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Abstract

Biological amelioration of coastal saline soil is an environmentally friendly eco-
logical technology characterized by low investment, short duration, rapid effec-
tiveness, and long-term benefits. Through field trials, Trichoderma prepara-
tion [active ingredient: Trichoderma conidia, 1x10 (CFU) - g '] was applied to
coastal moderately saline terraced fields (salt content 2.99 g - kg !, sandy loam
soil). Topsoil samples were collected from the soil amelioration terraced field
experimental area under different treatments (Trichoderma application and con-
ventional control) and auxiliary experimental areas including solar greenhouse
(salt content 0.98 g - kg !, loam soil), coastal slightly saline reclaimed field (salt
content 1.75 g-kg !, light loam soil), and coastal severely saline river beach land
(salt content 26.19 g-kg !, sandy loam soil) for laboratory analysis to investigate
the ecological effects of Trichoderma application in coastal moderately saline
terraced fields. In coastal moderately saline terraced fields, the Trichoderma
treatment increased soil compactness by 177.04%, water-stable aggregates ( 0.25
mm) by 265.78%, soil water content by 320.83%, and soil alkaline-hydrolyzable
nitrogen, available phosphorus, readily available potassium, and organic matter
contents by 96.14%, 42.17%, 105.65%, and 63.79%, respectively, compared with
the control. Microbial cultivation via soil dilution method showed that bac-
teria, actinomycetes, fungi, and nitrogen-fixing bacteria increased by 170.95%,
82.68%, 152.17%, and 471.93% compared with the control, respectively. Com-
pared with coastal severely saline river beach land, the Trichoderma treatment
in coastal moderately saline terraced fields increased plant growth-favorable indi-
cators including soil compactness, water-stable aggregates, organic matter, and
microbial community numbers by 1.53-fold, 2.11-fold, 3.20-fold, and 28.33-fold,
respectively, while decreasing plant growth-unfavorable water-soluble salts by
96.60%. Through amelioration with Trichoderma preparation, coastal moder-
ately saline terraced fields showed no significant differences in soil compactness,

chinarxiv.org/items/chinaxiv-201711.00326 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.00326
https://chinarxiv.org/items/chinaxiv-201711.00326

ChinaRxiv [$X]

total porosity, water content, available phosphorus, organic matter, and micro-
bial numbers compared with coastal slightly saline reclaimed fields. After Tricho-
derma treatment, coastal moderately saline terraced fields exhibited decreased
soil bulk density and increased total porosity, approaching those of high-yield
solar greenhouse non-salinized soil. Coastal severely saline soil was transformed
into moderately saline soil by raising sand soil 1.2 m to construct terraced fields,
achieving good salt reduction effects. Subsequent biological amelioration mea-
sures further enhanced soil nutrients and beneficial microorganisms, optimized
soil aggregate structure, and improved the efficiency and quality of coastal mod-
erately saline terraced field amelioration, promoting ecological improvement of
coastal moderately saline terraced fields.

Full Text
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Abstract

Biological amendment of coastal saline soil is an environmentally friendly
and ecologically sustainable technology characterized by low investment,
short duration, rapid effects, and long-term benefits. Through field experi-
ments, a Trichoderma agent [with active ingredients of Trichoderma conidia,
1 x 107 CFU - gfl} was applied to moderately saline coastal platform fields
(salinity content 2.99 g - kgfl, sandy loam soil). Topsoil samples were col-
lected from the soil amendment experimental area under different treatments
(Trichoderma agent application and conventional control) and auxiliary test
areas including a solar greenhouse (salinity content 0.98 g - kg717 loam soil), a
reclaimed slight saline coastal field (salinity content 1.75 g - kg_l, light loam
soil), and a severe saline coastal floodplain (salinity content 26.19 g kg !,
sandy loam soil) for laboratory analysis, to investigate the ecological effects of
Trichoderma application in moderately saline coastal platform fields. Compared
with the control treatment in moderately saline coastal platform fields, the

chinarxiv.org/items/chinaxiv-201711.00326 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.00326

ChinaRxiv [$X]

Trichoderma treatment increased soil compaction by 177.04%, water-stable
aggregate content ( 0.25 mm) by 265.78%, soil moisture content by 320.83%,
and soil alkali-hydrolyzable nitrogen, available phosphorus, available potassium,
and organic matter contents by 96.14%, 42.17%, 105.65%, and 63.79%, respec-
tively. Through soil dilution culture, the populations of bacteria, actinomycetes,
fungi, and azotobacteria increased by 170.95%, 82.68%, 152.17%, and 471.93%,
respectively, compared with the control.

