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Abstract: Biochars prepared from macro-algae have a lower C/N ratio compared to lignocellulosic
biochar, which is advantageous for direct nutrition. In particular, Sargassum, a marine macro-algae,
has a high Mg content; hence, it can be expected to adsorb P and N simultaneously. In this study,
Sargassum horneri biochar (SB), pyrolyzed at 400, 500, and 600 °C, was doped with innate Mg through
water leaching, and nutrient recovery from the wastewater-mimicking solution was confirmed.
The biochar pyrolyzed at 600 °C showed maximum Mg adsorption during water leaching, and
the efficiency of K and Na removal was also high, at 92.7% and 91.9%, respectively. The addition
of MgCl, during pyrolysis and high ion exchange did not show distinct advantages for surface
modification and nutrient adsorption. X-ray photoelectron spectroscopy analysis confirmed the
participation of biochar in the surface adsorption of Mg and POy recovery. The PO, sorption capacity
of biochar reached >120 mg-g~?!, while the sorption capacity for NH, was low, at 22.8-28.2 mg-g ™!,
suggesting that Mg-surface-doped SB presented excellent phosphorus recovery. Hence, upgrading
an adsorbent as a wastewater-treatment material and soil ameliorant that recovers nutrients using
innate Mg from Sargassum is possible through appropriate surface modification.

Keywords: phosphate recovery; ammonia recovery; Mg doping; Sargassum horneri; algal biochar

1. Introduction

Carbon-negative biochars are highly valuable as soil ameliorants because of their
nutritional salt-retention ability, resulting from their cation exchange capacity (CEC), and
their reduction in nitrogen and carbon emissions to the atmosphere. Various organic wastes
are being reproduced as biochars for carbon sequestration and recycling, and studies on
biochar production using marine macro-algae have recently drawn attention. Algal biochar
has several features that differ from lignocellulosic biochar. For example, the direct nutritive
effect of lignocellulosic biochar is small, owing to its high fixed-carbon content [1,2],
whereas algal biochar has a low carbon content, a high content of exchangeable minerals,
and a high CEC. Hence, algal biochar would be expected to have a direct nutritive effect.
Algal biochar with a high CEC is valuable as a biosorbent; therefore, studies on the
adsorption and removal of heavy metals [3,4] and phosphorus [5] have also been conducted.

The removal of phosphorus and nitrogen during sewage treatment is a major envi-
ronmental concern, as eutrophication occurs when nutrients are discharged into the water
system above certain concentrations. Chemical treatment is required for the removal of
such nutrients because the removal efficiency of biological treatments is limited. Phospho-
rus and nitrogen need to be recovered as essential nutrients for agricultural use. Nutrient
adsorption using Mg has recently attracted attention, complementing phosphorus and
nitrogen removal from water systems and agricultural needs [6]. Mg-containing crystals,
such as MgNH, POy, increase nutrient retention time, reduce the re-entry of nutrients into
water systems, and have high value as fertilizers [7]. Wastewater has a high concentration
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of phosphorus and nitrogen but lacks Mg; therefore, an external source such as MgCl,,
Mg(OH),, or MgO is required for nutrient recovery [7-9]. Although biochar is widely
used as a soil ameliorant, studies using innate Mg in biomass sources have rarely been
conducted. Zheng et al. [10] confirmed that metal-phosphate precipitation due to the
negative charge on the biochar surface plays an essential role in ammonium ion adsorption.
Zeng et al. [11] performed ammonium and phosphate removal experiments comparing
various lignocellulosic biochars and found that the aquatic plant Thalia dealbata biochar,
which had the highest Mg content, exhibited the highest removal efficiency among the
biochars examined. Zhang et al. [12] manufactured surface-modified biochar with MgO
and investigated the removal efficiency of only anions, such as phosphate and nitrate.
Except for the use of biochar as a seed for MgNHPO, crystal growth, as reported by
Muhmood et al. [13], no research has been conducted on the recovery of both P and N
using macro-algae biochar as a Mg source.

