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ABSTRACT
We conducted a pot experiment to examine the feasibility of applying a reaction-ﬁnished solution of hydrochar
(HRFS) to enhance rice production in a saline soil. With this purpose, HRFS was applied (0, 10, 20, 40, 60, 80 and
100 mL/pot) and rice yield and nitrogen (N) use efﬁciency (NUE) were determined. HRFS application signiﬁcantly (P < 0.05) increased rice grain yield by 19.6%–30.0% compared to the control treatment (CKU, with N
but without HRFS addition). Moreover, HRFS application promoted plant height and straw biomass of rice.
Increases of rice yield were mainly achieved by increases in the number of panicles and grains per panicle. Compared with the CKU treatment, the NUE of HRFS amendments signiﬁcantly (P < 0.05) increased by 56.3%–71.7%.
This indicated that the improvement of NUE was one of the mechanisms to improve rice grain yield with HRFS
amendment. The results of regression analysis showed that there was a positive relationship (R2 = 0.8332) between
rice yield and HRFS application rate within an appropriate range. The highest rice yield was recorded with the
HRFS application of 40 mL/pot, but a further increase in HRFS application rate appeared to reduce rice yield.
Based on the results of this pot study, HRFS application can increase rice yield in a saline soil by regulating
its yield components and enhancing NUE. However, impact of HRFS on these variables showed a “dose effect”.
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1 Introduction
Soil salinization is a global issue and a major limiting factor in land resource management and ecosystem
protection [1,2]. The total area of salt-affected soils in the world is 831 million hectares, which includes
397 and 434 million hectares of saline and sodic soils, respectively [3]. Agricultural lands are decreasing
constantly due to population growth and adverse environmental conditions [4,5]. Particularly in China,
the arable land area continues to decrease gradually but the demand for food continues to increase.
Therefore, it is essential to improve the saline-alkali soils and adopt sustainable agricultural practices to
increase the arable land area and ensure national food security [6,7].

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

860

Phyton, 2022, vol.91, no.4

At present, measures for improving saline-alkali soils mainly include physical, chemical and biological
measures [8,9]. Since the 21st Century, biochar, including pyrolysis carbon and hydrothermal carbon, has
become one of the research hotspots as a soil additive or modiﬁer applied to degraded or infertile soils
[10–12]. In particular, hydrothermal carbon is a kind of biochar obtained by carbonizing biomass with
water as a solvent and reaction medium at autogenous pressure and temperatures ranging from 180 to
375°C. Hydrochar has attracted many researchers’ attention due to its advantages for obtaining higher
product yields but lower preparation energy consumption and cost, and lower ﬂue gas emission [13–16].
Previous research indicated that adding hydrochar could improve soil physical and chemical properties
and regulate both the structure and function of microbial communities [17,18]. In addition, Scheifele
et al. [19] found that the dry matter weight and biological nitrogen (N) ﬁxation of soybean nodules
treated with hydrochar increased by 3.4 and 2.3 times, respectively, compared with the control. Further,
the inorganic phase of hydrochar enriched essential nutrients for plant growth, which could promote the
growth of soybean [19].
The application prospect of hydrochar is very broad in the near future, including the harmless disposal of
waste and preparation of biomass nano-materials [20,21]. Consequently, a large amount of reaction ﬁnished
solution of hydrochar (HRFS) would be produced in the production process of hydrochar with agricultural
and forest waste. A large number of organic compounds (such as organic acids and phenols) with different
properties are often determined in the tail ﬂuid, which are often acidic [22,23]. In addition, it is reported that
organic acids like on humus and other organic substances in the HRFS can provide nutrients, which could
promote crop growth and improve economic beneﬁts when applied at reasonable concentration [24]. In
contrast, an excessive application of HRFS could affect the soil microbial biomass and enzyme activity,
and produce stress-effects on crop growth. This will not be conducive to the growth and development of
crops and the resource utilization of agricultural and forestry wastes [25]. Therefore, an environmentally
safe and efﬁcient disposal of HRFS is an immediate need in the hydrothermal carbonization technology
system. Application of HRFS in agricultural soils is an option to improve crop yields, especially in soils
of a saline-alkali nature. However, to our knowledge, there is no detailed research evidence available in
the literature to support the HRFS application program.
We hypothesized that the acid characteristics of HRFS and its organic matter and nutrients could adjust
the pH of saline alkali soils, which will promote N uptake and yield of rice. Therefore, we conducted a pot
experiment to study the effects of different amounts of HRFS application on rice N use efﬁciency (NUE) and
yield in a saline alkali soil. This study will provide scientiﬁc theoretical and technical support for the
application of HRFS to rice production systems on saline alkali soils.
2 Materials and Methods
2.1 Experimental Materials and Design
The soil samples were collected from the cultivated soil proﬁle (0–20 cm) of coastal reclamation saline
alkali soils in Sheyang County, Yancheng City, Jiangsu Province (33°46’ N and 120°15’ E), China. The basic
physical and chemical properties of the tested soil were as follows: pH 8.0 (soil water ratio 1:5), bulk density
1.38 g/cm3, organic matter 5.65 g/kg, total salt content 4.4 g/kg, total N 1.02 g/kg. The size of the pot was
20 cm in diameter and 20 cm in height. A total of 6.4 kg soil was repacked into each pot, and the pot was
submerged in water and kept for one week. Thereafter, the basal fertilizer was applied. Twenty eight-dayold seedlings of Dongzhi 14, a hybrid rice variety, were transplanted on June 04, 2019 with six seedlings
in each pot. HRFS was applied on the soil surface when the rice seedlings turned green. A total of eight
treatments were tested: (1) blank control treatment (CK0) with neither N nor HRFS; (2) control treatment
(CKU) with 240 kg N/ha but no HRFS; and (3) six treatments with 240 kg N/ha and six rates of HRFS
(10, 20, 40, 60, 80, and 100 mL HRFS/pot, labelled as HRFS10, HRFS20, HRFS40, HRFS60, HRFS80,
and HRFS100, respectively). Each experimental treatment was repeated 3 times and the experiment was

