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Abstract: The gasification filter cake (GFC) has great application potential for improving the char-
acteristics of seedling substrates due to its nutrient richness and excellent water retention capacity.
However, GFCs leach heavy metals easily and thus pose certain ecological risks. Sodium silicate can
enhance plant resistance to heavy metal toxicity by fixing heavy metals. This study investigated the
impact of sodium silicate on cucumber plant growth, the chemical characterization of the substrate,
and the distribution and transfer of heavy metals. Sodium silicate was added to the seedling substrate
mix at mass rates of 0 g/kg ™! (GFC0), 2 g/kg~! (GFC2), 4 g/kg~! (GFC4), and 8 g/kg ! (GFCS).
The seedling substrate was composed of a commercial matrix, caragana compost, and GFC (m:m
7:7:2). The GFC increased the content of total phosphorus (P), available phosphorus (P), and available
potassium (K) in the substrate by 31.58%, 16.58%, and 80.10%, respectively. Conversely, the GFC
decreased the plant height by 12.3%. Adding sodium silicate to the GFC increased the chlorophyll
content of the plants, fixed heavy metals in the substrate, and promoted nutrient absorption and
utilization by the plants. Compared with GFCO without sodium silicate, adding sodium silicate at a
mass rate of 2 g/kg~! (GFC2) reduced the chromium, lead, and cadmium contents by 51.13%, 26.37%,
and 90.04%, respectively, which effectively alleviated heavy metal stress and was more conducive to
plant growth.

Keywords: sodium silicate; substrate nutrients; distribution of heavy metal

1. Introduction

Coal gasification technology is essential for the conversion of coal into cleaner fuel and
for improving its utilization during power generation [1,2]. However, a large amount of
coal gasification slag is produced during the cleaning process. Every year, China produces
about 80 million tons of coal gasification slag and hence, the effective use and safe disposal
of these industrial residues is essential [3]. Currently, the major disposal method for
gasification filter cakes (GFCs), one of the main by-products of coal gasification slag, is
directly into landfills [4,5]. The disposal of GFCs containing high organic carbon (C),
nitrogen (N), and phosphorus (P) threatens the environment and may lead to groundwater
pollution. Thus, alternative disposal means are necessary to protect the environment from
the ill effects of GFCs [6,7].

A gasification filter cake (GFC) has a small particle size and large specific surface area
and contains silicates of aluminum (Al) and calcium (Ca), which facilitate the stabilization
of heavy metals in waste residue. However, under the influence of low external pH values,
a GFC can cause different degrees of heavy metal leaching into the substrate [8,9]. The
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ability of a GFC to accumulate nutrients and retain a high capacity of water has prompted
studies into its secondary utilization in agricultural fields, especially for improving the
characteristics of the seedling matrix [10,11]. However, the transformation from soil to
plant and the leaching of heavy metals in a GFC should be strictly controlled for its effective
secondary utilization.

Many economical and robust adsorbents, such as carbonaceous materials (biocarbon,
nanocarbon), microorganisms, and sodium silicate, have been developed [12,13]. Carbona-
ceous materials and microorganisms can chelate heavy metals in the soil through adsorp-
tion, ion exchange, complexation, precipitation, and enzymatic transformations [14-16].
However, due to their low removal efficacy for heavy metals, poor adsorption, high input
cost, and non-sustainability, the application of biosorbents in fields with high concentrations
of heavy metals is limited [13,17]. Sodium silicate was found to be an effective compound
that can reduce the bioavailability of Cd and Cr by increasing the soil pH and can form
silicate complexes to reduce the availability of heavy metals in the soil [18]. It can also resist
the toxic effects of heavy metals by improving the antioxidant capacity of plants. Moreover,
sodium silicates also increase biomass and the intensity of photosynthesis, thus promoting
plant growth and development [19,20].

Littleleaf Peashrub (Caragana microphylla) is a local domesticated species that is a
perennial C3 leguminous shrub distributed extensively in China. It covers an area of
approximately 7 million ha in the southern mountainous region of Ningxia [21]. However,
to maintain productivity and reduce disease infestation, C. microphylla must be cut at
approximately 10 cm aboveground and harvested every three to five years. As a result,
an average of about 3 million tons of C. microphylla stubble shoots are produced each year.
Since the branches of C. microphylla can increase the organic matter and N content during
the composting process, it has the potential to reduce nutrient input and improve nutrient-
use efficiency in crop production [22,23]. Furthermore, the combination of C. microphylla
compost and other soil conditioners can effectively reduce the nutrient deficiency caused by
continuous cropping. This combination can improve the physical and chemical properties
of the soil and increase the number and activity of microorganisms in the soil during the
cultivation of horticultural crops [23].

The use of caragana compost relieves the accumulation of C. microphylla residues and
reduces the use of chemical fertilizers; this greatly reduces environmental pollution and
promotes sustainable agriculture [24]. Therefore, C. microphylla compost has potential for
use as an effective substitute for the seedling matrix and for promoting seedling growth of
horticultural crops. Adding a GFC may also accelerate the composting process, reduce C
and N loss, and increase the K and P content in the compost [11].

Cucumber is one of the most widely grown vegetables in the world and has tremen-
dous economic value. Its ability to tolerate heavy metal stress is poor, which can easily lead
to yield reduction and heavy metal pollution.

In this study, the contribution of sodium silicate to heavy metal risk was evaluated by
adding it to the seedling substrate, along with a GFC and C. microphylla compost. The ob-
jectives of this study were to quantify the effects of sodium silicate on the following: (1) the
growth of cucumber seedlings, (2) the substrate nutrient content, and (3) the accumulation
and transfer of heavy metals in plants and substrates. We provide a theoretical foundation
for the efficient and safe use of agricultural waste straw and coal waste resources.

2. Materials and Methods
2.1. Experimental Design

This study was conducted in the No. 2 greenhouse at the Ningxia University Train-
ing Base located in Xixia District, Yinchuan City, Ningxia, China, between 10 July and
30 August 2017. During the experimental period, the average temperature of the green-
house was 28 °C and the average humidity was 60 percent. The seedling substrate was
combined with C. microphylla straw compost and commercial substrate (Ningxia Zhongging
Agricultural Technology Co., Ltd. (Ningxia, China)) at 1:1 (m/m). GFC was added accord-
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ing to the mass ratio of 8:1. Various sodium silicate treatments were designed at mass rates
of 0, 2, 4, and 8 g/kg, respectively. Treatments without GFC and sodium silicate served
as the control (Table 1). Cucumis sativus (cucumber) (‘Deer No. 99’) seeds were cultivated
in 72-hole seeding trays (Ningxia Zhongqing Agricultural Technology Co., Ltd. (Ningxia,
China)) (50 x 34 x 12 cm, 1 seed per hole) and sown on 15 July 2017. The seeding tray
was randomized with three replicates of 15 plants for a total of 45 plants per treatment.
Each treatment was provided with 450 mL of water at 24 h intervals from sowing to the
end of the experiment (6-true-leaves stage) The seedlings were grown under natural lights
(day:night at 16:8 h).

Table 1. Experimental treatments for cucumber seedling substrates (mass ratio).

Treatment Commodity Substrate% Caragana Compost% (Sg()ﬁ;il?) Silicate (c;alf;fﬁ()i Filter Cake

CK 50.00 50.00 -- --

GFCy 43.75 43.75 - 12.5

GFC, 43.75 43.75 2 12.5

GFC4 43.75 43.75 4 12.5

GFCg 43.75 43.75 8 12.5
Note: ‘--" in the table indicates zero addition.