Keywords: Trichoderma; Saline coastal soil; Platform field; Soil amelioration;
Ecological efficiency

Introduction

Soil is the fundamental material basis for human survival and an indispens-
able, non-renewable natural resource. Agriculture depends on soil. The Yellow
River Delta contains vast areas of coastal saline soil, with 234,500 hectares of
saline wasteland alone, representing extremely valuable reserve land resources.
Platform fields represent one approach to ameliorating saline soil; elevating the
terrain facilitates leaching of salts and alkalis, reducing surface soil salinity [1].
However, platform fields are newly created sandy lands with poor soil structure,
low fertility, loose texture, weak water and nutrient retention capacity, and are
not conducive to crop growth. The quantity and diversity of soil microorgan-
isms are critical to soil quality [2-4]. Utilizing specific microbial communities to
improve soil, enhance soil productivity, elevate soil quality, establish better soil
ecological environments, promote crop growth, and facilitate land resource de-
velopment and agricultural sustainable development holds significant practical
importance.

Trichoderma has been extensively studied as an excellent biocontrol agent for
decades. Research demonstrates that Trichoderma exhibits antagonistic effects
against soil-borne pathogens [5-6], induces plant disease resistance [7], and pro-
motes plant growth and development [8], making it an effective ecological bio-
control factor. Environmentally friendly microorganisms play significant roles
in improving soil ecological environments: first, they enhance crop absorption
of nitrogen, phosphorus, potassium, and trace elements, improving fertilizer uti-
lization efficiency [9-10]; second, they improve soil structure and promote the
establishment and maintenance of beneficial soil microbial communities [11-13];
third, they alleviate heavy metal pollution and bioremediate contaminated en-
vironments [14]. The Trichoderma aureoviride T1010 strain developed by our
research group demonstrates antagonistic effects against certain crop soil-borne
diseases [6] with evident field application results [15]. Trichoderma aureoviride
T1010 can alter rhizosphere microbial population numbers [11,13], yet few stud-
ies have investigated the effects of Trichoderma on improving soil physicochemi-
cal properties in moderately saline coastal platform fields [12]. This experiment
aims to analyze the soil amendment effects of applying Trichoderma agent to
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moderately saline coastal platform fields, explore its mechanism of action in
improving such soils, and establish a foundation for further enhancing the com-
prehensive ecological service functions of moderately saline coastal platform field
soils and promoting agricultural, forestry, and pastoral production.

1. Materials and Methods
1.1 Materials

The Trichoderma agent was developed by the Institute of Agro-food Science and
Technology, Shandong Academy of Agricultural Sciences. The main strain, 7ri-
choderma aureoviride T1010, was present at a concentration of 1x107 CFU - g_l,
with other fertilizers being locally conventional types. The peanut (Arachis hy-
pogaea) variety used in the experiment was ‘Huayu 20’ (provided by the Shandong

Peanut Research Institute).

1.2 Experimental Design

The experiment consisted of soil amendment trials and auxiliary trials. The soil
amendment trial was conducted in 2011 on moderately saline coastal platform
fields in Kenli County, Shandong Province. Two treatments were established:
Trichoderma agent and conventional control. Each plot area was 133.4 m?, with
double-row film mulching sowing, 40 m row length, 0.8 m ridge width, 2 peanut
seeds per hole, and 135,000 holes per hectare. Each treatment was replicated
four times, totaling eight plots. Compound fertilizer was applied at 750 kg per
hectare, and Trichoderma agent at 150 kg per hectare. Before peanut planting,
the Trichoderma agent and fertilizers were applied as basal fertilizers in separate
plots. Other management practices followed conventional methods.

Auxiliary trials were selected based on the formation time of the Yellow River
Delta coastal plain and the duration of natural vegetation improvement, repre-
senting three typical conditions: a solar greenhouse in Shouguang representing
former coastal saline soil transformed into high-yield fields through years of im-
provement; a reclaimed slight saline coastal field representing former coastal
saline soil gradually improved into medium-low yield fields; and a coastal saline
floodplain representing newly formed land from Yellow River sedimentation with
severe saline conditions. Each plot was 0.1 hm?, with crops and management
following conventional local practices or natural vegetation growth.

