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Abstract

The feasibility of using sulphur powder (SP) to improve physicochemical properties and promote 
growth of cucumber seedlings in kitchen waste compost (KWC) was investigated using cavity trays  
in the greenhouse. The base substrate used consisted of KWC, peat, rice husk and perlite, in respective 
ratios of 15%:35%:40%:10% by volume. Treatments consisted of additions of SP at rates of 0 g (CK), 
3 g (T1), 6g (T2), 12 g (T3) and 24 g (T4) per liter of the seedling substrate (SS). The investigation 
showed that addition of SP significantly reduced pH of SS and increased its EC values (p<0.05).  
The germination index (GI) of cucumber seeds was significantly enhanced with SP addition at T1 
(p<0.05). However, other growth indicators (shoot and belowground growth indices) showed maximum 
values at T2. Levels of plant nutrients (N, P, K) and organic matter in this SS reflected a trend of 
uptake by seedlings in the order T2>T1>CK>T3>T4, while the levels of the growth substances in T3 
and T4 were consistent with the deleterious effects of excess levels of SP. Fluorescence analysis of 
levels of Fusarium spp. in SS showed significant reductions in copy numbers of the fungi (p<0.05) 
as sulfur levels decrease in the order T4>T3>T2>T1>CK. For the SS composition used for this study, 
T2 gave the best results for the establishment of cucumber seedlings. Other combinations of substrate  
and seedlings must be evaluated to determine appropriate amounts of components to be used under 
specific circumstances.

Keywords: sulphur, kitchen waste compost, seedling substrate, cucumber
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Introduction

Over the last decade, Chinese people have 
experienced rapid improvement in quality of life, 
economic expansion and technological advancements 
[1, 2]. These positive developments are unavoidably 
accompanied by consumption practices that lead to 
generation of large amounts of waste that can pose 
serious threats to human and environmental health. One 
waste stream that has been attracting much attention 
recently in China is kitchen wastes (KW), which 
originate from family kitchens, restaurants, hotels 
and other food processing and associated industries 
[3]. According to one estimate, KW accounts for 20% 
to 45% of the total municipal solid waste in China [3, 
4]. Traditional disposal options for such waste have 
typically involved incineration and burial, which have 
become increasingly unacceptable [5]. Relatively 
recently, resource conversion technologies have become 
prevalent not only for disposing of wastes but also for 
turning them into value-added products [6, 7]. For 
example, KW has been extracted for making biodiesel 
[8], producing biogas [9] and for building organic 
fertilizers [10].

Of the three examples cited above, the Chinese 
government has heavily supported conversions of KW 
into organic fertilizers (OFs), specifically, in the form 
of kitchen waste compost (KWC). For example, The 
Chinese government provides a range of subsidies to 
support the composting of organic waste, including 
KW [11]. However, characteristics such as high pH 
and high salt content (EC) of raw materials used in 
KWC-OFs have often presented difficulties for the 
everyday use of these products [12]; as a result, hardly 
any OFs manufactured from KWC have received 
fertilizer registration certificates in China [13]. Still, 
under certain conditions, KWC can exert a positive 
influence on crop growth and development [14]. Our 
group previously investigated the effects of KWC 
substrate on the growth of Brassica chinensis L.[15]. 
We found that when more than 10% of KWC was added  
to the substrate, the growth of Brassica chinensis L.  
was significantly inhibited. The nutrient content  
and basic physical properties of KWC-OFs were 
within the normal range and were not responsible for  
the inhibition of Brassica chinensis L. growth. Rather, 
we found that the pH and EC values of KWC-OFs 
were the main factors limiting its extensive use in 
the substrate. Therefore, it is necessary to overcome 
the high pH and EC that can make the physical  
and chemical environment of KWC-OFs seedling 
substrates’ unfavorable for the growth of young plants 
[12, 16].

One solution for overcoming high matrix pHs of 
substrates may be found in the use of sulfur powder (SP) 
for lowering pH of alkaline soil [17]. The same attribute 
can make SP an excellent candidate for the development 
of KWC-derived substrates for sustainable growth of 

seedlings in nursery crop production. Sulfur powder 
offers additional positive features to SS production;  
its fungicidal and insect repellant properties have 
frequently been exploited in the manufacture of 
pesticides [18]. Furthermore, it can serve as a 
micronutrient source for plant growth. The multi-purpose 
features of SP make it a most suitable agent for 
incorporation into SS schemes in the nursery industry. 
The investigation reported here is an assessment of 
the use of SP for improving the chemical properties of 
KWC-SS, while simultaneously enhancing growth of 
cucumber seedlings.

