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Biological effects of biochar

and zeolite used for remediation
of soil contaminated with toxic
heavy metals

Tomasz Gtab'™, Krzysztof Gondek? & Monika Mierzwa—Hersztek?3

Biochar and zeolite are widely used in the remediation of soil contaminated with toxic heavy metals.
However, the interaction of these amendments and their effects on grass productivity have not

been comprehensively summarized. The aim of this study was to investigate the biological effects of
zeolite and biochar used as soil amendments in the process of remediating soil contaminated with Cd,
Pb and Zn. In a pot experiment, the following treatments were applied: zeolite, biochars produced

at temperatures of 350 °C and 550 °C, mixtures of biochars and zeolite, and a control treatment
without any amendments. The soil amendments were tested on two grass species: tall fescue (Festuca
arundinacea Schreb.) and cocksfoot (Dactylis glomerata L.). The root morphometric parameters and
aboveground production were determined in 2017 and 2018.

Higher biomass production was observed in the tested grasses in the treatments with zeolite alone
(0.229 kg DM m~2) or mixed with the biochars (0.239 kg DM m~2) than in control treatment (0.029 kg
DM m™2). Zeolite used in contaminated soil significantly affected root biomass and root morphology
parameters. Zeolite application resulted in significantly higher root biomass (2.30 mg cm) and root
length (76.61 cm cm™3) than those in the treatments without zeolite (0.29 mg cm= and 6.90 cm cm™3).
Biochar as a soil amendment did not affect most root morphometric parameters. The application

of biochars only slightly reduced the root diameter of cocksfoot. The root diameter of tall fescue

was similar in all treatments (0.075 mm) except the control (0.063 mm) and biochar 550 treatments
(0.067 mm), in which slightly thinner roots were observed.

Soil toxic metal contamination has become a serious concern in many regions worldwide'?. According to a report
by He et al.?, globally, more than 50% of areas with polluted soils are contaminated with heavy metals. Heavy met-
als in soil come from natural and anthropogenic sources. The main anthropogenic sources of toxic metals in soil
are industrial processes, mining, domestic and municipal wastes, agrochemicals, and petrol-derived products*.
Heavy metals are incorporated into food chains from polluted soil and cause forage and food contamination,
thus affecting human and animal health. Thus, it has become a significant challenge to control and remove toxic
metals from the environment.

To date, three reclamation techniques have been developed for metal-contaminated soils: biological, agricul-
tural engineering, and physicochemical techniques’. The biological method of removing metals from contami-
nated soil, i.e., phytoremediation, is carried out through the planting, harvesting and removal of metal-accu-
mulating crops®. Agricultural engineering methods consist of upper soil layer replacement or deep ploughing.
Physicochemical immobilization is a process in which toxic metals are transferred into a chemical form that is
insoluble or not active in biological systems’. Various soil amendments, e.g., lime, phosphate, kaolinite, bentonite,
steel slag, red mud, biochar and zeolites, have been recognized to be able to ameliorate contaminated soils by
immobilizing toxic metals®’.

Zeolites are crystalline aluminium-silicate minerals with porous structures and high specific surface areas.
They are found in natural volcanic rocks and can be synthesized from different Si and Al materials. Zeolites are
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Parameter Unit Value

pH (H,0) 5.67+0.05
Solid particle density | gem™ | 2.65+0.06
Sand gkg™! 850

Silt gkg! 90

Clay gkg™ 60

Soil organic carbon gkg™! 6.43+0.08
Total N gkg! 0.54+0.01
P mgkg™ |188+11

K mgkg! |305+29
Ca mgkg™? |207+17.9
Mg mgkg™ |236+12.5
EC uScm™ | 32.2+4.35
Cd mgkg™? [0.19+0.01
Pb mgkg™ [37.9+0.5
Zn mgkg™ |16.5+0.1

Table 1. Basic soil physical and chemical properties (means + standard deviation).

characterized by their high capacity for adsorption, cation exchange and catalysis’. These traits make them widely
used as soil amendments with possible applications for soil reclamation through toxic metal adsorption'®!!.
Lahori et al.'’ reported a reduction in Pb, Cd, Cu and Zn contents in cabbage and corn roots and shoots after the
application of zeolite. Research by Yi et al.'> showed that zeolite increased the soil pH and reduced the biological
activity of heavy metals in the soil of a Brassica juncea L. crop.

