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1. Introduction
1.1.

Focus

In the Netherlands, sewage sludge contains zinc and copper in contents that exceed legislative norms
for dispersal in the environment (Table 1) 1. This is currently a reason for disposal by incineration.
However, sewage sludge is typically highly nutritious for plant growth: not just in terms of zinc and
copper, but for a whole range of elements (Table 2) 2–4. Comparing these two tables, it becomes clear
that some excess elements are also nutrients, while others are of no use for plants, nor for human
consumption. Sewage sludge has a long history in agriculture for improvement of soil fertility and
structure. However, due to the increased contents of heavy metals, the rising awareness on health
and environment, and the improved chemical analysis techniques, agricultural use for sewage sludge
was prohibited in the last century. Ever since, sewage sludge has become cleaner in terms of heavy
metals. However, sewage sludge application in agriculture can still cause health problems through
cadmium toxicity: agricultural plants accumulate and tolerate cadmium better than humans, whereas
the other toxic metals in sewage sludge, such as tin, copper, and lead, are either not problematic in
this regard, or not present in problematic amounts 5–9.

Table 1. Sewage sludge metal contents are averages in composted sewage sludge (biogranulate) over 2015. Their values are
compared to their legislative norms, all in in mg/kg dry weight.
Sewa ge s l udge metal contents compa red to l egi s l a tive norms for a gri cul ture a nd i ndus try
s l udge
(mg/kg)

a gri cul tura l s oi l

i ndus tri a l s oi l

a vera ge

norm

s l udge exces s

norm

s l udge exces s

As

8.3

20

-12

76

-68

Ba

194

190

4

920

-726

Cd

1.3

0.6

0.7

4.3

-3

Co

5.6

15

-9

190

-184

Cr

45

55

-10

180

-135

Cu

520

40

480

190

330

Hg

1.15

0.15

1.0

4.8

-4

Mo

8.5

1.5

7.0

190

-182

Ni

29

35

-6

100

-71

Pb

112

50

62

530

-418

Sb

5.2

4

1.2

22

-17

Sn

31

6.5

25

900

-869

V

19

80

-61

250

-231

Zn

1458

140

1318

720

738
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The legal constraint of copper and zinc content (Table 1) is in fact only an issue in the Netherlands,
and is rather related to the Dutch overproduction of manure. Therefore, solving the health-related
problem of cadmium may allow for reusing sewage sludge for agriculture. Using green technologies
to solve the cadmium problem minimises costs for society and the environment. However, toxic
amounts zinc, copper, or other compounds in undiluted sewage sludge could obstruct green
technologies. Therefore, the focus of this research is threefold: (1) to test the growth of plants and
earthworms on sewage sludge, (2) to measure the uptake of zinc, copper, and cadmium from sewage
sludge by plants (phytoextraction), and (3) influencing metal bioavailability in sewage sludge through
microorganisms in historically metal-polluted soil, and by adding earthworms.

1.2.

Biogranulate as an ecosystem

Biogranulate is a biological end product made from municipal sewage sludge, and its production
process primarily consists of composting incoming municipal sewage sludge for 60 days on average,
at approximately 70 °C 10. This long-term hot composting makes that biogranulate meets hygienic
standards for agriculture (unpublished data, GMB). After composting, biogranulate roughly contains
equal parts of water, organic matter, and minerals. Evidently, the metal contents of biogranulate do
not prevent biological composting up to this extent. The potential toxicity of the metals might be
alleviated by the high nutrient contents in biogranulate (Table 2) 2–4. However, as the sewage sludge
organic matter content falls during the composting, all levels of non-degradable compounds in
sewage sludge rise relatively, which might prevent further composting. Such a composting threshold
is observed by biogranulate producers, and might be due to interactions of metals with organic
matter 11, due to the completed consumption of easily-degradable organic matter, toxic metal levels,
osmotic problems, or a combination of these. Still, under open air conditions in the Netherlands,
pure biogranulate can support plant growth (personal communication, GMB), demonstrating that
biogranulate metal contents are not acutely toxic, and that soil formation on biogranulate is possible
12,13
. For an experiment, a pre-treatment of biogranulate might be necessary, for example by
mimicking open air processes.
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Table 2. Plant nutrient requirements are averages, biogranulate content is measured in December 2015, all on dry-weight
basis. Some listed nutrients just enhance plant growth or resilience. The last column indicates per nutrient how much kg
plant biomass (DW) can be grown per kg biogranulate (DW); blue indicates relative nutrient excess, and red indicates
relative deficiency. The nutritional value of biogranulate for plants can be further increased by adding elements according
to Liebig’s Law of the Minimum: first potassium and selenium, then boron, and so on.

Typi ca l pl a nt nutri ent requi rement compa red to bi ogra nul a te content
nutri ent requi rement

bi ogra nul a te content

requi rement / content

(mg/kg)

(mg/kg)

(-)

N

15000

47000

3.1

K

10000

5123

0.5

Ca

5000

38231

7.6

Mg

2000

8485

4.2

P

2000

52000

26.0

Si

1000

5900

5.9

S

1000

17314

17.3

Cl

100

2923

29.2

Fe

100

46231

462.3

Mn

50

575

11.5

B

20

33

1.6

Zn

20

1431

71.6

Na

10

3250

325.0

Se

10

4.5

0.5

Cu

6

519

86.5

Mo

0.1

8.5

85.0

Co

0.1

5.6

56.0

Ni

0.05

29

580.0

1.3.

Phytoextraction

Phytoextraction refers to using plants to extract substances, usually metals, from the plants’ growth
medium. Phytoextraction is a promising technique for its potential efficiency in recovering toxic or
even valuable metals, which is also called phytomining 14,15. For phytoextraction, high metal yield per
area per time is essential. This requires strong metal accumulation in plant tissue – preferably in
above-ground tissue for easy harvesting – as well as high biomass production and fast growth. Some
plants accumulate and tolerate extreme amounts of some metals in their above-ground tissues; over
100 times more than other plants do. Some of these plants only do so when these metals are
bioavailable in the soil solution; these plants are called (hyper-)bioindicator plants 16. Other plants
actively acquire and accumulate metals 17,18. Such a metal-accumulating plant is called a
hyperaccumulator plant, or hyperaccumulator 19. The combination of strong metal accumulation with
high biomass production and fast growth in a single plant allows for an economic and
environmentally friendly way to extract metals. Extracting problematic metals from composted
sewage sludge (biogranulate) could pave the way to the safe reintroduction of sewage sludge in our
environment, and perhaps even to application in agriculture.
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Only some metal-accumulating plants grow sufficient biomass in a short enough time to allow for an
economically feasible extraction of metals 15,20. Unfortunately, most metal-accumulating plants from
Europe just do not grow enough biomass for time-efficient phytoextraction 18,21. Alternatives to local
species are exotic plants or transgenic plants 22,23, both with the risk of an uncontrollable outbreak of
plants or genetic material 24. However, even if exotic or transgenic plants would be allowed for
phytoextraction of metals, success is not guaranteed: the biogranulate itself might be a limiting
factor in plant growth or metal uptake. Still, phytoextraction of some metals from biogranulate is
theoretically feasible in the Netherlands (Table 3) 19,25,26. The table below calculates the maximum
thickness of a biogranulate layer that would allow phytoextraction of a metal up to its legal norm in
one Dutch growing season. The calculations are based on hyperaccumulator metal contents of wild
type extremes, 1 kg DW plant biomass production per m2, and 500 kg DW biogranulate per m3.

Table 3. Calculating how thick a layer of composted sewage sludge (biogranulate) can be to enable hyperaccumulator plants
to extract enough metals out of the biogranulate in 1 year to allow for sludge dispersal in the environment. Biogranulate
contents are averages over 2015.
How thi ck a bi ogra nul a te l a yer ca n phytoextra cti on cl ea n of Cd, Cu, & Zn wi thi n a yea r?
concerni ng a gri cul tura l s oi l l egi s l a ti on
content i n
bi ogra nul a te

hypera ccumul a tor
content

(mg/kg DW)

(mg/kg DW)

1.3

3600

Cd

norm

exces s i n
bi ogra nul a te l a yer
bi ogra nul a te
thi cknes s

(mg/kg DW) (mg/kg DW)
0.6

(m)

concerni ng i ndus tri a l s oi l l egi s l a ti on
norm

exces s i n
bi ogra nul a te l a yer
bi ogra nul a te
thi cknes s

(mg/kg DW) (mg/kg DW)

(m)

0.7

10.29

4.3

-3

-

Cu

520

890

40

480

0.004

190

330

0.005

Zn

1458

28000

140

1318

0.042

720

738

0.076

1.4.

Metal bioavailability

Often, plant growth or plant metal uptake is not limited by the presence of the compounds, but
rather by their availability to a plant 19. This phyto- or bioavailability can be explained chemically, by
attributing metals to different pools in the soil 27,28. These pools range from the metals in soil
solution, the metals adhered to clay minerals or organic matter, up to metals in the mineral phase,
that only become bioavailable by weathering. Bacteria can weather minerals and raise metal
availability by excreting specific ligands such as siderophores or chalkophores 29–31. In contrast, dicot
plants do not excrete ligands, but excrete organic acids and lower pH in the soil to gain access to
metal nutrients 32,33. A change in pH is therefore an indicator for plant efforts at increasing metal or
general nutrient availability. Another strategy to access nutrients, used by plants as well as fungi, is
to size up and spread; plants and fungi grow underground networks and transport elements across to
meet local needs 34,35. Metal bioavailability differs per growth mechanism, lifestyle, and through
biochemical traits of organisms. In other words: metal bioavailability varies per genotype 36,37.
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The accumulation of metals in hyperaccumulator plants is not what is expected, based on what other
plants accumulate under similar conditions. Whether this difference is through biochemical
processes or by interactions with other organisms, hyperaccumulator plants are supposed to be
indifferent to the concentration of their target metals in soil solution 17,38,39. Still, in phytoextraction
agronomy, increasing metal bioavailability is considered to be worthwhile 20,40–43, as resources spent
on metal mobilisation cannot be spent on growth. Regarding metal mobilisation from organic matter,
a helpful conceptual model is presented by Simpson et al. 11 (Figure 1). This model incorporates, in
organic matter’s physical structure, the stabilising effect of multivalent metal ions on the structure of
organic matter 44. This model could, as well as it applies to forest litter 35, apply to sewage sludge. For
biogranulate, this model can explain the high content of organic matter after long-term hot
composting, as well as the low extractability of metals from biogranulate.

