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Abstract: Potentially toxic element (PTE) pollution is a major abiotic stress, which reduces plant
growth and affects food quality by entering the food chain, and ultimately poses hazards to human
health. Currently, the use of slag in PTE-contaminated soils has been reported to reduce PTEs and
toxicity in plants. This review highlights the role of slag used as a fertilizer for better crop production
and sustainable agricultural development. The application of slag increased the growth, yield, and
quality of crops under PTE toxicity. The mechanisms followed by slag are the immobilization of
PTEs in the soil, enhancement of soil pH, changes in the redox state of PTEs, and positive changes in
soil physicochemical and biological properties under PTE toxicity. Nevertheless, these processes are
influenced by the plant species, growth conditions, imposition length of stress, and type of slag used.
The current review provides an insight into improving plant tolerance to PTE toxicity by slag-based
fertilizer application and highlights the theoretical basis for applying slag in PTE-contaminated
environments worldwide.

Keywords: slag; immobilization; plant; potentially toxic elements; tolerance

1. Introduction

With the rapid increase in the world population, similarly to other industries, steel
industries are also more concerned about the safe and eco-friendly recycling of their by-
products. In the past, steel industries were designed to produce iron and steel of a specific
quality and quantity [1]. With the rapid growth of industrialization in recent decades, the
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increased volume of byproducts (slag) produced from iron/steel production has drawn
attention to the need for its more effective recycling. [1]. Slags are widely used worldwide
as a substitute for limestone and offer a cost-effective advantage to farmers. The main aim
for researchers and environmentalists is to stop the entry of metals and metalloids into the
food chain for better human health [2,3], and in this respect, the use of slags in various
fields can help cope with this problem [2]. Potentially toxic element (PTE) contamination of
soil refers to the excessive deposition of PTEs due to human activities [3-6]. In soil medium,
the highest concentrations of PTE plant toxicity are represented by cadmium [7], lead [7],
zinc [8], copper [9], nickel [10], vanadium [11], and arsenic [12], etc.

In the current scenario, the need for food is increased, and the use of fertilizers has been
increased by humans, resulting in the deterioration of the environment [13-15]. Highly
mobile PTEs can easily enrich the food chain and are highly hazardous to the environment.
The remediation of soil becomes very difficult once it becomes polluted with PTEs. Soil
cleanup is more complicated than air and water cleanup, according to previous reports [16],
because PTEs in the soil form complexes and bonds with clay particles, and it becomes
more challenging to break those bonds [17]. However, soil contamination in developed
countries is considered a severe issue and more attention is paid to its remediation and
public health. A wide range of compounds (TiO,, Fe303, FeO, Fe;04, BaO, MgO, CaO,
Al,O3, MnO and SiO;) and minerals are found on/in the layers of slags produced in various
industrial operations [18,19]. In 2014, it was observed that each ton of steel produced by
the steel industry generates 500 kg of steel slag [20]. China utilizes only 25% of steel
slag out of 100 million tons produced, the production of steel slag accounting for 24%
of the total solid waste produced in China [21,22]. Steel slag contains a variety of trace
elements on its surface, which makes it an excellent fertilizer for better plant growth.
Bearing in mind the importance of these benefits, Japan and Europe use steel slag as a
soil amendment agent. Slag is used as a fertilizer and ground shifting agent in Japan
and Europe because trace metal elements, such as Cr and V, are not readily released in
slag. [23,24]. Slag fertilizers include slag-silicate fertilizers, slag—phosphate fertilizers, and
unique iron matter fertilizers [4]. The presence of Ca?" on the surface of steel slag produces
stable PTE ions, with the aim to eliminate PTE ions from the contaminated medium.