The basic conditions of each experimental site are shown in Table 1 .

On June 19, 2011, during the peanut flowering and pegging stage, topsoil
samples were collected from each experimental area using the five-point cross
method.
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1.3 Soil Sampling and Analysis Methods

Topsoil structure was evaluated based on water-stable aggregate content, mea-
sured using the method of Shao et al. [16] with treatment time extended to
10 minutes. Topsoil chemical properties including organic matter, pH, alkali-
hydrolyzable nitrogen, available phosphorus, available potassium, and water-
soluble salts were analyzed, along with physical properties such as soil bulk
density, particle density, and total porosity, following the methods of Lao [17].
Biochemical properties including protein and nucleic acid contents were mea-
sured by UV absorption. Soil microbial communities were isolated, cultured,
and enumerated using the dilution plate method: bacteria were cultured on
beef extract peptone medium, actinomycetes on Gause’ s synthetic No. 1 agar
medium, fungi on Martin’ s Bengal rose streptomycin agar medium, and azo-
tobacteria on Ashby medium, incubated at 26°C and 37°C in constant temper-
ature incubators with moisture maintenance. Bacteria were cultured for 3-5
days, while azotobacteria, actinomycetes, and fungi were cultured for 7-10 days,
after which colony numbers were counted.

1.4 Statistical Analysis

Results were calculated according to relevant formulas and analyzed using SAS
statistical software (SAS, Version 8.2). ANOVA was used to analyze differences
among soil samples from different sources, and Duncan’ s multiple range test
was used to analyze differences among multiple soil samples.

2. Results and Analysis

2.1 Effects of Trichoderma Agent on Soil Physical Properties of Mod-
erately Saline Coastal Platform Fields

After applying the Trichoderma agent as a basal fertilizer to moderately saline
coastal platform field soils and planting peanuts, soil physical properties were
measured during the peanut flowering and pegging stage. Results are shown in
Table 2 . Table 2 reveals highly significant differences (P<0.001) in soil com-
paction, bulk density, particle density, total porosity, water-stable aggregates,
and moisture content among different experimental sites (treatments).

Soil compaction decreased in the following order: solar greenhouse > reclaimed
slight saline coastal field > moderately saline coastal platform field (Tricho-
derma) > severe saline coastal floodplain > moderately saline coastal platform
field (control). The Trichoderma treatment increased soil compaction in mod-
erately saline coastal platform fields by 176.68% compared with the control,
a highly significant difference (P<0.001), but showed no significant difference
from the reclaimed slight saline coastal field.

Soil bulk density decreased in the following order: severe saline coastal flood-
plain > moderately saline coastal platform field (control) > reclaimed slight
saline coastal field > moderately saline coastal platform field (Trichoderma) >
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solar greenhouse. The Trichoderma treatment showed no significant difference
in soil bulk density from the solar greenhouse (P=0.0512) but differed highly
significantly from the control (P=0.0018).

Soil particle density decreased in the following order: severe saline coastal flood-
plain > moderately saline coastal platform field (control) > moderately saline
coastal platform field (Trichoderma) > reclaimed slight saline coastal field >
solar greenhouse. The Trichoderma treatment showed a significant difference in
soil particle density from the control (P=0.0331).

The highest total porosity was observed in the Trichoderma-treated moderately
saline coastal platform field soil and the solar greenhouse soil, both exceeding
50% with no significant difference between them (P=0.6908). The lowest was
in the severe saline coastal floodplain at only 36.64%.

The highest water-stable aggregate ( 0.25 mm) content was found in the solar
greenhouse soil and the reclaimed slight saline coastal field, while the severe
saline coastal floodplain and moderately saline coastal platform field (control)
had very low water-stable aggregate content. The Trichoderma treatment in-
creased water-stable aggregate content in moderately saline coastal platform
field soil by 265.78% compared with the control, a highly significant difference
(P=0.0002).

Moisture content varied among soils from different sources, with the highest in
the severe saline coastal floodplain soil. The moderately saline coastal platform
field had high elevation, rapid water evaporation, and low water-holding capac-
ity, with moisture content of only 1.81%. The Trichoderma treatment increased
soil water content by 320.83%, a highly significant difference (P<0.0001).