Biochar has also been recognized as a soil amendment that can immobilize toxic metals”". It is a solid
product of the thermal decomposition of biomass under oxygen-limited conditions. Biochars may vary in their
chemical and physical properties. This variability depends on the parameters involved in the pyrolysis process
and the materials used to produce the biochar'*. During the past decade, biochar has been recognized as a
soil amendment that provides opportunities for soil improvement and mitigates climate change by promoting
carbon sequestration'®. Biochar amendment has a beneficial influence on the physical, chemical, and biological
properties of soil'®!. Biochar is a very porous material with a high surface area, similar to zeolite'®. This porous
structure and its chemical characteristics, such as its functional groups (e.g., carboxyl, hydroxyl, and phenolic),
mean that biochar has a strong affinity for heavy metals'®. Bashir et al.” observed that biochar reduced Cd leaching
by stabilizing Cd within the soil profile. Biochars prepared from chicken manure and green waste significantly
reduced Cd, Cu and Pb accumulation in Brassica juncea®.

Using biochar and zeolite is considered an eco-friendly and cost-effective method of soil remediation®. How-
ever, there is a lack of up-to-date research reports concerning the interaction between biochar and zeolite in soil
remediation for crop production. In particular, little is known about the impact of this remediation technique
on perennial plants, e.g., grasses. Grasses are characterized by high tolerance to heavy metals and are therefore
widely used in phytoremediation®’.

The objective of this study was to determine the biological effects of zeolite and biochar application on soil
contaminated with toxic metals. The effectiveness of this remediation technique was tested on the growth of two
grass species, tall fescue and cocksfoot, with a special focus on their root morphometric parameters.

Material and methods

Site description and experimental design. A pot-based experiment was conducted at the University
of Agriculture in Krakow, south of Poland (50°04' N, 19°51" E, 280 m a.s.) in 2017-2018. The climate of the
experimental site was temperate. The average annual temperature during the study period was 7.7 °C. The pots
were placed in a rainfall shelter without walls and with a transparent glass roof to prevent precipitation but to
ensure natural light and ventilation.

Loamy sand soil was contaminated with the following toxic metals: Cd (3CdSO, - 8H,0) at a rate of
2.50 mg kg™!, Pb (C,H4O,Pb - 3H,0) at a rate of 300 mg kg ! and Zn (ZnSO, - 7H,0) at a rate of 500 mg kg™". Soil
was thoroughly mixed with the water solution with toxic metals to ensure homogeneity then the pots (diameter
of 0.22 m, volume of 0.009 m~3) were filled with contaminated soil.

The physical and chemical characteristics of the soil are presented in Table 1. Soil moisture was maintained
at 55% of the maximum water holding capacity.

The experiment was conducted with a completely randomized design in three replications with two factors:
(1) grass species and (2) soil amendment. The following treatments were applied: zeolite (Z), biochars (B350 and
B550) and mixtures of biochars and zeolite (B350 + Z and B550+ Z). A control treatment (CTR) without any
amendments was also established. Zeolite and biochar were applied at a rate of 0.5%, which corresponds to 15
t ha™'. After amendment application, two grass species, tall fescue (Festuca arundinacea Schreb.) and cocksfoot
(Dactylis glomerata L.), were sown at a rate of 3.5 g per pot.
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Figure 1. SEM images of (a) biochar produced from willow (Salix ssp.), (b) zeolite synthesized from coal fly ash
with Na-P1 structure.