The composite seedling matrix was analyzed regarding several physicochemical in-
dices, including pH (6.81), electrical conductivity (0.57 mS cm~!), organic matter
(11.23 g kg™ 1), total N (1.03 g/kg), available N (15.03 mg/kg), available P (1.21 mg/kg),
and K content (21.05 mg/kg). The compost was made with straw from the leguminous
shrub C. microphylla and sheep manure at a C:N ratio of 25:1. The C. microphylla compost
had a bulk density of 0.25 g/cm3, total porosity of 79.2%, organic matter of 475 g/kg, total
N, P, and K of 29.0 g/kg, 18.6 g/kg, and 3 g/kg, respectively, a pH of 7.86, and EC of
1.66 mS/cm. The GFC was supplied by the Ningxia Coal Industry Group, and the nutrients
and heavy metal contents are shown in Table 2.
Table 2. Basic nutrient and heavy metal characteristics of the gasification filter cake.
Heavy Metal Standard in Soil (mg kg—1)
Item Gasified Filter Cake
pH<6.5 6.5<pH<7.5 pH>75

Organic matter (%) 34.33 - - -

pH 7.90 - - -

Total phosphorus (ug ~1) 1669.61 - - -

Available phosphorus (ug g~ 1) 107.46 - - -

K*(ugg™h 5972.56 - - -

Total nitrogen (ug g~ ') 703.00 - -- --

Pb (ug g 1) 4575 250 300 350

Cd (ugg ) 8.83 0.30 0.40 0.60

Cr(ugg 1) 53.85 150 200 250

Note: ‘--" in the table indicates zero addition.

2.2. Sampling and Measurement Methods
2.2.1. Substrate Chemical Properties

Ten representative plants and the substrate samples from each treatment were collected
35 days after sowing and taken back to the laboratory (The Horticultural Laboratory at
the College of Agriculture, Ningxia University, Yinchuan, China). The substrate samples
were dried naturally (15 days) and then sieved through 1.0 mm or 0.5 mm sieves to obtain
dry substrate samples of 1.0 mm or 0.5 mm diameter. A substrate fraction of 0.5 mm was
used for the determination of total N, total P, total K, organic matter, and heavy metals.
A substrate fraction of 1 mm was used to measure the available N, available P, available
K, EC, and pH. One mm substrate was used, and the pH and EC were measured using a
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pH meter (FE28, Mettler Toledo, Shanghai, China) and an EC meter (FE30, Mettler Toledo,
Shanghai, China), respectively. The substrate and water were combined at a ratio of 1:10
and were shaken for one hour using an orbital shaker (HY-5A, Changzhou Guowang
Instrument Manufacturing Co., Ltd. (Changzhou, China)). The organic matter (OM)
content of the substrate sample was determined using the potassium dichromate sulfite
oxidation method [25]. The total N content was assayed using the HySO4-H,O; digestion
semi-micro Kjeldahl method [26], total P content was analyzed using the H,SO4-H,O,
digestion molybdenum antimony colorimetric method, and total K content was determined
using the HySO4-HyO, digestion flame photometric method [27]. The available N content
was determined using the alkaline diffusion method, and the available P content was
determined using the NaHCO3 leaching-molybdenum blue colorimetric method [28]. The
available K was determined using ammonium acetate leaching and flame photometry [29].

2.2.2. Measurement of Plant Growth Indicators

Five days after sowing, the seedling emergence rate was counted. At 35 days after
sowing, 10 representative plants were randomly selected from each treatment to determine
plant height, stem diameter, and chlorophyll content. Plant height was measured using a
tape measure from the shoot apical meristem to the root/hypocotyl junction, stem diameter
was measured using a vernier caliper 1 cm below the cotyledons, and chlorophyll was
measured using a chlorophyll meter (SPAD-502 plus, Konica Minolta, Tokyo, Japan) on the
fourth leave of the plant (from cotyledons to shoot apical meristem). The representative
plants were then harvested. Aboveground (from the root/hypocotyl junction to the shoot
apical meristem) and belowground parts (from the root/hypocotyl junction to the root
apical meristem) were separated and washed with deionized water, blotted dry with
absorbent paper, and weighed using a single-pan analytical balance (ESJ200-5A, Shanghai
Precision Instruments Co., Ltd., Shanghai, China) to determine the fresh weight. The plants
were then placed in an oven (ZF-9210, Changzhou Guowang Instrument Manufacturing
Co., Ltd.; Changzhou, China) at 105 °C for 15 min and then dried at a temperature of 80 °C
(24 h) to a constant weight.

2.2.3. Determination of Heavy Metal Content

The dried plants were ground and sieved through a 0.5-mm sieve. The dried samples
were mixed with strong acid, and the heavy metals were extracted using a microwave
extractor (Master-40, Shanghai Xinyi Microwave Chemistry Technology Co., Ltd.; Shanghai,
China). The heavy metal content in the substrate and plants was determined using induc-
tively coupled plasma emission spectrometry (ICP-OES). Arsenic (As), manganese (Mn),
nickel (Ni), copper (Cu), zinc (Zn), chromium (Cr), lead (Pb), and cadmium (Cd)~ and the
heavy metal content of substrate W was determined as follows [30]:

W=CxV/M 1)

where C represents the content of a heavy metal measured using an inductively coupled
plasma spectrometer (mg/L); V represents the volume of the test solution (mL); and M
represents the weight of the samples (g).

2.2.4. Calculation of the Enrichment and Transfer Coefficient of the Heavy Metals

The suitability of plant growth in heavy metal environments was evaluated by calculat-
ing the enrichment and transfer coefficients of heavy metals in the plants. The enrichment
coefficient is an index for plant enrichment of heavy metals, indicating the ability of the
plant to absorb heavy metals from the soil environment. The transfer coefficient indicates
the ability to transfer a heavy metal from the belowground to the aboveground parts of the
plant. A higher transfer coefficient indicates that the heavy metal is more easily transferred
from the belowground to the aboveground of the plant. The enrichment and transfer
coefficients were calculated as follows [30]:
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BCF=C plant/csoil (2)

where BCF indicates the enrichment coefficient, Cplant represents the amount of heavy metal
in the belowground parts of a plant, and C,,; expresses the amount of heavy metal in the
soil.

BTF = Caboveground/ Cbelowground €)

where BTF indicates the transfer coefficient, and Capoveground and Chelowground represent the
heavy metal content in the aboveground and belowground parts of a plant, respectively.

2.3. Statistical Analysis

All experiments were replicated three times, and statistical analyses were carried
out using Excel 2020 (Microsoft Corp., Redmond, WA, USA) and SPSS 25.0 (IBM Corp.,
Armonk, NY, USA). A one-way ANOVA was used for the tests, and significance was set at
p < 0.05. LSD was used for the variance homogeneity test with Duncan’s method for the
significance analysis of multiple differences. Principal component analysis was used to
analyze the relationships between substrate nutrient compounds. Membership functions
were used for the comprehensive evaluation of substrate chemical properties. The figures
were drawn using Origin 2018 (OriginLab; Northampton, MA, USA) software.

3. Results
3.1. Cucumber Seedling Growth

The seedling emergence rates in all treatments reached greater than 70%, and GFCO-
GFC4 were higher than CK (Table 3). The highest rate of 93% was found in the GFC4
treatment, while the lowest rate of 74% was found in the GFC8 treatment. Compared to CK,
the aboveground dry weight, the value of soil and plant analyzer development (SPAD),
and stem diameter of the cucumber seedlings in the GFCO treatment did not differ, while
the belowground dry weight and plant height showed a decrease (Table 3). Adding sodium
silicate to the seedling substrate containing GFC resulted in an overall decrease in the
belowground dry weight and plant height of the cucumber seedlings. The GFC2 and GFC4
treatments significantly increased the SPAD values by 12.36% and 13.85%, respectively,
when compared with the GFCO treatment.