Figure 1. A and B are conceptual models of organic matter 11. B is the model first visualised by Simpson et al. and depicts
metal ions (red spheres) as linking factors between different kinds of organic matter: the brown units represent lignin, the
blue blocks polypeptides, in black are the polysaccharides, and in green aliphatic chains. As in forest litter, described by
Clarholm & Skyllberg, the organic matter in biogranulate may be hard to degrade due to the metals that bind it. And these
metals, after being freed through organic matter degradation, may dissolve and have adverse effects on the degrader, i.e.
the microorganism.

1.5.

Metal mobilisation

Earthworms increase microbial activity 45, which can accelerate the degradation of organic
compounds, including pollutants. Perhaps also through this process, earthworms contribute to
reducing sewage sludge mass 46,47. A reduction in biogranulate mass will relatively raise metal and
nutrient contents, but perhaps more important: if earthworms digest organic matter, such as
biogranulate, the structure of organic matter aggregates changes (Figure 1), so that new ions can be
dissolved in soil solution 48. Indeed, earthworms often increase the solubility or bioavailability of
metals in soils 49–55, and generally increase metal uptake by plants 56. For phytoextraction, this is as
relevant as the fact that earthworms generally increase plant biomass production 57, and that they do
so as well on pure, non-composted sewage sludge 58.
8

Another proven method to amend plant metal uptake, is to spike soils with microorganisms, an
approach also known as bioaugmentation 59,60. Bioaugmentation adds, inter alia, arbuscular
mycorrhizal fungi to the growing substrate, which are known to change metal uptake by plants 61,62.
This is relevant for biogranulate, as due to the hot composting in the production process, the
microorganisms in biogranulate are not likely rhizosphere-associated microorganisms. Regarding the
plant growth on biogranulate, observed under open air conditions, certain processes like the natural
arrival of mycorrhiza, can occur naturally. In experimental conditions, this process is preferably
controlled by spiking the biogranulate.
To see the effect of metal contents in biogranulate, metal contents can also be raised in the sludge. A
subsequent rise in metal bioavailability could be measured in raised metal content in bioindicator
plants. In order to prevent unrealistic metal concentrations in the soil solution and concomitant
unrealistic bioavailability 19,56, adding historically polluted, metal-contaminated soil of different
sources is preferred over adding metal solutions. Considering the theoretical concept by Simpson et
al. (Figure 1), the combination of increased metal contents and added microorganisms can perhaps
balance each other out in organic matter degradation, if the added metals bind the organic matter
sufficiently. Growing metal-accumulating plants on biogranulate changes this: by extracting metals
from the biogranulate, more organic matter becomes available for degradation. A different pattern
of interactions could arise by adding a metal that is not accumulated by the plants used in this
experiment.

1.6.

Research questions

From this research’s focus on growing plants and earthworms on biogranulate, on phytoextraction,
and on mobilising metals in biogranulate, the following four research questions unfold:
1. Which treatment of biogranulate is required to allow plant growth on pure biogranulate?
2. Which treatment of biogranulate is required for earthworms to survive and reproduce?
3. What are the best plant species for phytoextraction of cadmium, copper, and/or zinc on
biogranulate?
4. To what extent does the addition of metal-contaminated soil with adapted microorganism
communities improve phytoextraction from biogranulate?

9

2. Materials & Methods
2.1.

Experimental framework

To be sure of the suitability of untreated biogranulate for phytoextraction, both plant root
development and earthworm survival are tested. Test results and the untreated biogranulate are
analysed, and based on the results of both, a kind of pre-treatment is selected. Different variants of
this pre-treatment are again tested for plant root development and earthworm survival, and the test
results and the analysis of the pre-treated biogranulate variants together indicate which pretreatment probably yields the best results for phytoextraction. Finally, after phytoextraction, the
rhizosphere biogranulate of the phytoextraction experiment is tested for earthworm survival. Figure
2 schematically represents this sequence of experiments.

Figure 2. Experimental framework. Plant growth and earthworm survival are tested on untreated biogranulate. Test
outcomes are analysed, indicating a kind of pre-treatment. Different variants of pre-treated biogranulate are tested, and
the outcomes point out a suitable pre-treatment of biogranulate for phytoextraction. After phytoextraction, earthworm
survival is tested in the rhizosphere biogranulate of the phytoextraction experiment.

2.2.

Untreated biogranulate

Biogranulate comes from a sewage sludge treatment plant in Tiel, the Netherlands, ran by Groep
Midden Betuwe (GMB). The biogranulate used in this experiment is produced between October and
December 2015. Biogranulate is characterised for elemental contents (Table 1 & 2), and recently also
for agricultural hygiene standards, e.g. E. coli content. Biogranulate meets these standards
(unpublished data, GMB). Untreated biogranulate smells of ammonia, indicating anaerobic processes
and a nitrogen surplus.
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2.3.

Plant species

To test pure composted sewage sludge (biogranulate) as a growth substrate for plants, as a medium
for phytoextraction, and to test the interspecific differences regarding metal bioavailability, it is
necessary to select multiple plant species with different traits, inter alia regarding metals (Table 4).
By growing plant species with different growth styles, biogranulate is tested as a growth substrate.
The suitability of biogranulate for phytoextraction is tested by growing hyperaccumulator plants. To
test metal bioavailability of cadmium and zinc, both metal hyperaccumulator species and metal
hyper-bioindicator species are used. For copper, this has proven more of a challenge, as the sheer
existence of copper hyperaccumulators is debated 19,25,39,63.
Table 4. List of used plant species in this research; both Latin and colloquial names are given. Special traits (metal
characteristic) regarding metal uptake or tolerance was a selection criterion. Details of the genetically modified plants
(GMO) are written below.

species
Aeolanthus parvifolius
Arabidopsis thaliana
Eleocharis acicularis
Gomphrena claussenii
Nicotiana tabacum
Noccaea caerulescens
Sedum alfredii

colloquial name
pink spur bush
thale cress
needle spikerush
cultivated tobacco
Alpine penny-cress
-

GMO
no
yes
no
no
yes
no
no

metal characteristic
high copper tolerance 64–66
increased copper accumulation 67
suspected copper hyperaccumulator 68–70
zinc & cadmium hyper-bioindicator 71,72
increased zinc & cadmium accumulation 73
zinc & cadmium hyperaccumulator 21,26
zinc & cadmium hyperaccumulator 74

Plant specimens were obtained as follows: Aeolanthus parvifolius was sent by Ernst van Jaarsveld,
curator at the Kirstenbosch Conservatory; Arabidopsis thaliana seeds were sent by Eloísa Pajuelo,
Professor Microbiology at the Universidad de Sevilla, Spain; Eleocharis acicularis plants, after
communication with the Sakakibara Masayuki Laboratory, Ehime University, Japan, were bought in a
Dutch gardening centre; Gomphrena claussenii, Nicotiana tabacum, Noccaea caerulescens, and S.
alfredii were provided by the Laboratory of Genetics, Wageningen University and Research.
The genetically modified A. thaliana used in this research is, compared to wild type, more tolerant to
intracellular copper and shows a 5 times increased copper accumulation, by expressing the copC
gene from Pseudomonas sp. Az13 under a CaMV35S promoter 67. The genetically modified N.
tabacum used in this research accumulates more cadmium than the wild type, by expressing the
ZNT1 or ZNT1+MTP1 genes from N. caerulescens (Ganges ecotype) under a CaMV35S promoter 26,
and both are used, in addition to their non-transgenic clone is used.
The plants A. parvifolius, G. claussenii, and S. alfredii first grew on commercial potting soil in the
greenhouse, and their cuttings are planted directly in biogranulate (Figure 3). N. tabacum is grown in
vitro, and directly transplanted to biogranulate. A. thaliana and N. caerulescens seeds are put
manually both on top of, as well as within the top 3 cm of the biogranulate, after seed dormancy is
broken by a cold period (4 °C for 10 days). E. acicularis grass is multiplied by vegetative growth on
commercial potting soil, cut short for roots and shoots, and transplanted as a layer of grass (Figure
3).
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Figure 3. Clockwise, starting upper left: (A) Gomphrena claussenii; (B) Aeolanthus parvifolius; (C) Sedum alfredii; and (D) the
grass Eleocharis acicularis. E. acicularis was transplanted as a layer, while the other plants in this figure were planted into
biogranulate as cuttings. All photographed pots contain approximately 3 L biogranulate.

E. acicularis is a water-logging tolerant grass, spreading mainly vegetatively. N. tabacum is an annual
plant, able to grow fast and tall, and deterring herbivores by producing toxins. N. caerulescens and A.
thaliana are both cresses, not growing considerable biomass. A. thaliana has a fast, tolerant lifestyle,
reproducing within months, whereas N. caerulescens takes more time to reproduce, meanwhile
resisting biological attacks with high metal contents in shoots and leaves 75–79. This strategy is also
used by S. alfredii and G. claussenii, and both these species are drought-tolerant, although through
very different mechanisms: S. alfredii can prevent evaporation, whereas G. claussenii develops a very
efficient root system. Both plants are shrubs, like A. parvifolius, although G. claussenii grows in a
thinner fashion than the other two. A. parvifolius and S. alfredii contain more water in their shoots
and leaves than G. claussenii does.
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2.4.

Earthworms

The earthworm species Eisenia foetida is an epigeic worm species, feeding on decaying organic
matter. This species is suitable for this experiment for the following three reasons: 1) This species is
proven to be able to live in sewage sludge 58. 2) E. foetida is tolerant to high metal contents in
substrates rich in organic matter 80,81. 3) This species is well-characterised and relatively easy to
handle. E. foetida earthworms were bought from commercial dealers in the Netherlands, transported
within two days, and stored with feed at +4 °C. Individuals are handled with wetted plastic gloves,
and selected for activity, adult size, intact skin mucus, and healthy colour.

2.5.

