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Abstract: Acid soils with pH values below 5.5 have a negative effect on agricultural production.
For this reason, liming is applied as a measure to raise the soil pH to the optimum (pH = 6-7). The
aim of our research was to evaluate and compare the effectiveness of four liming materials (wood
ash from biomass powerplant, filter dust from cement factory, blast furnace slag from iron factory,
and carbocalk (limestone, a by-product from a sugar factory)) in combination with and without
solid digestate (a by-product from biogas plant) as organic fertilizer. Two field trials were set up to
determine the effect of the studied materials to neutralize the acidity, and the impact on soil fertility
and nutrient status in the soil. The results showed that all four liming materials raised the pH of
the soil. Out of these four, wood ash showed to be the best while blast furnace slag was the worst.
The yield of alfalfa increased with the application of all four lime materials. Application of liming
materials with solid digestate increased soil organic matter and had slightly higher yields compared
to liming materials without solid digestate. The highest yields were achieved with the application of
wood ash, probably due to somewhat higher concentrations of potassium and phosphorus in wood
ash. Further research on the financial aspects of investigated by-products application is necessary to
exploit their potential as a liming material.

Keywords: carbocalk; blast furnace slag; digestate; filter dust; wood ash

1. Introduction

Soil pH is one of the key factors controlling the plant species distribution, composition,
and yields. Acidic soils with pH values below 5.5 create unfavorable conditions for plant
growth which in agriculture results in lower crop yields on such fields [1,2]. However,
around 30% of the world’s ice-free land area is affected by acidity [3]. Soil acidification is
caused by a combination of natural and anthropogenic processes. To increase crop yields
in agriculture it is necessary to improve soil conditions, i.e., raise the soil pH level by
applying liming materials. However, increasing soil pH creates favorable conditions for
micro-organisms growth and increased mineralization which results in loss of labile soil
organic matter [4].

The most commonly used liming materials are ground limestones. However due to the
deficiency of limestones in some regions, or high costs of transport and use in agriculture, it
has become common to use industrial by-products as liming material [5-9]. The use of such
materials can be economic as well as environmentally friendly disposal of by-products. In
comparison to limestones, industrial by-products greatly differ in chemical and physical
properties which are based on the processes and materials they are made from [10,11]. The
efficiency of a particular material to increase soil pH and neutralize excessive acidity is
represented by effective neutralizing value (ENV). The ENV is the amount of acidity that a
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liming material will neutralize and it is expressed in comparison with pure CaO as CaO
equivalent. The ENV or effective CaO equivalent (NVCaO) in Europe is determined by the
titrimetric method [12]. Such determination of neutralizing value has been developed for
ground limestones however it has been shown to be a good representation of the ENV for
by-products as well [9]. Studies investigating liming materials have shown that the ENV
depends both on the chemical composition of the material and the particle size [13,14].

There have been numerous by-products investigated so far. Most of the research
is on blast furnace slag from iron or steel factories [5-7,9,15,16], probably as it is a by-
product for which there is a need to be deposited in an environmentally friendly way. It
is a calcium silicate slag that has shown to be as effective as limestones in neutralizing
acidity [5-7,9,15,16]. However, slag effectiveness depends on its particle size. Slag from
steel and iron factory often has coarse particles and it needs to be additionally ground
and sieved into smaller particles to spread uniformly and to increase its effectiveness in
neutralizing soil acidity [6]. Other by-products include ashes from various industries, such
as waste ash from municipal solid waste incineration [17], cyclonic ash (a coal combustion
by-product) [16,18,19], and wood ash [7,11]. The increasing number of biomass power
plants creates possibilities for the use of wood ash in agriculture. Other studied by-
products are cement filter dust [5], papermill by-product [9], and slag from the phosphorus
fertilizer industry [9]. Limestone from sugar factories is a common liming material used
in agriculture, however due to other growing industries, other by-products may be more
interesting, such as wood ash from biomass power plants.

