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Cation modified hydrochars were synthesized by hydrothermal carbonization 
(HTC) of sugarcane bagasse, followed by impregnation of three different 
cations (Ca, Mg, and Fe) or co-precipitation of Fe3+ and Fe2+. HTC enhanced 
the hydrochar surface area and increased the enrichment of oxygen functional 
groups on the hydrochar surface confirmed by FTIR. The oxygen functional 
groups further improve the adsorption capacity for cations during hydrochar 
chemical modification. Physical appearance, FTIR and XRF confirmed that 
Ca2+, Mg2+ and Fe2+ or Fe3+ were well retained in the bagasse-derived 
hydrochar. The pHpzc values of all chemically modified hydrochars were greater 
than the unmodified hydrochar or bagasse alone. Modification with different 
cations improved phosphate uptake capacity. The Fe-modified hydrochar with 
about 45-50% Fe content showed greater phosphate removal efficiency than 
Ca- and Mg-modified hydrochars. In addition, hydrochars decorated by 
impregnation of Fe3+ demonstrated better phosphate removal than ones 
produced by co-precipitation of Fe3+ and Fe2+. Thus, chemically modified 
hydrochars could be used as an environmentally alternative adsorbent for 
phosphate removal from aqueous solutions. 
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1. INTRODUCTION

 Sugarcane bagasse (SB), the solid fibrous 
material remaining from sugarcane juice extraction, is 
the main residue from the sugar industry. 
Approximately 270-280 tons of bagasse are generated 
from every 1,000 tons of processed sugarcane 
(Martinez-Hernandez et al., 2018). The world generated 
about 1,900 megatons of bagasse (mostly in Latin 
America and Asia) in the past five years (Mokhena et 
al., 2018). Bagasse availability is expected to increase, 
due to the increasing demand for sugar in households as 
well as industrial use. The bagasse is currently used as 
a biofuel within the sugar industry itself, and in biomass 
power plants for steam generation and electricity with a 
challenging operation issue related to its high moisture 
content, which is typically 40-50 percent (Congsomjit 
and Areeprasert, 2020). Considering 80-85% of 
sugarcane bagasse is used for energy generation within 
the plant, and about 15 to 20 percent of bagasse is left 
unused at some factories after energy needs are met 
(USDA, 2018), bagasse is an ideal raw material that 
needs to increase its added value.  

Synthesis of hydrochar via hydrothermal 
carbonization (HTC) has been investigated as an 
approach for increasing biomass valued-products. 
Conversion of biomass waste to adsorbent for removal 
of organic and inorganic contaminants is an 
environmental aspect that has received considerable 
attention due to its simplicity and ability to produce 
hydrochars with attractive characteristics that promote 
effective use in dealing with pollutant contamination in 
aqueous solution (Jain et al., 2016; Nguyen et al., 2019). 
HTC is the thermochemical conversion technique in a 
closed reactor that uses moderate processing 
temperature (180-240°C) and water as carbonatization 
medium under self-generated pressures to react with 
wet/dry materials and convert the biomass into solid 
materials, namely hydrochar (Congsomjit and 
Areeprasert, 2020; Dai et al., 2014). HTC process offers 
significant advantages over pyrolysis, a conventional 
utilized process for biomass-to-carbon-based products 
conversion, in terms of mild reaction condition, lower 
energy consumption process, and the ability to deliver 
hydrochar with high concentrations of oxygenated 
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functional groups (OFGs, i.e., carboxylic, hydroxyl, 
and phenolic) on the surface (Jain et al., 2016; Nguyen 
et al., 2019; Petrović et al., 2016). The relative 
abundance of OFGs on hydrochar’s surface plays an 
important role in the adsorption capacity of hydrochar 
toward the given contaminants. Higher OFGs on the 
adsorbents resulted in higher adsorption capacity for the 
contaminants, especially positively charged 
contaminants, in an aqueous solution (Almarri et al., 
2009; Hotová et al., 2020). This characteristic is a major 
reason for higher uptake capacity of hydrochar than 
biochar toward polar and nonpolar contaminants, 
including bisphenol-A, 17-ethinyl estradiol, and 
phenanthrene (Sun et al., 2011), as well as methylene 
blue, iodine and copper ions (Jian et al., 2018). 
Although hydrochar showed a great potential adsorbent 
for cationic contaminants, the adsorption capacity for 
anions (i.e., phosphate, nitrate, arsenate) is very limited 
due to a large amount of OFGs, making the hydrochar’s 
surface more negatively charged, subsequently 
repelling negatively charged compounds (Fang et al., 
2015; He et al., 2019). 