Experimental

Materials

The experiment was carried out at the Institute 
of Organic Recycling (Suzhou), China Agricultural 
University, at the Artificial Climate and Plant Culture 
Centre. The KWC was obtained from the Taihu Lake 
Organic Waste Treatment and Utilization Demonstration 
Centre by aerobic fermentation of Taihu Lake region 
KW. KWC contained 2.02 g·kg-1 of ammonium 
nitrogen, 0.99 g·kg-1 of effective phosphorus (phosphorus 
available for plant uptake), 2.98 g·kg-1of fast-acting 
potassium (potassium that is rapidly absorbed by plants)  
and 35.21% organic matter. SS for the trial actually 
was made from KWC, peat, rice husk and perlite  
in the following proportions: 15%:35%:40%:10% by 
volume. SS had a pH of 7.67, an electrical conductivity 
of 1.12 mS·cm-1, 1.22 g·kg-1 of ammonium nitrogen,  
1.14 g·kg-1 of effective phosphorus, 1.96 g·kg-1  
of fast-acting potassium. The basic physicochemical 
properties of the raw materials required to prepare the 
substrate are detailed in reference [15].

Methods

The experiment consisted of five treatments 
designated as CK, T1, T2, T3 and T4; where CK 
(control) represented 0 SP plus KWC-SS and T1-T4 
represented additions of 3 g, 6 g, 12 g, and 24 g of SP per 
liter of SS respectively. Each treatment was replicated 
three times. The SP was combined with the KWC-SS 
according to each treatment’s dosage, and the seedlings 
were planted in 50-hole seedling trays with one seed  
per hole, sowed at 0.5 cm from the surface of the 
substrate. For 15 days, the seedlings were nurtured 
in an artificial climate chamber at 25ºC and 80% 
humidity. Precision drip irrigation was used to water 
the treatments, with 10 mL of water injected into each 
hole every tray and replaced with 10 mL of water every  
48 hours, keeping each hole wet and free of water 
droplets. For testing, each treatment was sampled  
in 100 g by quadruplicate.
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Measurement Items

Determination of Key Indicators for Seedling Substrates

The pH and EC values and germination index 
(GI) of the seedling substrates were determined using 
the method specified in reference [19], and the fresh 
weight of the cucumber seed germ was determined. 
The Germination Index is an indicator used to measure 
the germination capability of plant seeds. It is typically 
employed to assess the health status and germination 
rate of seeds. The Germination Index is one of the 
crucial parameters in seed biology and holds significant 
importance in fields such as agriculture, horticulture, 
and ecology. The formula for calculating GI is shown 
below:

 

Where, AT represents the germination rate of seeds 
in the treatment group; BT represents seed root length of 
treatment group; AC represents the germination rate of 
seeds of CK treatment; BC represents seed root length of 
CK treatment.

Growth Indicators for Young Cucumber Seedlings

The number of cucumber seedlings that emerged 
10 days after seeding was recorded and the seedling 
emergence rate were estimated. 15 cucumber seedlings 
were taken from each hole tray 15 days after seeding 
and their height was measured with a straightedge  
and stem thickness was assessed with a vernier caliper. 
The cucumber seedlings’ leaf area was calculated using 
the length and width coefficient method; the cucumber 
seedlings’ completely expanded leaves were measured 
using a chlorophyll content meter, and the chlorophyll 
content was reported as SPAD values. Using a brush, 
the seedling substrates adhered to the 15 cucumber 
seedlings were removed and stored in a sealed  
container at 4ºC for testing. A root scanner (WinRHIZO) 
was used to measure the root length and root surface  
area of cucumber seedlings. The above-ground and 
below-ground weights of cucumber seedlings were 
measured using an electronic balance. Subsequently, 

they were killed at 90ºC and dried at 60º to a constant 
weight. The strong seedling index was calculated using 
plant height, stem thickness and plant weight, which 
provides a relatively comprehensive picture of the 
overall quality of cucumber seedlings. The formula is 
shown below:

 

Nutrient Content of Seedling Substrates

The cucumber SS was air-dried, ground, and passed 
through a 2 mm sieve, and the changes in nutrient 
content were measured using the method specified in the 
reference [10] for the determination of alkaline nitrogen, 
effective phosphorus, fast-acting potassium, and organic 
matter.