Another usage of by-products can be for fertilization. One such by-product is digestate
from biogas plants that is used as organic fertilizer [20,21]. A combination of by-products
used for liming with organic fertilizer by-products could result in increasing soil pH and
less stress on soil biological process. The aim of the present research is to investigate and
compare the effect of using these by-products from industry as liming materials: (a) wood
ash (biomass power plant), (b) filter dust (cement factory by-product), and (c) blast furnace
slag (iron and steel making industry). More specific objectives are to observe their influence
on (a) soil pH and soil organic matter (SOM) when applied with or without organic fertilizer
(solid digestate from biogas plant), (b) alfalfa yield, and (c) uptake of some micro and
macronutrients, as well as Cd as a toxic element. The environmental and management
viability of observed materials is compared to carbocalk, a limestone material from sugar
factories which is already available in the Croatian market and widely used.

2. Materials and Methods
2.1. Field Trial

The research was conducted during 2016—2018 on two sites with low soil pH in
eastern Croatia (Beljevine 45°33/17.47"” N, 17°59'44.86" E and Zgone 45°32/33.04” N,
17°59'33.37" E). The field trial consisted of investigating four industrial by-products as
liming materials: carbocalk (lime from a sugar factory), filter dust (a by-product from a
cement factory), wood ash (a by-product from a biomass powerplant), and blast furnace
slag (a by-product from an iron factory). In addition, at each site, the field trial was di-
vided into two sides, with and without organic fertilizer, specifically solid digestate, a
by-product from a biogas plant (20 t/ha). Additionally, each liming material was applied
in two dosages (full dose and half a dose). Therefore, all together we had 18 treatments;
9 treatments with solid digestate and 9 without (Figure 1). These 9 treatments included
control and each of four liming materials in two dosages. The amount of each liming
material applied was determined based on the initial acidity and target acidity of the soil
and the neutralization value of the material determined by titration [12]. The experimental
plot of 40 m? was divided into two parts, where after the determined neutralization value
of each liming material, a full dose of each material was applied to one part of the parcel
(20 m?) while half a dose was applied to the other half of the parcel (20 m?). The effect of
wood ash, filter dust, and slag was compared with the effect of carbocalk (a by-product
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from a sugar factory, commonly used in Croatia for liming [8]), and a control plot without
any liming material.

F.D.1 | Carbo1l F.D.1 |Carbo1l

——=—===- crl f===f==- ct

F.D.2 | Carbo2 F.D.2 | Carbo2

Slagl |W.Ash1] F.D.1 Slagl |W.Ash1] F.D.1
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Figure 1. Field trial scheme. Shaded plots—digestate treatment, non-shaded plots—no digestate
treatment. Ctrl—control (no lime applied); CARBO 1—carbocalk, half a dose; CARBO 2—carbocalk,
full dose; FD1—filter dust, half a dose; FD2—filter dust, full dose; SLAG 1— blast furnace slag, half a
dose; SLAG 2—blast furnace slag, full dose; W. ASH 1—wood ash, half a dose; W. ASH 2—wood ash,
full dose.

Alfalfa was planted as a test crop. During two years of observation there were four
cuts. However, in the first cut, site “Zgone” had a large weed problem on part of the trial
without digestate which resulted in no data on yields of alfalfa on the side without digestate
in the first cut for the site “Zgone”. Therefore, at the site “Zgone”, for each treatment, the
first cut was 3 samples; the second cut was 6 samples; the third cut was 6 samples; and
the fourth cut was 6 samples (altogether, 21 plant samples). At site “Beljevine” we had
only three cuts but no weed issues in the first cut. Therefore, at site “Beljevine” the first cut
was 6 samples; the second cut was 6 samples; and the third cut was 6 samples (altogether,
18 plant samples). Both sites had 39 samples throughout the 2-year observation for each
liming material.
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2.2. Soil Properties

Before setting up the experiment, the main soil properties of each site were determined
at a depth of 0-30 cm (arable layer): soil pH [22], soil organic matter (SOM) content [23],
available phosphorous (AL-P;Os5) and potassium (AL-K;,O) [24], micronutrients (Fe, Mn,
Zn), Cd as a toxic element [25], and hydrolytic acidity (HA) [26], which refers to the total
acidity and is an additional property necessary to determine the need for lime application.
The soil of both sites is Stagnosol (WRB). The soil was sampled after each cut, and the
sample consisted of several subsamples totaling 500 g. For each cut, the same soil properties
were analyzed as described earlier.