Spiking for metal mobilisation and bioavailability

The biogranulate is spiked with soils that are historically and heavily polluted with metals (Zn, Cu, Cd,
and Pb). Soil samples are added from copper-polluted agricultural fields and from a zinc-polluted
grassland, to enrich biogranulate with microorganism communities adapted to metal pollution; these
soils have comparable metal contents as biogranulate, while sustaining plant growth long-term. A
heavily Pb- and Cd-polluted soil is added to increase total and bioavailable Cd and Zn contents in the
sludge, as Pb outcompetes Cd and Zn for OM metal binding sites 82–85. The soils added for their
microorganisms are sampled as short as possible before spiking and stored at +4 °C until use.
Soil samples originate from the following three locations: (1) The topsoil of the long-term
experimental, agricultural field Wildekamp, in Wageningen, the Netherlands, coordinates: N
51°59’34.8”, E 5°40’15.9” 86,87. In the Wildekamp, the pollution is applied on the topsoil, over 30
years ago, as 250, 500, or 750 kg Cu per hectare, in plots with varying pH. All polluted plots were
sampled, and samples were mixed. (2) Rhizosphere soil is added from a meadow in De PlateauxHageven¸ Belgium, coordinates: N 51°14’86.4”, E 005°24’50.4”. Here, the metal pollution consists of
860 ppm Zn and 10 ppm Cd, stabilised with sewage sludge 88. (3) Heavily polluted soil from Poland,
originating from an abandoned smelter site between Bytom and Piekary Ślaskie 89. The polluting
contents are 9700 ppm Pb, 540 ppm Cd, and 11500 ppm Zn.
Of the three soils mentioned above, 0.5 kg dry weight is added to 48.5 kg dry weight biogranulate.
This changes the organic matter content on dry weight basis from 52.9% to 51.7%. Both percentages
are averages, and biogranulate is not a perfectly homogenous substance. As biogranulate and the
three soil samples are mixed by a cement mixer, perfect mixing is also not guaranteed, especially as
the mixing eventually destroys the granular structure of biogranulate. Therefore, organic matter
levels are prone to slight differences within and between pots. Regarding metal contents, the
calculated changes caused by spiking are: 1650 ppm Zn to 1720 ppm Zn; 640 ppm Cu to 620 ppm Cu;
1.7 ppm Cd to 7.1 ppm Cd; 140 ppm Pb to 230 ppm Pb. Considering chemical theory for
bioavailability, these metal content changes should be reflected in increased bioavailability of all
metals, as the organic matter content is slightly lowered, and Cd and Cu bioavailability should be
increased relatively more: Cd due to a plain increase in content, and Cu bioavailability due to
increased competition with Pb 28,82,84.
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2.6.

Experimental design

Species tested in the growth experiments are G. claussenii, A. parvifolius, S. alfredii, and N. tabacum.
6 plant cuttings per species are directly planted in biogranulate, 3 per pot. By using larger pots,
drought stress for the plantlets is reduced. By growing 3 plant cuttings per pot, the growth test
results are more robust. The collective fresh weight of the plant cuttings per pot is measured before
and after the experiment, and root development is checked and photographed. For testing the
different treatments, pots containing potting soil are added as a reference.
For earthworm tests, biogranulate is added to cylinder-shaped pots, in such manner that half of the
bottom of each pot is covered, to allow earthworms to choose to be inside or outside of the
substrate. Earthworms are gently placed next to the biogranulate mound. Entering the substrate is
regarded as a positive indicator, whereas survival and reproduction count as an affirmation of
substrate suitability. Five earthworms are added per pot, and two pots of biogranulate are tested per
treatment. For every test, pots containing potting soil are added as a reference.
All plant species are tested with three pots, and all pots contain at least two individuals, based on
expected growth rate and plant cutting mortality as established by plant growth tests. The plant
species A. parvifolius and G. claussenii, as well as A. thaliana and N. caerulescens, are grown mixed,
as well as separately, to compare the effects of co-cropping in terms of relative yield total and metal
extraction.
The pots used have 4 L volume, 0.19 m diameter at the top, 0.18 diameter where the biogranulate
starts, and 0.15 m diameter at the bottom, all measured from the inside. Approximately 3 L
biogranulate is added to each pot, filling the first 0.14 m of each pot in height. For each species, plant
cuttings of similar size and equal internode numbers are planted at equal distances from each other
and from the pot edge. For root development, pots containing plant cuttings are placed in a chamber
with temperature between 25 and 30 °C. Usual greenhouse temperatures are between 15 and 35 °C,
depending on the season. The phytoextraction experiment starts at the 16th and 17th of March 2016,
and ends on the 29th and 30th of June 2016, lasting for 106 days or 15 weeks. Meteorological data of
this period can be found at the website of the Royal Dutch Meteorological Institute
(http://www.knmi.nl/nederland-nu/klimatologie/maand-en-seizoensoverzichten/).
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2.7.

Sampling and sample treatment

At the end of the experiment, every pot is harvested for
above-ground plant parts, separately per plant individual.
The biogranulate is sampled per pot in three distinguishable
layers (Figure 4): the top layer, in which no roots grow, and
which can be shaken off the pot loosely; the root zone or
rhizosphere, which is collected by pulling out the roots
entangling a clod of biogranulate, and separating the
biogranulate from the roots; and the water-saturated pot
bottom. All the above-ground plant parts, separately per
plant individual, are analysed for fresh weight and dry
weight, and for Zn, Cu, and Cd content. Every biogranulate
sample is analysed for pH, organic matter content, moisture
content, total Zn and Cu content, and bioavailable Zn and Cu
concentrations in extraction.
All samples were sent to the Grupo de Investigação em
Ambiente e Sociedade, of the Escola Superior Agrária,
Portugal (http://www.cernas.org/team/environment-and- Figure 4. Schematic representation of two different
plant species growing in biogranulate-filled pot. Red
society-research-group/). Total metal content of plants and circles demark the harvested or sampled parts: 1, 2,
biogranulate was determined by Aqua Regia destruction, & 3 are sludge samples of respectively the top layer,
followed by atomic absorption spectroscopy (AAS) analyses, rhizosphere, and water saturated bottom; 4 encircles
the aboveground plant tissues, which are harvested
calibrated with standardised samples. Bioavailability of Cu and analysed separately per plant individual.
and Zn was determined from ‘fresh’ biogranulate, which is
neither dried nor sieved, as drying and rewetting biologically active soils changes metal
concentrations in soil solution extracts 90,91. Fresh biogranulate samples were shaken for 1 hour, then
filtered to exclude solid particles, and measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES), calibrated with standardised sewage sludge samples.
The pH of biogranulate samples is measured from a mix of 5 g fresh weight biogranulate and 25 mL
of 1 M KCl in 50 mL Greiner tubes. As explained above, these samples are neither dried nor ground,
only shaken for 1 h, then left standing for 2 hours, then quickly shaken again before measuring. For
organic matter analysis, samples are first dried in a stove at 105 °C, measuring wet weight before,
and dry weight afterwards, and then by slowly heating the samples up to 400 °C. Samples are
weighed subsequently.
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3. Results
3.1.

Screening for a pre-treatment

As mentioned previously, untreated biogranulate supports plant growth under open air conditions.
Whether this is result of biogranulate traits, or also due to weather influences, is worth testing
(Figure 5). On untreated biogranulate, plantlets with developed roots, as well as plant cuttings of
species Sedum alfredii, Aeolanthus parvifolius, and Gomphrena claussenii are inserted, and tobacco
plantlets with developed root systems are transplanted. Earthworm survival and reproduction are
also tested on untreated biogranulate, with earthworm model species Eisenia foetida.

Figure 5. Experimental framework, with a colour focus on the method to find the right pre-treatment for plant and
earthworm growth on biogranulate.

None of the plant cuttings planted in biogranulate survived to develop roots; S. alfredii, A. parvifolius,
and G. claussenii all died within two weeks. Tobacco plantlets survived somewhat longer, although
without growing, whereas the control tobacco plants on potting soil did grow (Figure 6). The five
earthworms applied to untreated biogranulate all died within an hour, while in that timeframe no
casualties occurred in the control earthworm population (>500 earthworms). As the earthworms on
biogranulate all shrivelled in the moistened biogranulate, their death cause is likely dehydration by
osmosis. This observation matches with the measurement of the electrical conductivity (EC), a proxy
of total salts in the soil solution: the EC1:5 of biogranulate is approximately 16 dS*m-1, a value that can
also be measured in brackish soils. And brackish soils usually support adapted flora. Clearly, the
tested plant species are not adapted to grow on untreated biogranulate.
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Figure 6. Photographs of growth tests on untreated biogranulate. The left photograph is taken on 1st day after planting the
cuttings, and the letters are attributed to the following species: A for G. claussenii, B for A. parvifolius, and C for S. alfredii.
The right photograph is taken 21st day. The remains of tobacco plantlets are barely visible inside the two circles next to the
letter D, whereas the control plantlets on potting soil grew out to be the lush green tobacco plants left of the two circles.

3.2.

Testing pre-treatments

To countereffect the high salinity of untreated biogranulate, biogranulate is flushed with tap water in
a 450 L container. After stirring and some short sedimentation, the coffee-brown water is pumped
out. Expectedly, different ratios of biogranulate to tap water can influence the suitability of treated
biogranulate for plant growth and earthworm survival. Therefore, the different products of the
biogranulate pre-treatment are to be tested, and compared, in terms of plant growth and earthworm
survival (Figure 7). The results of the earthworm survival test are presented below, as well as the
results of the pre-treatment analysis (Table 5) and the plant cuttings growth test (Table 6).

Figure 7. Experimental framework, with a colour focus on finding the right pre-treatment of biogranulate, by testing
different ratios of biogranulate to tap water, by means of comparing plant growth and earthworm survival.
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The desalinated biogranulate treatment products have different electrical conductivity (EC) values
(Table 5), due to different ratios of biogranulate to tap water in the flushing process, or due to
repeated flushing. For example: desalinated biogranulate A is obtained by filling a container with 22
kg DW biogranulate, and with 440 L tap water; type B is obtained by filling a container with 8.4 kg
DW biogranulate and with 340 L tap water; and C is obtained in a similar fashion as A, but then
flushed twice. Comparing the performances of plant species over the different biogranulate
treatment products (Table 6), it becomes clear that the test results for the desalinated biogranulate
with EC = 1.8 dS/m are not in line with the other biogranulate treatment products. Rather than the
EC, the flush ratio decides the suitability of desalinated biogranulate for plant growth and root
development.

Table 5. Flush ratio (kg DW biogranulate: L tap water); EC (dS/m), bulk density (kg/L) The change in bulk density is caused by
the increased water content after flushing. Bulk density and pH data lack for types A-D, as the best performing desalination
type was already selected at the time of further characterisation.
Cha ngi ng bi ogra nul a te properti es over des a l i na ti on trea tments
des cri pti on

fl us h ra ti o

ti mes fl us hed

EC1:5

pH

bul k dens i ty

7.88 ± 0.15

1.25

7.77 ± 0.02

0.74

A

bes t pre-trea tment

1:20

once

2.2

B

wors t pre-trea tment

1:40

once

1.8

C

medi ocre pre-trea tment

1:20

twi ce

0.7

D potti ng s oi l control

n.a .

n.a .