Moreover, Wen et al. [25] concluded that applying steel slag to PTE acidic mining
soils effectively raises the soil’s pH, increases soil microbial abundance, and immobilizes
PTE ions, providing a desirable plant survival climate. Recently, a variety of studies have
reported that there is a great commitment from slag-based fertilizer modification in agri-
culture to increase crop productivity [26,27], minimize soil acidification [28], and alleviate
greenhouse gas (GHG). Slag fertilization’s beneficial results focus primarily on the shifts in
microbial environments and microbial behaviors. In particular, soil microorganisms play a
key role in almost all ecological processes at a system level and provide ecosystem services
necessary for preserving soil quality and productivity [29]. Das et al. [1] reported that slag
utilization in the PTE-contaminated soil improves crop production by affecting soil pH
and greenhouse gas emissions. The fundamental processes of slag-microbial interactions
and the importance of soil biota to ecosystem functionality are gradually deceptive. This
review discussed the role of slag on PTEs used as a substitute for fertilizers for better crop
growth in PTE-polluted soils.

2. Slags as Low-Cost Adsorbents: Applications and Performance

The adsorption and reactivity processes of the slag surfaces with adsorbates are
determined by the chemical composition; morphological phases; physical properties; and
other properties, such as the number of adsorption sites and form of surface functional
groups. For example, the dissolution of free lime in slag regulates the pH of the solution and
the hydrolysis of the dissolved cations [30,31]. Furthermore, the processes of bonding with
adsorbates in slags are dictated by the hydrolysis products of different chemical phases [32].
The type of slag and its particle size distribution impact potentially toxic elements’ (PTEs)
adsorption efficiency. A porous slag system with a micropore size distribution produces



Sustainability 2021, 13, 5255

30f13

a broad internal surface region, resulting in strong adsorption potential and adsorption
performance [32-35]. The adsorption potential of slags is also affected by experimental
conditions, such as agitation rate, temperature, and solid/liquid phase ratio, and solution
conditions, such as solution pH, adsorbate types and concentration, ionic pressure, and
competing adsorbates [33]. This segment offers a comprehensive overview of existing
information regarding the adsorption of PTEs and other adsorbates by slags.

3. Slag as an Amendment
3.1. Effects on Potentially Toxic Elements in Plants

Plant growth and yield are high priorities for sustainable agricultural progress [36]. In
recent decades, plant growth and human health are at high risk due to the contamination
of soils with potentially toxic elements (PTEs). The toxicity caused by PTEs to the plants
in PTE-polluted environments can be predicted by bioavailability [37]. Fractions of PTEs
in the soil play a vital role in the uptake of PTEs by plants. The most stable form of PTE
is the residual fraction, which forms crystals with soil minerals and becomes unavailable
to plants [38]. While the acid-soluble fraction of PTEs induces toxicity due to its easy
uptake by plants, with the addition of amendments, such as slag, it can be immobilized.
Liu et al. [39] reported that the acid-soluble fraction of As could be immobilized with the
addition of different kinds of slags.

Furthermore, Wang et al. [40] reported that the maturity of soil also promotes the
sorption of PTEs with the increase in soil redox potential. With the addition of slag to
the Cd-polluted site at two separate crop growth levels, the bioavailability of Cd was
reduced. [35], while reducible and oxidizable fractions of PTEs in the soil are unstable and
can be changed with the change in soil conditions [41,42]. The addition of slags to Cd-
and As-contaminated soil increased the oxidizable fractions and decreased the reducible
fractions of both the metals by increasing soil pH [43]; this may refer to the adsorption of
PTEs with Fe/Mn oxides in soil (Figure 1). It was noted by Liu et al. [35] that the addition
of slag to a rice crop in contaminated soil decreased its concentration by 40% in roots
and 38% in shoots. The use of slag as a fertilizer increases phosphorus [44], calcium, and
magnesium [45] availability to the plants. Calcium and magnesium form inorganic ionic
pairs with minerals present on the slag surface used as a fertilizer [46—48]. It was concluded
by Fan et al. [49] that the use of slag as a fertilizer has the ability to decrease Cr, Cu, Pb, and
Zn in acidic soils and indicated that slag could be used in PTE pollution control for plants
and the environment. Fan et al. [49] further concluded that slag fertilization is risk-free
for surrounding soils and plants. However, the use of slag as a fertilizer at the field level
necessitates more empirical results to be obtained and the more in-depth prediction of the
role of this fertilizer against other chemical fertilizers used for the remediation of PTEs
from PTE-polluted sites.