Fluorescence Quantification of Fusarium spp.

The sample for analysis was the seedling substrate 
to which the cucumber seedlings were attached, and the 
genomic DNA of the sample was extracted using the 
CTAB technique and utilized as a template for qPCR. 
DNA was eluted in 40 L of Tris-HCl buffer (pH 8.0) and 
kept at -20ºC until testing. Fusarium-specific primers 
ITS-Fu-f and ITS-Fu-r were used in real-time qPCR 
analysis. Meng et al were consulted for the amplification 
protocol [20].

Data Statistics and Analysis

Using DPS 18.1 software [21], the trial’s raw data 
were submitted to one-way ANOVA after being tallied 
using Excel 2019.

Results

Key Indicators for Seedling Substrates

Table 1 shows that increasing additions of SP from 
CK (0) to T4 (24g/L) significantly (p<0.05) lowered 

Table 1. Key indexes of different seedling substrates.

pH EC
/(mS·cm-1)

Germination
/%

Germ fresh weight
/g

Root length
/cm GI

CK 7.67±0.02a 1.12±0.01d 76.67±6.67a 0.17±0.01a 91.17±9.58a 1.15±0.04b

T1 7.00±0.01b 1.88±0.02c 86.67±3.33a 0.17±0.03a 100.83±6.99a 1.45±0.06a

T2 6.96±0.01c 1.91±0.02bc 86.67±6.67a 0.15±0.01ab 77.07±2.27b 1.10±0.21b

T3 6.68±0.01d 2.00±0.01b 83.33±6.67a 0.14±0.01ab 68.67±8.39bc 0.98±0.11b

T4 6.13±0.01e 2.16±0.08a 76.67±8.82a 0.12±0.01b 54.83±1.12c 0.82±0.17b

Note: Significant differences between treatments are indicated in the same column by different letters (p<0.05), same below.
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pH of SS. At the same time, EC values in SS increased 
significantly (p<0.05) with increasing addition of SP. 
Germination of cucumber seedlings was not affected by 
progressive additions of SP; however, the fresh weight 
of cucumber embryos was significantly inhibited under 
T4. Furthermore, addition of SP≤6 g/l (T2) significantly 
inhibited root growth of cucumber seedlings. Table 1 
also shows that the germination index (GI), a reflection 
of SS conditions prior to cucumber germination, was 
significantly higher under T1 than other treatments.

Cucumber Seedling Growth Indicators

Table 2 shows that there were no significant 
differences in heights of cucumber seedlings that 
were grown under T1 and T2 treatments or those left 
untreated (CK). Furthermore, there were no significant 
differences between CK and T3 treatments; however, the 
T4 treatment caused significant depression/inhibition 
(p<0.05) in height of the cucumber seedlings. Similarly, 
stem thickness of the seedlings showed no significant 
differences among CK, T1, T2 and T3 treatments. 
However, at the T4 treatment, thickness of stems was 
significantly (p<0.05) reduced compared to the other 
treatments.

Significant differences (p<0.05) were found among 
chlorophyll content, ground fresh weight, dry weight 
as well as leaf area of cucumber seedlings; however, 
the highest values of the measures were consistently 
observed under the T2 treatment. On the one hand, 
results CK and T1 appeared to reflect lack or insufficient 
amounts of SP in SS; on the other hand, results of T3 
and T4 were consistent with harmful effects of excess 
SP.

Belowground growth responses of cucumber 
seedlings under SP incorporation were measured in 
terms of root length, root area, root weight (fresh  
and dry) and strong seedling index are shown in 
Table 3. The data show that strong seedling index was 
significantly higher (p<0.05) at 6g/L SP additions to 
SS compared to control and other treatments. Root 
length, area and weights were generally not significantly 
different from the control and T1 treatments. However, 
the measures showed significant declines with higher 
levels of SP additions to SS. 

