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INTRODUCTION

Rice (Oryza sativa) is a major crop grown in 
the islands of the Philippines. The country has a 
total area of 4.80 million hectares (Mha) dedicated 
to rice production, of which 3.34 Mha is irrigated 
and 1.46 Mha is non-irrigated [Philippine Rice 
Research Institute, 2023]. The abundance of rice 
straw as a by-product can result in agricultural 
waste [Villegas-Pangga, 2021]. Given this prob-
lem, converting the rice straw to biochar can help 
address the issue of waste disposal. 

Biochar is a product of the thermal decomposi-
tion of organic biomass under an inert environment 
[Sakhiya et al., 2020]. There are various modifica-
tions that can be done to biochar, such as impreg-
nation or coating, acid or alkaline washing, steam, 
gas purging, amination, and engineered carbon. In 
particular, acid modification through washing of 
biochar with weak or strong acids can introduce 

changes to its physicochemical properties. Acids 
such as HCl, H2SO4, H3PO4, HNO3, C6H8O7, and 
C2H2O4 can be used to acid modify the properties 
of biochar [Wang and Wang, 2019]. The effects of 
acid modification include changes in the elemental 
composition, pH, EC, functional groups, specific 
surface area, porosity, and adsorption capacity of 
biochar [Yakout, 2015; Yakout, 2017; Deng et al., 
2018; Xiao et al., 2018; Blenis et al., 2023].

The need to acidify the biochar depends on 
the purpose of utilizing the material. Various stud-
ies have suggested the use of acidified biochar in 
ameliorating problems such as salt-affected soil 
[Wang et al., 2022], calcareous soil [Sahin et al., 
2017], heavy metals in soil [Boguta et al., 2019], 
including the improvement of the bioavailability 
of essential nutrient elements [Zhou et al., 2021; 
Sultan et al., 2020; He et al., 2020]. 

There have been various studies character-
izing the properties of biochars derived from 
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agricultural waste [Villegas-Pangga, 2021]. 
However, the characterization of biochar, more 
so acidified, is still relatively new and requires 
further understanding to fully harness its potential 
application in agriculture or environment [Igala-
vithana et al., 2017].

The problem on saline-sodic soil or salt-af-
fected soil generally affects approximately 33% of 
all irrigated lands and 20% of the total croplands 
worldwide [Nachshon, 2018]. In the Philippines, 
salt-affected soils in general affects 400,000 hect-
ares, this include areas for mangroves, fishponds, 
and idle lands [Naungayan et al., 2021] Present-
ly, the Bureau of Soils and Water Management 
(BSWM), a national government agency under 
the Department of Agriculture (DA), is currently 
conducting a nationwide soil testing and mapping 
of salt-affected areas to provide insights of the 
country’s current status [BSWM, 2024]. 

The effects of salt on the soil physical prop-
erties vary depending on the salinity classes. In 
saline soil with excess soluble salts, the clay frac-
tion is flocculated and has a better stable struc-
ture. Additionally, saline soil is comparable to 
normal soil in terms of water and air permeability. 
Conversely, sodic soil adversely affects the soil’s 
physical properties through dispersion. It also re-
sults in nutrient imbalances such as Ca2+ deficien-
cy and toxicity of Na+, CO3

2-, HCO3
-, MoO4

2-, and 
other trace elements [Choudhary and Kharche, 
2018; Shrivastava et al., 2019].

The potential of acidified biochar to amelio-
rate saline-sodic soil is based on its specific phys-
icochemical properties, particularly the pH and 
CEC, which induces the dissolution of CaCO3 
followed by exchanging Na+ adsorbed on the soil 
colloids with Ca2+ and H+ [Sadegh-Zadeh et al., 
2018]. In addition, the application of acidified 
biochar could provide Ca2+ and Mg2+ that can be 
exchanged with Na+ [El-Sharkawy et al., 2022]. 
Other mechanisms include the promotion of soil 
water infiltration and inhibition of evaporation 
leading to reduction of soluble salts [Huang, 
2021]. The reduction in pH, O-containing func-
tional groups, and the pore structure and specific 
surface area of the material could demonstrate its 
potential in ameliorating saline-sodic soil [Wang 
et al., 2022]. Other than specific physicochemical 
properties of saline-sodic soil, acidified biochar 
was also found to improve the nutrient availabil-
ity with the addition acidified biochar [Sultan et 
al., 2020; Zhou et al., 2021]. Similarly, the mech-
anisms involved in applying acidified biochar 

were the same in ameliorating saline-alkali soil 
[Xia et al., 2024].