Phosphorus is an essential nutrient for the 
growth, functioning and reproduction of all life on 
earth, and is a non-renewable resource to produce 
phosphorus (P) based chemicals, mainly as mineral 
fertilizers (Tarayre et al., 2016). Phosphorus is naturally 
found in geological deposits of phosphate rock, which 
are found mostly in Morocco and Western Sahara 
(Cordell and White, 2013; Desmidt et al., 2015; USGS, 
2021). In recent years, the depletion of phosphate rock 
natural reserves and phosphorus future availability has 
received great attention, thus phosphorus has been 
listed as one of the critical raw materials for the 
European Union since 2014 (European Commission, 
2020). Apart from mineral reserves (i.e. phosphate 
rock), phosphorus has been found in natural water 
bodies (freshwater lakes, reservoirs and rivers). 
Phosphorus flow to an aquatic ecosystem is from soil 
erosion, agricultural runoff, and point source 
discharges. Discharge of municipal wastewaters and the 
effluent discharged from wastewater treatment plants 
(WWTPs) is an important point source of phosphorus 
loading (Kundu et al., 2015; Qin et al., 2015). Low 
concentrations of phosphorus benefit the biological 
productivity of the aquatic ecosystem, however 
excessive phosphorus inputs can cause eutrophication, 
a worldwide water quality deterioration. The 
phenomenon often leads to the reduction in oxygen 
concentrations, which affects not only benthic 
invertebrates but also the spawning success rate of some 

important fish species (Murray et al., 2019). To address 
the dual problems of phosphorus future availability and 
P-based eutrophication, technologies for removal and 
recovery of phosphorus from wastewater and its 
possible reuse is necessary and a long-term sustainable 
solution (Carrillo et al., 2020).  

Application of natural agricultural residue for P-
adsorption have been investigated, however the 
adsorption capacity of most natural materials is usually 
less than 1 mgP/g (Carrillo et al., 2020). Interest in 
agricultural hydrochars that are rich in oxygen-
containing functional groups as adsorbents in water and 
wastewater treatment has increased. However, their 
ability for phosphate removal is quite low. To further 
enhance the phosphate sorption ability of hydrochar, 
several studies have investigated different methods of 
tailoring the hydrochar's surface structure. Deposition 
of mineral oxides and salts is one of the chemical 
modification methods that is widely applied to change 
the surface electrical properties of hydrochar (Azzaz et 
al., 2020). Research has shown that decorating 
hydrochar surface through impregnating or coating 
cationic minerals such as Fe, Mg, Ca, La, Al, Mg/Al, 
either before or after HTC, could develop effective 
adsorbents with improved adsorption capacity for 
anionic pollutants (Dai et al., 2014; He et al., 2019; Yu 
et al., 2019). However, the information about the effects 
of modifying cationic minerals on the phosphate 
removal capability of hydrochar is limited. In addition, 
growing concerns about phosphorus (P) future 
availability (Alewell et al., 2020; European 
Commission, 2017) as well as its detrimental 
environmental impacts like eutrophication, have made 
the recycling of P crucial to sustainable development 
(Cordell and White, 2013). Along with the presence of 
sugarcane bagasse as a common agricultural and 
industrial waste, this study demonstrates the utilization 
of hydrothermal carbonization as an approach for 
adding value to sugarcane bagasse. In addition, this 
study investigates the effects of different types of 
modifying agents on the efficiency and selectivity of 
sugarcane bagasse-modified hydrochar for phosphate 
adsorption.  