The moderately saline coastal platform field soil was highly sandy with poor
water absorption capacity, poor aeration when waterlogged, and poor water re-
tention during drought. The Trichoderma agent demonstrated beneficial effects
on soil aggregate formation and structural improvement.

Table 2 Influence of Trichoderma Agent on Major Physical Properties of Arable
Layer Soil in Moderately Saline Coastal Platform Fields

Note: T1010 indicates Trichoderma agent treatment. Different capital letters
indicate significant differences among different test places at the 0.01 level. The
same below.

2.2 Effects of Trichoderma Agent on Soil Chemical Properties of Mod-
erately Saline Coastal Platform Fields

Table 3 shows highly significant differences (P<0.001) in soil alkali-hydrolyzable
nitrogen, available phosphorus, available potassium, organic matter content, pH
(characteristic of saline soils), and water-soluble salt content among different
sampling sites. The solar greenhouse soil had high fertility, while the other four
coastal saline soils had low fertility.
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Among the four coastal saline soils, alkali-hydrolyzable nitrogen content de-
creased in the following order: severe saline coastal floodplain > reclaimed
slight saline coastal field > moderately saline coastal platform field (Tricho-
derma) > moderately saline coastal platform field (control). The Trichoderma
treatment increased alkali-hydrolyzable nitrogen content in moderately saline
coastal platform field soil by 96.14% compared with the control, a highly signif-
icant difference (P=0.0003).

Available phosphorus content decreased in the following order: severe saline
coastal floodplain > reclaimed slight saline coastal field > moderately saline
coastal platform field (Trichoderma) > moderately saline coastal platform field
(control). The Trichoderma treatment showed no significant difference from the
reclaimed slight saline coastal field (P=0.2547) but increased available phospho-
rus by 42.17% compared with the control, a significant difference (P=0.0196).

Available potassium content decreased in the following order: reclaimed slight
saline coastal field > moderately saline coastal platform field (Trichoderma)
> severe saline coastal floodplain > moderately saline coastal platform field
(control). The Trichoderma treatment increased available potassium content in
moderately saline coastal platform field soil by 105.65%, a highly significant
difference (P<0.001).

Organic matter content decreased in the following order: reclaimed slight saline
coastal field > moderately saline coastal platform field (Trichoderma) > mod-
erately saline coastal platform field (control) > severe saline coastal floodplain.
The Trichoderma treatment increased soil organic matter content in moder-
ately saline coastal platform field soil by 63.79%, a highly significant difference
(P=0.0013).

Saline soils are alkaline, and remain highly alkaline during the rainy season.
The Trichoderma-treated soil was also strongly alkaline, with little difference in
pH among soil samples.

Water-soluble salt content was highest in the severe saline coastal floodplain,
decreasing in the following order: severe saline coastal floodplain > reclaimed
slight saline coastal field > moderately saline coastal platform field (Tricho-
derma) > moderately saline coastal platform field (control). The Trichoderma
treatment in moderately saline coastal platform field reduced water-soluble salts
by 56.25% compared with the reclaimed slight saline coastal field.

These results demonstrate that the Trichoderma agent has certain activation,
transport, and buffering effects on alkali-hydrolyzable nitrogen, available potas-
sium, available phosphorus, water-soluble salts, and organic matter in the arable
layer of moderately saline coastal platform fields. It can be preliminarily con-
cluded that the Trichoderma agent exerts positive effects on adjusting the chem-
ical properties of coastal saline soils.

Table 3 Influence of Trichoderma Agent on Major Chemical Properties of
Arable Layer Soil in Moderately Saline Coastal Platform Fields
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Note: Different capital letters in parentheses indicate significant differences
among the four coastal saline soils at the 0.01 level. The same below.

2.3 Effects of Trichoderma Agent on Soil Biological Properties of
Moderately Saline Coastal Platform Fields

Table 4 shows highly significant differences (P<0.0001) among different soil sam-
ples in biological indicators (protein and nucleic acid) and microbial indicators
(bacterial, actinomycete, fungal, and azotobacterial communities). The solar
greenhouse soil was biologically rich, while the other four coastal saline soils
had relatively low biological abundance, with all biological indicators in the
solar greenhouse soil significantly higher than those in the four coastal saline
soils.