Table 3. Cucumber seedling growth indices in different treatments.

Treatments Emergence Rate D?;i:l%liz;??g) ];J:;’d‘f\;fi;llﬁg) Chlorophy 11 Plar(l:nlif)lght Stem(:i;:gneter
CK 0.86 4 0.04 ab 0.284+0.01a 0.03+0.01a 3552 +£1.18b 84.58 £4.18 a 285+ 011a
GFCO0 0.89+0.10a 0.28 £ 0.08 a 0.03 £ 0.00 b 38.04 £1.18b 7418+ 1.69b 3.13+£0.07a
GFC2 0.87 £0.07 a 0.22£0.05a 0.02 £0.00 c 4274 £243a 65.73 £4.20 c 295+0.10a
GFC4 0.93 +0.06 a 0214+0.02a 0.02 +0.00 ¢ 4431 +199a 46.92 +1.56 d 3.02+0.14a
GFC8 0.74 +£0.03b 0.20+0.03a 0.02 +0.00 3893 +£213b 49.25+1.20d 297 £0.26a

Note: Different lowercase letters indicate significant differences between different treatments (p < 0.05).

3.2. Changes in the Substrate Nutrient Content

The N uptake amount played a decisive role in the accumulation of dry matter in
the plants. Compared with CK, the GFC2 treatment reduced the total N content of the
substrate by 45.64%, while the other three treatments showed no significant difference
(Figure 1A). The organic matter content of the substrate increased proportionally to the
amount of sodium silicate. Depending on the volume of sodium silicate that was added,
ie, 2g/kg~! (GFC2),4 g/kg~! (GFC4), and 8 g/kg~! (GFCS8), the OM content increased
by 11.91%, 26.79%, and 53.58%, respectively, when compared with the GFCO treatment
(Figure 1B). Adding GFC alone had no significant effect on the organic matter content of the
substrate. Potassium plays an important role in regulating the osmotic potential of plant
cells and also plays a role in activating the enzymes used during photosynthesis [31]. The
addition of GFC and sodium silicate reduced the total K content of the substrate compared
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with CK. Excluding the GFC4 treatment, the total K content decreased with increasing
amount of sodium silicate (Figure 1C). The P content in the substrate indirectly affects
the chlorophyll content, which directly affects the normal growth and development of
plants [32]. With the exception of the GFCO treatment, all treatments significantly increased
the total P content of the substrate when compared with CK (Figure 1D). The total P content
in the substrate increased significantly with GFC0 and GFC2 by 53.34% but decreased with
GFC4 and GFC8 (Figure 1D, Table S3).
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Figure 1. Effects of various matrix treatments on the total nutrient and organic matter content in
the matrix. (A) Total nitrogen content (g/kg). (B) Organic matter (g/kg). (C) Total potassium
(g/kg). (D) Total phosphorus (g/kg). Abbreviations: CK: compound matrix; GFCO: compound
matrix + gasification filter cake; GFC2: compound matrix + gasification filter cake + 2 g/kg sodium
silicate; GFC4: compound matrix + gasification filter cake + 4 g/kg sodium silicate; GFC8: compound
matrix + gasification filter cake + 8 g /kg sodium silicate. Different lowercase letters indicate significant
differences between different treatments (p < 0.05). LSD and Waller-Duncan were used for the
variance homogeneity test and significance analysis, respectively.

The available N content in the substrate was measured and found to be increased by
20.82% in the GFC4 treatment but reduced by 18.80%, 10.27%, and 36.84% in the GFCO,
GFC2, and GFCS8 treatments, respectively, when compared with CK (Figure 2A, Table S4).
The substrate available P content was highest in the GFCO treatment (16.58%) and was
reduced by 14.27% in the GFC4 treatment (Figure 2B). There was no significant difference
between the other treatments when compared to CK (Figure 2B). The available K content
in the substrate was higher in all treatments when compared with CK, where the GFC8
treatment was the highest (60.92%), followed by the GFC0, GFC2, and GFC4 treatments
(Figure 2C). There were no significant differences between the GFC2 and GFC4 treatments
(Figure 2C). The addition of both GFC and sodium silicate increased the pH of the substrate
(Figure 2D). Adding GFC increased the EC in the substrate up to GFC2, but it decreased
with the addition of sodium silicate (Figure 2D).



Horticulturae 2023, 9, 988

7 of 15

150

90 -

A a . |B .
on
b 120 I £ 751 T ab ab
%n b g b 1 4}
s C ~ +

s - d - 60 - C

90 T = g
g T g
o0
) [ S 457
=1
E 60- g
% 3 30+
g 2
= 30- s
z = 15+

>
0 1 1 1 1 1 <
CK GFCO GFC2 GFC4 GFC8 0 CK GFCO GFC2 GFC4 GFC8
Treatment Treatment
400 4r [ JEC T 10.0
e C D ——pH
% 4 b b ab a
300 | ~ 3 c 75
8 g = 2 b
(3] al

g b b b & abc
o g c be jus)
% 200 ~ 2t 15.0 g,
= Q
2 c 5
2
2100+ 1r 125
g
<

0 " " " ! . 0 ! . . .

CK GFCO GFC2 GFC4 GFC8 CK GFCO  GFC2  GFC4  GFC8
Treatment Treatment

Figure 2. Effects of various matrix treatments on the available nutrients, matrix pH, and EC content
in the matrix. (A) Available nitrogen (mg/kg). (B) Available phosphorus (mg/kg). (C) Available
potassium (mg/kg). (D) EC (mS/cm). Abbreviations: CK: compound matrix; GFC0: compound
matrix + gasification filter cake; GFC2: compound matrix + gasification filter cake + 2 g/kg sodium
silicate; GFC4: compound matrix + gasification filter cake + 4 g/kg sodium silicate; GFC8: compound
matrix + gasification filter cake + 8 g /kg sodium silicate. Different lowercase letters indicate significant
differences between different treatments (p < 0.05). LSD and Waller-Duncan were used for the
variance homogeneity test and significance analysis, respectively.

3.3. Heavy Metal Content in the Substrate and Plants

During the determination of heavy metals present in the substrate and plants, only
Cr, Pb, and Cd were detected (Figure 3). The levels of As, Mn, Ni, Cu, and Zn were not
measured as they were lower than the minimum detection limit (minimum detectable mass
0.5 ng). The content of Cr was higher than that of Pb in all substrates, while the content of
Cd was the lowest (with the exception of Pb content in GFC2 being slightly higher than
that of Cr) (Figure 3).

According to the requirements of the National Standard 15618-1995 [33] (Table 2),
secondary-level soils (suitable for agricultural cultivation) must meet the pH values of
6.5-7.5 and a Pb, Cd, and Cr content less than 300 mg/kg, 0.4 mg/kg, and 200 mg/kg,
respectively. The substrate in all treatments did not exceed the standard for Pb and Cr;
however, the Cd contents exceeded the standard. All heavy metal contents exceeded the
standard by above 90% (Table 2).