Variation in Nutrient Content  
of Seedling Substrates

The dynamics of plant nutrients, nitrogen (N), 
phosphorus (P) and potassium (K) as well as organic 
matter (OM) during the growth of cucumber seedlings 
in SS with or without SP is shown in Table 4. Levels 
of all these growth substances were significantly lower 
(p<0.05) T2 than CK. This was consistent with the 
highest uptake of the nutrients and OM in T2 than CK 
(in a closed system). Table 4 also showed that uptake 
of the growth substances was lowest at T4, which was 
consistent with some limitation to uptake by seedlings. 
For T1 and T3 uptake of the growth substances were 
mixed.

Fluorescence Quantification of Fusarium spp.

For this experiment, we used fluorescence analysis to 
quantify the Fusarium spp. present in the SS, with or 
without SP additions. Fig. 1 shows that the copy number 
of Fusarium spp. per unit of seedling substrate was 

Table 2. The shoot growth indexes of cucumber seedlings with different treatments.

Table 3. The underground growth indexes of cucumber seedlings with different treatments.

Height
/cm

Stem thickness/
mm

Chlorophyll 
content/SPAD

Ground fresh 
weight/g

Ground dry 
weight/mg Leaf area/cm-2

CK 3.97±0.24ab 2.27±0.06a 50.97±1.89bc 1.04±0.06b 132.33±1.45b 16.42±0.08c

T1 4.17±0.07a 2.30±0.12a 53.30±2.91b 1.19±0.03ab 128.27±1.80b 27.91±0.72b

T2 4.27±0.27a 2.50±0.21a 59.37±2.08a 1.47±0.09a 142.47±1.85a 37.43±1.23a

T3 3.50±0.06bc 2.47±0.18a 47.60±1.91bc 0.62±0.12c 75.73±3.77c 16.77±0.39c

T4 3.17±0.19c 1.70±0.10b 45.77±1.29c 0.47±0.05c 54.30±2.68d 16.76±0.36c

Length
/m

Root area
/cm-2

Root fresh weight
/g

Root dry weight
/mg Strong seedling index

CK 4.13±0.47ab 42.29±5.69a 0.51±0.11b 12.03±0.81b 1.31±0.01b

T1 4.81±0.39b 42.78±3.65a 0.64±0.08b 26.07±2.34a 1.15±0.02c

T2 4.87±0.27ab 47.74±1.16a 0.81±0.07a 32.53±5.91a 1.42±0.03a

T3 2.06±0.03c 39.15±3.03b 0.66±0.12b 30.63±1.39a 0.75±0.04d

T4 1.08±0.06d 20.57±0.43b 0.26±0.03c 9.53±0.48b 0.47±0.07d



Impact of Exogenous Addition of Sulphur... 5

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

as the destruction of biodiversity [25]. In view of this, 
our investigation of KWC as an alternative component 
to peat in the production of SS is highly desirable from 
agricultural and environmental standpoints. Not only 
can our results contribute to reducing dependence on 
peat in SS production but also, they can contribute to 
environmental sustainability by diverting wastes into 
useful products. Despite such benefits, our findings also 
point out the need for caution in the routine use of KWC. 
In our specific instance, KWC required amendment with 
specified levels of Sulphur powder (SP) to greatly reduce 
pH to allow growth of cucumber seedlings.

The use of SP to ameliorate high pH in our 
investigation is akin to the practice of using the material 
for lowering pH of alkaline soils [17]. Essentially, the 
mechanism involves the oxidation of S by S-oxidizing 
bacteria in the presence of air, first into sulphuric 
anhydride and then into sulphuric acid, thereby 
lowering the pH of a substrate [26, 27]. Because S 
is an essential element in plant growth, substrate 
amendment with SP will not only adjust the pH of the 
medium to minimize alkaline toxicity to seedlings, but 
also, it can boost seedling growth by supplementing S. 
However, excessive levels of SP can severely depress 
the germination of cucumber seeds, as evidenced 
by decreased GI with increasing SP beyond 3 g/L  
in our experiment. It is generally assumed that a high 
GI of the substrate after leaching solution treatment 
indicates that its chemical qualities are better in line 
with the crop’s growth requirements [19]. Germination 
Index (GI) is often used as an important indicator for 
verifying whether an organic fertilizer (OF) is fully 
decomposed [28]. GI greater than 70%, is generally 
considered as a good indicator of maturity. Factors 
affecting GI, and therefore OF maturity, include pH, 
EC and level of NH4