3.2. Effects on Crop Yield

In China, food safety has gained great public concern with the frequently published
reports on environmental contamination effects on crop quality [50,51]. According to the
Chinese ministry of health, the rice samples from various markets across the country exceed
the permissible limit of Cd in rice [52,53]. According to Du et al. [54], approximately 60%
of the rice samples collected from Hunan province were found to be unfit according to
the permissible Cd limit. The use of slag fertilization is gaining a large amount interest
and demand around the globe. Silicate-based slags are commonly used in rice cropping
systems [55], as Si is considered essential for plants [1]. The intensive rice cultivation in
many countries, such as China, to meet food demand is depleting Si from the soil, which
causes a reduction in the yield of crops and affects soil health [56]. This makes applying
silicate fertilizers to rice crops necessary to achieve better yields [1]. Many studies have
reported an increase in rice yield using silicate-based slag as a fertilizer in lowlands fields.
However, the increase in the yields of grains is directly proportional to the types of slag,
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their application percentage, the type of soil, and agronomic management [1]. The potential
effect of slag on crop yield is presented in Table 1.

2

Silicate
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Slag
decreases
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Figure 1. Beneficial effects of slag-based fertilizers in soil and plant.

Table 1. Potential effects of slag-based fertilizers on crop yield.

Yield Applicati Durati
T £ Slag Used pplication uration
ypes of Slag tse Control Slag Rate of Trial References
g/ha pg/ha Years
Silicate iron slag 6000 7140 4000 2 [57]
Silicate fertilizer 6450 9450 4000 1 [58]
(granular)
carbide slag 7.53 x 106 8.61 x 10° 3 x 10° 1 [39]
Silicate fertilizer 3900 4500 2300 1 [59]
(granular)
Silicate fertilizer 5000 5600 2300 1 [59]
(granular)
Silicate fertilizer 5300 5900 2300 1 [59]
(granular)
Silicate fertilizer 5160 5600 2300 1 [59]
(granular)
Steel slag 6730 6830 8000 1 [60]
Silicate fertilizer 12,580 12,600 2000 5 [61]
(granular)
Steel slag 4630 4670 8000 1 [60]
Silicate fertilizer 12,580 12,840 4000 5 [61]
(granular)
Silicate fertilizer 12,580 12,850 8000 5 [61]
(granular)
Steel slag 4910 5060 8000 1 [60]
Steel slag 6970 7200 8000 1 [60]
LD slag 57gpot™! 63 gpot! 2000 1 [26]

According to Ali et al. [58], the application of silicate-based fertilizers in submerged
paddies could increase 47.3% of the crop yield. However, Luyckx et al. [62] further reported
that Si from the applied silicate fertilizers in the soil preferentially deposits in the epidermal
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cell wall of the plant to increase its strength, help to sustain various other stresses, and
increase plant biomass. Similarly, lime-based slag fertilizers are used in acidic soil to change
the acidic nature of soils which benefits plants in terms of mineral availability and provides
protection to plants against pathogens. Phosphate-based slag fertilization improves initial
plant growth and yield by increasing the level of phosphorous in the soil. Moreover, slag
is loaded with Ca on its surface, which provides strength to plant roots and improves
the K uptake, which is essential for the growth of plants [53]. Calcium silicate-based slag
decreases the pH of the soil and has also been found to increase the bioavailbilty of P,
Si, and Ca present in soil [63]. The slag produced from the blast furnace was used in
rice plants and was found to increase growth, biomass, and yield by improving the soil
fertility status [64]. A mixture of converter slag and fungicide does not reduce the density
of Plasmodiophora brassicae in soil but rather eliminates clubroot fungus [65]. The use of
Linz-Donawitz (LD) slag in acidic pastured soils raises soil pH; increases Ca and Mg soil
exchangeability; decreases equivalents Al, Mn, Cu, and Zn in soils; and results in significant
crop yield and nutrient optimal concentrations in plants [66]. Brazilian sugarcane fields
with both calcite and basic slags have a positive residual impact on soil acidity adjustment,
increased base saturation, and the sugarcane yield of ratoon [67]. The increase in crop yield
with the fertilization of slag in soil is largely regulated by the microbial decomposition
of organic matter and nutrient mobilization [1]. Das et al. [1] further reported that the
fertilization of slag not only increases soil nutrients, but also enriches soil microorganisms
that have a beneficial role in nutrient mobilization. Therefore, it is necessary to determine
the role of soil microbes that influence different plant physiologies under slag amendments
for better agricultural productivity under slag application. The potential effect of slag on
plant growth is presented in Figure 2.

