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Basic slag, used in this study as a potential source of certain nutrients, is a byproduct of the production 
of steel in electric arc fumace (EAF). A pot experiment with two nutrient-poor substrates was conducted 
to investigate to compare the effect of EAF steel slag and fertilizers NPK + Fe on growth and availability 
of specific nutrients to maize. Mineral content of both substrate and plant leaves, growth, chlorophyll 
fluorescence and photosynthetic pigments were measured following six weeks of cultivation. As steel slag 
also contains trace amounts ofheavy metals, certain oxidative parameters (antioxidative enzyme activities 
and lipid peroxidation) were evaluated as weIl. The steel slag improved soil mineral composition, 
increased above ground maize biomass by providing Fe, Mn, Mg, K and partly P and improved photo
synthetic parameters. The potential phytotoxicity of EAF slag containing substrates was not determined 
as evaluated by MDA (malondialdehyde), GR (glutathione reductase) and APX (ascorbate peroxidase) 
levels. The obtained results show that EAF steel slag is comparable to NPK + Fein supplying nutrients 
for maize growth, indicating the potential of EAF steel slag as an inexpensive and non-phytotoxic nutrient 
supplier especially in poor soils. 
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INTRODUCTION 

Balanced nutrition ofthe plants is one ofthe main factors that affect plant growth and 
productivity. Application of industrial wastes as a fertilizer or soil amendment has 
become a common practice in agriculture [13, 22]. Every year more than 40 million 
tons of iron and steel slags are produced in Europe [5, 23]. The slag used in this 
research is a byproduct of unalloyed carbon steel making process in electric arc fur
nace which gene rates up to 15% of slag [23]. On the ground of its properties [23], EAF 
slag is classified as non-hazardous waste and it can be disposed off to appropriate 
landfills. This procedure is rarely applied because it is expensive and requires large 
surface. Furthermore, there is always the risk that different components of slag might 
be eluated. Therefore it is necessary to examine this metallurgical waste material in 
detail and apply it as a valuable secondary raw material for purposes in other branches 
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of economy such as agriculture. On average, EAF steel slag contains 25--45% CaO, 
10-35% Fe203, 10-18 SiOb 4-13% MgO, 1-8% Mn203, 2-8% Alz0 3, less than 1% 
PzOs, KzO and Na as well as trace amounts ofheavy metals [18,23]. Considering the 
high content of Fe, Ca, Mg, P and Mn and the low content of Cd, Pb, Hg and other 
toxic heavy metals, such slag is a potential source of minerals for the growth and 
development of plants, especially on iron-deficient soils [2, 21]. Still, due to differ
ences in the charge material (recycled steel) used for EAF steel production, the effi
cacy of such slag as a nutrient supplier can be somewhat variable [5]. 

A number of studies has shown that metals within slag are released gradually and 
thus do not pose a threat to the environment [5, 11, 16]. However, little information 
is available on plant response, nutrient supplying value or phytotoxicity of metallurgi
cal wastes. In the present study, the potential phytotoxic effect of steel slag was 
evaluated by measuring certain oxidative stress indicators - lipid peroxidation 
(expressed as malondialdehyde content) and antioxidative enzyme activities. Since 
EAF steel slag is rich in Fe and contains small amounts of other heavy metals, it could 
cause overproduction of reactive oxygen species (ROS) thus leading to oxidative 
damage of biomolecules like proteins, DNA and membrane lipids. A regulated bal
ance between oxygen radical production and destruction is achieved by the plant 
antioxidative system that includes enzymes such as ascorbate peroxidase and glu
tathione reductase. Chlorophyll f1uorescence is a sensitive, non-invasive tool to study 
stress-induced changes in photosystem TI. The maximal efficiency of PSTI photo
chemistry (FvlFm) has been used extensively as a method of early stress detec
tion [3]. 

The aims ofthis study were: 1. to evaluate the efficacy ofthe EAF steel slag as a 
potential source of specific plant nutrient elements, compared with the commonly 
used artificial fertilizers (NPK + Fe), and 2. to determine whether EAF steel slag 
induces phytotoxicity as evaluated by efficiency of PSll photochemistry and certain 
oxidative stress parameters. 