+ as well as presence of exogenous 
substances. These factors must be optimized in  
OF-SS mixtures to avoid phytotoxic reactions to plant 
seedlings [28]. We introduced the GI concept into our 
substrate development, which allowed us to substantiate 
substrate conditions that enhanced seed germination 
and promoted the early growth of cucumber seedlings. 
In our case, GI exceeding 100% established the growth-
promoting effect at T1 (optimum SP = 3 g/l). In contrast, 
GI lower than 100% indicated the presence of SP levels 
that inhibited seed germination, namely T3 and T4  
(SP = 12 g/l and 24g/l respectively) (Table 1). Although 

reduced significantly (p<0.05) with the addition of SP 
at a concentration of 0-12 g/L. This suggests that adding 
SP to the SS can reduce the emergence of belowground 
diseases in cucumber seedlings.

Discussion

 Beneficial uses of KWs have been receiving 
increasing attention recently in the face of needs for 
waste disposals as well as the prevalence of technologies 
for waste conversions into value-added products. 
One of the most common uses of KWs in China is in 
the production of organic fertilizer (OFs) [12, 16, 22].  
In preliminary investigations, our group found that 
KW-based OF (KWC) may partially replace peat in 
the production of seedling substrate (SS) in agriculture 
[15]. Peat-based substrates have long dominated the 
market share of SS production worldwide [23]. However, 
this practice has become acutely unsustainable. Peat 
is a C-rich, non-renewable resource, whose excessive 
extractions have increasingly led to serious global 
environmental degradation, including releases of 
sequestered C back into the atmosphere [24] as well 

Table 4. Changes of nutrient content of seedling substrate in different treatments.

Available N/(g·kg-1) Available P/(g·kg-1 Available K/(g·kg-1 Organic matter/%

CK 1.05±0.01b 0.61±0.01a 1.80±0.01c 20.11±0.04b

T1 0.94±0.01c 0.23±0.01b 1.74±0.02c 18.57±0.22c

T2 0.84±0.01d 0.17±0.01c 1.55±0.02d 16.81±0.02d

T3 1.02±0.02b 0.50±0.01d 1.91±0.02b 18.13±0.06c

T4 1.62±0.02a 0.56±0.02e 2.09±0.01a 32.92±0.42a

Fig. 1. Fluorescence quantitative analysis of Fusarium spp. in 
different seedling substrates.
Note: Significant differences between treatments are indicated 
by different letters (p<0.05)



Chenyu Wang, et al.6

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

GI was reflective of substrate suitability for cucumber 
in our experiments, it must be emphasized that the 
predictive value of the index can often be quite limited, 
primarily due to the brief 48-hour period required for 
GI its determination[25, 28]. In practice, suitability of  
a substrate for crop growth still necessitates assessments 
based on seedling growth under actual prevailing 
conditions [29].

In our investigation, we found that addition of 6 g/L 
of SP to SS improved growth indices of cucumber 
seedlings. Specifically, chlorophyll content, leaf 
area and above ground biomass measures were all 
maximized at this level of SP. The same 6 g/L addition 
of SP to SS produced the highest level of nutrient uptake 
by cucumber seedlings, based on the residual nutrient 
content in the substrate after seedling establishment. 
The treatment with 6 g/L SP addition had the best 
root indices, including root length, root area, and root 
weight, in terms of cucumber seedling root development. 
However, the addition of too much SP inhibited the root 
development of cucumber seedlings. When combined 
with the strong seedling index, it is clear that the 
addition of 3-6 g/L SP had a considerable promotion 
impact on cucumber seedling growth. 

Our research also covered the suppression of disease 
development by SP in SS. Although root diseases did 
not arise in cucumber seedlings during the experiments, 
information obtained indirectly about gene copies of 
Fusarium spp. in SS after seedling growth was still 
relevant in predicting what could happen in the event 
of infestation by the pathogen. Specifically, the gene 
copies of Fusarium spp. in the seedling substrate 
were dramatically reduced with the addition of SP. 
This would suggest that the addition of SP to SS 
holds significant potential for suppressing soilborne 
diseases caused by Fusarium species. This ensures the 
protection of cucumber plants from relevant diseases 
during the seedling growth stage. Taking all of the 
experimental findings into account, 6 g/L of SP will 
be the recommended amount to be added to the current 
formulation of SS for growth of cucumber. However, 
it must be emphasized that differences in crop type, 
substrate composition and environmental conditions 
exert profound influences on applicability of data 
generation in studies of the nature described here.

