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Abstract: The phytoremediation ability of the energy cropsvidely known. Unfortunately, the possibility dfet
effective, safe and ecological way for treatmerghscontaminated plants is still unresolved. It éstplated that
one of such methods can be gasification - convergiocess of organic matter into a combustible rgagure.
This process is associated with the formation 6flsnd liquid waste products. The paper presd@gesults of
basic physico-chemical properties of solid (ashy Bguid (tar) waste products formed during theJyemetal
contaminated energy crops gasification. Plant \atitth was carried out with the modification: 1) R, K
fertilizer application and 2) inoculum made fronesjally selected microbial cultures applicationeTdasification
process was carried out in a laboratory fixed bedctor. Three types of energy crops were used:
Miscanthis x giganteus, Sida hermaphrodita, Spartina pectindthe experimental plots were established on
heavy metal contaminated arable land located irofy{southern part of Poland, Silesian Voivodshifhe
influence of the type of additives on the liquiddasolid waste products quality was analyzed. Tiselte show
that the addition of fertilizer (N, P, K) to soibases that zinc content in ash is higher in corsparto control
samples (biomass cultivated on soil without feréition). The opposite situation is observed fordle@he
application of the inoculum promotes the migratidread into solid. In both cases, the cadmium e&ohin ash is
lower than detection limits. In the case of targré is no significant impact of the additive apgtion on the
heavy tars content.
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Introduction

Energy crops are in the area of interest becausmultiple ways of advantageous
utilization. They can be used for biofuels (soliquid and gaseous) and biocomponents
production. Examples of commonly used plants @adix L., Miscanthusx giganteus
Spartina pectinataPanicum virgatumSida hermaphroditaRosa multiflorg[1].

In Poland, agro-biomass is not widely used, whichcdmes a reason for
underdeveloped cultivation techniques, lack of mdthof preventing crop diseases and
other detrimental external factors. That has atgmepact on the volume of production and
the quality of fuel. Other factors that affect ajm@afuel production are soil fertility, quality
of agricultural treatment and field preparatiorg(ewumber of weeds). However, the current
state of the Polish agro-energy sector gives nurmbepportunities for relatively easy and
quick progression.
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Energy crops utilization can be useful in more tbae field. Phytoremediation is one
of the techniques used for remediation of contatathareas. Soil contamination can be
found close to landfills, heavy-metal/oil industiyeas. There are energy crops which can
be grown on contaminated areas and have a potéatiatcumulate contaminants. The
reasonable method of contaminated biomass utibzasi gasification [2].

Gasification is a thermo-chemical conversion ofdsdtedstock into a gaseous fuel.
Because of the low amount of the oxidizer usedhérocess and the reducing atmosphere,
gasification prevents sulphur and nitrogen oxidagsion, also it is possible to accumulate
part of the contaminants in the solid residuesifi@aton is a way to utilize contaminated
biomass while useful syngas is produced. Syngasesastly low-calorific gases (depends
on the feedstock and gasification agent) that canufed in power boilers, industrial
furnaces, gas turbines or piston engines [3]. Besmasification gases, as a fuel that might
be received from local energy sources shows a gatantial as fuel for CHP plants [4, 5].
Combined heat and electricity generation in distdld energy systems with internal
combustion piston engines is a good option for llcoanmunities due to a relatively low
investment cost and the high efficiency of elediproduction. What is more, the market
of commercial solutions for low-calorific value g&s(e.g. biogas, syngas) is constantly
growing [6].

Werle shows [7] that it is possible to obtain a bostible gas from the gasification of
sewage sludge at a relatively high process effigieand low environmental impact.
However, it was found, that still unsolved problésnsolid and liquid waste products
generated during the process [8]. These producatsbeathe source of a variety of toxic
organic [9] and inorganic [10] substances. In thtudy the results of basic
physico-chemical properties of solid (ash) anditiqtar) waste products formed during the
heavy metal contaminated energy crops fixed beffiggtion process.

Feedstock and apparatus

In order to study the three plants were selectedcthus liscanthusx giganteu},
Virginia mallow (Sida hermaphrodita and CordgrassSpartina pectinata The field
experimental options include:

* 3 control plots (no additives),

» 3 plots with standard NPK fertilization, specifiorfeach of the species - two weeks
before planting ammonium sulphate and Polifoskauf@rAzoty Zaklady Chemiczne
"Police" S.A., Poland) were applied,

e 3 plots with commercially available microbial indem solution (EmFarma Plus,
ProBiotics Magdalena Gorska, Poland) - inoculum wapplied on rhizomes before
planting and on the leaves as aerosol in the midflleach month of the growing
season.