To evaluate the heavy metal content in cucumber seedlings, the GFC0-GFC8 treat-
ments were analyzed. It was found that the GFC2, GFC4, and GFC8 treatments had higher
levels of Cr, Pb, and Cd in the substrate compared with the GFCO0 treatment (Figure 3C,
Table S1). The substrate in the GFC2, GFC4, and GFC8 treatments had increased Cr contents
by 12.10%, 30.83%, and 44.46%, respectively; increased Pb contents by 178.25%, 135.30%,
and 115.63%, respectively; and increased Cd contents by 13.45%, 3.99%, and 10.83%, re-
spectively, compared with the GFCO treatment (Table S6). Compared with CK, GFC0 had a
significantly increased amount of Cr, Pb, and Cd in the substrate by 40.61%, 73.34%, and
19.45%, respectively. The addition of sodium silicate to the substrate with added GFC signif-
icantly increased the levels of Cr, Pb, and Cd in the substrate. There was a trend indicating
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increasing substrate Cr content with increasing amounts of sodium silicate, with significant
differences detected between treatments. The Pb content in the substrate increased first and
then decreased with increasing sodium silicate, with the highest Pb content in the GFC2
treatment, and significant differences were detected between treatments. All treatments
significantly increased Cd content in the substrate compared with CK, but there was no
significant difference among the treatments with added GFC (Figure 3C).
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Figure 3. Contents of heavy metals in different parts of cucumber seedlings and in substrates. (A)
Aboveground heavy metal content (mg/kg). (B) Belowground heavy metal content (mg/kg). (C)
Substrate heavy metal content (mg/kg). Abbreviations: CK: compound matrix; GFC0: compound
matrix + gasification filter cake; GFC2: compound matrix + gasification filter cake + 2 g/kg sodium
silicate; GFC4: compound matrix + gasification filter cake + 4 g/kg sodium silicate; GFC8: compound
matrix + gasification filter cake + 8 g/kg sodium silicate. Different lowercase letters indicate significant
differences between different treatments (p < 0.05). LSD and Waller-Duncan were used for the
variance homogeneity test and significance analysis, respectively.

The trend in heavy metal contents in the cucumber seedlings both aboveground and
belowground was Cr > Pb > Cd for all GFC treatments (Figure 3A,B). Comparatively, the
heavy metal content in the belowground parts was higher than that in the aboveground
parts across all treatments (Figure 3A-C, Table S5). Specifically, the Cr content in the
belowground parts was 2.13-3.27 times greater than that in the aboveground parts. The
GFC8 treatment resulted in a Pb content that was 1.08 times higher in the aboveground parts
than in the belowground parts. However, the GFC0 to GFC4 treatments had 1.17-1.40 times
more Pb in the belowground parts compared with the aboveground parts, while Cd content
in the belowground parts was 2.07-14.66 times higher than that in the aboveground parts
(Figure 3A,B). Compared with CK, the GFCO treatment increased the Pb content in the
aboveground parts by 10.12% and increased the Cd content in the aboveground parts by
150.67%. Regarding the aboveground parts, the addition of sodium silicate increased the Cd
content, the GFC2 and GFC4 treatments reduced the Pb content, and the GFC2 treatment
reduced the Cr content when compared with GFC0. Regarding the belowground parts,
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compared with CK, GFC2 reduced the Cr content, GFC8 reduced the Pb content, and GFC4
and GFC8 increased Cd (Figure 3A,B).

3.4. Enrichment and Transfer Coefficient of Heavy Metals

When analyzing the enrichment coefficients of the heavy metals, the Cr and Cd
levels were higher (1.96-3.30 times and 2.07-14.66 times, respectively) in the belowground
parts compared with the aboveground parts (Figure 3A,B). The enrichment coefficients
for Pb were not significantly different between the aboveground and belowground parts
(Figure 4C, Table S2). Compared with CK, all GFC treatments significantly reduced the
enrichment coefficient of Cd in the aboveground parts of the plant but increased the
enrichment coefficient of Cr in the belowground parts (Figure 4B). Thus, the enrichment
coefficient for heavy metals, particularly Cr, decreased with increasing sodium silicate,
while no significant difference was observed between GFC0 and GFC2 (Figure 4A-C).
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Figure 4. Transfer coefficients of heavy metals. (A) Enrichment coefficient of Cr. (B) Enrichment
coefficient of Pb. (C) Enrichment coefficient of Cd. (D) Abbreviations: CK: compound matrix; GFCO:
compound matrix + gasification filter cake; GFC2: compound matrix + gasification filter cake + 2 g/kg
sodium silicate; GFC4: compound matrix + gasification filter cake + 4 g/kg sodium silicate; GFC8:
compound matrix + gasification filter cake + 8 g/kg sodium silicate. Different lowercase letters
indicate significant differences between different treatments (p < 0.05). LSD and Waller-Duncan were
used for the variance homogeneity test and significance analysis, respectively.

Compared with the GFCO treatment, the transfer coefficient of Cr increased with GFCO0,
and there was a significant increase of 22.50% for GFC2 (Figure 4D). This was followed by a
decrease with the addition of sodium silicate, where there was no significant difference for
the GFC4 and GFCS8 treatments (Figure 4D). Compared with CK, the transfer coefficients of
Cd increased by 40.85%, 83.10%, and 128.57%, respectively (Figure 4D).

3.5. PCA Analysis

To assess the relationship among chemical properties, heavy metal contents, and
heavy metal enrichment and transfer coefficients in the substrate, a principal component
analysis (PCA) was carried out (Figure 5). Principal component (PC) 1 and PC 2 were
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extracted and found to explain 75.7% of the variation, with PC1 explaining 56.4% and PC2
explaining 19.3% of the variation. TN and TK contributed negatively to PC1, while OM,
TP, pH, and EC contributed positively to PC1 (Figure 5A). In PC2, Cr, AP, and AK were
negative contributors, while Pb, Cd, and AN were positive contributors (Figure 5A). The
correlations among chemical properties, nutrition content, and heavy metal content are
shown in Figure 5A. Organic matter was positively correlated with pH and AK, which
indicated that adding sodium silicate led to an increase in pH in the substrate but not a
loss of K. In the PCA, there was a clear separation among all treatments (Figure 5A). CK
and GFCO0 were in quadrant III, where there were higher levels of TK and TN content
(Figure 5A). GFC2, GFC4, and GFC8 were in quadrants II and IV, where there were higher
TP and heavy metal content (Figure 5A). Based on the PCA analysis, the comprehensive
scores across the treatments showed that GFC4 was the highest followed by GFC2, GFCS,
GFC0, and CK (Figure 5B).
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Figure 5. Principal component analysis of the chemical properties of the matrix and heavy metals.
(A) PC1 and PC2. (B) The comprehensive score of each treatment. Abbreviations: AK, avail-
able potassium; TK, total potassium; TN, total nitrogen; AP, available phosphorus; AN, available
nitrogen; OM, organic matter; TP, total phosphorus; CK: compound matrix; GFCO: compound
matrix + gasification filter cake; GFC2: compound matrix + gasification filter cake + 2 g/kg sodium
silicate; GFC4: compound matrix + gasification filter cake + 4 g/kg sodium silicate; GFC8: compound
matrix + gasification filter cake + 8 g/kg sodium silicate. LSD and Waller-Duncan were used for the
variance homogeneity test and significance analysis, respectively.

4. Discussion

In this study, we analyzed the effect of GFCs on cucumber seedlings. Previous studies
have shown that GFC can be used as an adsorbent to reduce NHj3 volatilization during com-
posting and can also improve the physical and chemical properties of the substrate, increase
the nutrient content of the substrate, and improve the seed germination index [11,34]. How-
ever, since the inorganic components in GFCs cannot be melted, the carbon components
cannot be fully burned. Therefore, a GFC has a huge specific surface area and contains
many incompletely burned carbon particles, which has a similar effect as biochar [35-37].