2. METHODOLOGY

2.1 Materials and chemicals

Sugarcane bagasse was acquired from a 
roadside juice hawker in Bangkok, Thailand. After 
washing several times with tap water and deionized 
water (DI-water) to remove any adhering dirt, it was 
dried at 60oC for 24 h and cut into small pieces (about 
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25 mm length). The bagasse was ground, passed 
through a 70-mesh sieve, and then stored in a sealed 
container until use. All chemical reagents used in this 
study were analytical grade. 

2.2 Preparation and modification of hydrochars 

Hydrothermal carbonization of bagasse 
conducted in a 1 L Parr stirred pressure reactor with a 
4848-reactor controller, following Hoekman et al. 
(2011). In a typical synthesis, 70 g of prepared bagasse 
was mixed with DI-water-1:8 bagasse/water ratio 
(w/v). The reactor and contents were then heated, 
while stirring, until the reaction temperature was at 
230oC and held for 1 h reaction time. At the end of the 
holding time, the vessel was cooled to 45oC. The solid 
and aqueous products were separated by vacuum 
filtration, the hydrochars (HC) were then washed with 
DI-water, followed by oven drying at 105oC for 24 h. 

The hydochars were modified with Ca, Mg, and 
Fe, following Yang et al. (2018). To prepare the 
modified hydrochars, the solutions of calcium chloride 
(CaCl2), magnesium chloride (MgCl2), ferric chloride 
hexahydrate (FeCl3·6H2O), and a mixture of ferric 
chloride hexahydrate (FeCl3·6H2O) and ferrous sulfate 
heptahydrate (FeSO4·7H2O) were prepared by 
dissolving a predetermined amount of each compound 
in DI-water. Subsequently, a measured amount of 
hydrochar was immersed in one of the solutions and 
stirred at 150 rpm for 10 min, followed by dropwise 
addition of 1 M NaOH until the pH was at 11. The 
suspension was continuously stirred for 45 min and 
aged without stirring for 24 h at room temperature. 
Then, the acquired mixtures were washed with 
deionized water to remove residual salts and loosely 
attached minerals until the pH of the washing solution 
equals the of the DI water (pH 6.0-6.5), followed by 
drying (105oC, 24 h). The final products were labeled 
as Ca-HC, Mg-HC, Fe(III)-HC, and Fe(III)/Fe(II)-HC. 

2.3 Characterization of sugarcane bagasse and 

hydrochars 

The surface morphology of the bagasse and the 
hydrochars was characterized by a scanning electron 
microscope (SEM, QUANTA FEG-250, FEI, USA). 
C, H, and N compositions were determined by an 
elemental analyzer (LECO 628 series, LECO 
Corporation, USA). Methylene blue adsorption 
studies, following Nunes and Guerreiro (2011), were 
used to estimate the surface areas of biomass and 
hydrochars. A Fourier transform infrared spectrometer 
(FTIR, Spectrum GX, Perkin Elmer) within 400-4,000 

cm-1 range, was used to identify surface functional
groups. An X-ray Fluorescence Spectrometer (XRF,
SRS3400, Bruker, Germany) was used to determine
the composition of inorganics in hydrochar and the
modified hydrochars. The pH at the point of zero
charges (pHpzc) was determined by using the pH drift
method of 0.01 M NaCl with a pH interval of 1 and in
the range of between 3 and 11 (Thawornchaisit et al.,
2019).