Zeolite and biochar. The zeolite was synthesized by a hydrothermal method from coal fly ash (Kozienice
Power Plant, Poland). The ash sample was mixed with 0.5 dm® 3 M NaOH and heated at 75 °C for 24 h. The
zeolite was characterized by its Na-P1 structure® (Fig. 1).

Biochar was produced from willow (Salix ssp.) biomass. The willow chips were air-dried at 70 °C, ground
into particles with diameter below 4 mm, and mixed for homogeneity. Then, the feedstock was pyrolyzed in an
electric furnace at a temperature of 350 °C for 15 min (B350) and at 550 °C for 15 min (B550)?"*%. The furnace
heating increased with a rate of 10 °C min™. The basic chemical characteristics of the feedstocks are presented in
Table 2. The specific surface area and porosity were determined from N, gas adsorption/desorption isotherms at
—196 °C using an ASAP 2020 apparatus (Micromeritics, Norcross, GA, USA). Prior to measurements, the samples
were outgassed for 12 h at 105 °C. Based on the data obtained from N2 isotherms, specific surface area (S,,) was
calculated by applying Brunauer-Emmett-Teller (BET) equation®. The total pore volume was calculated from
the amount of N, adsorbed at a relative vapor pressure (P/P0) ~0.99*. Biochar morphology is presented with
SEM images as shown in Fig. 1.

Measurements. Roots were collected from pots in 2018 using the core method (diameter of 50 mm) with
three replication per pot. The samples were prepared to analysis using a hydro-pneumatic washing system?®
to separate soil particles from the roots. Digital images of root samples were obtained with an Epson Perfec-
tion 4870 photo scanner (Seiko Epson Corp., Owa Suwa, Japan) and saved as tiff at a resolution of 1200 dpi.
The images analyse was performed using Aphelion 3.2 software (ADCIS S.A. and Amerinex Applied Imaging,
Herouville, Saint-Clair, France). The images were analysed by method described by Bauhus and Messier. The
roots were divided into following diameter classes: <0.02, 0.02-0.05, 0.05-0.1, 0.1-0.2, 0.2-0.5, 0.5-1.0, 1.0-2.0,
and >2.0 mm. The root morphometric parameters were calculated by methods described by Glab et al.”’ i.e.: root
length density (RLD), mean root diameter (MRD, root surface area density (RSAD), specific root length (SRL)
and root volume density (RVD). The roots were dried at a temperature of 70 °C to determine the root dry matter
density (RDMD).

Scientific Reports |

(2021) 11:6998 | https://doi.org/10.1038/s41598-021-86446-1 nature portfolio



www.nature.com/scientificreports/

Parameter Unit Biochar (B350) | Biochar (B550) | Zeolite (Z)
pH (H,0) 4.96+0.16 8.34+0.15 12.39+0.05
EC* mS cm™! 0.40+0.01 0.65+0.03 2.28+0.11
DM** gkg™! 980+1 985+0 997+1

Total C gkg! DM 691+4 795+11 3.43+0.00
Total N gkg’l DM 5.15+0.31 5.61+0.08 0.48+0.01
K gkg! DM 3.88+0.05 5.84+0.04 3.22+0.05

P gkg! DM 0.44+0.01 0.62+0.02 1.62+0.02

N gkg! DM 0.82+0.13 0.91+£0.05 0.130+0.003
Na g'kg! DM 0.160+0.001 0.220+0.003 0.998+0.011
Mg gkg! DM 0.89+0.03 1.24+0.02 3.63+0.08
Ca g-kg’l DM 10.43+0.14 14.56 +0.36 46.69+1.91
Zn mg-kg’l DM | 112.20£2.29 155.53+4.73 82.78+2.64
Cd mgkg DM | 0.320+0.02 1.65+0.02 0.614+0.027
Pb mgkg' DM | 5.81+0.30 14.44+1.35 24.82+0.28
Specific surface area (Sp,) | m?*g™! 1.36 2.01 74.91

Total pore volume cm®g! 0.003 0.001 0.225

Table 2. Chemical properties of amendments used in the experiment (means + standard deviation).
*EC-electrical conductivity; **DM-dry matter.