Conclusions

In this study, a method for adjusting the 
physicochemical parameters of KWC-SS by adding SP 
was developed in order to enhance integrated seedling 
development. Excessive SP addition can also impede 
cucumber seedling growth, and the amount of addition 
should be controlled by the unique composition of  
the KWC-SS. A 6 g/L addition of SP to seedling 
substrates produced from KWC, peat, rice hulls,  
and perlite in a ratio of 15%:35%:40%:10% by volume 
will yield the best seedling results.

Acknowledgments

This work was supported by the Liaoning Provincial 
Social Science Planning Fund Project (L21CJY016); 
Liaoning Provincial Science and Public Welfare 
Research Fund (Soft Science Research) Program Project 
(2022JH4/10100050); Jiangsu Province Carbon Dafeng 
Carbon Neutral Science and Technology Innovation 
Special Fund (BM2022006).

Conflict of Interest

The authors declare no conflict of interest. 

References 

1. LI J., FAN Z., HAN X. Strict Party Governance and 
economic development: Evidence from China. Finance 
Research Letters, 58, 104023, 2023.

2. CHEN X., ZHOU P., HU D. Influences of the ongoing 
digital transformation of the Chinese Economy on 
innovation of sustainable green technologies. Science of 
The Total Environment, 875, 162708, 2023.

3. FEI F., KOSAJAN V., SHEN N., LUO J. Promoting 
the source separation of household kitchen waste based 
on comprehensive evaluation and economic feasibility. 
Journal of Cleaner Production, 342, 130970, 2022.

4. SINDHU R., GNANSOUNOU E., REBELLO S., 
BINOD P., VARJANI S., THAKUR I.S., PANDEY 
A. Conversion of food and kitchen waste to value-added 
products. Journal of Environmental Management, 241, 
619, 2019.

5. FAN L., LI F., CHEN X., SHEN L., CHU Y., QIU L., 
CHEN J. Co-culture of red swamp crayfish Procambarus 
clarkia influenced glycoside hydrolase families and fungal 
communities in the rice-paddy soils. Applied Soil Ecology, 
186, 104816, 2023.

6. LIU X., SHEN J., GUO Y., WANG S., CHEN B., LUO 
L., ZHANG H. Technical progress and perspective on the 
thermochemical conversion of kitchen waste and relevant 
applications: A comprehensive review. Fuel, 331, 125803, 
2023.

7. LIU T., ZHANG J., ZHANG X. Resource utilization and 
catalytic pyrolysis conversion mechanism of polyacrylate 
solid waste. Polymer Degradation and Stability, 208, 
110253, 2023.

8. SUN J., ZHU W., MU B., ZHONG J., LIN N., CHEN 
S., LI Z. Efficient extraction of biodiesel feedstock and 
dehydration of kitchen waste: A method based on co-
dissolution of liquefied dimethyl ether and water. Waste 
Management, 147, 22, 2022.

9. YAN X. Study on Present Status of Chemical Fertilizer 
Application and High Efficient Utilization of Nutrition in 
China. Beijing. 2008.

10. LIU Z., GE L., LI S., PAN R., LIU X. Kitchen Waste 
Compost’s Impact on Rice Quality, Yield, and Soil 
Environment. Polish Journal of Environmental Studies, 32 
(4), 3225, 2023.

11. SHI Y., DENG Y., WANG G., XU J. Stackelberg 
equilibrium-based eco-economic approach for sustainable 
development of kitchen waste disposal with subsidy policy: 
A case study from China. Energy, 196, 117071, 2020.



Impact of Exogenous Addition of Sulphur... 7

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

Au
th

or
 C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y 

• A
ut

ho
r C

op
y

12. LIU Y., WANG H., ZHANG H., TAO Y., CHEN R., 
HANG S., LI J. Synergistic effects of chemical additives 
and mature compost on reducing H2S emission during 
kitchen waste composting. Journal of Environmental 
Sciences, 139, 84, 2024.

13. LI HUA. Analysis on status of registration and 
management of fertilizer products in charge by the 
Ministry of Agriculture and Rural Affairs. Soil and 
Fertilizer Sciences in China, (12), 213, 2022.

14. ZHANG X., KHALID M., WANG R., CHI Y., ZHANG 
D., CHU S., ZHOU P. Enhancing lettuce growth and 
rhizosphere microbial community with Bacillus safensis 
YM1 compost in soilless cultivation: An agricultural 
approach for kitchen waste utilization. Scientia 
Horticulturae, 321, 112345, 2023.