In other studies, acidified biochar was used 
to increase the soil pH buffering capacity result-
ing in resistance of paddy soil to acidification [He 
et al., 2022]. Similarly, it was found that it reduced 
the mobility and bioavailability of heavy metals in 
coal-mining contaminated soil due to improved ad-
sorption and precipitation [Munir et al., 2020]. The 
application of acidified biochar also used in calcare-
ous soil where it reduced soil pH and increase elec-
trical conductivity, potassium, available phosphorus, 
copper, iron, and zinc [Hasanpour et al., 2022] 

The application of acidified biochar in ame-
liorating saline-sodic lowland soil is relatively 
new and require studies to test possible ameliora-
tion strategies. Thus, the objective of this current 
study was to characterize the physicochemical 
properties of acidified biochar as potential ame-
liorant for saline-sodic soils.

MATERIALS AND METHODS

Collection of rice straw biomass

The rice straw biomass was collected at the 
Experimental Station of the Philippine Rice Re-
search Institute (PhilRice) located at the Institute 
of Plant Breeding Road, Barangay Putho-Tuntun-
gin, Los Baños, Laguna, Philippines, with coordi-
nates at 14°9’31.55”N and 121°15’34.98”E. 

Biochar production

Biochar production was conducted at the Ag-
ricultural Systems Institute (ASI) Demonstration 
and Composting Area, Pili Drive, University of 
the Philippines (UP) Los Baños.

Prior to the pyrolysis, rice straw biomass was 
cleaned of foreign objects, air dried, and cut into 
4–6 cm lengths. The weight of biomass materials 
pyrolyzed at each run in the biochar-producing 
stove was 700 grams. Following a modified pro-
cedure of Villegas-Pangga (2021), the biomass 
material was slowly pyrolyzed at a temperature 
ranging from 300 °C to 650 °C for 45 minutes 
and immediately drenched with water after char-
ring to avoid contact with air. The process was 
followed by transferring the produced biochar 
onto an air-drying net. The biochar was then air-
dried for 7 days, pulverized, and passed through 
2 mm sieve, oven-dried at 80 °C for 8 hours. The 
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moisture content was determined using gravimet-
ric method. The dried biochar was referred to as 
non-acidified biochar.

Acid modi�cation of biochar

The acid modification was done following the 
procedure of Sadegh-Zadeh et al. (2018) by washing 
the non-acidified biochar with 0.1 N HCl at a 1:20 
ratio (w/v) three times with an interval of 30 min per 
batch using an improvised filter with a capacity 
of 200 g of biochar. This was followed by wash-
ing with deionized water twice and then air dry-
ing for 7 days. Finally, the acidified biochar was 
oven-dried at 80 °C for 8 hours. Lastly, gravimet-
ric moisture content was determined. The product 
was then referred to as acidified biochar.

Characterization of the physicochemical 
properties of biochar

The characterization of the physicochemical 
properties of the biochar was conducted at ASI 
Laboratory, UPLB Nanotechnology Laboratory, 
and ADMATEL DOST, Philippines.

To evaluate the differences between the non-
acidified and acidified biochars, 50 g of both bio-
chars were prepared for physicochemical analysis 
by pulverizing some samples using a mortar and 
pestle and sieving through a 0.5 mm diameter 
mesh. The pH of biochar was measured at a ratio 
of 1:4 (w/v) using a glass electrode pH meter. Elec-
trical conductivity was also measured with a 1:4 
(w/v) biochar-to-water suspension, following the 
method of Amin and Eissa (2017). For the elemen-
tal analyses, the procedures were as follows: or-
ganic C was determined by the Walkley and Black 
method; total N by Kjeldahl method; total P by va-
nadomolybdate method; and total K by flame pho-
tometer method. The elements Ca and Mg were an-
alyzed using NH4OAc extraction and EDTA titra-
tion method, while trace elements Zn and Cu were 
determined by an atomic absorption spectrometer 
(AAS). The Fe and Mn were determined by induc-
tive coupled plasma optical emission spectroscopy 
(ICP-OES) (Shimadzu ICPE-9000).

The surface morphology of acidified and 
non-acidified biochar was imaged using a field-
emission scanning electron microscope (FESEM) 
with energy dispersive X-ray spectroscopy (EDS) 
point analysis (Dual Beam Helios Nanolab 600i). 
Three micrographs were taken at 1000x, 5000x, 
and 10000× magnifications. In the EDS, two scan 

points were taken to determine the elemental com-
position of non-acidified and acidified biochar.

The surface area, pore radius, and pore size 
were analyzed by multipoint Brunauer-Emmett-
Teller (BET) (Quanta Chrome Nova e2200) auto-
mated nitrogen multilayer physisorption system. 
The samples for BET analysis were prepared 
thoroughly by mixing and oven drying for five 
hours at 300 °C to remove strongly bound surface 
water and residual adsorbed gases. The samples 
were cooled down below 80 °C before unload-
ing the degasser and reweighing to obtain the dry, 
outgassed weight. The pore size analysis gener-
ates an automated 21-adsorption and 20-desorp-
tion multipoint BET plot.