MATERIALS AND METHODS 

An EAF steel slag sampIe, obtained from the CMC Sisak Steel Factory, Croatia, was 
grounded into a fine powder (2 mm) and used in further experiment. According to the 
analysis ofthe Institute ofPublic Health "Dr Andrija Stampar" and Rastovcan-Mioc 
[18], the EAF steel slag sampIe contained 30% Fe203, 33% CaO, 8% CaC03, 11 % 
Si02, 8% MgC03, 0.496% Mn02' 1.8% A120 3, 0.031 % PzÜs, 0.06% K20 and 0.06% 
NazO, as well as trace amounts of Cu, Zn, Pb, Cr, Mo, Cd and Hg with a pH value of 
11.91. In line with the Croatian Regulation on protection of agricultural soil from 
pollution with harmful substances, the limits of the harmful substances extracted in 
the royal water (aqua regia) were below the maximum allowed levels. A pot experi
ment was conducted in a greenhouse. A mixture of calcareous soil (Botanical Garden, 
Zagreb) and sand at a ratio 1: 1 (substrate 1) or 1:2 (substrate 2) was used as a 
substrate for planting. Soil treatments in six replicates inc1uded 0 (control, C) 10 and 
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20 g kg-1 EAF steel slag. Six maize seeds (Zea mays L. cv. BC 462) were planted into 
plastic pots containing 2 kg of either substrate. Plants were thinned to two per pot a 
week after germination. During the growth period, pots were irrigated with distilled 
water when needed. After two weeks, control plants and those grown with the addi
tion of slag received 50 mg kg-1 N in the form of ammonium nitrate. Apart of control 
plants that served as a positive control was supplemented with liquid fertilizers -
NPK (7.5 mL L-l, N:P:K=6:3:6, Plantella) and Fe (10 mL L-l, Plantella). The 
plant shoots were harvested six weeks after germination. 

Electrical conductivity and pH value of substrates was determined in a suspension 
with a substrate to water ratio of 1: 5 using a MA 5736 pH meter (Metrel, Germany) 
and a WTW Cond 340i (WTW, Germany) conductivity meter, respectively. Substrate 
and plant material analyses were performed at the end of the experiment. 

Dry weight (DW) of either substrates or leaves was measured after oven-drying 
sampies at 70°C for 48 h. The total contents of K, Mg, Mn and Fe in substrates and 
maize leaves were determined either by flame (PerkinElmer AA 600; Waltham, MA, 
USA) or graphite furnace atomic absorption spectrophotometer (PerkinEImer AA 
300) after microwave wet digestion (Anton Paar MuItiwave 3000, Graz, Austria, EU) 
of the dried and powdered material. The contents of N and P in soil and in maize 
leaves were determined according to Allen [1] and Temminghoff and Houba [20], 
respectively. The contents of some trace metals (Cd, Cr, Pb, As, Hg and V) were 
analyzed in soil sampIes without liquid fertilizers or steel slag as weil to ensure that 
substrate is suitable for experiment, i.e. it does not contain toxic levels ofthe heavy 
metals. The following values for control substrate were obtained: Cd 0.165 mg kg- l , 

Pb 11.7 mg kg- l , Cr 4.1 mg kg- l while the values for Hg, As and V were below the 
detection limits. The analysis was conducted the same way as in the case ofMg, Mn 
and Fe. 

In vivo chlorophyll a fluorescence was measured at room temperature with a port
able fluorometer (PAM-2000, Walz, Germany) connected to a notebook computer 
with data acquisition software (DA-2000, Heinz, Walz). The plant material was dark
adapted for approximately 30 min before measurement. Estimation was carried out in 
triplicate. The minimal (Fo) and maximal fluorescence levels were measured in dark
adapted leaves. The leaves were then continuously illuminated with white actinic 
light (photosynthetic photon flux density of 200 flmol m-2 S-l) and the same param
eters were measured (F and F'm). The radiation was maintained until both Fand F'm 
were stable. Calculations offluorescence parameters - maximum quantum yield (Fv/ 
Fm) ofthe photosystem TI (PS TI), the effective quantum yield ofthe PS TI (DFIF'm) 
and non-photochemical quenching (NPQ) - were made according to Maxwell and 
Johnson [14]. Contents of chlorophyll a, chlorophyll band carotenoids were meas
ured in 80% acetone, and calculated according to Lichtenthaler [12]. 