2.4 Phosphate removal experiments 

A stock phosphate solution was prepared by 
dissolving KH2PO4 in distilled water. The phosphate 
removal capability from aqueous solutions of bagasse 
and the hydrochars was measured by mixing a 0.1 g 
sample with 50 mL phosphate solution (pH 7, 25 mg 
P/L). The mixtures were mechanically shaken at a 
constant 150 rpm speed. At defined time intervals, the 
mixtures were immediately filtered through a 0.45 μm 
filter, and the concentration of phosphate in the 
filtrates was measured based on the 4500-PE: 
Ascorbic Acid Method (APHA et al., 2012). 

3. RESULTS AND DISCUSSION

3.1 Physicochemical properties of hydrochars

3.1.1 Morphological and textural properties 

Bagasse samples were a pale creamy yellow 
color (Figure 1(a)). Hydrothermal carbonization at 
230oC for 1 h turned the hydrochar into grayish-black 
solids (Figure 1(b)), confirming the success of 
lignocellulosic biomass conversion to carbon-rich 
materials.  

 (a)   (b) 

Figure 1. Images of (a) sugarcane bagasse and (b) the derived 
hydrochar. 

Bagasse SEM images show relatively well-
defined surfaces with little flaking observed on the 
surface (Figure 2(a)). In contrast, the image, labeled (b), 
of the sugarcane bagasse-dervied hydrochar shows a 
high degree of surface roughness and numerous 
microspheres with different shapes and sizes indicating 
destruction and degradation of the cell wall. The new 
microspheres on the hydrochar surface were ascribed 
to the decomposition of hemicellulose, as well as 
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depolymerization of cellulose and partial degradation of 
lignin (Cai et al., 2016; Jain et al., 2016). 

3.1.2 Elemental composition 

CHN elemental analysis showed that hydrochar 
had significantly higher carbon content than the raw 
bagasse, as a result of carbonization (Table 1). The C 
content increased from 45% in sugarcane bagasse to 
61% in the hydrochar. On the other hand, a slight 
reduction in hydrogen content was observed in the 

hydrochar compared to its content in the sugarcane 
bagasse. Dehydration and decarboxylation were 
reported to be the paths that were responsible for the 
reduction of hydrogen and oxygen contents in 
hydrochar (Cai et al., 2016). Meanwhile, the nitrogen 
contents of the hydrochar increase, which were 
consistent with that reported by Congsomjit and 
Areeprasert (2020) and the HTC of other kinds of 
lignocellulosic biomass (Xiao et al., 2012; Cai et al., 
2016).

Figure 2. SEM images of sugarcane bagasse (a) and the derived hydrochar (b). 

Table 1. Composition of sugarcane bagasse and hydrochars 
determined by CHN elemental analysis 

Sample Elements (%) 
C H N 

SB 45.44 6.29 0.12 
HC 60.99 5.64 0.23 

3.1.3 Surface functionality 

FTIR were recorded to understand chemical 
changes in the bagasse and the derived hydrochars 
during HTC. As shown in Figure 3, the IR spectra of 
the hydrochars were quite similar to that of the raw 
biomass. The OH-group stretching vibration at 3,346-
3,416 cm-1, was ascribed to the hydroxyl group, and 
the C-H stretching vibration appears at 2,923-2,929 
cm-1, indicating a presence of aliphatic structures,
identified in both bagasse and hydrochar samples. The
1,733 cm-1 band, ascribed to C=O stretching vibrations
in the hemicellulose (Wang et al., 2017), disappeared
from the hydrochar. In contrast, the 1,112 cm-1 band,
associated with cellulose (Guo et al., 2015) was
sharper in HC when compared to the raw materials.
This confirmed hydrolysis of hemicellulose content
with hydrothermal carbonization of the bagasse. The

1,510 cm-1 peak, attributed to aromatic ring stretching 
vibration (Guo et al., 2015), was also sharper in the 
hydrochar. This showed removal of the amorphous 
fraction in the biomass as suggested by Guo et al. 
(2015). In contrast, the peak at 1,699 cm-1, 
corresponding to the carboxyl, carbonyl, or ester 
groups, was observed only in the hydrochar 
samples. Wang et al. (2017) noted that the 1,699 cm-1 
peak indicated the presence of oxygen-containing 
functional groups, confirming that HTC enhanced 
oxygen group content and further improved the 
reactivity of the hydrochar. 