The test site is located in Poland in the Uppeesiin Industrial Region, on the
outskirts of Bytom - an industrial city about 15 Knom Katowice, in the proximity of
a shutdown large lead/zinc/cadmium works consistihghe ore mining, enriching and
smelting facilities. This metallurgical complex wamsoperation for more than 100 years
and contributed significantly to the contaminatadrthe local soils. During the last 30 years
the area was used for agricultural purposes. Rigctmt land has been used for grain crop
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farming, especially for wheat production. Soil @mination with lead, cadmium and zinc
in this area exceeds permissible limits for agtioall soil in Poland. The feedstock samples
is presented in Figure 1.

Fig. 1. Samples of gasified energy crops

Proximate analysis of the studied plants are ptesein Table 1 and the proximate
analysis in Table 2. The heavy metal concentraifcthe analysed feedstock is presented in
Table 3.

Table 1
Ultimate analysis of the analysed feedstock
Plants Carbon |  Hydrogen | Nitrogen | Oxygen | Sulphur
[% d.m,]

SH 46.2 £2.3 6.69 +0.33 0.430 +0.020| 46.5 +2.3 020001
SHypk 46.4 £2.3 7.22 +0.36 0.380 +0.019 458 £2.3 020001
SHerr 47.0+2.4 7.06 +0.35 0.300 +0.016 45.4 £2.3 020001

MG 46.9 £2.4 7.32 +0.37 1.380 +0.069 44.2 £2.2 0.20.001
MGnpx 455 +2.3 6.88 +0.34 1.130 +0.056 46.3 2.3 020001
MGere 46.5 £2.3 7.13 +0.36 1.490 +0.074 44.7 £2.2 020001

SP 46.7 £2.3 6.33 £0.32 0.320 +0.01§ 46.5 £2.3 @AMDO01
PnpSc 46.3 2.3 6.77 +0.34 0.380 +0.019 46.4 £2.3 020001
SR 47.0 £2.3 7.07 +0.35 0.590 +0.029 451 £2.3 020001

Legend: MG - Miscanthus x giganteus - control, MGpx - Miscanthus x giganteus - nutrients NPK,
MGerr - Miscanthusx giganteus- Em Farma Plus, SH Sida hermaphrodita- control, SHpex - Sida
hermaphrodita- nutrients NPK, Sk - Sida hermaphrodita Em Farma Plus, SPSpartina pectinata control,
SRk - Spartina pectinata nutrients NPK, SR - Spartina pectinata Em Farma Plus

Table 2
Ultimate analysis of the analysed feedstock
Plants Moisture | Volatiles | Ash
[% d.m.]

SH 9.8 +0.5 75.8 £3.8 2.740.1
SHuex 9.1 +0.5 76.9 £3.8 24+0.1
SHeer 9.4 +0.5 76.6 £3.8 4.8 +0.2

MG 8.6 +0.4 74.9 £3.8 5.5+0.3
MGnpx 8.3+0.4 76.5 +3.8 4.2 +0.2
MGees 8.2 +0.4 75.3+3.8 4.9 +0.3

SP 8.3+0.4 77.9#3.9 3.7+0.2
PneSk 8.4+0.4 77.5+3.9 3.4 0.2
SRre 9.5 +0.5 75.7 £3.8 3.4+0.2
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Table 3
Heavy metal concentration in analysed feedstock
Pb | cd | Zn
Plants fmg/kg dm]

SH N/A 6.1 +0.3 747 £37
SHupk N/A” 4.0 0.2 1024 +51
SHere 47.1+2.4 4.0 £0.2 543 +27

MG 232 +12 5.1 +0.3 571 +29
MGnpk 162.0 £8.1 3.9 £0.2 630 +32
MGerr 192.8 +9.6 4.6 +0.2 638 +32

SP 111.3 +5.7 0.9 +0.05 287 +14
SRipk 111.6 5.7 1.0 +0.1 295 +15
SRre 115.2 #5.7 1.1+0.1 367 £18

"N/A - not available

The heavy metal content in solid biofuels is retpdan EU by the European Standard
[11]. According to this document, the limits estabéd for heavy metal content in solid
biofuels are as presented in Table 4.