2.0

O untrea ted bi ogra nul a te

n.a .

n.a .

16.4

All plants developed better in potting soil than in any tested type of treated biogranulate (Table 6).
Flushing biogranulate with to tap water ratio of 1:40 delivers a less suitable product than flushing
once or twice with a 1:20 ratio. The negative biomass change numbers of the plant cutting growth
test are due to shrinking by desiccation, through slow or even absent root development (Figure 8).
For S. alfredii, on average no biomass increase is observed on desalinated biogranulate, in sharp
contrast to the results on potting soil. A. parvifolius and G. claussenii both did not develop well in the
desalinated biogranulate with EC = 1.8 dS/m, with flush ratio 1:40. And S. alfredii developed worst in
this treatment product as well. Of the three tested biogranulate treatment products, the treatment
product with EC = 2.2 dS/m, which was flushed once with ratio 1:20, had the most acceptable results
for plant cutting development of species A. parvifolius, G. claussenii, and Sedum alfredii. For the
phytoextraction experiment, this treatment is therefore the most suitable regarding plant growth
from cuttings.

18

Table 6. Values (𝑥̅ ± SD, n = 6) are mass changes (g), over 17 days. The letters correspond to the letters in Table 5 and Figure
8. Flush ratios: DW biogranulate (kg) to tap water (L), EC: electrical conductivity.

Pl ant growth tes t on bi ogranul ate types and on a potti ng s oi l control
A

B

C

D (control )

A. parvifolius

1.93 ± 0.16

-0.13 ± 0.37

1.53 ± 0.13

12.70 ± 0.17

G. claussenii

3.52 ± 0.45

-0.07 ± 0.54

1.58 ± 0.28

8.62 ± 1.19

-0.07 ± 0.70

-0.88 ± 0.20

-0.22 ± 0.14

9.60 ± 1.82

S. alfredii

While no earthworm mortalities occurred in the potting soil control group (>200 earthworms), in all
the three tested biogranulate treatment products mentioned above, five out of five Eisenia foetida
earthworms died. Desalinated biogranulate is thus not considered suitable for worm growth.
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Figure 8. Photographs of the plant cuttings after 17 days. Photographs marked with letters A, B, and C are made respectively of plant cuttings grown on
biogranulate with EC = 2.2 dS/m, 1.8 dS/m, and 0.7 dS/m. Photographs with letter D are made of plant cuttings grown on potting soil, the control medium. On
the upper row: species Gomphrena claussenii, in the middle: Aeolanthus parvifolius, and below: Sedum alfredii. Positive changes in plant cutting biomass
(Table 5), correspond with root development, which is almost absent in the cuttings planted in the biogranulate with EC = 1.8 dS/m.
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3.3.

Effects of flushing for desalination

Desalination is a necessary pre-treatment of biogranulate to allow plant growth. Flushing with tap
water brings down the electrical conductivity of biogranulate, reducing the osmotic stress, but also
changing other aspects of biogranulate. Firstly, the water content of flushed biogranulate, after
dripping and leaking on geotextile (Figure 9), is approximately 62% of the fresh weight, compared to
38% after production. Secondly, flushing removes organic matter (Figure 9) and metals from
biogranulate (Table 7). Thirdly, the scent of the biogranulate changes: after flushing, biogranulate
smells less like ammonia, and generally more pleasant.

Figure 9. Photographs of biogranulate flushing for desalination. On the left, the 450 L flushing container with an immersion
pump removing the flushing water. The dark colour of the flushing water indicates dissolved organic matter. On the right,
flushed (treated) biogranulate rests on geotextile to reduce water content through dripping.

Table 7. For values in the upper row: 𝑥̅ , n = 3. All metals lose a similar fraction, which does not relate to solubility
differences between these metals.

Metal s removed from bi ogranul ate by fl us hi ng (1:20) for des al i nati on
Cd

Cu

Zn

i n untreated bi ogranul ate

(mg/kg)

1.3

520

1600

concentrati on i n 20 L fl us hi ng water

(mg/20L)

0.075

21.2

59.8

i n treated (fl us hed) bi ogranul ate

(mg/kg)

1.2

499

1540

fracti on l os t by fl us hi ng

(-)

0.06

0.04

0.04

3.4.

Phytoextraction

With a proper pre-treatment, as described above, biogranulate can be used for phytoextraction
purposes (Figure 10). This renders a changed biogranulate product, of which the rhizosphere part
expectedly is of most interest regarding changes in metal content, bioavailable metal concentrations
in soil solution, and pH. After presenting these changes, plant growth and metal accumulation by
different plant species are presented below. In all tables with direct results, analysis of variance
(ANOVA) is done by comparing a value on spiked biogranulate with regular biogranulate, as spiking
with historically metal-polluted soils with adapted microorganism communities, expectedly
differentiates phytoextraction outcomes.
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Figure 10. Experimental design with a colour focus on the phytoextraction experiment rendering a changed biogranulate
product.

Although the plant growth test yielded hopeful results for plant growth and root development on
biogranulate, not all plants performed equally well in the phytoextraction experiment. For the plant
cuttings, addition of soil samples with historical metal pollution reduced growth success for most
species (Table 8). Seeds of both the tested cress species, Arabidopsis thaliana and Noccaea
caerulescens, did not develop at all on treated biogranulate. More A. thaliana seeds were planted on
a cover layer of river sand, but did not survive to set seed. Seedlings from potting soil were
transplanted, but seed and biomass development was still distorted (Figure 11). No further attempts
were made with N. caerulescens.

Table 8. The n holds for both regular and spiked. Success rates are lower in spiked biogranulate.

Succes s ra tes for pl a nt cutti ng devel opment on bi ogra nul a te

22

regular

spiked

n

A. parvifolius

100%

100%

9

G. claussenii

80%

53%

15

N. tabacum

33%

0%

9

S. alfredii

67%

0%

6

Figure 11. Timeline photographs of transplanted A. thaliana seedlings, on treated biogranulate with a cover layer of river
sand. The photographs were taken at the different angles; the round pots are 0.18 m in diameter at top soil level.

The S. alfredii individuals started growing only in the last fifty days of the phytoextraction
experiment, and only in the treated biogranulate. In spiked biogranulate, the plants neither grew nor
developed roots (Table 9). Neither did G. claussenii plants develop well in spiked biogranulate: in one
combination pot with A. parvifolius, no G. claussenii cuttings developed to grow roots, upon which a
G. claussenii plantlet was transferred from a monoculture on spiked biogranulate in which three G.
claussenii clones grew. This replanting was done at the 36th day of the total 106 days of the
phytoextraction experiment, when plant establishment was unambiguous. Possibly this replanting
influenced the relative yield total results: on average, A. parvifolius and G. claussenii growing
together in spiked biogranulate perform better than their monocultural counterparts (Table 9).

Table 9. Values (𝑥̅ ± SD) are in g DW. †: sharing a pot. Sig: significance of variance between spiked and regular (* for p <
0.05, and ** for p < 0.01)

Pl a nt bi oma s s a t the end of the phytoextra cti on experi ment
n

regular

n

spiked

s i g.

N. tabacum

5

6.37 ± 1.18

6

6.16 ± 1.53

G. claussenii

7

10.66 ± 3.85

5

13.02 ± 2.37

A. parvifolius †

3

2.63 ± 1.53

3

3.83 ± 0.71

G. claussenii †

5

7.70 ± 3.33

3

15.73 ± 5.74

*

A. parvifolius

6

8.82 ± 0.80

6

6.43 ± 1.39

**

E. acicularis

3

12.07 ± 0.95

3

13.87 ± 3.65

S. alfredii

4

0.65 ± 0.24

For the phytoextraction of metals, the biomass of plants is as important as the metal contents in the
above-ground plant tissues. The highest cadmium contents are those of S. alfredii and tobacco, the
latter especially on treated biogranulate with extra microorganisms and metals (Table 10). The zinc
content of S. alfredii is relatively high as well. However, both the Cd and Zn content of S. alfredii have
a relatively high standard deviation. Copper content is highest in N. tabacum and G. claussenii.
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Table 10. Values (𝑥̅ ± SD, n = 3, except for S. alfredii: n = 2) in µg per g DW plant. n colour-matches with regular and spiked.
†: sharing a pot. Sig: significance of variance between spiked and regular (* for p < 0.05, and ** for p < 0.01)
Pl a nt meta l content
ca dmi um
n

n

N. tabacum

5

6

G. claussenii

7

A. parvifolius †

regular

copper

spiked

s i g.

zi nc

regular

spiked

1.60 ± 0.15 14.02 ± 3.44 **

17.2 ± 2.5

5

0.25 ± 0.06

0.49 ± 0.06 **

3

3

0.23 ± 0.03

G. claussenii †

5

3

A. parvifolius

6

E. acicularis

3

S. alfredii

4

regular

spiked

20.5 ± 7.8

101.1 ± 23.8

146.9 ± 51.4

13.4 ± 2.0

16.6 ± 3.2

34.8 ± 2.4

38.6 ± 3.3 *

0.38 ± 0.04 **

10.9 ± 1.2

12.5 ± 0.5

86.9 ± 8.9

82.1 ± 5.9

0.28 ± 0.03

0.62 ± 0.18 **

14.0 ± 2.5

17.5 ± 0.9

36.0 ± 3.4

40.8 ± 3.8

6

0.42 ± 0.08

0.84 ± 0.16 **

12.4 ± 0.9

12.6 ± 1.1

96.7 ± 3.4

92.9 ± 8.1

3

0.34 ± 0.06

0.46 ± 0.05

11.3 ± 0.4

10.2 ± 0.8

115.8 ± 13.7

118.5 ± 9.9

2.26 ± 2.71

8.2 ± 2.2

s i g.

s i g.

976.6 ± 674.2

As multiple plants are grown per pot (Figure 12), and sometimes species are co-cropped (Figure 4),
for the total phytoextraction calculation their extracted metals are combined per pot (Table 11). The
combined uptake of A. parvifolius and G. claussenii does not exceed the uptake of both the species
grown alone, not for any metal. G. claussenii, a hyper-bioindicator of zinc and cadmium, accumulated
less zinc than any other species, and only more cadmium than E. acicularis. Moreover, G. claussenii
accumulated most copper, while E. acicularis is allegedly a copper accumulator (§ 2.3). Again, with
great standard deviation, S. alfredii accumulated most cadmium of all plants that grew in treated
biogranulate, both regular and spiked.

Table 11. Values (𝑥̅ ± SD, n = 3, except for S. alfredii: n = 2) in µg.