Phyton, 2022, vol.91, no.4

861

arranged in a random complete block design. Nitrogen was applied three times as urea (46%N): (1) as a base
fertilizer (04 June); (2) fertilization at the tillering stage of morphological development (17 June), and (3)
fertilization at the panicle stage of morphological development (12 August) according to the ratio of 30%:
30%: 40%. Phosphorus and potassium fertilizers were also applied as basal applications at the rates of 100
kg P2O5/ha (in form of superphosphate) and 100 kg K2O/ha (in form of potassium chloride), respectively.
The hydrothermal carbonization experiment was carried out in a small batch high-pressure reactor. The
speciﬁc experimental process was as follows 30 g of Chinese ﬁr leaf litter and 300 g of water were placed
into the reactor to ensure the litter material was completely immersed in water. Thereafter, the reactor body
was closed and heated at 200°C. At the same time, a magnetic stirring device was turned on to heat the
materials evenly. When the set temperature was reached, stirring was stopped. After the end of the reaction,
the small batch of the reactor was quickly ﬁlled in with cooling water. When the reactor was cooled to
room temperature and ambient pressure, the material was taken out, ﬁltered and separated, and its tail liquid
(i.e., HRFS) was collected. The properties of HRFS were as follows: pH 5.01, NH4+–N 290.9 mg/L, NO3––
N 184.9 mg/L, TOC 9.0 g/L, humus 183 mg/L, small molecule organic acid 9.09 mg/L. Tap water was used
for rice irrigation, and a water level of 3–4 cm was kept throughout the growth period of rice.
2.2 Determination Items and Methods
Rice plants were manually harvested at the maturity stage. Plant height was measured with a metric tape,
the number of panicles per plant was counted, and the number of grains per panicle after manual threshing
was counted with a grain counting plate. Sub-samples were placed in the oven at 105°C for 30 min.
Thereafter, the temperature of the oven was adjusted to 80°C and the samples were dried to constant
weight. Then, they were brought to room temperature (at the drying environment). The dry weight of
stems, sheaths, leaves and grains was measured. The dried plant sub-samples were ground into powder
with a high-speed crusher, passed through a 0.2 mm sieve, and kept in a vacuum bag for storage at 4°C.
About 0.25 g of rice straw and grain powder sub-samples were digested in a H2SO4–H2O2 system, and
the N concentrations of rice straw and grain were determined by the Kjeldahl method [26]. The rice NUE
was estimated by the following formula:
NUEð%Þ ¼