This study showed that the addition of a GFC reduced the dry weight of the roots
and decreased the plant height of the cucumber seedlings (Table 3). This is because a GFC
has a higher content of total N and total K and a lower content of available N, compared
with commercial substrate (Table 2). Furthermore, available N is positively correlated
with plant growth. Soil available nitrogen content increases and then decreases with
increasing pH. The GFC8 treatment, due to high pH, reduced the available nitrogen content
in the substrate. In contrast, the substrate pH in the GFC4 treatment was more friendly
to the available nitrogen [38,39]. Phosphorus can promote the formation and growth of
early roots, thereby improving the ability of plants to adapt to external environmental
conditions [40,41]. With increased sodium silicate, the available P content in the substrate
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decreased first and then increased, with a minimum value detected in the GFC4 treatment
(sodium silicate: substrate, at mass rates of 4 g/kg) (Figure 2). Interestingly, the result was
opposite to the change in chlorophyll in the cucumber seedlings. The chlorophyll content
in the cucumber seedlings increased first and then decreased with increasing addition of
sodium silicate in the seedling substrate mixed with the GFC, and the maximum chlorophyll
value was found in the GFC4 treatment (Table 3). This is likely because P is essential for
chlorophyll synthesis, and the available P content in the substrate is depleted in the process
of increasing the chlorophyll content of the plant [42,43]. Therefore, the amount of available
P in the substrate is a key factor influencing the chlorophyll content in cucumber seedlings.
Moreover, it may be that more P is used in plant absorption to meet crop growth. In
addition, the content of heavy metals in the substrate also affects the chlorophyll content in
plants [44]. Cadmium is easily absorbed and used by plants and can reduce the chlorophyll
content in plants [45]. However, there was no significant difference in aboveground Cd
content among the treatments (Figure 3). Therefore, Cd is not the key factor affecting the
chlorophyll content in cucumber seedlings.

In this experiment, adding sodium silicate to the substrate enriched the heavy metal
content in the substrate (Cr, Pb, and Cd) and reduced heavy metal transfer (Cr, Pb, and Cd)
to the aboveground parts of the plant (Figures 3 and 4). Sodium silicate could reduce the
enrichment of heavy metals in the shoots of the plants, yet different amounts of sodium
silicate had different effects on the enrichment coefficients of the heavy metals. We found
that with the addition of sodium silicate, the enrichment coefficients of Cr, Pb, and Cd
were all higher in the belowground parts than in the aboveground parts of the plant
(Figure 4A—C). The PCA revealed that the transfer of Cr, Pb, and Cd in the substrate was
positively correlated with the pH of the substrate (Figure 5). This is because the substrate
pH increased after the addition of sodium silicate, and a high soil pH value can reduce the
effectiveness and migration of heavy metals in the soil [46,47]. Furthermore, a high soil
pH promotes redox, adsorption, and organic complexation, which enhances the hydroxide
precipitation of heavy metals [48,49]. The application of passivation agents (sepiolite,
calcium-magnesium—phosphate fertilizer, and biochar)) increases soil pH and significantly
reduces the effective state of soil Cd [50]. In a Cr stress study, the addition of exogenous
silicon increased rhizosphere soil pH and accelerated the combination and fixation of
active Cr with organic matter and carbonate, thus leading to reduced uptake of Cr by the
roots [18,51].

The results from this study revealed that the content of heavy metals was higher in
the belowground parts than in the aboveground parts (Figure 3A,B). This is due to the
enrichment of heavy metals, primarily in the lower part of the plant. With an increasing
amount of sodium silicate in the substrate, the Cr content decreased first and then increased
in both the aboveground and belowground parts (Figure 3). This is due to the negative
effect of sodium silicate, which causes the pH of the substrate to rise [52]. A high pH
environment disrupts the cell membrane structure of the root system and allows the plant
to take up higher levels of Cr, thus leading to a negative effect of sodium silicate [53]. At the
same time, the aboveground Pb content in the cucumber seedlings decreased first and then
increased, while the belowground Pb content increased first and then decreased (Figure 3).
This is because low concentrations of Pb are rapidly precipitated as Pb-phosphate when
taken up by protoplasts in the roots [54,55], reducing the amount of Pb transferred to the
aboveground parts and reducing the damage caused by Pb to the aboveground parts [51].
However, the Pb content and Pb transfer coefficient exhibited an increasing trend in the
aboveground parts of the cucumber seedlings after the addition of too much sodium silicate
(Figures 3 and 4). This may be due to the high amount of sodium silicate that increased
the pH of the substrate, which may have damaged the plant root cell membranes [56].
The refractory Pb-phosphate becomes microsoluble, resulting in increased Pb absorption
by the cucumber seedlings. Furthermore, the addition of sodium silicate to the GFC
substrate increased the aboveground Cd content in the cucumber seedlings, as Cd is readily
absorbed by the plant. However, the Cd content increased first and then decreased in the
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belowground parts (Figures 3 and 4), indicating that a suitable amount of sodium silicate
mitigated the damage caused by Cd through the absorption and accumulation of Cd in the
plant roots.

A mass rate of 4 g/kg of sodium silicate had the best effect on promoting plant
growth and alleviating heavy metal stress. First, the GFCO0 treatment was higher than CK,
indicating that the GFC had some improvement effect on the substrate quality. Second, the
comprehensive score in the GFC4 treatment was higher than in the GFC2 treatment, and
both treatments scored higher than the other treatments. This indicated that the addition of
a suitable amount of sodium silicate could improve the substrate quality, while an excessive
addition of sodium silicate could have a negative effect on the substrate quality. An
appropriate substrate pH value (from 6.0 to 7.5) is necessary for vegetable growth [57,58].
The addition of 8 g/kg sodium silicate increased the substrate pH value. This is because
sodium silicate is a strong alkaline and weak acid salt (11 < pH < 13).

5. Conclusions

The addition of a GFC had no significant effect on the aboveground dry weight,
chlorophyll, stem diameter, or seedling emergence of the cucumber seedlings or on the total
N and organic matter content of the substrate. Adding appropriate amounts of sodium
silicate significantly increased the SPAD value of the cucumber seedlings and the Pb and
Cd contents in the substrate but reduced the Cr and Pb content in the aboveground and
belowground plant parts. In addition, an appropriate amount of sodium silicate effectively
fixed the heavy metal content in the substrate, inhibited the uptake of heavy metals by the
plants, and alleviated the heavy metal stress. The addition of sodium silicate effectively
relieved the risk posed by heavy metals in the GFC. Sodium silicate at 4 g/kg had the best
effect on promoting plant growth and alleviating heavy metal stress followed by 2 g/kg
sodium silicate. In summary, the composite application of sodium silicate and a GFC not
only prevents heavy metal pollution but also does not affect the increase in nutrient content
of the GFC to the substrate, which greatly improves the application potential of GFCs as a
substrate.
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Contents of heavy metals in different parts of the cucumber seedlings; Table S6: Contents of heavy
metals in substrates.

Author Contributions: Conceptualization, W.T. and X.W. (Xiaodong Wang); methodology, Z.L.
and K.G.; software, W.T. and Z.L.; validation, W.T. and K.G.; formal analysis, W.T. and X.W.
(Xiaodong Wang); resources, X.Z.; original—draft preparation, W.T. and K.G.; writing—review and
editing, X.Z., Z.L., and W.T; visualization, W.T. and S.S.; supervision, X.Z. and X.W. (Xiaozhuo Wang);
project administration, X.Z.; funding acquisition, X.Z. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This study was supported by the Key Research and Development Program of Ningxia
(No. 2021BBF03002), the Science and Technique Innovation Leader Program of Ningxia (No. KJT2017001),
and the Ningxia horticulture national first-class construction discipline project (No. NXYLXK2017B03).
We are particularly grateful to the editor and anonymous reviewers for their help in improving our
manuscript.