Phytoextra cted meta l s per pot
copper

ca dmi um
regular

spiked

s i g.

regular

zi nc
spiked

s i g.

regular

spiked

N. tabacum

2.63 ± 1.00 28.03 ± 7.48 ** 182.3 ± 46.8 251.3 ± 66.2

G. claussenii

0.57 ± 0.12 0.83 ± 0.21

346.5 ± 9.3

A. parvifolius
& G. claussenii

0.70 ± 0.20 1.03 ± 0.15

215.5 ± 97.0 321.6 ± 86.3

A. parvifolius

0.80 ± 0.17 1.67 ± 0.29 *

219.0 ± 26.2 164.2 ± 10.7 *

1702.0 ± 64.5

E. acicularis

0.37 ± 0.06 0.43 ± 0.06

136.9 ± 13.6 140.1 ± 28.7

1405.6 ± 267.4 1633.8 ± 375.3

S. alfredii

4.55 ± 4.45
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10.6 ± 3.5

357.1 ± 124.3

s i g.

1069.0 ± 547.2 1787.2 ± 422.7
873.2 ± 32.3

837.6 ± 356.6

694.9 ± 301.4

967.4 ± 223.7

1484.4 ± 1410.1

1199.3 ± 55.9 **

Phytoextraction is successful when an acceptable part of the compound of interest is removed from
the growing substrate, and can be found in the above-ground parts of the plant. The fractions of
removed cadmium, copper, and zinc, as percentages from the initially present metals in treated
biogranulate are calculated per pot (Table 12). When comparing these numbers with Table 11, slight
differences per category can be due to small starting weight differences per pot, while the larger
differences between the treatments regular and spiked are due to differences in metal contents
between those two. The highest pot average phytoextracted metal is 0.3 % cadmium, by tobacco on
treated biogranulate with extra microorganisms and metals, whereas S. alfredii on removed 0.2 % of
the present cadmium from regular biogranulate. G. claussenii, a zinc and cadmium hyperbioindicator, removed the highest percentage of copper in both treatments. Regarding the fraction
of phytoextracted zinc, no species excels clearly and consistently.

Table 12. Values (𝑥̅ ± SD, n = 3, except for S. alfredii: n = 2) in %.

Phytoextra cted percenta ge of meta l s per pot
ca dmi um
regular

copper
spiked

s i g.

zi nc

regular

spiked

s i g.

regular

spiked

s i g.

N. tabacum

0.129 ± 0.055

0.297 ± 0.086 *

0.023 ± 0.007

0.030 ± 0.007

0.054 ± 0.030

0.077 ± 0.016

G. claussenii

0.028 ± 0.006

0.009 ± 0.002 **

0.044 ± 0.002

0.044 ± 0.014

0.043 ± 0.002

0.037 ± 0.015

A. parvifolius
& G. claussenii

0.033 ± 0.011

0.011 ± 0.002 *

0.027 ± 0.013

0.040 ± 0.009

0.034 ± 0.016

0.043 ± 0.009

A. parvifolius

0.039 ± 0.006

0.017 ± 0.004 **

0.028 ± 0.004

0.019 ± 0.000 *

0.083 ± 0.005

0.051 ± 0.002 **

E. acicularis

0.016 ± 0.002

0.005 ± 0.000 **

0.017 ± 0.002

0.016 ± 0.003

0.067 ± 0.016

0.069 ± 0.016

S. alfredii

0.203 ± 0.197

0.001 ± 0.000

0.069 ± 0.065
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Figure 12. Time line photographs taken of the phytoextraction experiment. All pots are of equal size. The day number since the start of the experiment is
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given in each picture. Species portrayed are: S. alfredii on the right photographs, or under; G. claussenii on the utmost left or fully up; and in between A.
parvifolius. Notice the problems in turgor in the S. alfredii clones at day 48, and how the clones slowly and differentially recover over the remainder of the
experiment. In contrast, G. claussenii and A. parvifolius clones grow continually. Also noteworthy is the yellow colour at the edges of the older leaves of A.
parvifolius, which is less observable in the end of the experiment.

3.5.

Sedum alfredii

In the phytoextraction experiment, Sedum alfredii has a relatively high standard deviation for
biomass (Table 9). This might be due to uneven development of the plant cuttings (Figure 13), which
only started to develop visibly from day 56 onwards (Figure 13). If the plant cuttings, initially without
roots, did not develop for the first 56 days, the cuttings would not have been able to take up water
from the treated biogranulate. The water content of the S. alfredii plants would then be suboptimal
at day 56, even though the plant pots were regularly watered throughout the phytoextraction
experiment. If the plant cuttings would develop roots, one expects the DW fraction of the fresh
weight to decrease, while biomass would increase (Figure 8). When zooming in on plant individual
level, clones with higher biomass indeed have a lower DW fraction (Table 13).

Figure 13. Photographs of S. alfredii clones, taken on day 106, the end of the phytoextraction experiment. Although all
cuttings were planted at the same moment, the clones are in different stages of development. The numbers in red
correspond to the numbers in Table 13Error! Reference source not found..

S. alfredii also had relatively high standard deviations for cadmium and zinc content, and for its
phytoextraction (percentage) of these metals (Table 9-11). A relatively low starting value for
cadmium and zinc content is to be expected for S. alfredii, as cuttings were produced from plants
grown on potting soil. As S. alfredii shoots started to develop only from day 56 onwards, the metals
contents of this hyperaccumulator are expected to increase with biomass increase. Such a pattern
indeed unfolds (Table 13): cadmium and zinc content increase with biomass, in contrast with copper,
a metal that S. alfredii does not accumulate. The pattern of co-increasing biomass and cadmium and
zinc content is also visualised (Figure 14).
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Table 13. Measurements done on the four successfully established S. alfredii cuttings (plant #). The d:f ratio (no unit)
represents the dry fraction in the plant fresh weight. extr: metal contained in the shoots of the plant clone. Cd and Zn
content increase with biomass.

Characteristics of Sedum alfredii growing on regular biogranulate
weight

plant #

fresh

dry

d:f ratio

(g)

(g)

-

cadmium

copper

zinc

content extr.

content extr.

content extr.

(µg/g) (µg)

(µg/g) (µg)

(µg/g)

(µg)

1

5.5

0.4

0.073

0.48

0.19

6.28 2.51

348.2

139.3

2

7.8

0.5

0.064

0.92

0.46

11.12 5.56

696.1

348.1

3

12.6

0.8

0.063

1.37

1.09

6.79 5.43

942.5

754.0

4

16.2

0.9

0.056

6.29

5.66

8.49 7.64

1919.4 1727.4

S. alfredii metal content increase over biomass increase
7

Plant metal content

6
Cd (µg/g)

5

Zn (mg/g)
4
3
2
1
0
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Plant biomass in dry weight (g)

Figure 14. The dots above each other represent the same S. alfredii plant, grown in regular biogranulate. Cd in (µ/g DW) and
Zn in (mg/g DW) Cd increases with a steeper gradient than Zn does.
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3.6.

Biogranulate products of phytoextraction

Plants can extract metals, influence the pH and metal bioavailability, and change other aspects of
biogranulate. Most of these changes are expected in the rhizosphere (Figure 16). Additionally,
exposure to time and air can change the treated biogranulate, for example through microbial
activity. Therefore, at the end of the phytoextraction experiment, substrate quantities are measured
in distinct layers in the experimental pots (Figure 4).

Figure 15. Experimental framework, with a colour focus on going from treated biogranulate through phytoextraction to a
biogranulate product, e.g. rhizosphere biogranulate.

The pH values of treated biogranulate at the end of the phytoextraction experiment vary significantly
over the plant species (Table 14). The purple values are considered references, for S. alfredii did not
develop in these pots. One can compare the pH values below to the pH at the start of the
experiment, being 7.9 (Table 5). As E. acicularis was transplanted as a grass layer with some potting
soil as a top layer, this species has no treated biogranulate top layer. The highest pH values are
measured in the pot bottom, where water content was also highest. The rhizosphere has the lowest
pH values.
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Table 14. (𝑥̅ ± SD, n = 3) Sig: significance of variance between spiked and regular (* for p < 0.05, and ** for p < 0.01). DL:
detection limit. E. acicularis pots had no top layer, hence no bioavailability data. Purple values can be considered references
without plant growth.

The pH in different layers of pots with treated biogranulate
top layer
regular

spiked

N. tabacum

5.38 ± 0.27

G. claussenii

5.55 ± 0.04

rhizos phere
regular

spiked

5.11 ± 0.06

4.95 ± 0.14

5.64 ± 0.12

A. parvifolius
5.33 ± 0.19
& G. claussenii
A. parvifolius

5.47 ± 0.05

E. acicularis

n.a.

S. alfredii

5.50 ± 0.03

regular

spiked

4.74 ± 0.02

5.55 ± 0.27

5.50 ± 0.28

4.83 ± 0.03

5.21 ± 0.24

5.74 ± 0.16

5.66 ± 0.17

5.69 ± 0.08 *

5.02 ± 0.20

5.15 ± 0.05

5.88 ± 0.16

5.85 ± 0.15

5.58 ± 0.05 *

4.84 ± 0.05

5.33 ± 0.19 *

6.00 ± 0.10

5.96 ± 0.13

5.09 ± 0.10

5.15 ± 0.20

6.44 ± 0.26

6.89 ± 0.19

n.a.

s ig.

pot bottom

5.78 ± 0.10 n.a. 4.95 ± 0.21

s ig.

5.46 ± 0.32 n.a. 6.12 ± 0.26

s ig.

6.29 ± 0.33 n.a.

Taking a more detailed look on the pH of the treated biogranulate in the rhizosphere (Figure 17), the
trend appears that the spiked biogranulate pots have higher pH than regular biogranulate pots. Only
tobacco breaks with this trend. The two lowest S. alfredii rhizosphere pH measurements are those of
the only pots in which S. alfredii developed.
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Figure 16. The pH in the biogranulate rhizosphere over different species. The original pH of biogranulate is 7.9. Each sphere
represents one measurement, the lines connect the averages per treatment over the species.

The pH of a substrate can influence the bioavailability of copper and zinc, which are measured in
aliquots of the same samples per layer (Table 13 & 14). The bioavailability of both copper and zinc
match the total zinc and copper contents of biogranulate relatively well: approximately 630 ppm Cu
and 1700 ppm Zn (§ 2.5). When comparing rhizosphere values to the top layer and pot bottom,
bioavailable copper and zinc display a different pattern: zinc values are generally higher in the
rhizosphere, whereas copper values are rather lower in the rhizosphere (Table 15 & 16).
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Table 15. Values (𝑥̅ ± SD) are in mg Cu per kg DW biogranulate. Sig: significance of variance between spiked and regular (*
for p < 0.05, and ** for p < 0.01). DL: detection limit. The number of successful measurements (n) differs. E. acicularis pots
had no top layer, hence no bioavailability data. Purple values can be considered references without plant growth.