Among the four coastal saline soils, protein content decreased in the following
order: reclaimed slight saline coastal field > severe saline coastal floodplain
> moderately saline coastal platform field (Trichoderma) > moderately saline
coastal platform field (control). The Trichoderma treatment increased protein
content in platform field soil by 8.18% compared with the control.

Nucleic acid content decreased in the following order: reclaimed slight saline
coastal field > moderately saline coastal platform field (Trichoderma) > severe
saline coastal floodplain > moderately saline coastal platform field (control).
The Trichoderma treatment in moderately saline coastal platform field differed
significantly from the control (P=0.0283), increasing nucleic acid content by
12.41%.

Bacterial populations differed highly significantly among the four coastal saline
soils. The Trichoderma-treated moderately saline coastal platform field and the
reclaimed slight saline coastal field had the highest bacterial counts at 7.67 x 10°
CFU-g ! and 6.47 x 105 CFU - g !, respectively, with no significant difference be-
tween them. The severe saline coastal floodplain had the lowest bacterial count
at only 2.8 x 10° CFU - g !. The Trichoderma treatment in moderately saline
coastal platform field differed highly significantly from the control (P<0.001),
increasing bacterial populations by 170.95%.

Actinomycete populations decreased in the following order: reclaimed slight
saline coastal field > moderately saline coastal platform field (Trichoderma) >
moderately saline coastal platform field (control) > severe saline coastal flood-
plain. The Trichoderma treatment in moderately saline coastal platform field
showed no significant difference from the reclaimed slight saline coastal field, in-
creasing actinomycete populations by 82.68% compared with the control. The
severe saline coastal floodplain had very few actinomycetes.

Fungal populations decreased in the following order: reclaimed slight saline
coastal field > moderately saline coastal platform field (Trichoderma) > mod-
erately saline coastal platform field (control) > severe saline coastal floodplain.
The Trichoderma treatment in moderately saline coastal platform field showed
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no significant difference from the reclaimed slight saline coastal field but differed
highly significantly from the control (P=0.005), increasing fungal populations
by 152.17%. The severe saline coastal floodplain had virtually no fungi.

The Trichoderma-treated moderately saline coastal platform field had the high-
est azotobacterial population among the four coastal saline soils at 3.34 x 10°
CFU - g !, decreasing in the following order: moderately saline coastal platform
field (Trichoderma) > reclaimed slight saline coastal field > moderately saline
coastal platform field (control) > severe saline coastal floodplain. The Tricho-
derma treatment in moderately saline coastal platform field differed highly sig-
nificantly from the reclaimed slight saline coastal field (P=0.0012), increasing
azotobacterial populations by 124.39%, and differed highly significantly from
the control (P<0.0001), increasing populations by 471.93%.

These results further confirm that the Trichoderma agent exerts differential
effects on various biological communities in the arable layer, with moderate
effects on bacteria and actinomycetes and substantial effects on azotobacteria
and fungi. The impact on fungal populations may primarily derive from the
survival advantages of the agent’ s own microbial community, while the specific
mechanisms affecting other microorganisms require further investigation.

Table 4 Influence of Trichoderma Agent on Major Biological Indicators of
Arable Layer Soil in Moderately Saline Coastal Platform Fields

3. Discussion and Conclusions

Soil microorganisms play a crucial role in soil formation and are the most active
components in soil. They promote the transformation and transfer of materials
and energy in soil [2], while fungi are the primary microorganisms decomposing
soil organic matter [18]. Introducing exogenous microorganisms alters soil mi-
crobial community structure. Liu et al. [4] studied individual mycorrhizal fungi
and found that their growth forms characteristic hyphal bridges and networks
that facilitate the growth and movement of bacteria and actinomycetes. Yan
et al. [12] demonstrated that Trichoderma addition to soil changes rhizosphere
microbial community ratios. In this experiment, the moderately saline coastal
platform field soil had low microbial populations and poor soil vitality. Within
1.5 months after Trichoderma agent application, soil microbial populations in-
creased, particularly beneficial azotobacteria, adjusting microbial community
ratios, improving soil microecology, forming a healthy biosphere, and enhanc-
ing soil quality and vitality.