Sargassum horneri is a brown alga that thrives on the east coast of China and flows
into the southern coast of Korea (e.g., Jeju Island), posing a threat to coastal biodiver-
sity [14,15]. The high content of Mg in Sargassum, compared with that of lignin biochar,
suggests a positive effect on nutrient adsorption [2]. Marine macro-algae containing salt
need to be demineralized for utilization as a soil ameliorant. Through prior research, it
was confirmed that alkali metals are re-adsorbed, owing to the CEC of biochar, in the
processes of pyrolyzing salt-containing raw materials and demineralizing with water. If
the surface of Sargassum biochar (SB) is modified with innate Mg, which is eluted during
the demineralization process, it could then act as a wastewater treatment agent and a
high-quality soil fertilizer that recovers phosphorus and nitrogen.

Therefore, in this study, biochar was prepared by pyrolyzing S. horneri at 400, 500,
and 600 °C, and the possibility of manufacturing MgO-modified biochar was confirmed
using the water leaching demineralization method. In addition, the simultaneous removal
of phosphate and ammonium ions using modified biochar was confirmed. Finally, the
optimized method was verified by comparing the nutrient-adsorption efficiency of three
different modification methods in the manufacture of MgO-modified biochar. The results of
these studies show that massive amounts of the marine macroalga S. horneri can be treated,
preventing its potential destruction of coastal ecosystems and providing a potential carbon-
negative wastewater-treatment agent. Furthermore, modified S. horneri simultaneously
demonstrates potential as a high-quality fertilizer, providing recycling alternatives from
waste to high-value-added carbon-negative biochar.

2. Materials and Methods
2.1. MgO-Modified Biochar Fabrication

A diagram of the components of the pyrolysis device used in this study is shown in
Figure S1 (Supplementary). Naturally dried S. horneri was collected from a coastal area
of Yeosu (south seaside) in Korea and was ground unwashed. Samples (150.00 g) were
pyrolyzed at 400, 500, and 600 °C, respectively, for 1 h in an electric furnace, and the
generated biogas was combusted and exhausted. The heating rate was 10 °C/min, and the
N; gas influx was 2 L/min. N, gas was allowed to flow for 10 min before the sample was
inserted into the furnace. After pyrolysis, the SB sample was removed from the electric
furnace and left to cool in a closed container at room temperature with continuous Np
purging to prevent any oxidation.

The SB was mixed with distilled water at a 1:10 w/w ratio and stirred for 30 min to
modify the biochar surface and achieve desalination. In this process, the salt contained in
the SB was diluted in water and, owing to CEC, the alkali and alkali earth metal (AAEM)
ions eluted from the SB were resorbed onto the biochar surface. Since Mg ion has a relatively
higher ionic strength than Na or K ions, its ions are more competitive in this process.

After stirring, Mg-adsorbed surface-modified S. horneri biochar (Mg-SB) was separated
with saline water using a 47 mm GF/C filter (Whatman) and an electric aspirator (EYELA,
model A-1000S, Fisher Scientific, Hampton, NH, USA), and dried for 24 h at 70 °C.
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To determine the optimal MgO-impregnation method, pyrolyzed SB was applied to
the two other methods. First, 836.6 mg of MgCl, was dissolved in 100 mL of deionized
water, and 200 g of S. horneri was immersed in the solution, as described by Zhang et al. [12].
The SB was then dried for 24 h at 70 °C, followed by pyrolyzing at 600 °C for 1 h. The
MgCl, containing biochar (MgCl,-SB) underwent the same desalination and modification
process as described for Mg-SB. The second method was an ion exchange process in which
a Mg-SB sample was added to an aqueous solution of 50 ppm Mg, obtained by dissolving
209.15 mg of MgCl, in 500 mL deionized water. The mixture was stirred for 30 min to allow
for the exchange of more AAEM ions without replacing the Mg. Subsequently, the sample
was separated and dried for 24 h at 70 °C and labeled as I-Mg-SB.

2.2. Sorption Experiments

Sorption experiments were carried out using NH4Cl and KH, PO, as sources of ammo-
nium and phosphate, respectively. The ammonium concentration was fixed at 1000 ppm,
and the phosphate concentration was 100, 200, 400, or 600 ppm. A total of 5.00 g of SB was
added to 1 L of ammonium and phosphate solution, and 3 mL of sample was collected after
10, 30, 60, 100, and 150 min. The pH was not adjusted, but changes in pH were recorded at
the beginning of the sorption experiment and at each sample collection time point. After
the experiment, the SB was separated using a GF/C filter and aspirator and dried for 24 h
at 70 °C.