3.1.4 Specific surface area 

Methylene blue number (MBN) was 4011 
mg/g for bagasse and 10118 mg/g for the hydrochar. 
The higher number for the hydrochar showed that 
HTC increased the biomass surface area. This is 
consistent with other studies of HTC of lignocellulosic 
materials (Cai et al., 2016; Niinipuu et al., 2020) and 
was attributed to the disintegration of the physical 
structure of biomass, followed by degradation of 
hemicellulose and cellulose (Jain et al., 2016).

(a) (b) 
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Figure 3. FTIR spectra of sugarcane bagasse (SB) and the derived hydrochar (HC). 

3.2 Physicochemical properties of metal modified 

hydrochars  

3.2.1 Physical appearance 

Images of modified hydrochar are presented in 
Figure 4. In the case of Ca-HC and Mg-HC, the 
material color was completely black compared with 

the sugarcane-derived hydrochar (Figure 1(b)). On the 
contrary, when Fe3+ and a combination of Fe3+ and 
Fe2+ were added to a hydrochar, the products had an 
orange-red tone, which indicated successful mineral 
impregnation or coating. 

(a)   (b)   (c)  (d) 

Figure 4. Images of cation-modified hydrochars (a) Ca2+, (b) Mg2+, (c) Fe3+/ Fe2+ and (d) Fe3+. 

3.2.2 Elemental composition by XRF 

Data obtained from XRF revealed that the major 
mineral in the hydrochar was silica (Si), with a SiO2 

content of 52.7% (Table 2). Si content in the hydrochar 
dropped after impregnation or coating with metals. A 
significant reduction of SiO2 was attributed to the 
release of silicon components during NaOH post-
treatment of the metal impregnation or co-precipitation 
process in Equation (1) (Tang et al., 2019). 

nSiO2 + 2NaOH →  Na2O ∙ nSiO2 + H2O     (1) 

Compared to the original hydrochar, 
compositions of Ca, Mg, and Fe were higher 
confirming the surface modification of the hydrochar 
with these cations. In addition, Fe content in both Fe 
modified hydrochars was relatively greater than Ca or 
Mg contents.  This was related to the metal affinity 
with the oxygenated functional groups in hydrochar. 
Fe, especially Fe3+, has a greater ionic charge than 
Ca2+ and Mg2+. Subsequently, interaction between 
Fe3+ and oxygen functional groups of hydrochar would 
be more favorable.

Table 2. Elemental compositions of hydrochar and modified hydrochars determined by XRF. 

Elements Contents (%) 
HC Ca-HC Mg-HC Fe(III)/Fe(II)-HC Fe(III)-HC 

SiO2 52.7 ND ND ND ND 
Al2O3 9.94 35.0 77.9 18.3 19.3 
Fe2O3 4.02 ND ND 54.0 43.8 
CaO 1.37 19.9 ND ND ND 
MgO 5.05 ND 14.93 ND ND 
Na2O ND 8.95 2.09 9.87 10.4 
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Table 2. Elemental compositions of hydrochar and modified hydrochars determined by XRF (cont.). 

Elements Contents (%) 
HC Ca-HC Mg-HC Fe(III)/Fe(II)-HC Fe(III)-HC 

K2O 3.38 4.15 3.46 3.89 2.88 
CoO ND ND 1.02 ND ND 
CuO 2.54 ND 0.460 0.406 0.291 
ZnO ND ND ND ND 0.175 
P2O5 5.52 ND ND ND ND 
Cl 3.99 17.8 ND 4.73 7.79 
SO3 12.3 5.90 ND 9.03 7.54 