Different functional groups or compounds on 
the non-acidified and acidified biochar were also 
determined by Attenuated Total Reflectance (ATR) 
(Perkin Elmer Fourier Transform Infrared Spec-
trometer) at a range of 4000–600 cm-1. The crys-
tallinity of non-acidified and acidified biochar was 
also determined using an X-ray Diffractometer 
(Shimadzu LabX XRD-6100) at 2θ range of 3º to 
90º with a scan speed of 1º min-1 and a step size of 
0.02º. The result was analyzed using X’Pert High-
Score by striping k-alpha, Rietveld refining, peak 
scanning, and matching with ICDD reference.

Initial assessment of acidi�ed biochar 
e�cacy in lowland saline-sodic soil

To test the potential of acidified biochar, 
a 45-day pot incubation experiment was con-
ducted using a saline-sodic soil obtained from 
Navotas, Balayan, Batangas (13°55’52.28” N, 
120°42’51.04” E). The acidified biochar was ap-
plied at a rate of 2.5% w/w into a two-kilogram 
air-dried soil. A control and a gypsum treatment 
were also included to benchmark the ameliora-
tion capacity of the acidified biochar. The soil 
was thoroughly mixed by tightly tying up the 
bags and shaking and mixing the soil to evenly 
distribute the ameliorants. After mixing, the soil 
and treatments were transferred to polyethylene 
pots with a diameter of 15 cm and a height of 
12 cm. The incubation experiment consisted of 
three treatments with three replications arranged 
in a completely randomized design (CRD) inside 
a screenhouse. Soil samples were collected at the 
end of the 45-day experiment. The soil properties 
associated to salinity (pH, EC, CEC, Na, Ca, and 
Mg content) were analyzed in the laboratory fol-
lowing standard protocols. In addition, the water 
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stable aggregate (WSA) was analyzed using wet-
sieving method. Exchangeable sodium percent-
age (ESP) and sodium adsorption ratio (SAR) 
was calculated by the equations below:

𝐸𝐸𝐸𝐸𝐸𝐸 = [Na+]
𝐶𝐶𝐶𝐶𝐶𝐶 × 100 (1)

𝐸𝐸𝑆𝑆𝑆𝑆 = [Na+]

√[𝐶𝐶𝐶𝐶2++𝑀𝑀𝑀𝑀2+]
2

× 100 (2)

1.

(1)𝐸𝐸𝐸𝐸𝐸𝐸 = [Na+]
𝐶𝐶𝐶𝐶𝐶𝐶 × 100 (1)

𝐸𝐸𝑆𝑆𝑆𝑆 = [Na+]

√[𝐶𝐶𝐶𝐶2++𝑀𝑀𝑀𝑀2+]
2

× 100 (2)

1.

(2)

The data gathered from the initial assess-
ment were analyzed using STAR 2.0.1 (Sta-
tistical Tool for Agricultural Research) and R-
packages 1.5. The data were described as mean 
± standard deviation. Statistically analyzed us-
ing one-way analysis of variance (ANOVA) to 
test the differences among the treatment means 
at a 5% level of significance. Tukey’s honest 
significant difference (HSD) was used to com-
pare significant treatment means. 

RESULTS AND DISCUSSION

Physical and chemical properties of biochar 

The chemical properties of the acidified and 
non-acidified biochar are presented in Table 1. 
The pH of acidified biochar decreased to 4.27 
as a result of the acid modification process. The 
result was lower than that of non-acidified bio-
char, which was found to have a pH level of 9.79. 
According to other reports, the temperature dur-
ing pyrolysis directly influences the pH of bio-
char, which is said to increase as the amount of 

heat increases [Weber and Quicker, 2018; Li et 
al., 2019]. However, the pH drastically decreases 
due to the acid modification, which may be at-
tributed to the removal of minerals [Jiang et al., 
2018; Deng et al., 2018]. Additionally, the study 
of Wu et al. (2019), using HCl in the modification 
process resulted in a drop in pH in the biochar due 
to complexation and an increase in oxygen func-
tional groups. In the result of FTIR (Figure 5b), 
carbonyl and an additional peak of alkane peaked 
after the acid modification.

A decrease in electrical conductivity after 
acid modification was also be noted, with values 
of 5.37 dS m-1 for non-acidified biochar and 0.356 
dS m-1 for acidified biochar. The EC of biochar 
is another parameter that is said to be influenced 
by temperature and heating rates during pyrolysis 
[Nanda et al., 2015]. The amounts of K, Ca, and 
Mg in the biochar were higher in non-acidified 
biochar compared to acidified biochar, which 
may explain the high EC value [Limwikran et al., 
2018]. Additionally, the mineral and ash content 
may have been removed due to the acid modi-
fication process, contributing to low electrical 
conductivity [Deng et al., 2018]. The OC of the 
acidified material also reduced, but only for 3%, 
a less decrease compared with other properties of 
acidified biochar. 