To determine the optimal MgO-modification method, three different MgO-modified
samples were also subjected to sorption experiments. A SB sample (5.00 g) was added to
1L of a 1000 ppm ammonium and 600 ppm phosphate solution, and 3 mL of sample was
collected after 2, 5, 10, 20, and 30 min. The pH was recorded at each time point.

The residual phosphate concentration of each collected solution was measured using a
low-range (0.06-5.00 ppm) and high-range (1.00 to 100 ppm) PO,3~ measuring kit (C-mac,
Daejun, Korea). The ammonium concentration was measured using the Nesseler (HACH
Co., Loveland, CO, USA) method and spectrophotometry (DR 5000, HACH Co., Loveland,
CO, USA).

2.3. Biochar Characterization

Ultimate analysis of raw and pyrolyzed SB samples was performed using a CHNS/O
elemental analyzer (Elementar VARIO EL cube, Elementar Analysensysteme GmbH, Berlin,
Germany). To determine the effects of surface modification on the specific surface area,
the Brunauer-Emmett-Teller (BET) specific surface area (BELSORP-MAX, BEL Japan Inc.,
Osaka, Japan) was measured. The AAEM content of biochar changed with the pyrolysis
temperatures, and the modification methods were quantified using inductively coupled
plasma optical emission spectroscopy (ICP-OES; Agilent 5100, Agilent Technologies, Santa
Clara, CA, USA). For nutrient crystallization confirmation, X-ray diffraction (XRD) analysis
was performed using a DMAX 2500 diffractometer (Rigaku, Japan). To identify changes in
surface chemistry between biochar, Mg, and nutrients, induced by different modification
methods, X-ray photoelectron spectroscopy (XPS) measurements were carried out with a
K-alpha (Thermo Fisher Scientific, Loughborough, UK).

2.4. Statistical Analysis
Experimental data were statistically analyzed using Microsoft Excel 2016. The mean

values and standard deviations of the phosphate and ammonium concentrations in solu-
tions and AAEM concentrations in SB were also calculated.

3. Results and Discussion

3.1. Effect of Pyrolysis Temperature and Modification on Sargassum Biochar’s
Physicochemical Properties

The elemental compositions of the biochars prepared at different pyrolysis tempera-
tures are summarized in Table 1. As the pyrolysis temperature increased, the nitrogen and
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oxygen contents decreased, but the carbon content increased. The sulfur content increased
up to 500 °C and then sharply decreased at 600 °C. Except for the oxygen and sulfur
content, there was no significant difference in the composition between 500 °C and 600 °C.
Hence, it can be interpreted that the SB was sufficiently carbonized when pyrolyzed above
500 °C. The carbon and nitrogen ratio also increased from 11.48 to 16.83 as the pyrolysis
temperature increased. Lignocellulosic biochar has a high carbon content, a low nitrogen
content, and low direct benefits to the nutrient supply [16]. In contrast, a C/N ratio < 20,
as in this study for SB, indicates that bioavailable nutrients could be directly contributed to
soils from SB [2].

Table 1. Elemental composition of S. horneri pyrolyzed biochars (SB) produced at different temperatures.

(Mean wt% Ultimate Analysis
+8SD;n=2) C H N S o) CIN
Raw 2819 4+03 451400 255+£00 344449 3422+01 11.08+0.3

400 °C SB 3851+46 383+04 336+04 624+05 25.02+£00 11.48=£0.0
500 °C SB 3813+14 378+02 245+02 678+03 20.63+04 1560=+0.4
600 °C SB 39.38+06 378+01 234+£02 199+28 1559+03 16.83+14

The pyrolysis yield and modification yield were calculated using Equations (1) and (2):

Mass after pyrolysis

Pyrolysis yield (PY, %) = Mass of raw sample x 100 (1)
e ) o\ _ Mass after modification
Modification yield (MY, %) = Mass of biochar sample x 100 ()

The pyrolysis yield decreased with an increase in temperature, but modification
caused the yield to vary, owing to NaCl dissolution during the modification process of the
biochars (Table 2).

