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ABSTRACT: This study addresses the challenge of producing feedstocks for bioenergy and bio-based products in a
non-land-dependent system based on the recently-developed concept of Green Floating Filter (GFF). In this system,
cattails are grown on floating supports placed in eutrophic water bodies in order to form a biomass mat that contributes
to water treatment; the produced biomass is fully harvested at the end of the growth cycle. In this work datasets of key
parameters concerning GFF performance were built for the proof-of-concept of GFFs. Results highlighted the
relationship between biomass production and water quality, with lower biomass production in the treatment with lowest
COD. Biomass partitioning was slightly affected by the water quality, at the contamination levels studied; the
submerged biomass represented 45.6% of the total biomass (dry mass) on average, partitioned into 79.5% rhizomes
and 20.5% roots at the February harvest. The starch content of the submerged biomass varied with harvest date and
biomass partitioning. Main conclusion was that the potential of GFF system for bioethanol and biobased products is
high, but it clearly relies on the nutrient water level and the harvest date.
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1 INTRODUCTION

Competition for different uses of land [1] and land use
change associated with biofuel feedstocks have been
issues of major concern in recent years [2]. Thus,
sustainability criteria for biofuel production, including
criteria for protecting land with biodiversity value and land
with high-carbon stock have been mandatory for biofuels
since 2009 in Europe [3]. The current Renewable Energy
Directive (REDII) lays down rules for direct and indirect
land use changes and limits the share of transport biofuels
from food and feed crops to 7% [4]. Hence, new
opportunities have been created for other feedstocks of
biofuels, like biowastes, ligno-cellulosic materials and
alternative energy crops. Using wetland plant species for
bioenergy may entail benefits such as reducing greenhouse
gas emissions, improving water quality and conserving
certain environments. This can be achieved by
paludiculture [5] or by using biomass collected from non-
protected wetlands [6] or by growing aquatic plants in
controlled conditions (aquatic crops), like constructed
wetlands [7].

Constructed wetlands are artificial wetlands built to
provide wastewater treatment (WWT) with the help of
helophytes -also known as emergent plants- [8]. In nature,
helophytes are perennial herbs rooted in the mud, with
shoots largely emerging above the water surface.

However, helophytes can be planted on floating
supports and grow successfully as floating plants to form
green islands on the water surface so that plants act as
green filters and take up nutrients and other contaminants
from wastewater [9][10]. Among the helophytes, cattails
(Typha spp.) stand out for their tolerance to water
contamination and large biomass potential, as well as for
their capacity to develop horizontal, unbranched and
starchy rhizomes [11]. Cattails have an annual growth
cycle; shoots start to develop in spring and die back in
autumn, while rhizomes begin to rapidly increase in
weight. Rhizomes act as storage organs of carbohydrates
that ensure plant regrowth in the following year [12]. If the
full-season biomass is harvested, rhizomes can be used for
first-generation bioethanol [13] and shoots and roots for
second-generation bioethanol [14] or for insulation and
bio-adhesives materials [15].
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Green Floating Filters (GFF) are constructed islands
of helophytes that are artificially grown as floating plants
in controlled water bodies to improve water quality,
whether there is contaminated water, eutrophic water or
metal-polluted water. Potential added benefits of GFF are
the possibility of producing feedstock of bioethanol in a
non-land-dependent system, and savings of greenhouse
gas emissions associated with this system of biofuel
production. The proof-of-concept is being undertaken in
the framework of the Life Biomass C+ project that aims to
demonstrate improvements in climate mitigation strategies
through the production of sustainable biofuel [16].

The aim of this work was to determine the
performance of Typha domingensis Pers. as a green
floating filter at two nutrient levels, namely two steps of a
wastewater treatment plant (WWTP), in order to provide
datasets for the proof-of-concept undertaken in the Life
Biomass C+ project.

2 MATERIAL AND METHODS

2.1 Location

The experiment was carried out at the phytodepuration
facilities of the Agro-Energy Group, Technical University
of Madrid (Spain), coordinates 40° 26” 36” N and 3° 44’
18” W; altitude 650 m a.s.l. The climate is continental-
Mediterranean, characterized by high temperatures and
very low precipitation in summertime (dry period) and
modest winter lows. Annual means (1981-2010) are 421
mm rainfall; 15.0°C mean temperature; 32.1°C mean
maximum temperature (July); 2.7°C mean minimum
temperature (January); duration of the dry period, four
months (June to September) [17].

2.2 Experimental setup

Typha domingensis Pers. (cattail) were grown as green
floating filters in a wastewater treatment plant (WWTP)
developed for phytodepuration of agro-industrial
wastewater. The influent was pre-treated wastewater
originated from an almond processing industry; pre-
treatment included sieving (up to 0.25 mm), and pH
adjustment to pH=7.