NF  N0
 100
N

where NF and N0 denote the N uptake as measured at harvest in the N fertilization and the CK0 treatments
(kg/ha), respectively, while N denotes the inorganic N fertilizer added rate (240 kg/ha).
2.3 Data Analysis
All statistical analyses were performed using SPSS 18.0 (SPSS Inc. Chicago, IL, USA). A one-way
analysis of variance (ANOVA) was used to determine if either there were or not signiﬁcant differences
among treatments. Mean comparisons were made using the Duncan’s multiple-comparison test (P < 0.05).
Regression analyses were conducted using the HRFS concentrations as the independent variable and
grain yield and biomass of straw, and rice NUE as the dependent variables.
3 Results
3.1 Plant Height and Straw Biomass of Rice
The average plant height and straw biomass of rice were 58.2 cm and 10.2 g/pot, respectively, for the
CK0 treatment (with neither N fertilizer nor HRFS). The average plant height and straw of rice treated
with urea N (i.e., CKU) increased to 62.9–69.5 cm and 14.3–26.3 g/pot, respectively (Fig. 1). However,
these values were not signiﬁcantly different (P > 0.05) to those found in the control treatment. The
average plant height on the HRFS added treatments increased by 6.0%–10.5% in comparison to CKU,
but the differences were not statistically signiﬁcant (Fig. 1A). These results showed that the HRFS
treatments had no signiﬁcant effects on the plant height of rice compared to the CKU treatment.
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Figure 1: Effects of either N or HRFS application on plant height (A) and straw biomass (B) of rice. See the
Materials and Methods section for meaning of the abbreviations of treatments. Error bars represent the
standard deviation (SD) of three replications. Different letters above columns indicate signiﬁcant
differences among treatments according to the Duncan’s multiple-comparison test at P < 0.05
The HRFS treatments signiﬁcantly increased (P < 0.05) the dry matter weight of rice straw by
24.0%–45.5% in comparison to the CKU treatment (Fig. 1B). This later treatment, however, was not
signiﬁcantly different (P > 0.05) from the CK0 treatment. The rice straw biomass on the HRFS80 and
HRFS100 treatments was signiﬁcantly (P < 0.05) increased by 31.9% and 39.5%, respectively, compared
to that in the HRFS10 treatment. Also, the straw biomass under the HRFS100 treatment was 23.8%
higher (P < 0.05) than that on the HRFS60 treatment.
3.2 Grain Yield and Its Components and Rice NUE
The mean rice grain yields on the CKU and HRFS treatments varied signiﬁcantly (P < 0.05) from
12.7 g/pot to 18.1 g/pot, respectively. Compared with the CKU treatment, grain yield at all HRFS
treatments signiﬁcantly increased (P < 0.05) by 19.6%–30.0%. Values on the HRFS treatments were
signiﬁcantly higher (P < 0.05) than those under the CK0 treatment (Fig. 2A). There were no signiﬁcant
differences (P > 0.05) in rice yield among the different HRFS application rates (Fig. 2A).
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Figure 2: Effects of HRFS application with various rates on grain yield (A) and NUE (B) of rice. See the
Materials and Methods section for meaning of the abbreviations of treatments. Error bars represent the
standard deviation (SD) of three replications. Different letters above the columns indicate signiﬁcant
differences among treatments according to the Duncan’s multiple-comparison test at P < 0.05
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The rice NUE on the HRFS treatments ranged from 21.3% to 32.9%, and signiﬁcantly (P < 0.05)
increased by 56.3%–71.7% compared with the CKU treatment (Fig. 2B). This indicates that application
of HRFS could improve the N uptake capacity of rice. The rice NUE increased with increasing
applications of HRFS rising up to 40 mL/pot. The NUE on the HRFS40 treatment was 51.6%
signiﬁcantly higher (P < 0.05) than that on the HRFS10 treatment. However, the NUE of rice did not
increase (P > 0.05) when the HRFS application rate was beyond 40 mL/pot.
Panicle numbers on HRFS20, HRFS40, and HRFS80 treatments were signiﬁcantly (P < 0.05)
higher than those on the CKU treatment by 3–4 panicles/pot (Table 1). In addition, the number of
grains per panicle increased when the HRFS application rate increased from 10 mL/pot to 40 mL/
pot, but differences were not statistically signiﬁcant (P > 0.05). The number of grains per panicle
decreased (P < 0.05) when the HRFS application rate was above 40 mL/pot, except on the
HRFS100 treatment (Table 1). Also, the number of grains per panicle in the HRFS60 and
HRFS80 treatments was 20% signiﬁcantly lower (P < 0.05) than that in the CKU treatment.
However, there were no signiﬁcant differences (P > 0.05) in the thousand grain weight among any
of the tested treatments (Table 1).
Table 1: Effects of N or HRFS application at various rates on rice yield components
Treatments
CK0
CKU
HRFS10
HRFS20
HRFS40
HRFS60
HRFS80
HRFS100