F. arundinacea D. glomerata

2017 2018 2017 2018

1st cut 2ndcut |1stcut |2ndcut |1stcut |2ndcut | Istcut |2nd cut
CTR 0.000 ¢ 0.000 ¢ 0.001 b 0.011c 0.028b |0.027b |0.003a |0.047a
Z 0.073 abc | 0.147 b 0.030ab | 0.109 a 0.176 a | 0.291 a 0.021a |0.063a
B350 0.014 be 0.000 ¢ 0.001 b 0.019bc [ 0.000b |0.000b |0.003a |0.062a
B350+Z 0.090 ab 0.136b [ 0.032ab |0.092a 0.148a |0.290a |0.015a |0.054a
B550 0.021 be 0.000 ¢ 0.010 b 0.065ab [ 0.000b |0.016b |0.004a |0.053a
B550+7Z 0.141 a 0.258 a 0.052a 0.089 a 0.158a |0.273a |0.015a |0.067a

Table 3. Aboveground biomass production (kg DM m™2) of tall fescue (Festuca arundinacea Schreb.) and
cocksfoot (Dactylis glomerata L.). For each column, mean values with different letters are significantly different
(P<0.05, n=3); Bonferroni post hoc test.

The grasses were harvested in June and September in 2017 and 2018. Harvesting was performed by cutting
the plants 5 cm above the soil layer. Aboveground biomass samples were taken from each pot and dried for 48 h
at 80 °C for the calculation of the dry matter yield.

Statistics. The statistical analyses were performed with the Statistica v. 13.3 software package (StatSoft Inc.,
Tulsa, OK, USA). To avoid pseudoreplication, means for the replication per pot were used in ANOVA analyses.
Two-way ANOVA was used to evaluate the significance of the soil amendments and grass species on biomass
production and root morphology. Data normality was checked using Shapiro-Wilk test. The homogeneity of
variance was checked using Levene’s test. Means comparison was analysed by Bonferroni test at the P<0.05.
Pearson’s correlation and regression models were used to analyse the relationship between root morphological
parameters and grass yields and between the below and above-ground biomass.

Results

Zeolite and biochar affect grass yields. The highest aboveground biomass of tall fescue was obtained
at the 2nd cut, with 0.090 and 0.064 kg DM m™ in 2017 and 2018, respectively. The tall fescue yield obtained
during the 1st cut was 0.039 kg DM m™ on average (Table 3). A similar effect was also observed for the biomass
production of cocksfoot. Cocksfoot had higher total annual productivity (0.151 kg DM m™2 on average) than tall
fescue (0.116 kg DM m™) (Fig. 2).

The soil amendments used in this research significantly affected grass productivity. The lowest yield of tall
fescue was obtained in the contaminated soil without amendments, CTR (annually 0.0057 kg DM m™). All
amendments used in this study significantly increased tall fescue productivity. B350 resulted in annual yields
that were 3 times higher than those under CTR, and even better results were observed when B550 was applied
(0.485 kg DM m™? annually). However, when zeolite was used, the biomass production of tall fescue significantly
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Figure 2. Yields of aboveground biomass of tall fescue (E arundinacea) and cocksfoot (D. glomerata).
Treatments: zeolite (Z), biochars (B350 and B550), mixtures of biochars and zeolite (B350 + Z and B550 + Z),
control (CTR). Different letters on the bars indicate significant differences by the Bonferroni test (P<0.05, n=3).

increased in comparison with that under CTR and biochars B350 and B550. This effect was observed during all
harvests in 2017 and 2018.

Cocksfoot produced significantly more biomass under CTR than tall fescue (0.0523 kg DM m annually).
When biochar B350 was used as a soil amendment, cocksfoot did not produce any aboveground biomass during
the 1st and 2nd cuts in 2017. A similar effect was also observed for biochar B550. These two amendments resulted
in lower cocksfoot yield than that under CTR. Much higher biomass production was observed in the treatments
with zeolite either alone or in mixture with biochar B350 or B550. This effect was particularly notable in 2017.
In the second year, the differences among treatments disappeared, and in the 1st and 2nd cut, the biomass was
at the same level in all treatments.