Enhanced root growth due
to improvement in soil
physicochemical properties

Supply nutricnts
and nutrient supply

to soil microbes

Enhanced immobilization of heavy
metals in soil and reduced their
bivavailability

OM]]
@
O si

Figure 2. The potential effect of slag on plant growth.

3.3. Effects on Potentially Toxic Elements in Soils

The PTEs in agricultural soils are constantly increasing with fertilizers and pest control
agents, coal combustion of materials rich in PTEs, irrigation of soil with sewage water, and
mining [68]. Among these, the irrigation of soils with sewage water proved to be the most
destructive in terms of PTE concentration increment. The potential toxicity of elements in
the soil is mainly caused by sewage irrigation [68]. According to 55 surveyed sites in China
by the First National Survey of Soil Pollution (FNSSP) in 20052013, about 39 were irrigated
by sewage water [69]. Titanium (Ti) contamination in arable soils of Guangdong province
resulted from long-term wastewater irrigation [70]. The toxicity of metals/metalloids
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can be reduced by changing soil properties with slag amendment through adsorption,
precipitation, cation/anion exchange, and by changing soil pH. This method helps reduce
bioavailable PTEs, such as As, Cu, Pb, Cd, and Zn [18]. Masud et al. [71] also reported
that the inclusion of slag in the soil could improve its properties, such as pH, electrical
conductivity (EC), cation exchange capacity (CEC), exchangeable Ca, Mg, and metal
availability to the plant, and as a result, proved helpful in increasing the crop yield. There
are several examples: Fe oxyhydroxide sorption and the formation of amorphous Fe (III)
arsenates can stabilize Fe; Cr can be stabilized by reducing the more mobile toxic Cr (VI)
(II); Cu carbonate and oxyhydroxide precipitation, ion exchange, and the formation of the
ternary cation-anion complex on the surface of Fe and Al oxyhydroxides can all stabilize
Cu; and phosphorus changes to Pb and Zn may also stabilize Cr (III) [52]. Soil amendment
with slag as a fertilizer significantly alters soil solution composition by either precipitation
or sorption reactions. Ning et al. [28] concluded that slag fertilization to metal-polluted
soil stabilizes the chemical and mineralogical properties of PTEs.

Additionally, slag fertilization in soil increases Si supply which plays a crucial role
against the alleviation of As uptake by crops [51]. The application of passivators (Thomas
basic slag (TBS), hydrous manganese oxide (HMO), and iron ores) to Cd-, Pb-, and Zn-
contaminated soil showed a smaller improvement of plant biomass but significantly de-
creases the toxicity levels of these PTEs in plants [58]. These agents minimize the con-
sumption of Cd by plants efficiently. HMO and iron ores help to minimize shoot Pb or Zn
levels in ryegrass, while TBS decreases shoot Pb concentration. The Ca and C content in
TBS improves crop yields and the physicochemical properties of the soil by increasing the
precipitation and sorption of PTEs [1].