Bi oa va i l a bl e copper concentra ti ons i n s oi l s ol uti on of trea ted bi ogra nul a te, i n three l a yers
top l a yer
n

regular

n

rhi zos phere
spiked

s i g. n

regular

n

pot bottom

spiked

s i g. n

regular

n

spiked

N. tabacum

6 1.57 ± 0.19 6 1.40 ± 0.05

6 0.97 ± 0.09 7 0.92 ± 0.14

5 1.25 ± 0.32 9 1.27 ± 0.35

G. claussenii

6 1.47 ± 0.20 6 1.42 ± 0.14

6 0.98 ± 0.06 7 1.09 ± 0.18

7 1.38 ± 0.45 5 1.29 ± 0.22

A. parvifolius
7 1.47 ± 0.16 6 1.45 ± 0.15
& G. claussenii

4 1.11 ± 0.19 5 0.96 ± 0.19

0

A. parvifolius

3 1.07 ± 0.22 5 1.14 ± 0.23

6 1.30 ± 0.47 6 1.26 ± 0.55

0

< DL

0

0

< DL

0

< DL

6 2.18 ± 0.53 7 1.67 ± 0.37 n.a . 0

< DL

3 1.19 ± 0.27 n.a . 0

< DL

0

< DL

6 1.47 ± 0.20 8 1.54 ± 0.21

E. acicularis
S. alfredii

n.a .

n.a .

< DL

< DL

s i g.

< DL

0

Table 16. Values (𝑥̅ ± SD) are in mg Zn per kg DW biogranulate. E. acicularis pots had no top layer, hence no bioavailability
data. Purple values can be considered references without plant growth.

Bi oa va i l a bl e zi nc concentra ti ons i n s oi l s ol uti on of trea ted bi ogra nul a te, i n three l a yers
top l a yer
n

regular

n

rhi zos phere
spiked

s i g. n

regular

n

spiked

pot bottom
s i g. n

regular

n

spiked

s i g.

N. tabacum

7 2.63 ± 1.00 8 3.66 ± 0.89

7 6.09 ± 1.92 6 7.90 ± 0.84

9 3.35 ± 1.63 9 5.08 ± 2.01

G. claussenii

8 4.09 ± 0.91 7 4.25 ± 1.07

6 5.54 ± 0.25 8 4.92 ± 0.82

4 5.24 ± 4.02 6 5.11 ± 2.18

A. parvifolius
7 3.59 ± 1.05 7 3.28 ± 0.47
& G. claussenii

6 5.77 ± 1.21 7 5.05 ± 0.70

5 2.91 ± 0.69 5 2.76 ± 0.42

A. parvifolius

6 5.09 ± 0.53 8 5.90 ± 1.09

3 2.88 ± 1.54 5 3.21 ± 1.45

7 3.10 ± 0.93 7 3.77 ± 0.92

6 1.44 ± 0.56 3 2.99 ± 0.89 *

E. acicularis
S. alfredii

9 2.30 ± 0.72 7 3.78 ± 1.61 *
n.a .

n.a .

9 3.74 ± 1.64 7 2.31 ± 0.80 n.a . 8 4.30 ± 0.82 7 6.22 ± 1.23 n.a . 0

< DL

3 2.61 ± 1.03 n.a .

Metals can become bioavailable when they dissolve in soil solution; metal bioavailability is related to
pH, plant water uptake, and to the water content of the growth substrate. The water content of
treated biogranulate follows a trend along the layers, but also shows statistical significance for
variance between the pots of different species (Table 17). The lowest water content for each layer is
of spiked tobacco pots. Furthermore, E. acicularis and S. alfredii pots have a relative high water
content in the rhizosphere and pot bottom.
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Table 17. Values (𝑥̅ ± SD, n = 3) are % of fresh weight biogranulate.

Wa ter content percenta ge of fres h wei ght bi ogra nul a te
top l a yer
regular

spiked

N. tabacum

31.5 ± 3.2

G. claussenii

rhi zos phere
regular

spiked

29.4 ± 2.0

47.6 ± 3.3

39.7 ± 0.5

39.0 ± 2.2

A. parvifolius
& G. claussenii

36.9 ± 1.6

35.9 ± 2.8

A. parvifolius

29.1 ± 2.0

34.7 ± 1.6

E. acicularis

n.a .

n.a .

38.2 ± 0.7

30.8 ± 3.9

S. alfredii

pot bottom
regular

spiked

43.6 ± 0.8

60.8 ± 1.5

57.0 ± 1.9

47.0 ± 0.5

49.7 ± 2.3

61.6 ± 0.3

58.3 ± 1.0

51.5 ± 1.0

49.0 ± 0.6

*

60.2 ± 1.4

59.9 ± 0.1

51.0 ± 0.5

52.6 ± 0.4

*

62.0 ± 0.5

60.5 ± 0.7

55.4 ± 3.1

50.7 ± 1.1

62.6 ± 1.5

61.3 ± 0.6

n.a . 58.9 ± 1.4

54.5 ± 3.6

n.a . 61.4 ± 0.5

61.1 ± 0.8

s i g.

*

s i g.

s i g.
**

*
n.a .

Organic matter influences metal bioavailability as well (Figure 1). At the start of the phytoextraction
experiment, organic matter contributes 52.9 % to DW regular biogranulate mass, which lowers to
51.7 % by spiking with historically polluted soil (§ 2.5). The organic matter content after the
phytoextraction experiment is always below the starting value, both in regular and in spiked pots
(Table 18). The lowest average organic matter content is found in pot bottom of E. acicularis in
spiked biogranulate. These pots also had a relatively high water content (Table 17). Due to the
difference in organic matter percentage caused by spiking, non-significant variances are exceptional
for this parameter.

Table 18. Values (𝑥̅ ± SD, n = 3) are % of dry weight (DW) biogranulate.

Orga ni c ma tter percenta ge of DW bi ogra nul a te
top l a yer
regular

spiked

rhi zos phere
s i g.

regular

spiked

pot bottom
s i g.

regular

spiked

s i g.

N. tabacum

51.3 ± 0.4

49.1 ± 0.5 **

51.9 ± 1.4

49.7 ± 0.8

51.6 ± 0.4

49.4 ± 0.3 **

G. claussenii

50.7 ± 0.5

48.0 ± 1.8

51.4 ± 0.7

48.2 ± 0.9 **

50.7 ± 0.4

48.4 ± 0.4 **

A. parvifolius
& G. claussenii

52.0 ± 0.4

49.3 ± 1.2 *

51.7 ± 0.5

48.5 ± 0.2 **

51.4 ± 0.6

48.2 ± 0.6 **

A. parvifolius

50.7 ± 1.1

47.7 ± 1.3 *

50.0 ± 0.3

47.2 ± 0.3 **

50.4 ± 1.6

48.1 ± 1.7

E. acicularis

n.a .

48.7 ± 1.0

47.3 ± 0.5

49.6 ± 1.1

46.2 ± 0.1 *

50.8 ± 1.1

47.8 ± 1.2 n.a .

49.8 ± 0.6

47.6 ± 1.3 n.a .

S. alfredii

51.3 ± 0.7

n.a .
47.9 ± 1.9 n.a .
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3.7.

Correlations amongst water, OM, & pH, bioavailability, and phytoextraction

The biogranulate at the start of the phytoextraction experiment had a pH between 7.5 and 8 (Table
5). At the end of the experiment, the pH of all pots, including those in which no plant grew, dropped
to between pH 4.7 and 6.9 (Table 14, Figure 17). The highest pH levels are measured in the watersaturated pot bottom samples (Table 17). The lowest pH levels are measured in the top layer and
rhizosphere samples, which coincides with the lowest water content levels (Table 18). For the layers
pot bottom and rhizosphere, there are statistically significant correlations between water content
and pH (Table 19). Likewise, water content and OM are correlated, as are OM and pH. As spiking
biogranulate with historically metal-polluted soil with adapted microorganism communities not only
changed microbial ecology, but also the metal contents and organic matter content of biogranulate,
the correlations are separated for these treatments. For biogranulate parameters, more statistically
significant correlations are found in spiked than in regular biogranulate, with higher significance
levels as well (Table 19).
Table 19. Pearson coefficients for correlations amongst biogranulate parameters (two-tailed); for grey values p ≥ 0.05, for *
p < 0.05, and for ** p < 0.01. OM: organic matter.

Correlations amongst pH, water content, and OM

top layer

OM & water content

water content & pH

pH & OM

regular

spiked

regular

spiked

regular

spiked

0.21

0.08

0.05

0.37

-0.22

-0.17

rhizosphere

-0.50 *

-0.72 **

0.37

0.67 **

-0.20

-0.66 **

pot bottom

-0.40

-0.53 *

0.48 *

0.67 **

-0.52 *

-0.63 **

As the water content is only determined by evapotranspiration and watering the pots, the
correlations between water content and other parameters is calculated as one-tailed. Likewise, soil
parameters like pH, OM, and water content can influence the solubility of copper and zinc, and
unless the metals hinder microbial activity through toxic concentrations in soil solution, not vice
versa. Therefore, one-tailed analysis for correlations of pH, OM, & water content with copper and
zinc bioavailability is appropriate (Table 20).

Table 20. Pearson coefficients of biogranulate parameter correlations with bioavailable Cu and Zn (one-tailed); for grey
values p ≥ 0.05, * for p < 0.05, and ** for p < 0.01. OM: organic matter.

Correlating Cu & Zn bioavailability with pH, water content, and OM
pH
regular

Cu

Zn
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water content

OM

spiked

regular

spiked

regular

spiked

top layer

0.03

0.18

0.34

0.22

-0.14

-0.26

rhizosphere

-0.22

0.42

0.72 *

0.69 **

-0.15

-0.53 *

pot bottom

0.34

0.34

0.69 *

-0.45

0.35

top layer

-0.04

-0.32

0.04

-0.04

rhizosphere

-0.46 *

-0.35

pot bottom

-0.55 *

-0.62 *

-0.08
0.62 **
-0.51 *
0.00

0.36
-0.43 *

0.45 *

0.42 *

-0.47

0.32

0.33

As in Table 19, the correlations between copper & zinc bioavailability and pH, water content, & OM,
are similar over regular and spiked biogranulate (Table 20). Most of the significant correlations are
found in the rhizosphere. This pattern is weaker for the correlations between phytoextracted metals
and biogranulate parameters (Table 21). Again (Table 19), more correlations exist for spiked
biogranulate, and with generally higher statistical significance. Cadmium phytoextraction is not
correlated to any parameter in regular biogranulate, which is perhaps related to the lower cadmium
content in regular biogranulate (§ 2.5).