Root biomass and morphometric parameters. The root system of cocksfoot was characterized by a
slightly higher mass (RDMD =1.03 mg cm™ on average) than that of tall fescue (0.88 mg cm™) (Fig. 3). How-
ever, the roots of cocksfoot grew close together in bunches, which resulted in a very high RLD (44.3 cm cm™);
the RLD for tall fescue was only 16.36 cm cm™. This difference in root system morphology also resulted in a
higher root diameter (MRD) in tall fescue (0.070 mm) than in cocksfoot (0.049 mm).

The soil amendments zeolite and biochar used in the contaminated soil significantly affected the root
biomass (Fig. 3). Tall fescue produced the lowest root biomass under CTR, without any soil amendments
(RDMD =0.17 mg cm™). When biochars B350 and B550 were added, the RDMD increased to 0.21 and
0.30 mg cm™, respectively. However, these values were not significantly different from that under CTR (P>0.05).
The highest results were obtained when zeolite was applied. Zeolite with biochar B350 resulted in a root dry
matter of 0.82 mg cm™?, and in mixture with B550, the root dry matter increased to 1.86 mg cm™>. However, the
highest value of RDMD was observed when zeolite alone, without biochar, was used (1.93 mg cm™3). The cocks-
foot root biomass under CTR resulted in a higher RDMD (0.40 mg cm™) than that under the biochar treatments
(0.26 mg cm™ on average). As in tall fescue, zeolite application resulted in significantly higher root biomass in
cocksfoot, with the highest RDMD in the Z treatment (2.68 mg cm ™).

The results for root length correspond to the relationships observed in RDMD. Tall fescue produced more
roots when zeolite was added to the contaminated soil (Fig. 4). However, the RLD values for all treatments
were not significantly different. The highest RLD for cocksfoot was observed in the treatment with zeolite
(117 cm cm™). This value was two times higher than those under B350 + Z and B550 + Z. When biochar without
zeolite was used, the RLD reached 5.23 and 7.80 cm cm ™ in the B350 and B550 treatments, respectively. Similar
relationships were also noted for the RVD and RSAD parameters. The highest values of root volume and surface
area were calculated for the treatment in which only zeolite was applied. Unlike their values for RDMD and RLD,
both investigated grass species had similar mean values of RVD and RSAD. SRL, as a derivative of RDMD and
RLD, was significantly higher in all the treatments with zeolite.

Tall fescue and cocksfoot differed with regard to root diameter. The roots of tall fescue were significantly
thicker (MRD =0.073 mm) than those of cocksfoot (0.049 mm). These two grasses presented different responses
to the soil amendments applied to the toxic metal-contaminated soil. The highest value of MRD in cocksfoot was
observed under CTR (0.063 mm). The application of the biochars slightly reduced the root diameter. However,
significantly lower MRD values were obtained in all treatments in which zeolite was applied, whether alone or
in mixture with biochar. The root diameter of tall fescue was similar in all treatments (0.075 mm) except CTR
and B550, in which slightly thinner roots were observed (0.056 and 0.067 mm, respectively).

The RSR parameter of cocksfoot did not change in response to the soil amendments used in this research
(2.99 on average). However, some differences appeared in tall fescue. The highest RSR value was calculated under
CTR (9.67), and the lowest was calculated under B350+ Z (1.48) (Fig. 5). In addition, the correlation between
aboveground biomass and root biomass was statistically significant (correlation coefficient k=0.83, P<0.05).
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Figure 3. Root morphometric characteristics for soil amendments treatment. Treatments: zeolite (Z), biochars
(B350 and B550), mixtures of biochars and zeolite (B350 + Z and B550 + Z), control (CTR). Different letters on
the bars indicate significant differences by the Bonferroni test (P <0.05, n=6).
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Figure 4. Root length density (RLD) distribution at the different root diameter values for treatments with
different soil organic amendments. Treatments: zeolite (Z), biochars (B350 and B550), mixtures of biochars and
zeolite (B350 + Z and B550 + Z), control (CTR).