Table 2. Yields of biochars produced at different pyrolysis temperatures and with different modifications.

(Mean wt% =+ SD;

400 °C 500 °C 600 °C
n=2)
Pyrolysis yield 60.07 = 0.7 4892 +1.2 46.08 + 0.6
Modification yield 58.62 + 0.9 61.82 + 3.7 56.19 & 5.4

Figure 1 shows the change in AAEM (Na, K, Mg, and Ca) contents at different pyrolysis
temperatures and modifications per 100 g of raw S. horneri. Based on the ICP analysis
results, AAEM contents in SB and Mg-SB were calculated as shown, respectively, in
Equations (3) and (4):

AAEM content of SB (g) = Mass of raw S.horneri(g) X ( Py /0)> X <ICP result (/0)> (©)]

100 100

AAEM content of Mg_SB (g) = Mass of raw S.horneri(g) x ( PY(/O)> X <MY(/O)> X (ICPresult(/o)> 4)

100 100 100

AAEMs contained in raw S. horneri, except for Na, were partially volatilized as the
pyrolysis temperature increased, whereas Na was hardly volatilized. After water leaching,
the Mg-SB sample showed that most of the K and Na contained in raw S. horneri was
eliminated. The K and Na were removed by 92.63-93.46% and 91.88-94.59%, respectively.
The K and Na removal efficiencies decreased slightly as the pyrolysis temperature increased.
The influence of the pyrolysis temperature or water leaching modification on the Ca content
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was negligible. Only SB pyrolyzed at 400 °C showed a Mg loss of 47.7% after water leaching,
and no significant loss was observed at 500 °C and 600 °C.

DK ONa @Mg BCa

ab ab
b b b
b b b
be
c c ¢ c c c c
T RID NIE BIR adB adh aelh
[ M= (i fae!
Raw 400°C SB 500°C SB 600°C SB 400°C Mg-SB 500°C Mg-SB 600°C Mg-SB

Figure 1. Changes in alkali and alkali earth metal (AAEM; Na, K, Mg, and Ca) contents at different pyrolysis temperatures
and different modifications of S. horneri char (SB) and Mg-SB (mean g% =+ SD; n = 2). Different letters indicate statistically
significant difference.

These phenomena could be interpreted as an effect of the CEC of biochar and the
structural forms of AAEMs in S. horneri. Mainly, K and Na were lost in water leaching,
indicating that they existed in the form of water-soluble salts. The amount of Na remained
consistent during pyrolysis, but the volatile amount of K increased as the pyrolysis temper-
ature increased. This implies that a more significant fraction of the Na was in a crystallized
mineral salt form, capable of enduring high temperatures. In contrast, K was present in an
organic salt form that decomposed at high pyrolysis temperatures.

Although at least 47.7% of the Mg contained in SB was in a water-soluble form, it
showed high retention after the water leaching of SB pyrolyzed at 500 °C and 600 °C. An
increase in the CEC, owing to increased pyrolysis temperatures, stimulated the adsorption
of the eluted Mg, caused by water leaching, to the biochar surface. Similarly, this also led
to increased residual monovalent ions, which provides evidence of adsorption via cation
exchange. These results also indicate that divalent ions have a higher affinity for adsorption
to SB than monovalent ions.

The water leaching modification also affected the pore properties of the biochar.
Table 3 shows the variations in the BET surface area with pyrolysis temperatures and
modifications. Comparing the biochar before and after the modification, the BET increased
about 2-fold at 400 °C and 500 °C, and approximately 6-fold at 600 °C. The most significant
difference induced by water leaching was salt elimination. KCI and NaCl embedded in the
organic material acted as a template, and the pore structure in the material developed after
salt dissolution by water leaching [17].

Table 3. Brunauer—-Emmett-Teller (BET) surface area of raw S. horneri and biochar as a function of the water leaching

modification.