Table 21. Pearson coefficients of biogranulate parameter correlations with phytoextraction per pot (two-tailed); for grey
values p ≥ 0.05, * for p < 0.05, and ** for p < 0.01. OM: organic matter.

Correlating Cd, Cu, & Zn phytoextraction per pot with pH, water content, and OM
pH
regular

Cd

Cu

Zn

water content
spiked

regular

spiked

OM
regular

spiked

top layer

0.07

-0.95 **

0.01

-0.82 **

0.34

0.22

rhizosphere

-0.23

-0.74 **

0.24

-0.84 **

0.05

0.75 **

pot bottom

0.02

-0.50

-0.16

-0.61 *

-0.20

0.53 *

top layer

0.24

0.22

0.03

0.45

-0.32

0.20

rhizosphere

-0.51 *

-0.17

-0.79 **

-0.27

0.32

0.48

pot bottom

-0.51 *

-0.47

-0.21

-0.52 *

0.21

0.33

-0.73 **

-0.44

-0.60 *

-0.05

0.24

top layer

0.18

rhizosphere

-0.44

-0.49

0.22

-0.38

-0.50 *

0.27

pot bottom

0.34

0.26

0.15

-0.23

-0.54 *

-0.06

The correlation analysis below is between bioavailable copper measured after the experiment and
the phytoextracted copper per pot, and idem for zinc (Table 22). Two-tailed analysis is necessary, as
metal phytoextraction can influence metal bioavailability and vice versa. Spiked and regular
biogranulate correlations for zinc differ in direction, but are not statistically significant (Table 22).

Table 22. Pearson coefficients of correlating (two-tailed) bioavailable Cu with phytoextracted Cu, and idem for Zn; for grey
values p ≥ 0.05.

Correlating bioavailable Cu & Zn
with phytoextracted Cu & Zn per pot
regular

Cu

Zn

spiked

top layer

-0.41

-0.21

rhizosphere

-0.41

-0.10

pot bottom

0.10

-0.49

top layer

-0.26

0.11

rhizosphere

-0.02

0.21

pot bottom

-0.45

0.14
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3.8.

Testing phytoextraction rhizosphere

After phytoextraction, it is worthwhile to test again whether earthworms can survive and reproduce
in treated biogranulate (Figure 19). The odour and texture of regular biogranulate from A. parvifolius
pots and A. parvifolius & G. claussenii combination pots were most reminiscent of healthy, wormsuitable soil, and the survival of earthworm species Eisenia foetida was put to the test on the
rhizosphere of these pots.

Figure 17. Experimental framework, with a colour focus on testing rhizosphere biogranulate as a growth medium for
earthworms, the final experiment of this research.

E. foetida does survive and reproduce in non-spiked, treated rhizosphere biogranulate, and nearly as
well as the control population, grown on potting soil (Table 23). An extra earthworm was found in an
earthworm population in biogranulate after 73 days (Figure 20). Although the moment of fertilisation
and egg production may have been before the start of the earthworm test, this does prove that E.
foetida egg hatching and growing into noticeable size is possible on non-spiked, treated rhizosphere
biogranulate.
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Table 23. Counting E. foetida individuals to test earthworm survival and reproduction in treated rhizosphere biogranulate of
two pot types, and in potting soil as a control. Note that E. foetida managed to survive in biogranulate, and to increase
numbers.

E. foetida count in biogranulate and potting soil over time
day 1

day 73

biogranulate A. parvifolius

5

5

biogranulate A. parvifolius
& G. claussenii

5

6

potting soil

5

6

potting soil

5

6

Figure 18. Photographs of E. foetida earthworms in the earthworm test on treated rhizosphere biogranulate. On the left
earthworms grown in treated biogranulate from the A. parvifolius & G. claussenii combination pots, with regular
biogranulate. On the right earthworms grown in potting soil. On the left photograph: earthworms grown in biogranulate.
Whereas only five adult earthworms were selected for the test, a sixth, small earthworm was present after 73 days.
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4. Discussion
4.1.

Plant growth and metal uptake differences

The tested plants had different growth responses on spiking with historically metal-polluted soils.
Aeolanthus parvifolius, which provided good rhizosphere for worm growth (§ 3.8), grew significantly
worse upon spiking, whereas Gomphrena claussenii, a metallophyte used to mine tailings 72, grew
better (Table 9). Sedum alfredii did not develop at all on spiked biogranulate, and only delayed on
regular biogranulate (§ 3.5), and for Eleocharis acicularis and Nicotiana tabacum no significant
difference is observed. The relation of plant growth with spiking effectuates the phytoextracted
metals per pot (Table 10): whereas no significant differences occur over spiking in plant metal
content, A. parvifolius extracts less of all metals per pot when growing on spiked biogranulate, while
its cadmium content on spiked biogranulate is twice as high as its cadmium content on regular
biogranulate. The only plant capable of extracting a higher percentage of the total cadmium from
spiked biogranulate is N. tabacum (Table 11). This is probably due to a low metal bioavailability,
restricting uptake for the other plants.
The bioavailability of zinc and cadmium is certainly limiting for metal extraction by Gomphrena
claussenii, as this bioindicator did not hyperaccumulate any zinc nor cadmium, while it does so when
metals are bioavailable, both in nature and under controlled circumstances 16. Moreover, the nonzinc-hyperaccumulator A. parvifolius accumulated more zinc in above-ground tissue than did G.
claussenii, while the latter grew more biomass. The lower percentage of phytoextracted cadmium
from spiked biogranulate, compared with regular biogranulate (Table 11), shows that cadmium
bioavailability was limiting as well for extraction by G. claussenii. The much higher zinc and cadmium
content of S. alfredii can be explained by the fact that S. alfredii is a hyperaccumulator, and not a
(hyper-)bioindicator. For hyperaccumulators, the initial bioavailability, or even the solubility of
metals, has little impact on their uptake 17. A mechanism behind this indifference to metal
bioavailability in soil solution, is the active exudation of organic metal ligands, for which S. alfredii
and tobacco are known 92,93.
More common than the exudation of metal ligands, is the exudation of organic acids like oxalate and
citrate, which lower rhizosphere pH, even to below pH 4 33. This pH drop increases nutrient and
metal availability, especially in combination with the chelating properties of oxalate and citrate 33.
The lowest pH in the phytoextraction experiment is found in the rhizosphere of tobacco pots with
spiked biogranulate (Table 12). Considering the short growth time of S. alfredii, had S. alfredii grown
for longer, the measurements could have detected lower pH levels in S. alfredii rhizosphere, perhaps
even surpassing tobacco rhizosphere pH in spiked biogranulate (Figure 17). However, tobacco
rhizosphere in spiked biogranulate pots also had the lowest water content (Table 15), unlike S.
alfredii rhizosphere. Perhaps, if the water content in these pots would have been higher, tobacco
might have taken up more metals, as other metal accumulators do at higher soil moisture 42.
Certainly S. alfredii did not reach its cadmium and zinc content ceiling: in another study of zinc
accumulation by S. alfredii on sewage sludge 74, the zinc contents in the DW shoots reached 10600 to
15300 ppm. This is 5.5 and 8 times higher than what S. alfredii reached in this experiment. The
cadmium content of S. alfredii shoots ranges for different ecotypes from 97 to 1051 ppm under field
conditions 94, which is 15 to 160 times higher than measured in this experiment. These comparisons
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match with the much steeper increase of cadmium content, compared to zinc content, when
biomass increases in S. alfredii shoots (Figure 14). With higher cadmium contents, phytoextraction of
cadmium to clean biogranulate might become worthwhile, whereas that remains questionable for
zinc phytoextraction from biogranulate for cleaning purposes (Table 24).

Table 24. Calculating the biogranulate layer that S. alfredii can clean in 1 year regarding Cd and/or Zn, based on agricultural
soil norms in Dutch legislation. For a comparison, see Table 3.
Phytoextra cti on potenti a l of Sedum alfredii for bi ogra nul a te
content i n
bi ogra nul a te

a gri cul tura l
s oi l norm

exces s for
a gri cul tura l s oi l

S. alfredii content
i n l i tera ture

bi ogra nul a te l a yer thi cknes s
for yea rl y cl ea ni ng to
a gri cul tura l norm

(mg/kg DW)

(mg/kg DW)

(mg/kg DW)

(mg/kg DW)

(m)

Cd

1.3

0.6

0.7

97

0.29

1051

3.10

Zn

1458

140

1318

10600

0.017

15300

0.024

4.2.