2.3. Plant Material Analysis

Alfalfa (Medicago sativa L.) was sown as a test crop, a plant species that does not
tolerate acidic soils and thus represents an ideal indicator of the effectiveness of applied
lime materials [1]. Plant samples were collected at four cuts of alfalfa (Medicago sativa L.)
which was sown in April 2016; the first cut was in June 2016 and the last one was in October
2018. After each cut, the biomass yield of alfalfa was determined as well as the mineral
composition of the alfalfa. The yield was determined based on sampling plots of an area
of 1 m2. The mass of the samples was determined in a fresh and dry state, while the
dry matter content was calculated after drying the samples at a temperature of 105 °C to
constant weight and expressed in t/ha. In addition, plant material was analyzed for the
mineral composition of P, K, Cd, and Zn by ISO standard [25]. Concentrations of essential
nutrients (K, P, Zn) and toxic trace elements (Cd) were determined by direct measurement
on ICP-OES.

2.4. Analysis of Liming Materials and Digestate

According to the ISO standards, the chemical composition of liming materials and di-
gestate (macro and microelements and potentially toxic trace elements) [26], neutralization
value (NVCaO) [12], and pesticide residues in wood ash were determined analytically [27].
Effective neutralizing value (ENV) or effective CaO equivalent (NVCaO) of each liming
material was determined by the titrimetric method [12]. The amount of lime applied in the
field trial was the amount needed to change the initial soil pH to neutral pH (7). Analysis
of digestate included determining dry matter and density [28], organic matter [29], total
nitrogen [30], and mineral composition of P, K, Cd, and Zn [26].

2.5. Statistical Analysis

The statistical analysis of the results was performed using Minitab software package
version 17 [31]. Analysis of variance (ANOVA) and Tukey’s mean comparison were used
to determine the statistical significance at p < 0.05 for all studied parameters.

3. Results and Discussion

Initial soil analysis of the two sites showed low soil pH values, indicating acidic soils
and high hydrolytic acidity values and highlighting the need for lime application [32]. The
Beljevine site had sufficient soil-available phosphorous, potassium, and SOM while the
Zgone site had slightly lower pH compared to Beljevine, as well as somewhat lower SOM
and soil-available potassium values (Table 1).

Table 1. Soil properties.

. o AL-P,05 AL-K,0O
Site pH H,O pHKCI HA cmol’kg SOM % mg/100g mg/100 g
Zgone 5.4 4.0 6.7 19 225 15.9

Beljevine 6.2 47 51 25 225 20.6




Sustainability 2021, 13, 11016

50f12

3.1. Analysis of By-Products

Analysis of lime materials has shown the highest neutralizing value of filter dust from
cement factory and the lowest from carbocalk, which is most commonly used in Croatia
(Table 2). Blast furnace slag had coarse particle size and had to be additionally sieved.
None of the investigated materials had high values of toxic trace elements. Cadmium
values in wood ash were slightly higher but still below the MPC prescribed by Croatian
regulations for soil improvements in the agricultural soils (5 mg/kg), as prescribed by the
Croatian government in the Official Gazette [33]. Furthermore, wood ash had higher values
of phosphorous (13.8 g/kg) and potassium (71.1 g/kg) which had an additional beneficial
effect on the soil (Table 2). Based on the NV the amount of each material required for the
initial soil pH to change to the optimum soil pH was determined. However, since large
amounts of each material were needed and such material does not have to be applied at
once [2,8], we tested two scenarios: a) application of required full dose and b) application
of half a dose of each material (Table 3).

Table 2. Properties of liming materials and digestate. Values are presented as mean values.

Slag W. Ash  Filter Dust Carbocalk Digestate
NV CaO eq. 38.1 39.5 444 25.9 -
Ca+Mg % 22 30 35 45 -
K g/kg 0.3 711 3.1 12 18.3
P g/kg 1.2 13.8 0.4 0.3 9.2
Zn mg/kg 582.3 452.1 23.2 13.6 109.9
Cd mg/kg <LD 4.6 15 0.9 0.3
DM % - - - - 22.82
OM % - - - - 86.84
p g/cm’ - - - - 0.283
Total-N g/kg of DM - - - - 18.52

NV-—neutralizing value; DM—dry matter; OM—organic matter; p—density; Total-N—total nitrogen per kg of
dry matter.