12
10 1 a OD. glomerata
[ ] B F. arundinacea
x 81
N
(nd
6 .
b
J b
4 bc b b
b c bbc
2 |7 ccC
0 T T T m T T
L Vv oS VoS
'é Q)‘b ‘b(OQ ng <§°Q
Q Q

Figure 5. Root:shoot ratio (RSR) for two grass species on soil remediated with biochar and zeolite. Treatments:
zeolite (Z), biochars (B350 and B550), mixtures of biochars and zeolite (B350 + Z and B550 + Z), control (CTR).
Different letters on the bars indicate significant differences by the Bonferroni test (P<0.05, n=6).

Regression models for the root:shoot ratios are presented in Fig. 6. These relationships in both grass species were
not linear. They were best represented as exponential models.

Discussion

The present investigation has shown the beneficial effect of zeolite when used as a soil amendment in toxic metal-
contaminated soil. This effect was shown on perennial grass species, which are widely used in phytoremediation.
The biochar amendments did not improve cocksfoot productivity and only slightly affected tall fescue produc-
tivity in contaminated soil. Studies have reported that in conventional crop production on non-contaminated
soil, biochar is recognized as a soil amendment that significantly improves plant productivity?®. For some crops,
e.g., maize, this effect is more pronounced in the second and third years after biochar application. Fiaz et al?, in
research on toxic metal remediation through biochar application, showed significant improvement in Brassica
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Figure 6. Relationship between root dry matter and annual aboveground biomass productivity of tall fescue
and cocksfoot. Solid line is the fitted non-linear regression.

campestris L. growth as a result of lower metal uptake. Biochar reduced the availability of heavy metals due to its
metal sorption ability caused by its structural modification during pyrolysis. The effect of biochar application
on plant growth was particularly noticeable in combination with mineral fertilization. Rehman et al.* reported
that biochar enhanced rice biomass because of its Cd immobilization potential and its function as a source of
plant nutrients. A similar effect was reported by Xu et al.* in an experiment with maize on Cd-contaminated
soil remediated with biochar. Rehman et al.*?, in a field trial with maize, showed that biochar increased pH and
decreased bioavailable Ni in the soil. The beneficial effect of biochar on soil remediation is more pronounced in
annual than in perennial crops. In this study, this effect was not confirmed for cocksfoot.

In the present research, zeolite application resulted in significantly higher biomass production in tall fescue
and cocksfoot compared with that under the control and biochar-amended treatments. Butorac et al.*® reported
the positive fertilizing effect of zeolite on the yields of winter wheat, maize, soybean and winter barley. This effect
was also observed when zeolites were used in the remediation of soil contaminated with toxic metals. Wang
et al.** reported that in a mixture with compost, zeolite was shown to promote plant growth in contaminated soil.

Biochar and zeolite improve crop productivity during the remediation process through various mechanisms,
i.e., toxic metal adsorption, increased soil water retention, supporting plant growth-promoting microorganisms,
and increased root development. In a previous study, Glab et al.'” reported that biochar improved the physical
properties of sandy soil, e.g., its soil porosity and water retention characteristics. Zeolite was also recognized to
decrease bulk density and increase total porosity, which results in higher soil water content. Zeolite application
increases the soil water use efficiency through higher hydraulic conductivity and water retention®. The amend-
ment of sand with zeolite can increase the water available to plants by 50%. Zeolite is one of the most efficient
cationic exchangers and has a high capacity for toxic metal adsorption'’. Its cationic interchange capacity is
greater than that of other soil minerals. Thus, zeolites are widely used as soil amendments to increase nutrient
retention capacity”’.