Data Availability Statement: Informed consent was obtained from all subjects involved in this study.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.


https://www.mdpi.com/article/10.3390/horticulturae9090988/s1

Horticulturae 2023, 9, 988 13 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Guo, F; Liu, H.; Zhao, X.; Guo, Y.; Guo, Z.; Miao, Z.; Zhang, Y.; Li, ]J.; Wu, ]. Insights on water temporal-spatial migration
laws of coal gasification fine slag filter cake during water removal process and its enlightenment for efficient dewatering. Fuel
2021, 292, 120274. [CrossRef]

Xie, K.; Li, W.; Wei, Z. Coal chemical industry and its sustainable development in China. Energy 2010, 35, 4349—4355. [CrossRef]
Zhang, Y.; Zhou, L.; Chen, L.; Guo, Y. Synthesis of zeolite Na-P1 from coal fly ash produced by gasification and its application as
adsorbent for removal of Cr(VI) from water. Front. Chem. Sci. Eng. 2020, 15, 518-527. [CrossRef]

Yuan, N.; Zhao, A.; Hu, Z; Tan, K.; Zhang, ]. Preparation and application of porous materials from coal gasification slag for
wastewater treatment: A review. Chemosphere 2022, 287, 132227. [CrossRef] [PubMed]

Zhao, S.; Chen, Z.; Shen, J.; Kang, J.; Zhang, J.; Shen, Y. Leaching mechanisms of constituents from fly ash under the influence of
humic acid. J. Hazard. Mater. 2017, 321, 647-660. [CrossRef]

Liu, G.; Liu, W,; Cai, Z.; Zheng, M. Concentrations, profiles, and emission factors of unintentionally produced persistent organic
pollutants in fly ash from coking processes. J. Hazard. Mater. 2013, 261, 421-426. [CrossRef] [PubMed]

Li, J.; Chen, Z; Yuan, L,; Qiao, Y.; Yuan, Z.; Zeng, L.; Li, Z. Effects of flotation and acid treatment on unburned carbon recovery
from atmospheric circulating fluidized bed coal gasification fine ash and application evaluation of residual carbon. Waste Manag.
2021, 136, 283-294. [CrossRef]

Du, M;; Liu, H,; Hu, D.; Huang, J.; Liu, Z.; Fang, Y. The leaching mechanism of heavy metals (Ni, Cd, As) in a gasification slag
during acidification. Waste Manag. 2020, 114, 17-24. [CrossRef]

Li, W, Sun, Y.,; Huang, Y.; Shimaoka, T.; Wang, H.; Wang, Y.; Ma, L.; Zhang, D. Evaluation of chemical speciation and
environmental risk levels of heavy metals during varied acid corrosion conditions for raw and solidified /stabilized MSWI fly ash.
Waste Manag. 2019, 87, 407-416. [CrossRef]

Guo, F; Liu, H,; Guo, Y.; Zhang, Y.; Li, ].; Zhao, X.; Wu, J. Occurrence modes of water in gasification fine slag filter cake and
drying behavior analysis—A case study. J. Environ. Chem. Eng. 2021, 9, 104585. [CrossRef]

Wang, X.; Zheng, W.; Ma, Y.; Ma, ].; Gao, Y.M.; Zhang, X.; Li, J. Gasification filter cake reduces the emissions of ammonia and
enriches the concentration of phosphorous in Caragana microphylla residue compost. Bioresour. Technol. 2020, 315, 123832.
[CrossRef]

Li, A.; Xie, H,; Qiu, Y,; Liu, L.; Lu, T,; Wang, W.; Qiu, G. Resource utilization of rice husk biomass: Preparation of MgO
flake-modified biochar for simultaneous removal of heavy metals from aqueous solution and polluted soil. Environ. Pollut.
2022, 310, 119869. [CrossRef] [PubMed]

Rana, A ; Sindhu, M.; Kumar, A.; Dhaka, R.K.; Chahar, M.; Singh, S.; Nain, L. Restoration of heavy metal-contaminated soil and
water through biosorbents: A review of current understanding and future challenges. Physiol Plant. 2021, 173, 394-417. [CrossRef]
Ayansina, A.; Olubukola, B. A New Strategy for Heavy Metal Polluted Environments: A Review of Microbial Biosorbents. Int. ].
Environ. Res. Public Health 2017, 14, 94. [CrossRef]

Dhanarani, S.; Viswanathan, E.; Piruthiviraj, P.; Arivalagan, P.; Kaliannan, T. Comparative study on the biosorption of aluminum
by free and immobilized cells of Bacillus safensis KTSMBNL 26 isolated from explosive contaminated soil. J. Taiwan Inst. Chem.
Eng. 2016, 69, 61-67. [CrossRef]

Tan, X,; Liu, Y,; Zeng, G.; Wang, X.; Hu, X.; Gu, Y; Yang, Z. Application of biochar for the removal of pollutants from aqueous
solutions. Chemosphere 2015, 125, 70-85. [CrossRef]

Liu, C.; Zhang, H. Modified-biochar Adsorbeignts (MBAs) for Heavy-metal Ions Adsorption: A Critical Review. J. Environ. Chem.
Eng. 2022, 10, 107393. [CrossRef]

Ding, X.; Zhang, S.; Liao, X. Silicon mediated the detoxification of Cr on pakchoi (Brassica Chinensis L.) in cr-contaminated soil.
Procedia Environ. Sci. 2013, 18, 58-67. [CrossRef]

Adrees, M.; Ali, S.; Rizwan, M.; Zia-Ur-Rehman, M.; Ibrahim, M.; Abbas, E,; Farid, M.; Qayyum, M.E; Irshad, M.K. Mechanisms
of silicon-mediated alleviation of heavy metal toxicity in plants: A review. Ecofoxicol. Environ. Saf. 2015, 119, 186-197. [CrossRef]
[PubMed]

Liu, K,; Dai, C,; Li, C; Hu, J.; Wang, Z; Li, Y;; Yu, E; Li, G. Plant growth and heavy meal accumulation characteristics of
Spathiphyllum kochii cultured in three soil extractions with and without silicate supplementation. Int. J. Phytoremediation
2022, 5, 524-537. [CrossRef]

Ma, J.; Li, M.; Zhao, S.; Shen, T.; Sun, Y. Feasibility Study on Cultivation of Lentinula edodes with Caragana korshinskii Branch in the
Hilly Area of Southern Ningxia. Int. Soil Water Conserv. Res. 2020, 27, 377-381. [CrossRef]

Ruangjanda, S.; Iwai, C.; Greff, B.; Chang, S.W.; Ravindran, B. Valorization of spent mushroom substrate in combination with
agro-residues to improve the nutrient and phytohormone contents of vermicompost. Environ. Res. 2022, 241, 113771. [CrossRef]
[PubMed]

Zhang, X.; Liu, X.; Lan, Z; Tian, Y.; Li, J. Conjunctive use of composted leguminous shrub Caragana microphylla -straw and
Bacillus cereus reduces nitrogen input but enhances nitrogen use efficiency and cucumber yields in alkaline soils. Agric. Ecosyst.
Enwviron. Appl. Soil Ecol. 2019, 139, 69-78. [CrossRef]

