO4 - 2H.0  AIPO4 * 2H20
%

BC-N 33 62 95 0.0014
63 29 91 0.0017

39 50 89 0.0038

34 43 16 93 0.0009

BC-C 26 71 97 0.0012
72 22 94 0.0014

32 58 90 0.0053

27 55 13 95 0.0008

FBC-N 29 58 86 0.0069
61 22 83 0.0126

35 52 87 0.0156

28 50 10 88 0.0055

FBC-C 27 59 86 0.0079
63 20 83 0.0137

33 53 87 0.0158

27 49 13 89 0.0056

R-factor is a residual value for fitting; R = Z(uexp — tmodet)? / Z(exp)?
P-gibbsite, P-ferrinydrite: phosphate adsorbed on gibbsite, and ferrihydrite, respectively

Biochar produced under N2 environment (BC-N) and CO:2 environment (BC-C), and respective
biochar-chitosan fibers (FBC-N and FBC-C).
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Fig. S1. SEM images and SEM-EDS elemental
BC-N and BC-C

45

Element Weight%  Atom %
C 17.66 34.06
(0] 26.52 38.39
Na 0.43 0.44
Mg 0.61 0.58
Al 1.54 1.32
Si 1.14 0.94
P 1.25 0.93
S 2.00 1.44
cl 0.82 0.53
Ca 8.73 5.05
Fe 39.30 16.30
Element Weight%  Atom %
C 10.65 24.16
0 2157 36.74
Na 0.53 0.63
Mg 0.69 0.78
Al 1.66 1.68
Si 1.16 1.12
P 1.40 1.23
S 231 1.96
Cl 0.99 0.76
Ca 11.08 7.53
Mn 0.69 0.34
Fe 47.25 23.05

composition of



Fig. S2. SEM images and SEM-EDS elemental composition of FBC-N and FBC-C.
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Element Weight% Atom %
c 11.43 20.67
N 3.95 6.13
0 38.49 52.27
Na 0.33 0.31
Al 0.31 0.25
Si 0.45 0.35
P 0.69 0.49
S EIemen?'16 V\t/i'/gh O'HF;;m
Ca 14.55 7.89
C 7.16 16.04
Fe 29.65 11.53
N 2.09 4.02
(6] 28.37 47.72
Na 0.33 0.39
Al 0.23 0.23
Si 0.45 0.43
P 0.83 0.72
Ca 6.74 4.53
Fe 53.79 25.92
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