15. LIU Z., GE L., LI S., PAN R., LIU X. Study on the Effect 
of Kitchen Waste Compost Substrate on the Cultivation 
of Brassica chinensis L. Polish Journal of Environmental 
Studies, 32 (5), 4139, 2023.

16. MA R., WANG J., LIU Y., WANG G., YANG Y., LIU 
Y., YUAN J. Dynamics of antibiotic resistance genes and 
bacterial community during pig manure, kitchen waste, 
and sewage sludge composting. Journal of Environmental 
Management, 345, 118651, 2023.

17. WISAWAPIPAT W., CHOOAIEM N., ARAMRAK 
S., CHITTAMART N., NOOKABKAEW S., 
RANGKADILOK N., CHRISTL I. Sulfur amendments 
to soil decrease inorganic arsenic accumulation in rice 
grain under flooded and nonflooded conditions: Insights 
from temporal dynamics of porewater chemistry and solid-
phase arsenic solubility. Science of The Total Environment, 
779, 146352, 2021.

18. CAO X., LIU Y., LUO X., WANG C., YUE L., ELMER 
W., XING B. Mechanistic investigation of enhanced 
bacterial soft rot resistance in lettuce (Lactuca sativa L.) 
with elemental sulfur nanomaterials. Science of The Total 
Environment, 884, 163793, 2023.

19. CHANG R., LI Y., CHEN Q., GUO Q., JIA J. Comparing 
the effects of three in situ methods on nitrogen loss control, 
temperature dynamics and maturity during composting of 
agricultural wastes with a stage of temperatures over 70ºC. 
Journal of Environmental Management, 230, 119, 2019.

20. MENG X., DAI J., ZHANG Y., WANG X., ZHU W., 
YUAN X., CUI Z. Composted biogas residue and spent 

mushroom substrate as a growth medium for tomato and 
pepper seedlings. Journal of Environmental Management, 
216, 62, 2018.

21. TANG Q.-Y., ZHANG C.-X. Data Processing System 
(DPS) software with experimental design, statistical 
analysis and data mining developed for use in 
entomological research. Insect Science, 20 (2), 254, 2013.

22. ZHANG L., GAO X., LI Y., LI G., LUO W., XU Z. 
Optimization of free air space to regulate bacterial 
succession and functions for alleviating gaseous emissions 
during kitchen waste composting. Bioresource Technology, 
387, 129682, 2023.

23. BU X., JI H., MA W., MU C., XIAN T., ZHOU Z., XUE 
J. Effects of biochar as a peat-based substrate component 
on morphological, photosynthetic and biochemical 
characteristics of Rhododendron delavayi Franch. Scientia 
Horticulturae, 302, 111148, 2022.

24. HE H., ROULET N.T. Improved estimates of carbon 
dioxide emissions from drained peatlands support a 
reduction in emission factor. Communications Earth & 
Environment, 4 (1), 436, 2023.

25. YANG Y., WANG G., LI G., MA R., KONG Y., 
YUAN J. Selection of sensitive seeds for evaluation of 
compost maturity with the seed germination index. Waste 
Management, 136, 238, 2021.

26. XIN Y., WU Y., ZHANG H., LI X., QU X. Soil depth 
exerts a stronger impact on microbial communities and 
the sulfur biological cycle than salinity in salinized soils. 
Science of The Total Environment, 894, 164898, 2023.

27. WANG Y., BAI D., YANG X., ZHANG Y., LUO X. Soil 
sulfur cycle bacteria and metabolites affected by soil depth 
and afforestation conditions in high-sulfur coal mining 
areas. Applied Soil Ecology, 185, 104802, 2023.

28. KONG Y., ZHANG J., YANG Y., LIU Y., ZHANG 
L., WANG G., YUAN J. Determining the extraction 
conditions and phytotoxicity threshold for compost 
maturity evaluation using the seed germination index 
method. Waste Management, 171, 502, 2023.

29. CHANG R., GUO Q., PANDEY P., LI Y., CHEN 
Q., SUN Y. Pretreatment by composting increased the 
utilization proportion of pig manure biogas digestate 
and improved the seedling substrate quality. Waste 
Management, 129, 47, 2021.