Tian, Y.; Wang, Q.; Zhang, W.; Gao, L. Reducing environmental risk of excessively fertilized soils and improving cucumber
growth by Caragana microphylla-straw compost application in long-term continuous cropping systems. Sci. Total Environ.
2016, 544, 251-261. [CrossRef] [PubMed]


https://doi.org/10.1016/j.fuel.2021.120274
https://doi.org/10.1016/j.energy.2009.05.029
https://doi.org/10.1007/s11705-020-1926-9
https://doi.org/10.1016/j.chemosphere.2021.132227
https://www.ncbi.nlm.nih.gov/pubmed/34826920
https://doi.org/10.1016/j.jhazmat.2016.09.054
https://doi.org/10.1016/j.jhazmat.2013.07.063
https://www.ncbi.nlm.nih.gov/pubmed/23973475
https://doi.org/10.1016/j.wasman.2021.10.024
https://doi.org/10.1016/j.wasman.2020.06.029
https://doi.org/10.1016/j.wasman.2019.02.033
https://doi.org/10.1016/j.jece.2020.104585
https://doi.org/10.1016/j.biortech.2020.123832
https://doi.org/10.1016/j.envpol.2022.119869
https://www.ncbi.nlm.nih.gov/pubmed/35926734
https://doi.org/10.1111/ppl.13397
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.1016/j.jtice.2016.09.032
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.jece.2022.107393
https://doi.org/10.1016/j.proenv.2013.04.009
https://doi.org/10.1016/j.ecoenv.2015.05.011
https://www.ncbi.nlm.nih.gov/pubmed/26004359
https://doi.org/10.1080/15226514.2022.2092059
https://doi.org/10.13869/j.cnki.rswc.20200810.001
https://doi.org/10.1016/j.envres.2022.113771
https://www.ncbi.nlm.nih.gov/pubmed/35798270
https://doi.org/10.1016/j.apsoil.2019.03.017
https://doi.org/10.1016/j.scitotenv.2015.11.091
https://www.ncbi.nlm.nih.gov/pubmed/26657371

Horticulturae 2023, 9, 988 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kalembasa, S.J.; Jenkinson, D.S. A comparative study of titrimetric and gravi-metric methods for the determination of organic
carbon in soil. J. Sci. Food Agric. 1973, 24, 1085-1090. [CrossRef]

Nkonge, C.; Ballance, G.M. Colorimetric determination of tryptophan: The effect of light on the acetic anhydride requirements.
Anal. Bioanal. Chem. 1982, 122, 6-9. [CrossRef]

Meng, X.; Liu, B.; Zhang, H.; Wu, J.; Yuan, X.; Cui, Z. Co-composting of the biogas residues and spent mushroom substrate:
Physicochemical properties and maturity assessment. Bioresour. Technol. 2019, 276, 281-287. [CrossRef] [PubMed]

Olsen, G. Fresh vs. pre-processed vegetables: Comparative cost and availability. J. Am. Diet. Assoc. 1954, 30, 762. [CrossRef]
[PubMed]

Lazcano, C.; Gomez-Brandon, M.; Dominguez, ]. Comparison of the effectiveness of composting and vermicomposting for the
biological stabilization of cattle manure. Chemosphere 2008, 72, 1013-1019. [CrossRef] [PubMed]

Sun, Y. Effect of Suillus Luteus on Accumulation and Transfer of Heavy Metals in Masson Pine; Central South University of
Forestry & Technology: Changsha, China, 2020.

Wang, M.; Zheng, Q.; Shen, Q.; Guo, S. The Critical Role of Potassium in Plant Stress Response. Int. J. Mol. Sci. 2013, 14, 7370-7390.
[CrossRef]

Chtouki, M.; Naciri, R.; Soulaimani, A.; Zeroual, Y.; Gharous, M.E.; Oukarroum, A. Effect of Cadmium and Phosphorus Interaction
on Tomato: Chlorophyll a Fluorescence, Plant Growth, and Cadmium Translocation. Water Air Soil Pollut. 2021, 232, 84. [CrossRef]
GB 15616—1995; Environmental Quality Standard for Soils. Standards Press of China: Beijing, China, 1996; pp. 2-3.

Liu, T.; Kumar Awasthi, M.; Kumar Awasthi, S.; Ren, X; Liu, X.; Zhang, Z. Influence of fine coal gasification slag on greenhouse
gases emission and volatile fatty acids during pig manure composting. Bioresour. Technol. 2020, 316, 123915. [CrossRef]

Li, J. Investigation on the occurrence of carbon in gasification filter cake and its feasibility of circulating combustion. Clean Coal
Technol. 2020, 26, 224-228. [CrossRef]

Li, T; He, S;; Shen, T,; Sun, J.; Sun, C; Pan, H,; Yu, D.; Lu, W,; Li, R,; Zhang, E.; et al. Using One-Step Acid Leaching for the
Recovering of Coal Gasification Fine Slag as Functional Adsorbents: Preparation and Performance. Int. J. Environ. Res. Public
Health 2022, 19, 12851. [CrossRef]

Yu, W.; Zhang, H.; Wang, X.; Rahman, Z.U.; Shi, Z.; Bai, Y.; Wang, G.; Chen, Y.; Wang, ].; Liu, L. Enrichment of residual carbon
from coal gasification fine slag by spiral separator. J. Environ. Manag. 2022, 315, 115149. [CrossRef]

Bloom, A. Nitrogen dynamics in plant growth systems. Life Support Biosph Sci. 1996, 31, 35-41.

Yu, HJ.; Zhou, X.G.; Guan, S.N.; Wu, F. Effect of different N levels of nutrient solutions on the growth and root morphology of
cucumber seedlings grown in sand culture. North. Hortic. 2016, 358, 17-22. [CrossRef]

Igbal, S.; Akhtar, J.; Naz, T.; Riaz, U.; Hussain, S.; Mazhar, Z.; Igbal, M.M. Root Morphological Adjustments of Crops to Improve
Nutrient Use Efficiency in Limited Environments. Commun. Soil Sci. Plant Anal. 2020, 51, 2452-2465. [CrossRef]

Strock, C.; de la Riva, L.; Lynch, J. Reduction in Root Secondary Growth as a Strategy for Phosphorus Acquisition. Plant Physiol.
2018, 176, 691-703. [CrossRef]

Bechtaoui, N.; Rabiu, M.; Raklami, A.; Oufdou, K.; Hafidi, M.; Jemo, M. Phosphate-Dependent Regulation of Growth and Stresses
Management in Plants. Front. Plant Sci. 2021, 12, 679916. Available online: https://10.3389/fpls.2021.679916 (accessed on
27 August 2023). [CrossRef]

Loudari, A.; Benadis, C.; Naciri, R.; Soulaimani, A.; Zeroual, Y.; Gharous, M.E.; Kalaji, H.M.; Oukarroum, A. Salt stress affects
mineral nutrition in shoots and roots and chlorophyll a fluorescence of tomato plants grown in hydroponic culture. J. Plant
Interact. 2020, 15, 398—-405. [CrossRef]

Riyazuddin, R.; Nisha, N.; Ejaz, B.; Khan, M.LR.; Kumar, M.; Ramteke, PW.; Gupta, R. A Comprehensive Review on the Heavy
Metal Toxicity and Sequestration in Plants. Biomolecules 2021, 12, 43. [CrossRef]