Table 3. Amount of liming material applied.

Zgone Beljevine
Full Dose (t/ha) Half Dose (t/ha)  Full Dose (t/ha) Half Dose (t/ha)
Slag 20.0 10.0 15.0 75
Wood Ash 20.0 10.0 15.0 7.5
Filter dust 17.5 8.75 12.5 6.25
Carbocalk 30.0 15.0 225 11.250

3.2. Effect on Soil Properties

Wood ash and filter dust were equally successful in neutralizing the excess acidity
just as well as the carbocalk from the sugar factory. The blast furnace slag also raised the
pH value in comparison to the control. However, this increase in pH was significantly
lower compared to the other three liming materials (Table 4). The results also indicate
that even half a required dose is enough to increase the soil pH to a favorable level. As
many authors report, often there are no significant differences in plant growth due to
different dosages as the positive effect of liming is also influenced by genotype, soil type,
and weather conditions [2,34,35]. Therefore, gradually adding lime materials over several
years produces positive results while causing less stress to the soil.
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Table 4. Effect of different lime materials on soil pH.
Digestate No Digestate
pH - . pH
Liming Material n Liming Material n
Mean SD Mean SD

W. ASH 2 24 6933A 0551 W. ASH 2 24 6.6824A  0.620

FD2 24 6.793A 0639 FD?2 24 6.8824  (.574
CARBO. 2 24  6.783bA 0536 CARBO. 2 24 654347 0.608

W. ASH 1 24 639bcA 0578 W. ASH 1 24 6.06PB 0481

FD1 24 638bcA 0533 FD1 24 6.03PB 0437
CARBO. 1 24 626%4A 0546 CARBO. 1 24 6.0824A 0381
SLAG 1 24 592¢deA 0620 SLAG 1 24 572bcA 0396
SLAG?2 24 5.80deA  0.450 SLAG?2 24 572bcA 0345

Ctrl 24 556¢A (0448 Ctrl 24 541¢A (0455

Different lowercase superscripts indicate significant differences within the column. Different uppercase super-
scripts indicate significant differences within the rows. Ctrl—control (no lime applied); CARBO. 1—carbocalk,
half a dose; CARBO. 2—carbocalk, full dose; FD1—filter dust, half a dose; FD2—filter dust, full dose; SLAG
1—blast furnace slag, half a dose; SLAG 2—blast furnace slag, full dose; W. ASH 1—wood ash, half a dose; W.
ASH 2—wood ash, full dose.

With time, the soil pH has started to decrease again (Table 5). Many authors report
the long-term benefit of lime application. Antunovi¢ et al. [8] show that 13 years after
carbocalk application (15 t/ha) the soil pH is still high (pH above 6). Therefore, we expect
that the high pH will remain for some time although it is showing a slight decrease. The
effect of digestate on pH was not observed, i.e., there were no differences in pH levels at
each cut between treatment with digestate and without.

Table 5. Soil pH during two-year observation after lime application (four cuts).

Digestate No Digestate
pH pH
Date n Date n
Mean SD Mean SD
2016, June 54 6.37 20 0.612 2016, June 54 6.302 0.625
2016, Oct. 54 6.53 2 0.596 2016, Oct. 54 6.24% 0.554
2017, May 54 6.30 2P 0.755 2017, May 54 6.06 2P 0.464
2018, Oct. 54 6.05P 0.754 2018, Oct. 54 5.89 P 0.520

Different letters indicate statistically significant differences among different dates (cuts).

Application of digestate increased SOM concentration (Table 6). However, observation
of SOM during two years indicates a decrease in SOM (Figure 2). The application of liming
materials increased the pH and created a favorable condition for microorganism growth
which can lead to the faster decomposition of SOM [4,36]. Liming increases soil microbial
biomass, soil respiration rate, microbial respiration, soil enzyme activity (dehydrogenase,
sulphatase, and protease activity), and net mineralization of soil organic N and S [4]. We
suspect that increased microorganism activity led to the decrease in SOM.