In terms of selected elements, the N, P, K, Ca, 
Mg, and Zn contents also decreased, which may have 
been lost during acid modification. A slight decrease 
from 0.82% to 0.73% was observed on N. Similarly, 
Zn reduced from 116.75 mg·kg-1 to 113.25 mg·kg-1. 
Apparently, significantly lower values were deter-
mined on P, K, Ca, and Mg. The value of P decreased 
from 0.85 mg kg-1 to 0.45 mg·kg-1, this is 47% reduc-
tion after acid modification. A lower value was de-
termined on K, which reduced by 93% with its value 
from 3.25% to 0.23%. The amounts of Ca and Mg 
also reduced by 67.5% and 71% from their values 
from 0.4% to 0.13% for calcium and from 0.31% 
to 0.09% for magnesium. Loss of nutrients in the 
biochar was also reported in the study of Xiao et al. 
(2018), which resulted from the demineralization ef-
fect of acid hydrolysis. Additionally, the solubility of 
elements may have also contributed to the decrease 
of the elements [Wu et al., 2015]. Conversely, Cu, 
Fe, and Mn increased after acid modification. The Cu 
content increased from 15 mg·kg-1 to 20.5 mg·kg-1, 
while Fe content increased from 697.29 mg·kg-1 to 
1685.48 mg·kg-1. Meanwhile, the Mn content in-
creased from 160.05 mg·kg-1 to 274.20 mg·kg-1. The 
increase of Cu, Fe, and Mn was in contrast with the 

Table 1. Some physical and chemical properties of 
non-acidified and acidified rice straw biochar

Analysis Non-acidified
biochar

Acidified
biochar

Moisture content, % 14.59 14.46

pH 9.79 4.27
Electrical conductivity, 
dS m−1 5.37 0.356

Organic carbon, % 15.44 14.91

Nitrogen, % 0.82 0.73

Phosphorus, % 0.85 0.45

Potassium, % 3.25 0.23

Calcium, % 0.4 0.13

Magnesium, % 0.31 0.09

Zinc, mg·kg-1 116.75 113.25

Copper, mg·kg-1 15 20.5

Iron, mg·kg-1 697.29 1685.48

Manganese, mg·kg-1 160.05 274.20
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study of Sahin et al. (2017) and Wang et al. (2018). 
The increased of the trace elements could be attrib-
uted to external factor due to possible contamination 
especially during drying after the acid modification, 
which exposes the acidified biochar from various 
metal sources. However, this requires further study 
to determine what causes the higher Cu, Fe, and Mn 
content in acidified biochar.

Surface morphology of biochar

The result of FESEM of non-acidified and 
acidified biochar reveals that there are differences 
in the structures of non-acidified and acidified 
biochar (Figures 1 and Figure 2). The surface 
structure of acidified biochar revealed that it is 
porous and has fissures and slits on the surface. 
This may have resulted from thermal decomposi-
tion of volatile matter originating inside the vas-
cular structure of the plant rather than the acid 
modification process [Rout et al., 2016]. 

Factors that influence the morphological struc-
ture of biochar include temperature, residence 
time, and biomass [Tan et al., 2017]. Modifications 
to the biochar can also alter its surface morphology 
[Blenis et al., 2023]. In this study, acid modifica-
tion was done by washing the rice straw biochar 
with 0.1 N HCl. However, through visual inspec-
tion, there were no apparent changes in the surface 
structure of the biochar after acid modification.

Elemental composition of biochar

The EDS analysis of non-acidified and acidi-
fied biochar reveals that Si and O dominated the 
elemental composition of both non-acidified and 
acidified biochar. In non-acidified biochar, Si ob-
tained a 55.8 wt% in Spectrum 1 (Figure 3a) and 
35.1 wt% in Spectrum 2 (Figure 3b). Similarly, 
acidified biochar also obtained a high wt% of Si. 
In Spectrum 1 (Figure 4a), Si has a 38.1 wt% and 
25.2 wt% in Spectrum 2 (Figure 4b). The pres-
ence of Si in both non-acidified and acidified bio-
char indicates that both materials are Si-rich and 
could be attributed to the Si accumulation of rice 
from the soil [Rao and Susmitha, 2017]. 

Similarly, O is also shown to be consis-
tently high in both non-acidified and acidified 
biochar. In non-acidified biochar, O was found 
to be 38.3 wt% in Spectrum 1 (Figure 3a) and 
55.1 wt% in Spectrum 2 (Figure 3b). In acidi-
fied biochar, the value was determined to be 59.1 
wt% in Spectrum 1 (Figure 4a) and 66.2 wt% 

in Spectrum 2 (Figure 4b). Thus, indicating that 
both non-acidified and acidified biochar were 
oxygen-rich. The presence of O can be attributed 
to the oxygen-containing functional groups that 
have been formed during the pyrolysis [Tan et al., 
2017], and acid modification as confirmed in the 
ATR-FTIR analysis (Figure 5). 