3.2.3 Surface functionality 

To understand chemical changes in hydrochars 
after surface modification with different cations, FTIR 
spectra were recorded for the original hydrochar and 
cation-impregnated hydrochars. As shown in Figure 5, 
the 1,699 cm-1 band, ascribed to the carboxyl, 
carbonyl, or ester groups on the hydrochar surface, 
was noticeably weakened, especially in Ca-, and Fe-
hydrochars. The band at 757 cm-1 became stronger in 
the Ca-HC, confirming the interaction of the cation 
with the oxygenated functional groups on hydrochar. 
On the contrary, the characteristic peaks of Mg-HC 
were similar to those of the unmodified hydrochar. 
Fang et al. (2014) also observed this when corn-

derived biochar was impregnated with MgCl2, and 
their explanation was given that the magnesium 
nanoparticles did not affect the structural formation of 
organic functional groups in Mg-modified biochar. 
For Fe-modified hydrochars, Fe incorporation was 
confirmed by bands at 550 cm-1 and 460 cm-1, 
representing hematite (Mahmoud, 2017). These two 
bands were found in all hydrochars decorated by Fe3+ 
(Fe(III)-HC) or a combination of Fe3+ and 
Fe2+(Fe(III)/Fe(II)-HC). A peak of Fe-O at 580 cm-1 
was also found in Fe(III)/Fe(II)-HC. This was also 
reported in Yang et al. (2018), confirming that 
Fe3+/Fe2+ had been coated on the hydrochars.

Figure 5. FTIR spectra of hydrochar (HC) and Mg2+-modified hydrochar (Mg-HC), Ca2+-modified hydrochar (Ca-HC), Fe3+/Fe2+ modified 
hydrochar (Fe(III)/Fe(II)-HC) and Fe3+ modified hydrochar (Fe(III)-HC). 

3.2.4 pHpzc 

Points of zero charge (pHpzc) were determined 
for bagasse and the modified hydrochars using the pH 
drift method, measuring pH where the material 
behaves as a neutral species. The values of pH 
differences (final pH-initial pH, pH) were plotted 
versus their corresponding initial pH (pHi)-see Figure 

6. From the graphs, pHpzc of the materials were
determined from the point of intersection on the x-axis
in Figure 6.

Figure 6 shows that bagasse and its derived 
hydrochars had acidic surfaces, with pHpzc 
approximately 4. Thus, binding of cations was favored 
for pH>pHpzc, due to deprotonation of the surface 
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functional groups, resulting in a negatively charged 
surface which attracts cations. After cations were 
added by either impregnation or co-precipitation, the 
surfaces were less acidic, as seen from the shift of 
pHpzc to the higher value (Figure 6). The pHpzc of Ca-
HC and Mg-HC were similar at approximately 7, 
while the points of zero charge (pzc) were at pH 5.6 
for Fe(III)/Fe(II)-HC and pH 8.0 for Fe(III)-HC. The 
presence of sulfate in the materials used to synthesize 

Fe(III)/Fe(II)-HC could be the reason for shifting the 
Fe(III)/Fe(II)-HC pHpzc to lower pH as reported by 
Kosmulski (2016). The higher pHpzc of the metal-
modified hydrochars compared to bagasse and the 
original hydrochar indicated that phosphate removal 
was feasible below this pH, because the net positively 
charged surfaces was favorable and facilitated the 
removal of anions.

Figure 6. Plot to determine pHpzc: SB=sugarcane bagasse, HC=unaltered and modified hydrochars, Ca-HC=Ca2+, Mg-HC=Mg2+, 
Fe(III)/Fe(II)-HC=Fe3+/Fe2+, and Fe(III)-HC=Fe3+. 

3.3 Phosphate removal capacity 

Figure 7 shows the phosphate removal 
efficiency of the hydrochars. It can be seen that 
hydrothermal carbonization followed by chemical 
impregnation or coating transforms sugarcane bagasse 
into an effective phosphate adsorbent. Phosphate was 
removed more effective by the hydrochar than the raw 
material (Figure 8). The surface roughness and 
numerous microspheres on the hydrochar surface 

facilitated physisorption of phosphorus from aqueous 
solution. 