Soil colloid coagulation improves soil structure. Qiu et al. [19] studied the use
of polysaccharides as aggregate cementing agents in arid soils, promoting the
formation of soil particle aggregates and improving water retention. Feng et
al. [20] utilized arbuscular mycorrhizal external hyphae to cement soil particles
in the maize rhizosphere into aggregates, increasing water-stable aggregate con-
tent and improving root water content. In this experiment, the coastal saline
floodplain and platform field soils contained abundant sand particles but few ag-
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gregates, with poor compaction and soil structure, whereas the solar greenhouse
soil had good structure. After Trichoderma application to the moderately saline
coastal platform field soil, colonization and proliferation occurred. Within 1.5
months, Trichoderma hyphae and other microorganisms captured dispersed soil
particles through adsorption, entanglement, and penetration, promoting their
aggregation into granules. Microbial decomposition of organic matter formed
aggregate cementing agents, while microbial hyphae and secreted mucilage also
served cementing functions, enhancing adhesion among soil particles [21]. This
resulted in increased soil aggregates, higher water-stable aggregate content, re-
duced soil bulk density, and increased total porosity comparable to the solar
greenhouse soil. Soil compaction increased substantially to levels comparable
with the block-structured reclaimed saline coastal field, significantly higher than
the coastal saline floodplain. Additionally, the Trichoderma treatment improved
soil water absorption capacity, providing soil conservation and reducing water
erosion [22].

Research indicates that soil microorganisms produce various organic acids dur-
ing growth that chelate mineral salt ions, accelerating mineral decomposition.
Microbial metabolism produces CO , increasing environmental carbonic acid
content and promoting mineral hydrolysis [18]. The moderately saline coastal
platform field soil was nutrient-poor but rich in water-insoluble minerals. In
this experiment, the Trichoderma treatment transformed unavailable forms of
potassium and phosphorus in the soil into available forms, increasing available
potassium and phosphorus contents. This differs from the conclusion of Chen et
al. [13] regarding Trichoderma reducing excessive nutrients in solar greenhouse
soils. Trichoderma proliferation in soil promoted azotobacterial growth, enhanc-
ing soil nitrogen fixation and increasing alkali-hydrolyzable nitrogen content.
Through microbial metabolism and hyphal death, various organic substances
were released, increasing the diversity and quantity of soil nutrients. The in-
creased Trichoderma and other soil microbial communities promoted material
transformation and transfer in soil, expanding the sources, quantities, and trans-
fer pathways of nutrients [23], thereby improving the quality and vitality of
moderately saline coastal platform field soil.

Constructing platform fields in coastal saline areas deepens the groundwater ta-
ble. In this experiment, the moderately saline coastal platform field had a salin-
ity content of 2.99 g - kgf1 in early spring, while the coastal saline floodplain
had 26.19 g- kg_l, demonstrating significant desalination effects of platform
fields. Spring irrigation with Yellow River water and summer rainfall leaching
further reduced salinity in the platform field. During the peak peanut growth
period, the moderately saline coastal platform field salinity was 0.65 g - kgfl,
while the coastal saline floodplain remained high at 21.02 g - kgfl. However,
the moderately saline coastal platform field was nutrient-poor with poor soil
structure, making it unsuitable for crop growth. Therefore, developing agricul-
ture on coastal saline platform fields requires adding exogenous microbial agents
to accelerate soil activation and rapidly improve soil quality and vitality. After
mixing with moderately saline coastal platform field soil, Trichoderma colonized
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and proliferated to become a dominant microbial community. Trichoderma has
a fertilizer effect buffering function, acting on soil over extended periods to pro-
vide nutrients for other microorganisms and improve soil structure, enriching soil
nutrients and enhancing stability, thereby benefiting crop growth and develop-
ment [24] and improving crop yield and quality [24-25]. In this experiment, the
Trichoderma agent treatment improved the soil microecology of platform fields,
playing a role in soil ecological improvement. The deep ditches alongside coastal
saline platform fields contain high salt concentrations, and salt return occurs in
platform fields during winter and spring, with limited alkali reduction effects.
Additionally, soil organic matter content is low. To better utilize Trichoderma
and other microorganisms to improve soil properties in coastal saline platform
fields, greater organic matter input is needed, along with rational platform field
height design and additional alkali reduction technologies.
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