. . . 400 °C 500 °C 600 °C
RAW 400 °C SB 500 °C SB 600 °C SB Mg-SB Mg-SB Mg-SB
Vm (cm® (STP) g 1) 0.1042 0.567 1.871 1.8214 1.2907 3.4962 10.647
agpeT (M? g~ 1) 0.45346 2.4677 8.1435 7.9277 5.6177 15.217 46.342

Total pore volume
0.0030 0.0147 0.0517 0.0536 0.0309 0.0883 0.1358

(p/po = 0.990) (cm® g~ 1)

Average pore diameter (nm) 26.043 23.757 25.409 27.037 21.994 23.209 11.723
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In PO4 adsorption, pores larger than 10 nm (mesoporous material) are effective for
enhancing adsorption ability [18]. BET analysis using Ny gas is suitable for the mesoporous
distribution analysis, showing that all conditions with an average pore diameter larger
than 10 nm were suitable for PO4 adsorption.

The high Mg content and surface-doping of SB may have a positive effect on atmo-
spheric CO; sequestration when the SB is spread on soil. Future studies characterizing the
microporous structure of SB and CO; adsorption and desorption are needed; such studies
would also help inspire research on S. horneri recycling. Therefore, our future research will
focus on characterizing the effect of SB in capturing and storing CO, as well as changes in
the nutrient supply when SB is applied to soil.

The XRD results (Figure 2) clearly show the effects of modification. Salt crystals, such
as KCl and NaCl, were distinctly present before the water leaching; after water leaching,
most of the NaCl and KCl crystal peaks disappeared, and new peaks of MgO, Mg(OH),,
quartz, and calcite were observed. MgO and Mg(OH), peaks of Mg-SB showed higher
intensities at pyrolysis temperatures greater than 400 °C. For marine algae utilization,
previous studies have removed the salt prior to pyrolysis. However, the results of the
current study show that pyrolysis and subsequent water leaching enhanced not only the
salt removal efficiency and the specific surface area, but also the potential for nutrient
adsorption due to Mg-doped biochar surface formation.

® Mgo B KCl A Si0, (Quartz)
Mg(CH), M NaCl CaCO,(Calcite)

Bm 500cB

SRR

500°C A
- J'Q_ 600°C B

600°C A
10 20 30 a0 50 60 70 80 90
2 theta degree

Figure 2. XRD results before (B) and after (A) water leaching modification at each pyrolysis temperature.

3.2. Nutrient Adsorption Capacity of Mig-SB as a Function of Pyrolysis Temperature

Figure 3 shows the results for the removal efficiency and pH change, following the
addition of Mg-SB to a mixed solution with a constant ammonium ion concentration of
1000 ppm and varying phosphate concentrations of 100, 200, 400, and 600 ppm, at each
pyrolysis temperature. Mg-SB pyrolyzed at 500 °C and 600 °C showed similar trends under
all conditions. The removal reached 90% at the lowest phosphate concentration (100 ppm)
but increased to 99% as the ion concentration increased from 200 ppm to 600 ppm. The
surface of insufficiently Mg-doped SB, pyrolyzed at 400 °C, was characterized by a low
CEC, causing a decrease in phosphate ion removal from 90% to 70% as the ion concentration
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increased. The ammonium ion removal was relatively low (5-15%) in all conditions, except
for the Mg-SB pyrolyzed at 400 °C. SB pyrolyzed at 400 °C had a relatively low CEC and
was inefficient with regard to the adsorption of divalent cations but was adequate for
ammonium adsorption. If the SB with high CEC, pyrolyzed at 500 °C and 600 °C, adsorbs
massive amounts of Mg on the surface, then the lack of active sites would eventually be
reflected in a low ammonium adsorption efficiency; hence, the relatively high ammonium
adsorption of SB pyrolyzed at 400 °C could be explained. However, further research is
needed to understand the lower-than-expected amount of ammonium ions in combination
with phosphate and Mg.