Rice grain yield components
Panicle number

Grain number per panicle

Thousand seed weight (g)

8±2 c
10 ± 1 c
9±1 c
13 ± 1 ab
14 ± 4 a
11 ± 2 abc
14 ± 3 a
11 ± 3 abc

60 ± 1 b
77 ± 5 a
80 ± 10 a
82 ± 5 a
82 ± 13 a
61 ± 26 b
62 ± 12 b
69 ± 17 ab

25.5 ± 0.8 a
25.6 ± 0.1 a
25.1 ± 0.4 a
24.4±.0.3 a
25.3 ± 1.5 a
25.6 ± 1.5 a
26.0 ± 1.2 a
26.0 ± 1.0 a

Notes: Data are mean ± SD (n = 3). See the Materials and Methods section for meaning of the abbreviations of treatments. Different lowercase letters
in the same column indicate signiﬁcant differences among treatments (P < 0.05).

3.3 Soil pH
There was no difference in soil pH on the CK0, CKU and HRFS10 treatments (Fig. 3).
Interestingly, HRFS incorporation effectively decreased (P < 0.05) the soil pH after rice harvesting,
in particular when the usage dose was over 20 mL/pot (Fig. 3). When applied with more than
20 mL/pot, HRFS signiﬁcantly decreased (P < 0.05) the soil pH by 0.14–0.75 in comparison to the
CKU treatment.
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Figure 3: Effects of N or HRFS application at various rates on the pH of soil sampled after rice harvesting.
See the Materials and Methods section for meaning of the abbreviations of the treatments. Error bars
represent the standard deviation (SD) of three replications. Different letters above the columns indicate
signiﬁcant differences among treatments according to the Duncan’s multiple-comparison test at P < 0.05
3.4 Regression Analysis
Further analysis of the data showed that the foregoing effect increased with the increase of HRFS
application rates up to an optimal level, namely a “dose effect” (Fig. 4). The regression analysis of the
straw biomass, rice grain yield and NUE vs. the HRFS application rate showed that the relationships were
positive, and the determination coefﬁcients R2 were 0.7108, 0.8332 and 0.8492, respectively. The
corresponding P values were 0.0658, 0.0434 and 0.1022, respectively. However, the parameters did not
continue to increase with the increase of HRFS application rate.
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Figure 4: Regression analysis of the straw biomass, grain yield, and NUE of rice versus the HRFS
application rate
4 Discussion
The results showed that appropriate application of HRFS could (1) promote rice growth planted in a
saline soil receiving a chemical N fertilizer with 240 kg/ha (Fig. 1), (2) improve the NUE (Fig. 2B), and
(3) increase the grain yield of rice (Fig. 2A). The improvement of NUE may be the key mechanism for
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rice yield improvement in this experiment. HRFS signiﬁcantly increased (P < 0.05) the NUE of rice by
56.3%–71.7% in comparison to the control treatment (Fig. 2B). Previous studies have shown that humic
acid liquid fertilizer can (1) regulate the soil N cycle, (2) improve crop NUE and (3) promote crop yield
[27–29]. Humus and a variety of small molecular organic acids probably play a major role in stimulating
nutrient and organic carbon contents in the soil [24]. Research studies have shown that humic acid and
organic acids can stimulate crop growth, improve crop nutrient utilization, increase crop yield and
improve product quality [30]. Similar to liquid fertilizers, HRFS application in this study may change the
physical and chemical properties of the tested soil. In particular, our results suggested that HRFS
amendment decreased the pH of the tested saline soil (Fig. 3), as a result of the HRFS acidic property
(with pH of 5.01). Therefore, appropriate application of HRFS can change the physical and chemical
properties of saline soils, and promote growth, NUE and grain yield of rice.