The presence of C was also observed from all 
scan points for both non-acidified and acidified 
biochar. However, the quantification was not in-
dicated in the report. Nonetheless, it can be noted 
that biochar, in general, is a carbon-rich material 
[Wang and Wang, 2019]. In Table 1, the amount 
of C in non-acidified biochar is 15.44%, while in 
acidified biochar the value is 14.91%. In similar 
studies, Tan et al. (2017) and Xi et al. (2020) re-
ported a C value of 40 wt% from their EDS spec-
tra of biochar derived from rice straw. 

There were many other elements observed to 
be present in both non-acidified and acidified bi-
ochar. The elements K, Cl, P, S, Mg, and Na were 
observed in non-acidified biochar (Figure 3), while 
N, K, Mg, Na, Al, Cl, and S were determined in 
acidified biochar (Figure 4). The presence of these 
elements indicates that both materials were nutri-
ent-rich [Qian et al., 2016; Xi et al., 2020]. Appar-
ently, absence or presence of elements from the 
scan points for both materials does not necessarily 
mean that the element no longer exists, rather it 
was just not observed in the scan points where the 
EDS analysis was taken. 

Surface area, pore volume, and 
pore radius of biochar 

The physisorption analysis presented in Table 
2 reveals that acidified biochar has a lower sur-
face area with 1.508 m2·g-1 compared to non-acid-
ified biochar with 8.719 m2·g-1. The decrease in 
surface area was 82.70%, which can be attributed 
to acid modification. Furthermore, the adsorption 
and desorption analysis noted a decrease in pore 
volume and pore radius. In adsorption, the pore 
volume was found to be less in acidified biochar 
with only 0.003 cc·g-1 compared to non-acidified 
with 0.012 cc·g-1. A similar result was found for 
the pore volume for desorption, with 0.006 cc·g-1

for acidified biochar and 0.007 cc·g-1 for non-
acidified biochar. The pore radius of non-acidi-
fied biochar in desorption also obtained a lower 
value of only 15.332 Å compared to non-acidified 
biochar with 154.918 Å. The result revealed that 
the acid modification process reduced the surface 
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Figure 1. Surface morphology of non-acidified biochar: (a) 1000×, (b) 5000×, and (c) 10000× magnifications

a)

b)

c)
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Figure 2. Surface morphology of acidified biochar: (a) 1000×, (b) 5000×, and (c) 10000× magnifications

a)

b)

c)



307

Journal of Ecological Engineering 2024, 25(8), 300–316

Figure 3. Elemental composition of non-acidified biochar: (a) spectrum 1, (b) spectrum 2

area and pore volume of the biochar. However, 
the result is in contrast with the study of Wang 
et al. (2018) and Tong et al. (2016). The acid 
modification may cause a decrease in surface 
area through the breaking of the pore structure 
of the biochar [Panwar and Pawar, 2020]. In a 
similar study, pulverization of non-acidified and 
acidified biochar during production resulted in a 
decrease in surface area and destruction of po-
rosity [Zhang et al., 2016]. 

There are other factors that may have contrib-
uted to the low surface area and pore volume of 
both biochars. According to Sakhiya et al. (2020), 
increased reaction temperature and heating rate 
can result in the reduction of surface area through 
the melting of cell structure. In addition, it can 
also result in condensation or devolatilization, de-
stroying the porous structure and clogging pores. 
The sintering effect followed by shrinking and 

realignment of the structure of biochar can also 
lead to the reduction of pore volume and mean 
size [Angin and Şensöz, 2014].

Functional groups and compounds of biochar

The results of ATR-FTIR analysis presented 
in Figure 5 reveal different functional groups and 
compounds. On non-acidified biochar (Figure 5a), 
a peak at 3378.57 cm-1 was determined to be an 
O-H stretching vibration, indicating the existence 
of -OH groups (Hydroxyl). The stretching vibra-
tion was also found to be present on acidified bio-
char (Figure 5b) at 3357.14 cm-1, which similarly 
implies an O-H stretch of OH groups [Behazin et 
al., 2016]. A similar result was also reported in 
the study of Tan et al. (2019), where OH groups 
were also found on the surface of biochar derived 
from rice straw. The importance of OH groups on 

a)

b)
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Figure 4. Elemental composition of acidified biochar: (a) spectrum 1, (b) spectrum 2

Table 2. Surface area, pore volume, and pore radius of non-acidified and acidified biochar

Biochar Surface area
(m2·g-1)

Adsorption Desorption
Pore volume

(cc·g-1)
Pore radius 

(å)
Pore volume 

(cc·g-1)
Pore radius 

(å)
Non-acidified biochar 8.719 0.012 24.820 0.007 154.918

Acidified biochar 1.508 0.003 28.834 0.006 15.332

biochar is said to be the determinant of its nega-
tive surface charge, which is affected by increas-
ing temperature [Tan et al., 2020].