“Og00°CP  AUS00°CP XUE00°CP  TU400°C N X 500°C N * 400°C P & 500°C P X G0°CP % 400°CN % 500°C N
“BUG0CN TRT400°CpH  TTS00CPH  TOT600°C pH “BUg00'CN E400°CpH  TEO0CpH o 600°C pH
100 16 100 O X 16
..... X od ‘ ¥
90 4 “ 0| e PR, P -
PEE. - ol i
12 12
g 70 - 104
§ ° 10 «E 60 | = o I 10
g (3 g 50 / A A u — 8 F
g N
& " € 40 6
30 -
4 H 4
............ . I N 0 i
2 e Gees - I 2
05 R B x
- = L] 5 """"" - e R bl
0 0 W 0
A0 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (min) Time (min)
(a) (b)
*40CP A 500°C P *00°C P “*U400°CN *500°C N *400°C P & 500°C P X 600°C P *400°C N X 500°C N
B600°CN "™ 400°CpH  ~TF500°CpH  —O—600°C pH B600'CN A 400°CpH  —500°CpH  —O600°C pH
100 * 1 100 P * * 'y 16
90 14 9% 1
80 80
....... . 12 12
ST g @ . B . b
£ 10 £ | P .
2 60 = P— 10
B - o e —_—
é 50 8 % é 8 I
54 S
2w 6 « 6
30
4 F4
20
10 .._:‘.“‘_‘:5‘::::‘___ ok re e P, g E 2
0 0 0
80 100 120 140 160 40 60 80 100 120 140 160
Time (min) Time (min)
(0) (d)

Figure 3. Adsorption test results of Mg-adsorbed surface-modified S. horneri biochar (Mg-SB) based on pyrolysis temperature
and nutrient concentration. (a) PO4 100 ppm, NH, 1000 ppm, (1 = 3, R2 of pH/PO4/NHj: 0.97-0.99/0.97-0.99/0.88-0.99);
(b) PO4 200 ppm, NHy4 1000 ppm (1 = 1), (c) PO4 400 ppm, NHy4 1000 ppm (1 = 1), (d) PO4 600 ppm, NH, 1000 ppm (n = 1).

The pH of the mixed solution was 6, which is not a suitable environment for MgNH4 PO,
formation through phosphate and ammonium ion adsorption; the optimum value is a pH
of 8 to 11 [19,20]. When MgCl, is used as the Mg source, a pH adjuster, such as NaOH, is
required. Biochar has a different pH depending on the raw material, but it typically has an
average pH of 8.1 [21,22]. In addition, the pH is further increased when the ash content or
minerals in the raw material are high or when the pyrolysis temperature is increased [23].
As shown in Figure 3, the pH of all the samples increased after biochar addition, and in
the case of Mg-SB pyrolyzed at 500 °C and 600 °C, the pH was maintained in the range of
8 to 10 under all conditions. Thus, Mg-doped biochar contributes to creating a favorable
environment without additional chemical input for the nutrient crystallization, which is
effective for long-term nutrient retention.

Figure 4 shows SEM images of Mg-SB biochar pyrolyzed at 600 °C after the adsorp-
tion test, and the highest elimination efficiency of phosphate and ammonium ions. All
conditions showed crystal formation. The amount and size of the crystals increased as the
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phosphate ion concentration increased. Crystal formation at the biochar surface makes

it valuable as a soil amendment that supplies nutrients continuously in both direct and
indirect ways.

(b)

UOS 20.0kV 7.5mm x1.00k SE 11/6/2018 = '

(d)

Figure 4. Scanning electron microscopy images of Mg-SB pyrolyzed at 600 °C after the nutrient adsorption test. (a) POy
100 ppm, NH4 1000 ppm, (b) PO4 200 ppm, NH4 1000 ppm, (c) PO4 400 ppm, NH4 1000 ppm, (d) PO, 600 ppm, NHy

1000 ppm.

3.3. Nutrient Adsorption as a Function of Different Modification Methods

Different methods, such as water leaching demineralization, ion exchange, and MgCl,
addition, were compared with the aim to produce the most Mg-enriched biochar. The
changes in AAEM contents are shown in Figure 5. In I-Mg-SB, the content of all of the
AAEMs slightly decreased compared to those in the Mg-SB. This result suggests that
additional ion exchange after Mg adsorption occurred primarily through water leaching,
which did not positively affect Mg adsorption. MgCl,-SB showed a slightly higher Mg
content than that of SB obtained using other methods, but the difference was not significant.