Lipid peroxidation was determined by estimating the malondialdehyde (MDA) 
content using the thiobarbituric acid method described by Heath and Packer [9]. The 
MDA content was calculated from the absorbance at 532 nm by using extinction coef
ficient of 155 mM-1 ern-I. Antioxidant enzyme activities were analyzed by homoge
nizing maize leaves in 50 mM KP04 buffer (pH 7) including 1 mM ethylene diamine 

Acta Biologica Hungarica 64. 2013 



Effect 0/ electric arc fitrnace slag on maize 493 

tetraacetic acid (Sigma-Aldrich) and polyvinylpolypyrrolidone (Sigma-Aldrich). The 
homogenates were centrifuged (Sigma 3K18 Centrifuge, Germany) at 25,000 g for 30 
min at 4 °C and the supernatants were used for enzyme activity and protein content 
assays. Total soluble protein contents of the enzyme extracts were estimated accord
ing to Bradford [4] using bovine albumine serum (Sigma-Aldrich) as standard. 
Ascorbate peroxidase (APX) activity was measured according to Nakano and Asada 
[15]. The ascorbate oxidation was followed at 290 nm and its concentration calcu
lated using the molar extinction coefficient (s = 2.8 mM-I ern-I). Glutathione reduc
tase (GR) activity was measured according to Foyer et al. [8]. Oxidation ofNADPH 
was followed at 340 nm and its concentration calculated using the molar extinction 
coefficient (s = 6.2 mM-I ern-I). 

For each analysis, data were compared by analysis of variance (ANOVA), using 
STATlSTlCA 10.0 (StatSoft, Tulsa, OK, USA) software package, and differences 
between corresponding controls and treatments were considered as statistically sig
nificant at P<0.05. 

RESULTS 

The application of steel slag increased the pR of both substrates, but did not affect 
electrical conductivity in either case, compared to control (Table I). On contrary, the 
pR value of both substrates was lowered under the influence of NPK + Fe, while 
electrical conductivity was approximately 3 times higher than in control substrates 
(Table I). The contents of measured macro- and microelements in either substrate 
supplemented with EAF slag were higher than in the respective control substrates. 
The similar effect on substrate N, P, K and Fe was noted upon addition ofNPK + Fe. 

Regardless of EAF quantity, the leaf Mn, Fe and Mg contents in maize grown in 
either substrate was significantly increased compared to control plants (Table 2). The 

Table 1 
Content of some macro- and micronutrients in substrate 1 and substrate 2 supplemented with 0 
(C, control), 10 (EAFl) or 20 (EAF2) g kg-1 ofEAF steel slag, or with fertilizers (NPK+Fe) 

Conductivity, Mn, Fe Mg K P N 
Treatment pR flS cm-1 mg kg-' g kg-' 

Substrate I C 7.7 324 101.9 7.2 2.0 1.68 0.21 0.24 

NPK+Fe 6.8 1008 98.1 8.7 2.3 3.44 0.44 1.46 

EAFI 8.6 328 227.3 8.1 4.8 2.60 0.33 0.59 

EAF2 9.0 346 254.2 8.8 4.4 2.91 0.26 1.05 

Substrate 2 C 7.8 251 65.9 6.7 1.9 1.32 0.16 0.35 

NPK+Fe 6.7 905 57.4 7.7 2.1 3.07 0.31 0.89 

EAFI 8.7 257 103.0 8.0 2.6 2.99 0.30 0.65 

EAF2 9.1 281 138.3 10.3 2.5 3.03 0.26 0.73 

Values within a column are means oftwo replicates. 
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Table 2 
Content of some macro- and micronutrients in maize leaves following 6-week period of growth 
in substrate I and substrate 2 supplemented with 0 (C, control), 10 (EAFI) or 20 (EAF2) g kg-1 

of EAF steel slag or with fertilizers (NPK +Fe) 

Dry weight, Mn Fe Mg K P N 
Treatment g pot-1 mg kg-1 g kg-1 

Substrate I C 2.85a 12.5c 50.6b 2.22b 8.5b 3.4a 18.8b 

NPK+Fe 3.77b 12.9c 61.0a 2.13b 11.9a 4.0a 26.6a 

EAFl 3.89b 30.4b 63.7a 3.60a 11.0a 3.9a 23.3a 

EAF2 3.43ab 34.la 60.9a 3.19a 9.5ab 3.6a 21.5b 

Substrate 2 C 2.11a 7.3c 55.4b 2.06b 7.7b 4.0b 14.7b 

NPK+Fe 3.lOb 6.3c 84.0a 2.92a 11.6a 5.la 28.9a 

EAFI 3.39b 14.9b 81.6a 4.12a 12.8a 5.0a 24.8a 

EAF2 3.06b 18.6a 75.la 3.84a 11.7a 4.7ab 22.9a 

Numbers are means of three replicates. SD was less than 10% of the mean values. Values within a 
co lu mn folIowes by the same letter are not significantly different (P < 0.05). 