3.4. Effects on Soil Properties Subjected to Immobilization of Potentially Toxic Elements

Soil contamination by PTEs has become a global concern and needs urgent solving for
better crop production. A wide range of approaches has been employed for the improve-
ment of soil quality and crop yield. According to Gao et al. [72], the wastewater generated
from the burning of fossils, sewage, application of pesticides, etc., is the main source of
the river, groundwater, and soil pollution. The application of slag as an amendment in
co-contaminated soil changes the forms of PTE and properties of soils significantly. Ac-
cording to Qin et al. [60], these changes are attributed to an increase in soil pH due to the
loading of slag surface NaOH, CaCO3, Ca, and Mg oxides. It was also confirmed by Liu
et al. [35] that slag application in the soils causes an increase in soil pH. Slags with higher
components of Ca and Mg oxides (carbide slags) are the best choice for their application
in acidic contaminated soils as they increase soil pH and change forms of various PTEs.
Additionally, a slag with a higher amount of Ca, Mg, and Si on its surface precipitate PTEs
present in the PTE-polluted soils [73-75]. Acidic soil promotes the adsorption of As anions,
while high-pH soils caused desorption in As anions by decreasing positive charges [76,77].
Tang [78] concluded that the bioavailability of As could be significantly affected by increas-
ing soil pH. A two-year field study found that the application of slag from the steel industry
as an amendment causes significant changes in soil physicochemical properties, such as
enhancement in soil pH, soil organic carbon contents, stabilize soil carbon, and soil salinity,
and alters the communities of bacteria present in the soil [35]. Hence, waste materials,
such as slag, can be used as an amendment to the polluted agricultural soils to improve
soil fertility, crop growth, and fruiting. However, the mechanism of slag interaction with
microbes in soil and their effect on carbon cycling is still limited and needs to be addressed.

3.5. Effects on Soil Organic Carbon Contents

Soil organic matter plays an important role in the remediation of PTEs from polluted
environments, provides essential nutrients to plants, and improves plant growth and
fruiting. The long-term application of slag to the soil increases soil organic carbon contents
due to lower carbon mineralization rates [79]. Additionally, slag contains ferric oxide on
its surface, which could also increase soil carbon storage [80,81]. Downward movement
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of the slag causes a higher increment in soil organic contents in the deeper horizon as
compared to topsoil [82,83]. Slag fertilization may decrease the labile C availability for
microorganisms as slag shows very poor performance in organic minerals [84,85]. Wang
et al. [79] found a negative correlation between soil pH and soil microbial biomass carbon.
Soil pH is considered crucial for microbial growth [86]. However, different bacteria respond
differently to soil pH changes [87]. According to Wang et al. [79], certain acidophilic
microorganisms’ activity was suppressed with increased soil pH due to slag application.

4. Mechanism of Slag Interaction with Potentially Toxic Elements in Soil

Bearing in mind the application benefits of slag-based fertilizers for better crop pro-
duction in potentially toxic element (PTE)-contaminated soils, it is important to know the
different mechanisms slag follows to bind toxic ions at the soil and plant levels (Figure 3).
Many studies have mentioned the mechanisms of detoxification of PTEs in plants by slag.
However, a better understanding of the mechanism of PTE detoxification in plants from
contaminated soils is vital for the practical application of slag. At the soil level, the appli-
cation of slag may cause the immobilization of PTE, changes in the soil pH, and changes
in PTE fractions, and causes an improvement in the soil physicochemical and biological
properties of soils. While at the plant level, the application of slag-based fertilizers causes
an increase in the antioxidant defense system and causes a reduction in the translocation of
PTEs to plant shoots.

PR

Metal Ions

Figure 3. Proposed mechanism of slag-based fertilizers in the soil.

However, the mechanisms for PTE ion remediation by slag are similar to many other
applied amendments in previous studies, such as lime [88], biochar [89-92], zeolite [93],
chitosan [94], the indigenous strain Bacillus XZM [95], hydrogen sulfide [96], and sepi-
olite [97]. The basic PTE ion immobilization on the slag surface was attributed to the
presence of silicate, ferrites, and calcium oxides on the surface [98]. Silicate ferrite present
on the slag surface releases SiO4*~ and Fe,O3, and OH ™ interacts with PTE ions to make
them immobile [98]. The presence of hydrogen oxides on the surface of slag has the ability
to diffuse into the slag surface [98] due to small masses [99] and then can immobilize PTEs
on the slag surface [100]. Moreover, PTEs exchange with the silicate and ferrite present on
the slag surface and can be immobilized within the slag matrix [101]. The PTE ions present
in the soil solution gradually enter the slag due to the absorption gradient.

Additionally, various metals form complexes with soil organic matter and become
immobilized due to increased organic matter after slag addition to the soils. The increase
in soil pH might result in the instability of PTE ion concentration in soil solutions. The
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unstable PTEs in the soil solutions exchange with Ca?* in order to be immobilized within
the silicate and ferrite fractions [100], while some PTE ions make bonds in soil organic
matters. Moreover, various cations and anions are present on the slag surface, which
increases the ionic strength and may affect PTE species. However, there are still unresolved
areas for further studies to analyze the effects of ionic strength on the immobilization
mechanism of PTEs under the slag-based fertilization of acidic polluting soils.