Metal bioavailability and phytoextraction in biogranulate

Metals in soils, can be bioavailable through ligand delivery, as well as through solubility. Metal
solubility is more discriminatory between cadmium, copper, and zinc, than ligand distribution is
(Table 15 & 16; Table 19). Cadmium, copper, and zinc bioavailability are each correlated to
biogranulate soil parameters in different ways (Table 20). The measured bioavailability of copper and
zinc also differs per plant species and over spiking (Table 15 & 16), indicating that plants have a
species-specific effect on biogranulate, which can take place through acting differentially on soil
parameters (§ 4.1).
In the rhizosphere, zinc bioavailability is negatively correlated with pH, negatively with water
content, and positively with organic matter content (Table 20). However, there is a negative
correlation between organic matter phytoextraction of zinc. Perhaps, the degradation of organic
matter is accelerated by high zinc phytoextraction, as organic matter becomes physically easier
available for degradation upon releasing zinc (Figure 1). If this is indeed true, extracting considerable
amounts of any polyvalent metal will lead to an increased content of other metals through two
processes: (1) organic matter degradation increases, and (2) metal extraction decreases total
biogranulate mass, and concomitantly the contents of the remaining metals increase relatively. This
effect would not easily be statistically significant for copper and cadmium, as these metals are
accumulated in lower quantities than zinc (Table 10 & 11).
In the rhizosphere, copper bioavailability is positively correlated to water content, and negatively
correlated to organic matter content (Table 20). Copper phytoextraction is however negatively
correlated to rhizosphere water content, as well as negatively correlated to rhizosphere pH (Table
21). This negative correlation with pH can be due to copper dissociating easier from organic matter at
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lower pH levels. The positive correlation between copper bioavailability and water content may be
caused by redox changes following limited aeration: under anaerobic circumstances, copper (II) is
reduced to the more soluble, or bioavailable, copper (I). However, redox potentials do not explain
the negative correlation between water content and copper phytoextraction.
A possible explanation can be found in a major difference between zinc and copper: copper is more
toxic than zinc, especially to microbial life 87,95,96, due to its redox properties 97,98. Like arbuscular
mycorrhizal fungi can decrease soil-extractable arsenate 62, copper-sensitive microbes might stabilise
this metal deliberately. A microbial process steering copper uptake would also explain why the
rhizosphere, with more microbial activity, has a lower copper bioavailability than the top layer or the
pot bottom (Table 15), given that plant copper uptake (Table 10) in the > 1.5 kg pots cannot explain
this difference. This matches as well with the contrasting bioavailability pattern of zinc, which is
hardly toxic and more bioavailable in the rhizosphere than in other layers (Table 16).
Another explanation for the negative correlation between phytoextracted copper and water content
(Table 21) could be the development of roots and plant transpiration: as the plant pots were
frequently watered, a drier rhizosphere can only be due to a well-developed root system and proper
transpiration of a growing plant. In that case, the development of the plant causes both more copper
extraction, and a drier rhizosphere. This can explain the cooccurrence of low water content with
higher copper extraction. Such a pattern would not emerge for zinc, as zinc is needed in higher
quantities (Table 2), and needs active accumulation from biogranulate (§ 4.1).
Also for cadmium, it would not be logical for such a pattern to unfold, as it biochemically resembles
zinc, e.g. regarding plant uptake 99,100, and is present in much smaller quantities (Table 1). Indeed, in
regular biogranulate cadmium is not significantly nor consistently correlated to any parameter.
However, in spiked biogranulate, cadmium contents are increased with a factor 4, and probably
much more bioavailable, coming from metal-polluted soil without considerable organic matter (§
2.5). Cadmium phytoextraction indeed differs significantly between regular and spiked biogranulate
for most species (Table 10 & 11) This explains how the appearance of statistically significant
correlations between cadmium phytoextraction and soil parameters is limited to spiked biogranulate.
As mentioned above, the negative correlation between cadmium phytoextraction and water content
can be due to through root development. and even the negative correlation between cadmium
phytoextraction and pH due to increased metal bioavailability at lower pH levels. The positive
correlation between organic matter and cadmium phytoextraction might be an artefact from the
statistically significant, negative correlation between pH and organic matter in spiked biogranulate
(Table 19). But even if this is not the case, it remains intriguing why pH and organic matter are
negatively correlated in spiked and regular biogranulate, and why this is more so in spiked
biogranulate. Perhaps, spiking unevenly adds certain microorganisms that decompose organic matter
under rhizosphere conditions, filling a functional void that was left after the pasteurisation of two
months’ worth of hot composting, at 70 °C 10. In the rhizospheres were these microorganisms are
absent, organic matter is delayed, thereby delaying the release of nutrients and metals in the
rhizosphere. Plants can lower the biogranulate pH in counterbalance, in search for nutrients, causing
this negative correlation between organic matter and pH.
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4.3.

Enhancing metal bioavailability in biogranulate

Although not all plants absolutely require high metal solubility to extract metals from biogranulate,
even the phytoextraction by true hyperaccumulators increases with increased metal solubility, i.e.
bioavailability 21,41,43. Some green, systemic, and cost-effective methods to increase general metal
bioavailability are discussed in this chapter.
A very similar fraction of cadmium, copper, and zinc was removed from biogranulate by flushing
(Table 7). However, the ions of these metals differ considerably in solubility 28. This discrepancy can
be due to the flushing out metals bound to soluble organic matter, which is common for sewage
sludge or its derivatives 101. The brown colour of the flushing water supports this theory (Figure 9), as
does the conceptual framework of metals and organic matter interaction by Simpson et al. (Figure 1).
Despite this simultaneous removal of organic matter and metals, metal bioavailability is probably
lowered by flushing, as the less soluble organic matter particles remain, which are less likely to
deliver metals to plants 102.
Therefore, metal bioavailability for phytoextraction is possibly enhanced by mixing desalinated
biogranulate with untreated biogranulate. When done in advance of growing plants, this might also
reduce the fungal problems associated with the high water content of flushed biogranulate. By
adding untreated biogranulate in a later phase, it can act as a metal fertiliser, increasing metal
bioavailability. The effectivity of this metal-fertiliser could be measured in solution, as well as tested
by growing G. claussenii, and analysing its zinc and cadmium content, as this plant is a bioindicator of
these metals 16. Perhaps, untreated biogranulate fertiliser can also act as a regular nitrogen fertiliser,
given the stronger ammonia smell of untreated biogranulate.
Another method is to experiment with flushing ratios, which also influences plant development
(Figure 8). When searching for a proper pre-treatment of biogranulate, biogranulate was flushed
with tap water with the ratios 1:20 and 1:40. The different plant growth results on the products of
these different ratios might be related to dissolving phosphorous, which stimulates root growth of
plant cuttings. Another factor involved can be the removal of metals and organic matter, which differ
over different water to substrate ratios: when flushing the same amount of soil with more water,
relatively more organic matter and relatively less metals are removed 103. Likewise, flushing
biogranulate with different water volumes can influence subsequent metal bioavailability.
The most promising method to increase general metal bioavailability is employing earthworms for
bioturbation 55. In biogranulate with a well-established rhizosphere, earthworms are able to survive
and reproduce (§ 3.8). Kocik et al. tested the effect of earthworms on plant growth in not-composted
sewage sludge 58, and found that earthworms significantly increased plant growth on sewage sludge.
Earthworms should not be added before a proper rhizosphere is established (§ 3.2), which can be
related to a lack of feed, anaerobic conditions in treated biogranulate, or soil formation in general
12,44
. Expectedly, earthworms will not only enhance plant growth in biogranulate, but also increase
metal content in plants through increased metal mobility and bioavailability (§ 1.5). As earthworm
bioturbation is not employed phytoextraction experiments on sewage sludge 74,94, S. alfredii
phytoextraction might be optimised by earthworms.
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5. Conclusion
5.1.

Answering research questions

1. Which treatment of biogranulate is required to allow plant growth on pure biogranulate?
To allow the growth of the tested hyperaccumulators, desalination is a prerequisite. The electrical
conductivity of untreated biogranulate is comparable to brackish soil (§ 3.1), which would suit only
salt-adapted flora. In this research, desalination is achieved by flushing biogranulate with tap water.
Side effects of flushing for desalination are: increased water content, reduced ammonia smell, loss of
organic matter and metals, and expectedly reduced metal bioavailability (§ 4.3).
2. Which treatment of biogranulate is required for earthworms to survive and reproduce?
Although earthworms do not survive in untreated (§ 3.1), nor in desalinated biogranulate (§ 3.2),
Eisenia foetida earthworms survive in non-spiked rhizosphere biogranulate for at least 76 days (§
3.8). The appearance of an extra, small earthworm after 76 days proves that egg hatching and
earthworm growth into noticeable size is possible in rhizosphere biogranulate. Expectedly,
earthworm bioturbation increases phytoextraction effectivity through increased plant growth and
higher metal mobility and bioavailability (§ 1.5; § 4.3).
3. What are the best plant species for phytoextraction of cadmium, copper, and/or zinc on
biogranulate?
The best plant species for the phytoextraction of cadmium and zinc from biogranulate are Sedum
alfredii in the first place (§ 3.5), and Nicotiana tabacum in the second place (Table 10-12). N.
tabacum is a good candidate for cadmium extraction from biogranulate, as cadmium bioavailability
hardly influences cadmium uptake by this plant (§ 4.1). For the same reason, S. alfredii is suitable for
cadmium extraction from biogranulate and sewage sludge in general (§ 3.5). However, S. alfredii is to
be preferred, as it can accumulate much higher quantities of cadmium, and hyperaccumulates zinc as
well. For the phytoextraction of copper from biogranulate, no suitable plant is found, neither in this
experiment, nor in the literature (Table 10-12; § 2.3).
4. To what extent does the addition of metal-contaminated soil with adapted microorganism
communities improve phytoextraction from biogranulate?
Spiking, as the addition of metal-contaminated soil with adapted microorganism communities, did
only improve the phytoextraction of cadmium by N. tabacum (Table 11). All other tested plant
species extracted smaller or equal metal fractions upon spiking. Plant cutting development on
biogranulate is impaired by spiking (Table 8 & 9), especially for the best-tested metal
hyperaccumulator, S. alfredii. Based on this research, spiking biogranulate with metal-contaminated
soil with adapted microorganism communities is recommended for N. tabacum and G. claussenii, but
discouraged for other plants.
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5.2.

Practical phytoextraction of cadmium

The bioavailability of cadmium, copper, and zinc in biogranulate is very limited. This is measured for
copper and zinc in biogranulate soil solution (Table 15 & 16), indicated by the limited zinc and
cadmium uptake of the hyper-bioindicator Gomphrena claussenii (Table 10-12), and can be explained
by the interaction of bivalent metals and organic matter (Figure 1). This limited metal bioavailability
is restricting: some plant species are impeded in their metal accumulation, whereas other species are
rather indifferent to metal bioavailability. Hyperaccumulator plants, like Sedum alfredii, are not
impeded by the limited bioavailability of zinc and cadmium in biogranulate, and neither is the
cadmium accumulator Nicotiana tabacum (§ 4.1). Still, metal phytoextraction from biogranulate by
hyperaccumulators can probably be improved by earthworm bioturbation during plant growth, and
by further experimenting with flushing ratios for biogranulate desalination.
Based on the results and the literature, when S. alfredii growth and metal extraction are fully
optimised, S. alfredii can extract reasonable quantities of zinc from biogranulate, but only for metal
harvesting purposes (Table 24). However, the phytoextraction of zinc is not recommended for
cleaning purposes, as this probably increases organic matter degradation, leading, for example, to
even higher copper and lead contents in biogranulate (§ 4.2). For biogranulate cleaning, the
phytoextraction of small fractions of metals is expected to be more fruitful. Cadmium and arsenic are
present in biogranulate in the ppm range (Table 1), and S. alfredii is capable of cadmium
phytoextraction from sewage sludge. Moreover, its expected time range for complete cadmium
extraction of a 0.3 m layer biogranulate is one year up to a few months (Table 24). Phytoextraction of
cadmium from biogranulate is probably feasible.
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