The stretch of C-H bond on the surface of non-
acidified and acidified biochar at the same frequen-
cy of 2925.00 cm-1 indicates the presence of alkane 
on their surfaces [Behazin et al., 2016]. The same 
stretch of C-H bond at 2920 cm-1 was reported by 
Hu et al. (2022) on the surface of rice straw bio-
char. Furthermore, C-H bending was observed 
at 1381.14 cm-1 for non-acidified biochar, and 
1436.36 cm-1 and 1377.57 cm-1 for acidified biochar.

According to Biswas et al. (2018), alkanes, 
together with many other compounds, form dur-
ing pyrolysis of hemicellulose and cellulose in 
the feedstock. However, the additional peak of 
alkane at 1436.36 cm-1 on acidified biochar may 
have been induced by acid modification. A simi-
lar result was obtained by Meri et al. (2018), 
where C-H bending was also determined on bio-
char treated with HCl.

Noticeably, C = O stretch was determined only 
on acidified biochar at 1696.81 cm-1, which con-
sisted of carbonyl groups [Behazin et al., 2016]. 

a)

b)
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In the study of Yakout et al. (2015), various acids 
were used to modify rice straw biochar, which led 
to the identification of carbonyl. However, the 
presence of C = O stretching was also determined 
on rice straw biochar [Ngo et al., 2021] and raw 
rice straw biomass [Sheng et al., 2014], which ex-
plains that carbonyl groups were already present 
before pyrolysis and even acid modification. The 
presence of carbonyl may have been a part of the 
rice straw. Ngo et al. (2021) stated that carbonyl 
is present in side chains of the lignin structure. 
Sheng et al. (2014) indicated that it is a usual 
marker for hemicellulose. However, since it is 
only found in acidified biochar, acid modification 
may have increased the presence of carbonyl in 
the material. Tong et al. (2016) also reported that 
HCl acid washing on biochar can alter the surface 
of the material resulting in the determination of 
carbonyl, carboxyl, and ether.

Stretching of C = C of aromatic compounds 
was determined on non-acidified and acidified bio-
char at 1598.09 cm-1 and 1600.54 cm-1, respective-
ly, while bending of C-H of aromatic compounds 
was respectively determined at 793.11 cm-1 and 
794.46 cm-1 of non-acidified and acidified bio-
char. The presence of aromatic C = C and C–H 
was also determined by Ngo et al. (2021) on ther-
mally decomposed rice straw. According to Roy 
et al. (2019), the production of biochar derived 
from plant material has a high content of aromatic 
C, which provides the material’s resistance and 
stability against microbial decomposition.

Stretching of C-O-C indicating the exis-
tence of ether on non-acidified and acidified bio-
char was also determined at 1057.58 cm-1 and 
1064.96 cm-1, respectively. The C-O-C was also 
determined by Haitao et al. (2017) in the same 
standard group frequency of 1310–1000 cm-1 of 

Figure 5. Functional groups of (a) non-acidified biochar and (b) acidified biochar

a)

b)
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rice straw biochar, confirming its existence on the 
biochar’s surface. 

The presence of the identified functional 
groups is important to various soil properties such 
as ion adsorption [Yang et al., 2019], anion and cat-
ion exchange capacity [Shaaban et al., 2013], pH 
[Wu et al., 2019], aggregation [Duan et al., 2021], 
and water holding capacity [Suliman et al., 2017].

Amorphous phase of biochar

The X-ray diffraction results presented in Fig-
ures 6 were determined in 2θ and an angle range 
of 0–90˚. In non-acidified biochar (Figure 6a), 
amorphous organic compounds represented the 
peak at 2θ = 21.1426 and d = 4.19876. The peak 
was determined to be graphitized carbon [Wang et 
al., 2021], as it is observed to have a narrow and 
sharp diffraction [Wang and Wang, 2019]. Qian 
and Chen (2013) also reported a similar diffrac-
tion peak on rice straw biochar at 2θ = 15° to 30°, 
which was determined to be amorphous organic 
compounds (graphitized carbon). No other peaks 
were found on the diffraction pattern of non-acid-
ified biochar. Various factors may be attributed to 
the diffraction patterns of biochar, such as tem-
perature [Biswas et al., 2022], material biomass 
[Pariyar et al., 2020], and modification [Komnit-
sas and Zaharaki, 2016]. In the study of Qian and 
Chen (2013), the increased temperature applied 
to rice straw biochar results in the development of 
peaks. The temperature applied to the rice straw 
biochar was 300 °C to 650 °C; however, no ap-
parent peaks were determined at this range. The 
lack of peaks may also be attributed to the process 
done during pyrolysis, where the produced bio-
char was drenched with water to halt the pyrolysis 
and prevent contact with air. In the study of Xiao 
et al. (2014), peaks of rice straw-derived biochar 
at different temperatures were all lost after wash-
ing it with water. Thus, the developed crystalline 
structures during pyrolysis may have been lost 
during the process.