In this study, zeolite and biochar influenced the root biomass and root morphometric parameters. However,
zeolite affected the root system of the investigated grass species to a greater extent than biochar. This is not in
line with other studies, where biochar was recognized as an effective amendment that favoured root growth as a
result of chemical and biological processes. Rees et al.*® attributed root growth changes in the presence of biochar
to decreases in both soil phytotoxicity and nutrient availability. Bioavailable metal concentrations decrease with
increasing concentrations of biochar amendments. Houben et al.* reported that biochar in soil reduced metal
concentrations in shoots and tripled the biomass production of Brassica napus L. as a result of the soil fertility
improvement. Reibe et al.** suggested that nutrients released from biochar affect the root morphology of spring
wheat. However, this effect depends on the feedstock, the production process and the amount of biochar used.

Zeolite was also reported to be an amendment that positively affects root growth in contaminated soils.
Lahori et al.'® confirmed this effect for cabbage and maize in multiple contaminated soils remediated with zeolite.
Shahbaz et al.*! showed that zeolite and biochar increased sunflower and maize growth and improved their root
system morphology in soil contaminated with Ni. They also observed an interaction effect between these two
soil amendments. The current study confirms the positive effect of zeolite on grass roots. However, an interaction
effect of the zeolite and biochar combination was not observed. The lack of an interaction effect may be due to
the type of species used in this study, namely, perennial grass species.

Xiang et al.*?, in their meta-analysis, stated that biochar amendment improved root characteristics such as
RDM, RVD and RSA. The biochar influenced to a greater extent on RLD and number of root tips more than the
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RDM. This suggests that biochar used as soil amendment has a beneficial effect on root morphology to reduce
plant nutrient and water deficiencies rather than maximize biomass accumulation. A similar effect was also
observed by Olmo et al.**. High rates of biochar increased the SRL and decreased MRD and root tissue mass
density, what indicate better development of fine root. This improved nutrients and water acquisition by increas-
ing biochar-root interactions, soil penetration and fertilizer efficiency.

The abovementioned relationship can be confirmed by the root:shoot ratio. In this study, RSR was significantly
higher in the control than in the treatments with biochar and zeolite, particularly for tall fescue. Plants allocate
their biomass to the organ that is the most resource-limited*!. Usually, the this optimization is expressed as a
change in the biomass allocations to the shoots and roots in response to nutrient availability*>*°. In soil contami-
nated with toxic metals, this optimization can be related to the bioavailability of metals.

Root morphometric parameter could be used as predictors of susceptibility to metal contaminated soil and
usefulness in phytoremediation. Long-term survivors of grasses in contaminated soils can be explained by two
mechanisms: (1) dense and deep root system which can reach soil layer with lower metal content and (2) abil-
ity to reduced metal uptake®’. This study show that in metal contaminated soil cocksfoot produce longer root
than tall fescue. However, tall fescue roots were thicker than these of cocksfoot. The relationship between root
characteristics of grasses and vulnerability to contaminated soils needs further investigation.

Conclusions

Our investigation shows that zeolite was a more effective soil amendment than biochar in the soil remediation
process. No interaction between zeolite and biochar was observed. The temperature of the pyrolysis process was
also found to be an insignificant parameter in terms of the biological results of the soil remediation.

Higher biomass production was observed in tall fescue and cocksfoot when zeolite was applied either alone
or in mixture with biochars. Zeolite used in the contaminated soil significantly affected root biomass and root
morphology parameters. Tall fescue and cocksfoot produced more roots when zeolite was used. Biochar as a
soil amendment did not affect most root morphometric parameters. The application of biochars only slightly
reduced the root diameter in cocksfoot. The root:shoot ratio was significantly higher in the control than in the
treatments with biochar and zeolite. This effect can be ascribed to the optimization of biomass allocation by plants
during environmental stress. It can be concluded that cocksfoot is a grass species that has greater resistance to
toxic metal contamination than tall fescue.
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