addition of lOg kg-1 of EAF to both substrates, especially to substrate 2, resulted in 
a significant increase in leafN and K while leafP content increased only in substrate 
with a higher proportion of sand (substrate 2). In maize plants grown in substrate 2 
supplemented with 20 g kg-1 of EAF (EAF 2), N, P and K content was higher in 
comparison to that of control plants, though the increase was significant only in the 
case ofN and K. However, the higher concentration ofEAF was not so effective in 
substrate I, since leafN, P and K contents were similar to respective contents in con
trol plants. Addition ofNPK :::+Fe to both substrates resulted in considerably higher 
K, Fe and especially N levels in maize leaves, while leaf Mg and P levels increased 
only upon the addition of liquid fertilizers to substrate 2. The leafMn content was not 
affected by NPK + Fe. 

The maize growth, evaluated by dry weight, showed significant rise in response 
to NPK + Fe and lOg kg-1 of EAF though the increase was more conspicuous in 
substrate with a higher sand proportion (Table 2). Steel slag applied at higher rate 
(20 g kg-1) was also beneficial for the maize growth but the increase in dry weight 
was significant only in substrate 2. 

The application of EAF or NPK +Fe did not affect maximal efficiency of PSTI 
(FvlFm) of maize leaves while effective quantum yield of the PS TI (L'lFIF'm) sig
nificantly increased in maize grown in substrate 2 supplemented with EAF slag 
(Fig. lA, B). The application ofNPK + Fe caused a significant increase ofnon-pho
tochemical quenching (NPQ) compared with EAF and control substrates (Fig. lC). 
Apart from a few cases, the application ofEAF and NPK + Fe resulted in a significant 
increase of chlorophylls and carotenoids contents compared to control; a mild 
increase in chlorophyll a and carotenoids content was noted in substrate 1 supple
mented with 20 g kg-1 of EAF (Fig. lD-F). 
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Fig. 1. (A) Maximum quantum yield ofPSTI (FvIFm), (B) effective quantum yield ofPS TI (~FIF'm), (C) non
photochemical quenching (NPQ), (D) chlorophyll a, (E) chlorophyll b, and (F) carotenoids of maize leaves 
following 6-week growth period in substrate I and substrate 2 supplemented with 0, (C, control), lOg kg-1 

(EAF I) or 20 g kg-1 (EAF2) ofEAF steel slag or with liquid fertilizers (NPK + Fe). Values are mean ± SE based 
on six replicates. Bars with different letters are significantly different at P< 0.05 

LeafMDA content, an indicator of oxidative stress level, showed marked increase 
only in response to substrate 1 supplemented with liquid fertilizers while the value of 
the parameter was similar to control values upon other treatments (Fig. 2A). The 
activity of GR was not significantly affected by either treatment while APX activity 
of maize leaves dropped by 23% under influence of NPK + Fe added to substrate 1 
(Fig. 2B, C). Otherwise, the activity of that hydrogen peroxide-scavenging enzyme 
did not significantly change upon other treatments. 
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EAF2 

Fig. 2. (A) Malondialdehyde content (MDA), (B) glutathione reductase (GR) activity and (C) ascorbate 
peroxidase (APX) activity of maize leaves following 6-week growth period in substrate I and substrate 2 
supplemented with 0, (C, control), lOg kg-1 (EAF I) or 20 g kg-1 (EAF2) ofEAF steel slag or with liquid 
fertilizers (NPK + Fe). Values are mean ± SE based on six replicates. Bars with different letters are sig-

nificantly different at P < 0.05 
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DISCUSSION 