Table 6. Effect of application of digestate on soil organic matter (SOM).

u OM%

Mean SD
DIGEST 216 213 0.495
NO DIGEST 216 1.95b 0.457

Different letters indicate statistically significant differences among treatments.
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Available Phosphorous (AL- P205) mg/100g of soil b)

L3 i

CARBO. 1 CARBO. 2
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SOM (%)
2.4
a A® TREATMENT 2
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|
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2.1
-2 bc A.
S 20 ab B ®
s b Am
19 c Ae
1.8
17
c Bg
1.6
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DATE

Figure 2. Effect of application of digestate on soil organic matter (SOM) through four cuts. Different
BLUE letters indicate statistically. Significant differences in digestate treatment through two years
of observation. Different RED letters indicate statistically significant differences in no-digestate
treatment through two years of observation. Different BLACK letters indicate statistically significant
differences between digestate and no digestate at each cut.

The effect on soil nutrients was observed with the application of wood ash that had
higher concentrations of phosphorous and potassium compared to other liming materials
(Figure 3a,b). Ash usually contains around 1% of P and between 4-10% of K, and it is used
in fertilization [11,37,38]. In our investigation, ash also had Cd concentrations near the
maximum permissible concentrations; however, the results showed no significant increase
of Cd concentrations in soil by applying ash.

Available Potassium (AL - K20) mg/100g of soil
45

} ) }

35

MEAN

i

g, q1 [ :
Tt

FD1

FD2 SLAG1 SLAG2 W.ASH1 W.ASH2 CARBO.1 CARBO. 2 Ctrl FD1 FD2 SLAG1 SLAG2 W.ASH1 W.ASH2

TREATMENT TREATMENT

Figure 3. (a) Available soil phosphorous and (b) available soil potassium.

3.3. Effect on Alfalfa Yield

Application of all of the observed liming materials resulted in higher yields of alfalfa
compared to the control (Table 7, Figure 4a). Higher yields were also achieved due to the
application of digestate which is clearly seen on control plots with and without digestate
(Table 7). Although none of the liming materials resulted in significantly higher yields from
the control, it is evident, especially from treatment without digestate, that applying liming
materials can double the yields (Table 7, Figure 4a). The application of lime affects the
acquisition of both water and mineral nutrients through chemical, physical, and biological
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effects on the soil. It influences the chemical forms of mineral nutrients that a plant can
take up, reduces available concentrations of toxic elements such as AI’* alleviates Ca and
Mg deficiencies in crops, and affects soil bulk density, soil strength, and the architecture
of pore systems, as well as biological activities in the soil [35]. Creating such favorable
conditions for the uptake of essential elements results in higher crop yields [1,2,8,34]. Our
results indicate the highest yields by the application of wood ash (Figure 4a) which had
the steepest increase during the observed two years (Figure 4b). These higher yields were
probably due to the high nutrition value of ash (71.1 mg/kg K and 13.8 mg/kg P) and high
dosages applied.

Table 7. Effect of application of different liming materials on alfalfa yield.

Digestate No Digestate
Yield (t/ha) Yield (t/ha)
Liming Material n Liming Material n
Mean SD Mean SD

W. ASH 2 21 3.26 2.470 W. ASH 2 18 3.14 2.575
FD2 21 2.98 2.339 FD2 18 2.49 2.142
W. ASH 1 21 2.98 2.103 W. ASH 1 18 2.84 2.304
SLAG 2 21 2.98 2271 SLAG 2 18 2,51 2.383
SLAG 1 21 2.90 2.267 SLAG1 18 2.35 2.483
FD1 21 2.89 2.282 FD1 18 2.53 2.301
CARBO. 1 21 2.73 2.292 CARBO. 1 18 2.53 2.178
CARBO. 2 21 2.69 2.106 CARBO. 2 18 2.70 2.634
Ctrl 21 2.57 2.167 Ctrl 18 1.39 1.899

No statistical differences were observed. Ctrl—control (no lime applied); CARBO. 1—carbocalk, half a dose; CARBO. 2—carbocalk, full
dose; FD1—filter dust, half a dose; FD2—filter dust, full dose; SLAG 1—blast furnace slag, half a dose; SLAG 2—blast furnace slag, full
dose; W. ASH 1—wood ash, half a dose; W. ASH 2—wood ash, full dose.