In Figure 6b, acidified biochar generally has 
a similar diffraction pattern to non-acidified bio-
char (Figure 6a). The diffraction at 2θ = 21.3509 
and d = 4.16170 Å implies amorphous organic 
compounds of the material under the peak range 
of 2θ = 15° to 30° [Qian and Chen, 2013]. The 
diffraction peak was determined to be graphitized 
carbon by having a narrow and sharp diffraction 
[Wang et al., 2021]. An additional peak was ob-
served on acidified biochar at a peak position of 

2θ = 77.0800. The peak matched the ICDD refer-
ence, indicating the presence of Aluminum Oxide 
(Al2O3). The diffraction of Al2O3 on the surface of 
acidified biochar may have increased and become 
more visible due to the acid modification process.

The Al was also confirmed from the FESEM-
EDS analysis, where the element was more ob-
servable on the surface of acidified biochar com-
pared to non-acidified biochar. The source of Al 
in the biochar may be attributed to the rice uptake 
due to its abundance in the soil [Kusa et al., 2021].

Initial assessment of acidi�ed biochar 
e�cacy in lowland saline-sodic soil

Acidified biochar improved the physicochem-
ical conditions of the saline-sodic coastal lowland 
rice soil (Table 3). For reference, the result of the 
initial soil analysis showed a pH of 7.2, 8.7 dS·m-1

EC, 77% ESP, 22 meq·L-1 SAR, and 1.2% WSA. 
Furthermore, 28.48 cmolc·kg-1 exchangeable Na+, 
16.57 cmolc·kg-1 exchangeable Ca2+, and 17.01 
cmolc·kg-1 exchangeable Mg2+ were obtained.

Application of biochar (2.5% w/w) yielded 
similar results as gypsum. Although, not statistically 
significant, it reduced soil pH which indicates that 
acidified biochar can be effective in decreasing the 
pH of saline-sodic soil. The reduction can be attrib-
uted to the acidic property of the acidified biochar, 
which can be due to the complexation and increase 
in O-containing functional groups [Wu et al., 2019]. 
The result coincided with the analysis of pH the 
acidified biochar presented in Table 1 and functional 
groups in Figure 5. Similar results were also report-
ed by Ahmed et al. (2021), Yuanchengpeng et al. 
(2019), Sultan et al. (2020), and Ullah et al. (2022). 
This finding supports the hypothesis that the acidic 
property of acidified biochar can decrease soil pH 
when applied as an ameliorant [Ahmed et al., 2021; 
Soothar et al., 2021]. On the other hand, gypsum ap-
plication showed to be almost negligible in decreas-
ing the pH of the soil. In comparison, the addition 
of acidified biochar showed to have a more reduced 
soil pH than other ameliorants such as CaCl2, rice 
husk, cow dung, and their combinations [Khan et al., 
2019]. Additionally, the use of pristine biochar de-
rived from alfalfa, walnut-shell, sugarcane-bagasse, 
and combinations with gypsum and aluminum sul-
fate were comparably found to have higher result 
in decreasing soil pH than the present experiment 
[Noori et al., 2021]. Thus, indicating that acidified 
biochar may have the potential to further reduce soil 
pH of saline-sodic soil.
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In contrast, it did not lower soil EC indicat-
ing an increase in soluble salts in the soil solution. 
In Table 1, acidified biochar has low EC while 
its addition to ameliorated soil resulted in higher 
electrical conductivity (Table 3). Although not sig-
nificantly different from the control and gypsum, 
the higher EC is common with biochar application 
[Sun et al., 2022; Hafeez et al., 2022]. Similarly, 
in previous study, other kinds of ameliorants such 
as the combination of gypsum and aluminum sul-
fate with biochars were found to yield high ECs 
[Noori et al., 2021]. However, a reduction in ESP 
and SAR was observed indicating that basic cat-
ions particularly Ca2+ and Mg2+ were dominantly 
present than Na+ that causes the sodicity problems. 
Several studies also observed a reduction of ESP 
and SAR due to the application of acidified bio-
char [Yuanchengpeng et al., 2019; Bayoumy et al., 
2019]. The values obtained in EC, ESP, and SAR 
were determined to have no significant differences. 

However, the lower values particularly in ESP and 
SAR may indicate the possibility of further reduc-
tion, which reduces the sodicity of the soil. Rel-
evant to this result, soils ameliorated with acidi-
fied biochar and gypsum were found to have lower 
exchangeable Na than control indicating less ad-
sorbed sodium ions on the exchange sites [Cha-
ganti et al., 2015]. Organic ameliorants 

The increase in WSA with the acidified bio-
char application shows a positive result, indicating 
an improvement in aggregation in saline-sodic 
soil. A similar result was obtained from the study 
of Duan et al. (2021) with the addition of acidi-
fied biochar. The aggregation may be attributed to 
different hypotheses, such as oxygen-containing 
functional groups [Duan et al., 2021], carbon con-
centration [Blanco-Canqui, 2018], and harboring 
of microorganisms [Prakongkep et al., 2020]. Re-
lated to this result, the higher presence of oxygen-
containing functional groups from the ATR-FTIR 

Figure 6. X-ray diffraction pattern of (a) non-acidified biochar and (b) acidified biochar

a)

b)
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(Figure 5a) and organic C concentration (Table 
1) of the acidified biochar could be the reason in 
higher WSA in ameliorated soil.