5. Concerns about the Fertilization of Slag for Sustainable Agriculture

The use of slag fertilizers to improve crop production and soil fertility in contaminated
media is a beneficial product for sustainable agriculture [1]. These effects might be related
to the change in soil microorganisms and nutrients with slag in the contaminated soil.
However, the fertilization of potentially toxic element (PTE)-contaminated soils with slags
is considered at risk of PTE accumulation and liming [3]. The accumulation of PTEs in the
soil may cause deleterious effects on human health; however, according to Gwon et al. [28],
the slags contain traces of PTEs, but their concentration might not cause environmental
hazards. According to previous studies, the short-term application of slag as a fertilizer
proved beneficial for plants in contaminated soils [29]. However, the long-term application
of slag significantly increased the levels of Cr and V in the soil-cultivated layer.

In contrast, Hiltunen [102] investigated the long-term effect of slag in Germany and
concluded that the slag amendment did not enhance the levels of Cr in soil and uptake by
plants. Therefore, there is a great need to perform research on the long-term application of
slag to analyze its effect on agriculture under different contaminated soils and agronomic
management practices. The excessive fertilization of contaminated soils with slag may
increase alkalinity in the soil, which results in a reduction in the uptake of essential macro-
and micronutrients by plants and causes a reduction in crop yield [103]. The application
of slag as a fertilizer may reduce plant growth because N, P, and K on the slag surface are
very low. Therefore, slag and chemical fertilizers with high N, P, and K levels should be
considered for better crop production [1,104,105].

6. Conclusions and Future Directions

Potentially toxic elements (PTEs) significantly decrease crop yields and cause a huge
loss to the productivity of agriculture, with a severe threat to humans and animals by
entering the food chain via these crops. In recent decades, it has been reviewed that
the application of slag fertilizers could be helpful in the significant removal of PTE ions
from plants and soils. The application of slag to PTE-polluted soils decreased PTE uptake
by plants and significantly improved plant growth and yield. The mechanisms of PTE
removal by slag include: (a) the immobilization of PTEs by sorption and increase in soil pH;
(b) changing the fraction of PTEs in the soil; (c) changing soil physicochemical and biological
properties; (d) the alteration of plant antioxidant enzymes. However, these mechanisms can
be different for different plants, genotypes of plants, plant growth conditions, imposition
time of stress, and types of slag fertilizers used. Therefore, slag as a fertilizer can be used
as a soil remediator for better crop growth. The purpose of this review was to highlight the
importance of slag as a fertilizer to be used against PTE-contaminated sites for sustainable
agricultural development and for the reduction in PTEs in plants to stop their entrance into
the food chain. However, more work is required on the mechanism of slag interaction with
PTEs in plants. Freshly obtained slag has been applied recently in many studies; however,
the application of slag in the soil might undergo many biochemical interactions, and its
effect on the soil with age might vary. There is still a need to analyze the effect of aged
slag on PTE bioavailability to better understand this phenomenon. Some of the studies
mentioned above pointed out the adsorption of PTEs on the slag surface and also retained
nutrients. This showed that certain slag applications as fertilizers in PTE-contaminated soil
might cause a reduction in plant growth and production due to the lower availability of
nutrients. The effect of slag fertilization on PTE-contaminated soils concerning nutrient
availability for plants must be evaluated in the future. The abovementioned research
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explained that the fertilization of PTE-contaminated soils with slag showed a modification
in plant growth, but there is still a research gap on whether the aged slag could have the
same effect as fresh slag.

Furthermore, the effect of aged slag fertilization on the adsorption and immobilization
of PTEs in soil and the bioavailability of PTEs in contaminated soil is also unclear. Finally,
it is recommended to conduct lab trials of aged slag fertilization before its long-term
application for sustainable agriculture. In conclusion, field trials of aged slag are required to
establish a strong role of slag in the remediation of PTEs from contaminated environments.
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