Several studies [2, 16, 21] have reported the use of alkaline slag as a potentialliming 
agent for amending acid soils or as a source of plant nutrients. In the present study, 
EAF steel slag was used as a potential nutrient supplier for maize growing on nutri
ent-poor alkaline substrates. Most plants including maize are weIl adapted to soil 
pH's ranging from 5.7 to 8.1 though beyond that range increasing incidences ofnutri
ent deficiency and growth reduction may occur. Although EAF slag increased con
tents of certain minerals in both substrates, such effect did not automatically warrant 
greater nutrient availability to maize plants as total and not extractable contents of 
certain essential elements were measured in our study. Also, increasing rates of EAF 
slag application have increased the substrate pH linearly, indicating potentiallimita
tion in availability of some nutrients, such as iron, to plants. Iron is least soluble at 
pH between 7.4 and 8.5. while its solubility increases above that pH when it exists as 
an anion species Fe(OH)-4 [17]. lt could be the reason for higher availability of iron 
in EAF supplemented substrate, resulting in increase of Fe level of maize leaves. The 
increased leafFe contents might also be the result ofroot-induced mobilization ofFe 
in the rizosphere of plants [19]. Rowever, in our study, a significant increase in leaf 
Mn, Mg, K, N and partly P was also observed upon EAF implementation, especially 
in substrate with less soil (substrate 2). The increase ofleafMn and Mg might be due 
to the high amounts of the elements in EAF slag while that of P due to effect of slag 
on soil P. Tt was found that Si from slag can replace P in exchange sites and release P 
to solution phase [10]. Regarding the increase of leaf N in and K in slag substrate, a 
thorough investigation is necessary although soil pR seems to be ofminor importance 
for N and especially K availability [6]. According to Eckhard et al. [6] total N and its 
availability to plants is closely related to soil organic matter and conditions (soil 
moisture, temperature, aeration) for mineralization. An increase of the aforemen
tioned nutrients was paralleled with simultaneous increase of dry weight of maize 
grown in slag enriched substrate. The growth stimulation by EAF slag was compara
ble to that achieved by NPK + Fe or even better in the case of substrate 2 supple
mented with lower rate of EAF slag. Our results are in agreement with data of sev
eral authors who reported on steel slag-induced growth stimulation of maize and 
other crops which was also accompanied with increase in nutrients uptake by plants 
and in soil available nutrients [2, 11, 21]. Regarding slag rate, the highest dry weight 
of maize was achieved in soil supplemented with 10 g kg-1 of EAF steel slag as 
opposed to study of Wang and Cai [21] in which the best results were recorded with 
20 g kg-1 of basic steel slag. The application of NPK + Fe also resulted in increased 
growth and leaf nutrients content (N, K, Fe and partly P and Mg) which was more 
pronounced in poorer substrate. Increased nutrient uptake was probably associated 
with NPK-induced reduction in soil pH [7]. 

The growth stimulation upon NPK + Fe and EAF slag implementation showed 
positive correlation with contents of chlorophylls and carotenoids. Increase in the 
photosynthetic pigments could be explained by increase in plant nutrients levels such 
as N, Fe, K and Mg which are essential in chlorophyll and photosynthetic protein 
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formation or enzyme activation in photosynthetic reaction. PS ll, one of the two pig
ment-protein complexes, plays a key role in the responses of photosynthesis in 
higher plants to environment stress [14]. In our study, neither NPK nor EAF slag 
affected maximal efficiency of PSll photochemistry (Fv/Fm) suggesting the absence 
of photoinhibition [3] EAF slag even increased effective quantum yield of the PS II 
which indicates that higher proportion of absorbed energy is being used in photo
chemistry [14]. On the other hand, although NPK + Fe showed no effect on that 
parameter in comparison with control plants, it increased NPQ which suggests 
greater heat dissipation in the PSll antenna complexes by the xanthophyll cycle [3]. 
The energy dissipation mechanism is considered to protect the photosynthetic appa
ratus against excess photon energy [14]. 

Regarding the composition of steel slag, the main problem resulting from the use 
of steel slag in agriculture could derive from possible leaking of heavy metals. 
However, several studies have shown that such metals tend to bound to the slag 
matrix which makes them unavailable for plants and thus notable of inducing phyto
toxie effects [11, 16]. Considering unchanged levels of oxidative stress parameters 
upon EAF treatments, it can be inferred that EAF steel slag used in this study did not 
show phytotoxic effects. In comparison with EAF slag, NPK + Fe fertilizers increased 
lipid peroxidation level which correlated with decreased leaf APX activity but such 
effects were observed only in substrate with higher proportion of soil (substrate I). 
The noted changes could, at least partly, be attributed to greater availability oftrace 
metals in substrate 2 as a result ofNPK-induced reduction of substrate pR. 

In conclusion, moderate rates of EAF slag improved soil nutrient power and sub
stantially increased maize growth, net photosynthesis and uptake of Fe, Mg, K, Mn, 
N and P. Therefore, EAF steel slag used in this study can be considered as a promis
ing supplier of plant nutrients, especially in nutrient-deficient soils, and as an inex
pensive soil enhancer relatively safe for utilization in agriculture which would addi
tionally contribute to reduction of natural resources consumption. Still, further studies 
are needed in order to determine the response of other crop plants and the potential 
impact of steel slag on environment, especially under more realistic field conditions. 
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