It is, however, shown that despite the addition 
of acidified biochar or gypsum, the WSA is still 
very low and can be highly attributed to the high 
levels of exchangeable Na in the soil. With the 
SAR as an indicator to assess the degree of dis-
persion, thus WSA, the very high values of SAR 
correlate with the very low WSA. 

The CEC improved with the addition of acidi-
fied biochar. Although CEC is already high without 
any ameliorants and no significant differences were 
determined, the acidified biochar showed to further 
improved its value. This result was also reported by 
Zhou et al. (2021), hypothesized by high CEC of 
acidified biochar. The observed increase can be due 
to electrostatic adsorption with the presence of nega-
tively charged functional groups in the biochar form-
ing metal ion complexes in soil [Sun et al., 2022].

In terms of exchangeable cations, a reduction 
in adsorbed Na and Ca was observed with the addi-
tion of acidified biochar, while Mg improved after 
the incubation period. No significant differences 
were observed in Na and Ca. However, the de-
crease, particularly in Na, may further reduce with 
the addition of acidified biochar. A similar result 
was determined by He et al. (2020). The reduction 
could be due to exchanging adsorbed Na+ with Ca2+

and H+ from the dissolved CaCO3 present in the 
soil, providing Ca2+ and Mg2+, improving soil wa-
ter infiltration and inhibiting evaporation leading 
to a decreased amount of soluble salts [Sadegh-Za-
deh et al., 2018; El-Sharkawy et al., 2022; Huang, 
2021]. On the other hand, adsorbed Mg increased 

with the addition of acidified biochar, while gyp-
sum was determined to be significantly reduced. 
The addition of gypsum showed to increase Ca and 
decrease Na and Mg, indicating that calcium dom-
inated the exchange sites, which can be attributed 
to the Ca content of gypsum [Abdel-Fattah, 2015]. 
The use of calcium-rich ameliorants is known to 
supply Ca2+ to replace Na+ on the exchange sites 
[Bello et al. 2021]. Other chemicals especially sul-
fur and sulfuric were also utilized which facilitates 
dissolution of native calcium minerals in the soil 
[Chaganti et al., 2015]. However, given the result of 
the experiment, it could be that Mg is the predom-
inant adsorbed cation rather than Ca which might 
also explain the result of EDS analysis in Figure 4, 
where Mg was determined rather than Ca.

CONCLUSIONS

The characterization revealed that acid modi-
fication and pulverization led to the reduction and 
improvement of the properties of acidified biochar. 
Acid modification showed no apparent effect on the 
surface morphology of acidified, while EDS showed 
that both non-acidified and acidified biochar were 
nutrient-rich materials due to the presence of the ma-
jority of macronutrient and micronutrient elements. 
The surface area, pore volume, and pore radius were 
reduced in acidified biochar, which were attributed 
to acid modification and pulverization. In terms of 
functional groups, carbonyl and additional peaks of 
alkane were determined on acidified biochar, indi-
cating that oxygen-containing functional groups and 
compounds improved after acid modification. The 

Table 2. Surface area, pore volume, and pore radius of non-acidified and acidified biochar

Biochar Surface area
(m2·g-1)

Adsorption Desorption
Pore volume

(cc·g-1)
Pore radius 

(å)
Pore volume 

(cc·g-1)
Pore radius 

(å)
Non-acidified biochar 8.719 0.012 24.820 0.007 154.918

Acidified biochar 1.508 0.003 28.834 0.006 15.332

Table 3. Physicochemical properties of ameliorated saline-sodic soil

Treatments
pH EC ESP SAR WSA CEC Na Ca Mg

dS·m-1 % meq·L-1 % cmolc·kg-1 cmolc kg-1 cmolc·kg-1 cmolc·kg-1

Control 7.28a 7.9a 58.76a 18.59a 1.79a 42.13a 24.66a 18.10a 17.06a

Acidified biochar 7.15a 9.01a 53.51a 18.38a 2.21a 45.57a 24.30a 17.69a 17.21a

Gypsum 7.27a 8.33a 53.86a 17.65a 1.90a 43.73a 23.56a 20.53a 15.06b

Means with the same letter are not significantly different at 5% level by HSD
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x-ray diffraction showed that acidified biochar was 
amorphous due to its graphitized carbon property. 
In the initial assessment, acidified biochar showed 
the potential to ameliorate saline-sodic lowland soil 
by decreasing the soil pH, ESP, and SAR, and in-
creasing WSA of the soil. The CEC also improved, 
decreasing the adsorbed Na and Ca and increasing 
Mg in the soil. These results indicate the potential 
of acidified biochar to be used as an ameliorant for 
saline-sodic soil.
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