Table 4
Heavy metal content in solid biofuels accordingtb]
Heavy metal [mg/kg d.m.] Limit
Lead <10
Cadmium <20
Zinc <100

Comparing the results from the lab tests for bisreemples with the limits from the
table above, results the following conclusions:
- the lead and the zinc content in all biomass sasngkeeeds the limits established in
the standard,
- the cadmium content in majority of biomass sampbeseeds the limits established in
the standard.
The experimental study was conducted using laboratale fixed-bed gasification
facility [12]. The scheme of the installation isogimn in Figure 2.

as burner
fuel container A gas to analysis

gasifler

drop separator

scrubber

99998
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fiowmeter / £
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Fig. 2. Scheme of the gasification installation
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The main part of the system is a fixed-bed gasifigh the maximum weight of the
feedstock of 5 kg. The gasified material was feth ithe reactor form the fuel container
above. Gasification agent (air) was fed from thé&tdyo by pressure fan. Air flowmeter
allows to set the desirable air excess ratio ingasifier. Produced gas passes basic gas
cleaning equipment and the sample to analysiskentalhe internal temperature profile in
the reactor is measured by six thermoelementsddabng the vertical axis of the reactor.

There are four main zones in the reactor: dryingez(water is evaporated), pyrolysis
zone (thermal decomposition to volatiles and salidr), reduction zone (where main
combustible gas components are produced) and cdimbusone (where part of the
biomass is combusted to generate heat for endoithesactions).

Gasification process was carried out for six aicems ratios: 0.12, 0.14, 0.16, 0.18,
0.23, 0.27. The gas composition was measured. &hdts of this aspect was presented
earlier [2].

Additionally, after each gasification tests cometét ash and tar samples were
collected in order to performed analyses on heagtals content. In the Figure 3, example
of the tar samples is presented.

a) b)

~—=y =

Fig. 3. Analysed samples: a) ash, b) tar

Results of experimental investigation

The key findings demonstrate that gasification psscof heavy metal contaminated
biomass is characterized by a lower emission oé@as pollutants into the atmosphere
compared to combustion as most of the heavy métais biomass are moved into solid
products. Heavy metal content in tars was much laweomparison to ash. Taking into
consideration the results of the composition thkeas their potential land application
should be carefully analyseth Tables 5 and 6 the heavy metal concentratiothénash
and tar samples is presented.

Analyzing the content of metals in the ashes aftsification, we can see that the
maximum content of lead is for MG - 1342 mg/kg wh8H,px has the minimum value -
81 mg/kg. The cadmium concentration is less thah6<mg/kg for all ash samples. For
zinc, the maximum content was found for\gkl- 5805 mg/kg and the minimum content
was found for SRp- 1918.0 mg/kg.
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Table 5
Heavy metal content in ash samples
Pb Cd Zn
Plants fma/kg dm]

SH 171.0 +8.6 < 0.6 +0.03 2471 124
SHupk 81.QL +4.0 < 0.6 £0.03 5805+290
SHere 296 +15 < 0.6 +0.03 2370 +118

MG 1342 +67 < 0.6 +0.03 3308 +165
MGnpk 947 +47 < 0.6 +0.03 3603 +180
MGerr 1164 +58 < 0.6 +0.03 2909 +145

SP 599 +30 < 0.6 £0.03 2511 +126
SRpk 584 +29 < 0.6 +0.03 3003 +150
SR 477 24 < 0.6 +0.03 1918:96

In case of tar analysis, the content of metalfinashes after gasification, we can see
that the maximum content of lead is for SP sam@lel( mg/kg), while for MG@p the lead
content is the lowest (12.4 mg/kg). The maximunugabf cadmium concentration was
registered foMGgrp (5.17 mg/kg), while the minimum values (< 0.6 ng)/kvere found
for SHeep, MG and MGypx Ssamples. For zinc, the maximum content was foundSP -

225 mg/kg and the minimum content was 19.2 mg/kdiGypx.

Analyzing results presented in both tables it sttdu¢ concluded that most of the
heavy metals contained in the feedstock are trenesfeto solid products, not to liquid
phase.

In the case of Poland the first option is regulaited®oland by Decision of Polish
Ministry of Agriculture and Rural Development [13]he maximum level of heavy metals
in the fertilizers is 5 mg/kg d.m. for cadmium a0 mg/kg d.m. for lead. Analyzing the
content of lead in the ashes these requirements haen fulfilled only for ashes after
SHypk gasification.