Figure 6 shows the XRD results of the differently modified SBs. The MgO peaks of
MgCl,-Raw and SB were similar, implying that additional MgCl, does not contribute to
MgO formation during pyrolysis. After water leaching demineralization, the intensity of
the MgO peaks increased under all conditions. Salt elimination and exposure to MgQO,
Mg(OH),, quartz, and calcite peaks were in line with previous results (Figure 2). Overall,
water leaching demineralization is a significant and effective method for eliminating
redundant salts and forming MgO and Mg(OH),, rather than ion exchange or Mg-injected

pyrolysis.
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Figure 5. Changes in alkali and alkali earth metal (AAEM; Na, K, Mg, and Ca) content with different
modification methods (mean g% =+ SD; n = 2). Different letters indicate statistically significant
difference.

®Mg0 MW KCl A SiO, (Quartz)
Mg(OH), B NaCl CaCO0,(Calcite)

10 20 30 40 50 60 70 80 90
2 theta degree

Figure 6. XRD results of SB subjected to different modification methods at a pyrolysis temperature of
600 °C.

Figure 7 shows the results for the phosphate and ammonium ion adsorption test
for each modification method, and Figure 8 shows the SEM results before and after the
sorption test. The phosphate removal rate of MgCl,-SB was slower than that of Mg-SB,
while I-Mg-SB removed it faster. The final phosphate removal efficiency of Mg-SB and
I-Mg-SB was 99% when adsorbed for 20 min, and slightly lower (96%) for MgCl,-SB
when adsorbed for 30 min. The ammonium removal efficiencies were 13.1%, 14.0%, and
11.1% for Mg-SB, I-Mg-SB, and MgCl,-SB, respectively, which were significantly lower
than those for phosphate. Comparing the final removal efficiencies of phosphate and
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ammonium ions, I-Mg-SB ranked the highest and MgCl,-SB the lowest for both NH4 and
PO4 removal. Although the Mg content of MgCl,-SB was higher than that of Mg-SB and
I-Mg-SB (Figure 5), the removal efficiencies and rates were the lowest, indicating that Mg
surface-adsorption by water leaching demineralization is the most effective method for
phosphate removal.

-@-MgCI2-SBP -4-I-Mg-SBP  -% Mg-SBP -0 MgCI2SBN -X-I-Mg-SBN
-B-Mg-SBN  —4—MgCI2-SB pH -B-I-Mg-SBpH -©—Mg-SB pH
120 - - 16

"
100 - x* ‘

- 12

10

Removal rate of PO, and NH, (%)

15 20 25 30
Time (min)

Figure 7. Nutrient adsorption results for Mg-adsorbed surface-modified S. horneri biochar (Mg-SB),
I-Mg-SB, and MgCl,-SB with PO, 600 ppm or NH, 1000 ppm solution (1 = 2). R? of pH: 0.95-0.99, R
of PO4: 0.99, R? of NHy: 0.90-0.98).

3.4. XPS Analysis

Nutrient adsorption and precipitation on the SB surface were further confirmed by
XPS analysis to elucidate the water leaching demineralization and adsorption mechanism.
The XPS spectra of Cls, N1s, Mg2p, and P2p of SB are shown in Figure 10. The Cls spectra
of SB between 280 and 291 eV were deconvoluted into five peaks. The two peaks at 292.8 eV
and 295.5 eV of the Cls spectra represent KCI [24]. The peaks of KCI disappeared after
water leaching, as in the XRD analysis. Mg sorption could originate from biochar functional
groups such as hydroxyl (C-OH) and carboxyl (C-OOH) [25], and 7-electron resonance
induced by aromatic carbon [26,27]. After the demineralization of SB at 600 °C for MgCl,-
Raw and ion-exchanged I-Mg-SB, the peak of the carboxyl group (-O-C=0) at 289.3 eV
and C-O at 286 eV [28,29] increased compared with that of the non-demineralized biochar.
The aromatic C=C peak at 284.2 eV shifted to a higher binding energy after the water
leaching modification. Mg adsorption onto the biochar surface contributed to these peak
intensity changes and peak shifts. After the nutrient sorption test, the intensity-increase
of oxygen-containing functional groups and C=C aromatic groups of Mg-SB and I-Mg-SB
showed that these functional groups were involved in nutrient adsorption [30]. In contrast,
MgCl,-SB showed insignificant changes in intensity even after the adsorption test. Thus,
it can be inferred that the eluted Mg reacts independently with nutrients, and biochar is
rarely involved in direct nutrient adsorption.
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Figure 8. Scanning electron microscopy (SEM) images of SBs before and after the sorption test. Mg-SB, I-Mg-SB, MgCl,-SB
sorption test-(after the NH, and PO, adsorption: NP, and MgCl,-Raw: before the water demineralization modification).
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Figure 10. XPS spectra of Cls (a,b), N1s (c,d), Mg2p (e,f), and P2p (g h) of biochar with different modification methods
(a,c,e,g) and nutrient adsorptions (b,d,f/h).