The modifying cations enhanced phosphate 
removal: phosphate removal efficiencies were greater 
than the unmodified hydrochar (Figure 7 and 8). 
Phosphate removal was efficient when Fe-modified 
hydrochars, especially Fe3+-modified hydrochar, were 
used, yielding the highest adsorption capacity (Figure 
8).   Moreover,   hydrochar   decorated   with  Fe3+  in 

pH
pzc

 = 4.0 pH
pzc

 = 4.0

pH
pzc

 = 7.3 pH
pzc

 = 7.2

pH
pzc

 = 5.6 pH
pzc

 = 8.0
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(Fe(III)/Fe(II)-HC) (Fe(III)-HC) 
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alkaline conditions showed higher phosphate removal 
than hydrochars decorated with co-precipitation of 
Fe3+/Fe2+. A similar observation was reported when 
rice straw biochar was decorated by impregnation of 
Fe3+ compared to biochar decorated by co-
precipitation of Fe3+/Fe2+ (Thawornchaisit et al., 
2019). The high phosphate removal by Fe(III)-HC was 
attributed to the presence of Fe(OH)3 and Fe2O3 that 
existed in the Fe3+-modified hydrochar (Yang et al., 

2018). In addition, the difference in phosphate 
removal capacity between the Fe(III)-HC and 
Fe(III)/Fe(II)-HC could be related to the pHpzc 
values. pHpzc values were 5.6 for Fe(III)/Fe(II)-HC 
and 8.0 for Fe(III)-HC. The charge on the Fe(III)-HC 
surface was more positive, since phosphates removal 
experiments were conducted at pH<pHpzc, then the 
phosphate interaction occurred more favorably for 
Fe(III)-HC.

Figure 7. Effect of different modifying cations on phosphate removal ability of sugarcane bagasse (SB), hydrochar (HC), and cation-
modified hydrochars. 

Figure 8. Phosphate removal ability (bar) and phosphate adsorption capacity (orange dot) of cation-modified hydrochars in contact with 
a 25 mg P/L of KH2PO4 solution for 24 hours. 

In the Mg- and Ca-modified hydrochars, 
phosphate removal was observed but less than Fe-
modified hydrochars. This phenomenon was attributed 
to the different valence states: Fe3+ with a higher 

charge density and considered to be a hard acid, would 
have a greater affinity for a hard base, like PO4

3-, than 
Ca2+ or Mg2+. Therefore, reaction between PO4

3- and 
Fe3+ would be more favorable through a combination 
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of electrostatic attraction, surface complex formation 
and anion exchange as reported by Yang et al. (2018). 
In addition, the amount of Fe in the hydrochar also 
played an important role in phosphate removal. XRF 
analysis (see Table 2) revealed that Fe modified 
hydrochar had higher Fe concentration than Ca- and 
Mg-modified biochar, thus it removed phosphate more 
efficiently. 

4. CONCLUSION

Hydrothermal carbonization (HTC), followed 
with impregnating or coating with cations including 
Ca, Mg or Fe was applied to sugarcane bagasse for 
producing a solid char product, or hydrochar, with 
improving phosphate removal capability. Bagasse 
surfaces became much rougher with more 
fragmentation than the starting materials after HTC. 
Higher methylene blue number in hydrochars 
compared with bagasse showed an increased surface 
area for adsorption of contaminants. HTC also 
improved reactivity through the formation of 
oxygenated functional groups on the hydrochar, which 
made it an effective precursor for the production of 
cation-modified hydrochars. Phosphate removal was 
improved when hydrochars were decorated with Ca2+, 
Mg2+, Fe3+, and Fe3++Fe2+ under alkaline conditions. 
Fe-rich hydrochars demonstrated better phosphate 
removal capacity. We concluded that impregnation or 
coating on the hydrochar surface after HTC was able 
to produce effective functional adsorbent for anionic 
pollutants, like phosphates. 
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