Zhang, H.; Xu, Z.; Guo, K,; Huo, Y.; He, G.; Sun, H.; Guan, Y.; Xu, N.; Yang, W.; Sun, G. Toxic effects of heavy metal Cd and Zn on
chlorophyll, carotenoid metabolism and photosynthetic function in tobacco leaves revealed by physiological and proteomics
analysis. Ecotoxicol. Environ. Saf. 2020, 202, 110856. [CrossRef] [PubMed]

AdamczykSzabela, D.; Wolf Wojciech, M. The Impact of Soil pH on Heavy Metals Uptake and Photosynthesis Efficiency in
Melissa officinalis, Taraxacum officinalis, Ocimum basilicum. Molecules 2022, 27, 4671. [CrossRef]

Xu, D.; Shen, Z.; Dou, C.; Dou, Z.; Li, Y.; Gao, Y.; Sun, Q. Effects of soil properties on heavy metal bioavailability and accumulation
in crop grains under different farmland use patterns. Sci. Rep. 2022, 12, 9211. [CrossRef] [PubMed]

Chen, T.; Duan, L.; Cheng, S; Jiang, S.; Yan, B. The preparation of paddy soil amendment using granite and marble waste:
Performance and mechanisms. Int. |. Environ. Sci. 2023, 127, 564-576. [CrossRef]

Luo, Y;; Gu, X.; Wu, Y,; Liu, Z,; Tong, F,; Tan, Y. In-situ Remediation of Cadmium-polluted Agriculture Land Using Stabilizing
Amendments. Nong Ye Huan Jing Ke Xue Xue Bao 2014, 33, 890-897. [CrossRef]

Tripathi, D.K,; Singh, V.P; Prasad, S.M.; Chauhan, D.K; Kishore Dubey, N.; Rai, A K. Silicon-mediated alleviation of Cr (VI)
toxicity in wheat seedlings as evidenced by chlorophyll florescence, laser induced breakdown spectroscopy and anatomical
changes. Ecotoxicol. Environ. Saf. 2015, 113, 133-144. [CrossRef] [PubMed]

Khan, I.; Awan, S.; Rizwan, M.; Ali, S.; Hassan, M.].; Brestic, M.; Zhang, X.; Huang, L. Effects of silicon on heavy metal uptake at
the soil-plant interphase: A review. Ecotoxicol. Environ. Saf. 2021, 222, 112510. [CrossRef]


https://doi.org/10.1002/jsfa.2740240910
https://doi.org/10.1016/0003-2697(82)90243-3
https://doi.org/10.1016/j.biortech.2018.12.097
https://www.ncbi.nlm.nih.gov/pubmed/30640023
https://doi.org/10.1016/S0002-8223(21)29353-X
https://www.ncbi.nlm.nih.gov/pubmed/13183723
https://doi.org/10.1016/j.chemosphere.2008.04.016
https://www.ncbi.nlm.nih.gov/pubmed/18511100
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1007/s11270-021-05038-x
https://doi.org/10.1016/j.biortech.2020.123915
https://doi.org/10.13226/j.issn.1006-6772.20042902
https://doi.org/10.3390/ijerph191912851
https://doi.org/10.1016/j.jenvman.2022.115149
https://doi.org/10.11937/bfyy.201607005
https://doi.org/10.1080/00103624.2020.1836199
https://doi.org/10.1104/pp.17.01583
https://10.3389/fpls.2021.679916
https://doi.org/10.3389/fpls.2021.679916
https://doi.org/10.1080/17429145.2020.1841842
https://doi.org/10.3390/biom12010043
https://doi.org/10.1016/j.ecoenv.2020.110856
https://www.ncbi.nlm.nih.gov/pubmed/32629202
https://doi.org/10.3390/molecules27154671
https://doi.org/10.1038/s41598-022-13140-1
https://www.ncbi.nlm.nih.gov/pubmed/35654920
https://doi.org/10.1016/j.jes.2022.06.009
https://doi.org/10.11654/jaes.2014.05.010
https://doi.org/10.1016/j.ecoenv.2014.09.029
https://www.ncbi.nlm.nih.gov/pubmed/25497769
https://doi.org/10.1016/j.ecoenv.2021.112510

Horticulturae 2023, 9, 988 15 of 15

52.

53.

54.

55.

56.

57.

58.

Aghasadeghi, K.; Peldszus, S.; Trueman, B.; Mishrra, A.; Cooke, M.G.; Slawson, R.M.; Giammar, D.E.; Gagnon, G.A.; Huck, PM.
Pilot-scale comparison of sodium silicates, orthophosphate and pH adjustment to reduce lead release from lead service lines.
Water Res. 2021, 195, 116955. [CrossRef]

Phyo, P; Gu, Y.; Hong, M. Impact of acidic pH on plant cell wall polysaccharide structure and dynamics: Insights into the
mechanism of acid growth in plants from solid-state NMR. Cellulose 2019, 26, 291-304. [CrossRef]

Asare, M.; Szakova, ].; Tlustos, P. The fate of secondary metabolites in plants growing on Cd~, As~, and Pb~ contaminated
soils-a comprehensive review. Environ. Sci. Pollut. Res. 2023, 30, 11378-11398. [CrossRef]

Lou, Y,; Luo, H,; Hu, T,; Li, H.; Fu, J. Toxic effects, uptake, and translocation of Cd and Pb in perennial ryegrass. Ecotoxicology
2013, 22, 207-214. [CrossRef] [PubMed]

AbdElgawad, H.; Zinta, G.; Hamed, B.; Selim, S.; Beemster, G.; Hozzein, W.N.; Wadaan, M.A.M.; Asard, H.; Abuelsoud, W. Maize
roots and shoots show distinct profiles of oxidative stress and antioxidant defense under heavy metal toxicity. Environ. Pollut.
2020, 258, 113705. [CrossRef] [PubMed]

Ferrarezi, R.; Lin, X.; Gonzalez Neira, A.; Tabay Zambon, E; Hu, H.; Wang, X.; Huang, ].H.; Fan, G. Substrate pH Influences the Nu-
trient Absorption and Rhizosphere Microbiome of Huanglongbing-Affected Grapefruit Plants. Front. Plant Sci. 2022, 13, 856937.
[CrossRef] [PubMed]

Zamparo, L.; Mattiussi, A.; Valent, E.; Cattivello, C. Substrate formulation to improve vegetable seedling quality and environmen-
tal sustainability. Acta Hortic. 2021, 1305, 63—69. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.watres.2021.116955
https://doi.org/10.1007/s10570-018-2094-7
https://doi.org/10.1007/s11356-022-24776-x
https://doi.org/10.1007/s10646-012-1017-x
https://www.ncbi.nlm.nih.gov/pubmed/23149678
https://doi.org/10.1016/j.envpol.2019.113705
https://www.ncbi.nlm.nih.gov/pubmed/31864075
https://doi.org/10.3389/fpls.2022.856937
https://www.ncbi.nlm.nih.gov/pubmed/35646029
https://doi.org/10.17660/ActaHortic.2021.1305.9

	Introduction 
	Materials and Methods 
	Experimental Design 
	Sampling and Measurement Methods 
	Substrate Chemical Properties 
	Measurement of Plant Growth Indicators 
	Determination of Heavy Metal Content 
	Calculation of the Enrichment and Transfer Coefficient of the Heavy Metals 

	Statistical Analysis 

	Results 
	Cucumber Seedling Growth 
	Changes in the Substrate Nutrient Content 
	Heavy Metal Content in the Substrate and Plants 
	Enrichment and Transfer Coefficient of Heavy Metals 
	PCA Analysis 

	Discussion 
	Conclusions 
	References