The N1s graph confirms that the water leaching modification had no significant effect
on the nitrogen functional groups. However, the inorganic nitrogen (ammonium) peaks
of raw biochar at 401-402 eV [29,31] disappeared after the water treatment, and peaks
did not appear for MgCl,-Raw. The addition of MgCl, during pyrolysis may enhance
the decomposition of ammonium-containing organic substances. The ammonium peak
intensity after nutrient sorption varied in line with the removal rates.

The Mg2p graph in Figure 10 shows that peaks of MgO and Mg(OH), were formed
after the water leaching modification, and the peak intensity of metallic Mg?* also increased.
This result indicates that the Mg?* eluted in the water leaching process was adsorbed to
the biochar or converted to MgO or Mg(OH), After the adsorption experiment, it was
confirmed that the peak intensity of metallic Mg?* was significantly reduced, indicating that
the Mg?*-adsorbed biochar surface is involved in nutrient adsorption and crystallization.

In the case of P2p, the impact of different water leaching modification methods was
negligible, but the P2p intensity increased significantly after nutrient adsorption. The Mg-P
and C-P binding peaks of Mg-SB and I-Mg-SB increased considerably, suggesting that
phosphate adsorption was associated with Mg as well as with biochar. Before the nutrient
sorption test (Figure 10h), the Mg-P and C-P binding peak energies were lower than those
after sorption. The peak shifted to a higher energy after the sorption test, suggesting that
Mg-P binding was the main cause because most of the phosphates combined with Mg
crystallized. In contrast, the peak at a lower binding energy before the sorption test could be
interpreted primarily as an effect of C-P bonds. For MgCl,-SB, PO,4 seemed to be removed
independently from biochar by combining it with dissolved Mg?*. The lower phosphate
removal efficiency of MgCl,-SB, compared to that of Mg-SB and I-Mg-SB, which tended
to be linked with biochar nutrient adsorption, stemmed from this different elimination
mechanism. This showed that water leaching modification is more effective for sufficient
nutrient sorption.
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4. Conclusions

In this study, pyrolyzed SB, which has a high Mg content, was demineralized through
water leaching, and simultaneously, eluted innate Mg was doped onto the biochar surface
for PO4 and NHy recovery. The CEC of SB increased as the pyrolysis temperature increased.
In the process of water leaching, it was confirmed through XRD and XPS that aromatic
carbon and carboxyl groups were involved in the adsorption of eluted Mg; therefore, MgO
and Mg(OH), were formed, and NaCl and KCIl were removed. The nutrient sorption test
showed 99% removal efficiency of POy in a 600 ppm solution and only 5-15% removal
efficiency for NHy. The sample size of the adsorption experiment is a limitation, and
the results of this paper may show relative tendencies, but there is insufficient statistical
verification, so further research is needed for statistical verification. Competition between
NHj and abundant K and Na ions was a factor for the low removal efficiency. For practical
applications, further research on nutrient behavior, including the leaching tendency of
nutrients, needs to be conducted. The ion exchange method after water leaching and
pyrolysis was attempted by adding MgCl, to enhance the nutrient adsorption efficiency;
ion exchange did not show a significant change and the adsorption efficiency of the MgCl,-
SB remained rather low, even though the Mg content was increased. The Mg2p XPS
results of Mg-SB suggest that metallic Mg?* adsorbed onto biochar is mostly utilized for
nutrient adsorption. However, in the case of MgCl,-SB, Mg did not react with the nutrients
and formed Mg(OH),; therefore, the adsorption efficiency decreased. Further research
is required to increase the adsorption efficiency of ammonium ions, but water leaching
modification is a very effective method of upcycling SB for Mg surface doping and POy
adsorption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su132212752 /51, Figure S1: Electric furnace system for the pyrolysis experiment.
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