a) alfalfa yield (t/ha) b) alfalfa yield (t/ha) through 4 cuts
4.0 7
TREATMENT u
6 ® CARBO.1
35 CAREBO. 2 -
® cul
5 A D1 B
30 FD 2
Sac 2 . d
<2t 5 4 W.ASH 1
s 25 o B W.ASH2 °
=z,
2.0
2
15
1 u ]
® [
1.0
CARBO.1 CARBO.2  Ctrl FD1 FD2  SLAG1 SLAG2 W.ASH1 W.ASH2 0
TREATMENT 2016, June 2016, Oct. 2017, May 2018, Oct.
DATE

Figure 4. (a) Alfalfa yield under the studied treatments and (b) alfalfa yield through four cuts.

3.4. Effect on Plant Nutrition

An increase in soil pH decreases the availability of cations [39], however, we did
not observe a decrease in uptake of essential elements (Mn, Fe, P). There was only a
decrease in Zn and Cd uptake compared to the control treatment (Figures 5b and 6b).
Furthermore, we observed a significant increase in potassium uptake in treatment with
wood ash compared to carbocalk treatment (Figure 7). However, this increase was not due
to the liming effect but due to the significantly higher concentrations of potassium in wood
ash. However, some authors report an increase in potassium uptake in alfalfa due to the
lime application [1].
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Figure 5. (a) Zinc (Zn) in soil and (b) zinc (Zn) in plant.
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Figure 6. (a) Cadmium (Cd) in soil and (b) cadmium (Cd) in plant.
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Figure 7. Potassium (K) in plant. Different letters indicate statistically significant differences

among treatments.
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Cadmium is considered a toxic element with high solubility in water and increasing
availability in soil with low pH [39]. In our field trial, Cd was low in concentration, however
Cd uptake is highly susceptible to changes in the soil. For this reason, increasing soil pH
close to neutral by liming can contribute to a decrease of Cd uptake by crops and minimize
contamination of food by Cd [40,41]. Applying all four investigated liming materials
resulted in immobilization of Cd and also significantly lower Cd uptake compared to the
control (Figure 6b). Although ash showed no significant increase of Cd concentration in soil,
the frequency of ash application needs to be controlled to avoid potential Cd accumulation.

3.5. Management of Lime Application

When using limestone as a liming material we only affected the pH change; however,
when using various by-products, different nutrients were added as well. Therefore, when
limestone is lacking, other by-products can efficiently replace it. There are three key factors
influencing lime management: liming material type, liming application method, and soil
properties and their influence on liming management [38]. Our results indicate wood
ash and filter dust have the greatest benefits when observing soil pH increase and alfalfa
yields. From an economic point of view, one of the bigger costs in the application of
liming materials is the transportation to the fields [42]. With a growing number of small
biomass power plants, there is an opportunity for wood ash to become more attractive
as liming material, as with more powerplants there is less distance from the factory to
the field. However, wood ash, as well as filter dust, have very fine particles which makes
its application very difficult. Its application can be very uneven depending on the wind,
while the same time, it can cause a lot of problems for the machinery that is used in its
application. Further research on how to granulate these materials and make them easier to
disperse and transport with less damage to the machinery is necessary for a more detailed
economic analysis.

4. Conclusions

All of the investigated liming materials significantly increased soil pH levels compared
to the control and showed higher yields of alfalfa compared to the control. Adding solid
digestate, a by-product from the biogas plant, as organic fertilizer and combining it with
liming materials did not have a significant impact on soil pH or yields of alfalfa compared
to the treatments of liming materials without digestate. However, it did show a significant
effect on increasing or maintaining higher levels of organic matter. Applying digestate
together with liming materials reduced the decomposition of soil organic matter caused by
the application of liming materials. Additionally, it resulted in slightly higher yields when
compared with treatments without solid digestate. Increasing pH also resulted in reduced
uptake of Cd indicating the beneficial effect of liming on uptake of Cd as the toxic element.
From the environmental and economic standpoint, filter dust and ash have the potential
to be used as a liming material in the area near the biomass and cement factories, as one
of the bigger costs in the application of lime is the transportation of liming materials to
the fields. An additional advantage of wood ash is its nutritional value which can further
reduce the need for fertilization. Filter dust and ash are certainly recommended as liming
materials with regular monitoring of soil conditions.
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