In addition, some components of HRFS itself could inﬂuence rice growth and ﬁnal grain production. Zhou
et al. [31] showed that the application of wood vinegar (by-product of biochar pyrolysis, with acidic property)
to the soil could signiﬁcantly reduce the pH and increase the contents of SOM and total N, NH4+–N and
NO3––N. Further, most of the organic compounds derived from biochar are ligands containing carboxyl,
phenol, alcohol and enol functional groups, which can form stable metal organic complexes with various
valence metal elements. This led to improve the content of some beneﬁcial elements in the aqueous phase
and promote their bioavailability [32]. Organic compounds can form chelates with some cations, which is
conducive to nutrient movement, promotion of nutrient bioavailability, and therefore promotion of crop
productivity [33]. The TOC, NH4+–N and NO3––N concentrations in the HRFS of the present study were
9 g/L, 290.9 mg/L and 184.9 mg/L, respectively. This could increase the SOM content and available N,
leading to an increasing rice yield in the saline soil. In addition, other organic appropriate matters contained
in HRFS may be beneﬁcial to rice development. However, the promotion of HRFS on rice biomass was not
completely transformed into rice grain yield. When the application of HRFS was more than 60 mL/pot, the
number of grains per panicle decreased, indicating that HRFS application may lead to negative effects on
rice growth and hinder its late reproductive growth. The increase of rice yield was mainly due to the
increase of panicles and grains per panicle (Table 1). Remarkably, the panicle number and grain number per
panicle were the highest when the HRFS rate was 40 mL/pot. Asai et al. [34] also showed that the
application of soil additives such as biochar to promote rice yield was mainly achieved by increasing
the number of panicles and grains per ear. In conclusion, HRFS application can improve NUE, growth and
grain yield of rice in a saline soil.
From the resource utilization perspective, there is a more appropriate range of dosage that could save
HRFS resources while promoting rice production (Fig. 4). Excessive application of other exogenous soil
additives (such as hydrothermal carbon, 2 g/kg) also led to the reduction of rice yield [35]. Therefore, it
is necessary to underpin the appropriate rate of application of HRFS when cultivating rice in saline soils.
Considering the effect of HRFS on various growth and yield indexes of rice, the HRFS application rate
of 40 mL/pot was the best from our pot experiment. This experiment conducted in pots only had a short
research period. Therefore, long-term ﬁeld experiments are highly recommended in future studies.
5 Conclusions
The application of HRFS could enhance rice growth and grain production in saline soils with a
recommended N application rate of 240 kg/ha in the main rice-producing areas of Jiangsu Province. The
rice grain yields increased by 19.6%–30.0% with the application of HRFS in comparison to the CKU
treatment. This was mainly due to the increase of NUE, an increasing the number of panicles and grains
per panicle, and balancing of the soil pH. In addition, the application of HRFS also had a “dose effect”
on rice grain yield and other parameters. The treatment with 40 mL HRFS/pot was the appropriate
application rate to achieve a higher yield and NUE of rice based on the current pot experiment. This
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study preliminarily proved that HRFS application was beneﬁcial to rice production in a saline soil. More
detailed ﬁeld-scale research is recommended to conﬁrm the results obtained in the present study.
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