Table 6
Heavy metal content in tar samples
Pb | cd | Zn
Plants fmg/kg d.m]

SH 46.0 2.3 2.910.2 100.0 £5.0
SHuek 80.0 +4.0 3.6 +0.2 184.0 £9.2
SHeee 34.2+1.7 0.60 +0.03 138.0 +6.9

MG 51.2 2.6 0.60 +0.03 39.6 2.0
MGnex 12.4, +0.6 0.60 +0.03 19p2+1.0
MGees 64.4 £3.2 5.2 40.3 221 +11

SP 91.1 +4.6 3.9+0.2 225+11
SRk 71.7 £3.6 1.6+0.1 174.0 #8.7
SRre 61.5 £3.1 3.840.2 177.0 +8.9

The other option considered is to use ashes aftsification as an amendment
improving soil quality at post-industrial areas.wver there is no direct regulation for
using ashes for improving post-industrial soil giyaBut in the case of Poland the quality
of the ashes (especially heavy metal content) canagsessed using Decision of the
Ministry of the Environment on Sewage Sludge [I#e maximum permissible levels of
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metals in sewage sludge used for non-agricultanad Ireclamation are 25 mg/kg d.m. for
cadmium, 1000 mg/kg d.m. for lead and 3000 mg/kg. dor zinc. Majority of the tested
ashes after gasification process met the standards.

Conclusions

Based on the investigation following general cosida can be drawn:
Phytoremediation is one of the techniques usedeimediation of contaminated areas.
The group of energy crops has taken into consiterdhclude native and foreign
species such as perennial dicotyledonous plaitta(hermaphrodifaand perennial
grass speciedMiscanthis xgiganteusandSpartina pectinata

Gasification has many more advantages than theiclasmbustion. It is characterized
by a lower emission of gaseous pollutants intoatmeosphere. Heavy metals from the
biomass are moved to the solid (not liquid) ph&ncentration of heavy metals may
be reduced after recovery of heavy metals fromdsptioducts, which will help to
protect the environment.

Heavy metal content in tars was much lower in caispa to ash.

Analyzing the possibility of the use ash as alfeel it should be emphasize that only
ashes after Sty gasification have been fulfilled the requirements.

Majority of the tested ashes after gasification cggs met the standards as an
amendment improving soil quality at post-industeegas.
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Abstrakt: Zdolng¢ fitoremediacyjna rdin energetycznych jest powszechnie znana. g@¥cijednak
niedostatecznie rozpoznanym problemem jestzlimos¢ efektywnego, bezpiecznego i ekologicznego
wykorzystania energetycznego takich zanieczyszazonglin. Postuluje si, ze jednym z takich sposoboéw e
by¢ zgazowanie, poleggie na przeksztatcaniu substancji organicznej wapalieszanin gazow. Niestety proces
ten wigze st z powstawaniem statych i cieklych produktéw odpagith. W pracy przedstawiono rezultaty bada
podstawowych wigciwosci fizyczno-chemicznych statych (popidt) i cieklty¢gemoty) produktow odpadowych
pochodzcych z procesu zgazowanialio energetycznych uprawianych na terenie zdegraagm ekologicznie.
Uprawa rdlin prowadzona byta z zastosowaniem modyfikacjegahcych na dodawaniu do gleby nawozéw (N,
P, K) oraz aplikowania szczepionki,¢dacej preparatem zimnym ze specjalnie dobranych kultur
mikroorganizméw. Proces zgazowania prowadzono wrktbryjnym reaktorze ze ztem statym. Wykorzystano
trzy rodzaje rélin energetycznych: miskanta olbrzymiedtazowca pensylwieskiego i spartya grzebieniast
Raosliny pozyskano z gruntdw ornych zanieczyszczonycktatami cgzkimi zlokalizowanych w okolicach
Bytomia na Gornynslasku. Zbadano wptyw rodzaju dodatku do gleby na jakmwstatego odpadu. Wyniki
pokazuy, ze dodatek nawozu (N, P, K) do gleby powodugew fazie statej po procesie zgazowania jestszs
zawartd¢ cynku w poréwnaniu z prgbkontrolrg. Odwrotna sytuacja obserwowana jest w przypadkwiot
Aplikacja szczepionki sprzyja z kolei agianiu otowiu, a utrudnia wzanie cynku. W obu przypadkach zawééto
kadmu w popiele jest poza gragioznaczalnéci. W przypadku smoét nie moa stwierdat istotnego wptywu
rodzaju dodatku do gleby na zawattonetali cizkich.

Stowa kluczowe:zgazowanie rédin energetycznych, metaleggkie, smoty, popi6t