The WWTP included two tanks (decanters-digesters)
identified as WW1 and WW?2 that were partially filled
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with biofilm carrier media (bio-balls). Bio-ball diameter,
specific surface area, and apparent density were 135 mm,
296 m>m=2 and 50 kg-m?3, respectively. Sheets of
expanded polystyrene (EPSS) (40 g-cm density, 120 x 40
X 5 cm per sheet) were placed on the water surface on 6
June 2017 in order to be used as support trays for cattail
plants and to facilitate the growth of the cattail floating
filters. Each sheet had 17 rows of cells (staggered pattern,
59 cells per sheet, 4.5 diameter cells). One out of two cells
was planted with a young cattail plant (30-40 cm long, 75
m? rootball). Afterwards, the WWTP was filled up with
wastewater of increasing COD until reaching 100% pre-
treated almond wastewater. Then the WWTP was
maintained in batch for one month (period needed for plant
hardening). Afterwards, the WWTP was operated in
continuous mode by adding 200 L pre-treated wastewater
per day (28 August-13 September); finally, the WWTP
remained in batch mode. Specifications on tanks design
are shown in Table I. The chemical oxygen demand
(COD) of the wastewater in WW1 and WW2 tanks was
periodically determined during the experiment. Mean
values were 479 and 295 mg O2-17%, respectively (Fig. 1 &
Fig. 2).
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Figure 1: Layout of the decanter-digester tanks identified
as WW1 and WW2. EPS=supporting trays; EB=emerged
biomass; SB= submerged biomass; BB= bio- balls

Figure 2: Decanter-digester tank with cattail GFF (WW1).
Date: 29 September 2017

Table I: Specifications of the experimental tanks

Uni Ww1 WW2
t
Tank volume m?3 1.0 1.5
GFF area m? 1.26 2.1
Bio-balls surface m? 74 104
area
Bio-balls volume m? 0.25 0.35
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2.3 Cattail performance in two COD water levels

Cattail GFF grown in the two bio-reactors (decanter-
digester tanks) of the WWTP were assessed for key
performance parameters in relation to COD wastewater
levels. The parameters studied, sampling details and
methods applied are given next:

e Dry matter content: ratio of dry mass (105+2°C) to
fresh mass, in percentage (% dm). Harvest date:
4/February/2018. Rhizomes, roots and whole
submerged biomass were allowed to drain prior to
determinations of fresh mass.

e Biomass partitioning into emergent biomass
(biomass above EPSS), rhizomes, roots and stump
(plant fraction remaining in the cells): ratio of
plant fraction dry mass to total dry mass
(expressed in  percentage). Harvest date:
4/February/2018.

e Biomass production: fresh and dry mass per unit
area (kg fm-m?, kg dm-m?). Harvest date:
4/February/2018. Whole emergent biomass was
evaluated for all the EPSS area. Once the emergent
biomass was removed, EPSS were cut into pieces
(approximately, 60 x 40 cm each); then, the
biomass below EPSS (=submerged biomass) was
fractionated into rhizomes and roots, which were
separately weighed from stumps.

e Fiber content: neutral detergent acid fiber, acid
detergent fiber, and acid detergent lignin,
expressed as percentage on dry-weight basis
(NDF, ADF and ADL, respectively) [18]; fiber
composition was determined for composite
samples of living emergent biomass (living leaves,
sampled in October 2017), dry emergent biomass
(dry leaves, 4/February/2018) and submerged
biomass (2/February/2018).

e Carbohydrates content in the submerged biomass:
free reducing sugars (in water extract), total
reducing sugars, and starch, for samples of
rhizomes, roots and whole submerged biomass;
results were expressed in percentage (dry-weight
basis) [19].

3 RESULTS AND DISCUSSION

3.1 Meteorology

Temperatures recorded for the period comprised
between June/2017 and March/2018 are shown in Figure
3. The growth period extended from June to September,
when temperatures were favorable for cattail growth.
Relevant databases report that the optimal temperatures for
T.latifolia growth range from 10°C (optimal minimum) to
25°C (optimal maximum) [20]. The averages of June, July,
August and September in this experiment were 25.2, 25.4,
25.2 and 19.4°C, respectively. Minimum temperatures
below 10°C were recorded from 10/September but it was
not until 5/November that the daily mean temperature
dropped below 10°C. Frosts were recorded from
7/November to 26/February. Mean maximum temperature
of February was 10.8°C, a temperature that was within the
range of absolute temperature requirements for cattail
growth (6°C minimum temperature) [20]. Mean daily
temperatures rose above 10°C from 1 March (Fig. 3).
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Figure 3: Maximum, minimum and mean temperatures
(Tmax, tmin, tm) recorded during the experiment

3.2 Biomass production

Results of dry matter content and biomass partitioning
at the final harvest are shown in Table Il and Table IlI,
respectively.

Cattails grown outdoors as GFF were at a late stage of
senescence in January (harvest time); at that time, all
leaves were dry. Consistent with this, the dry matter
content was much higher (66% on average) for the leaves
than for the other plant fractions, which remained fresh.

In a perennial herb such as Typha, roots and rhizomes
remain alive at the dormant period of the annual growth
cycle, contrary to the leaves. Leaves were drier (70.9% dry
matter content) in WW1 than in WW2 (62.2% dm
content), which suggests that a rich-nutrient water body
might accelerate the growth cycle of cattails; in other
words, senescence might happen earlier in a rich medium
that in a poor one.

The plant organ with highest moisture content was the
roots, with 92.9% moisture on average (Table II).

However, this value should be taken with caution due
to the fact that roots form a dense mat at the time of
harvest; as a submerged biomass, root mats are very wet,
even if they are allowed to drain water excess.

At harvest time the order of weight importance (dry
mass) was: rhizomes > leaves > stump> roots, with 36.2%,
33.9%, 20.5%, and 9.4% of the total biomass, respectively.
That is, shoots s.s. (emergent leaves and stumps)
represented 54.4% of the total biomass (Table I11). Martin
& Fernandez reported 62.4% shoots (stumps included),
33.9% rhizomes and 3.7% roots (sampling of
20/November) for cattails rooted to the bottom in a system
fed with an urban secondary effluent [21].

With a view to the economic exploitation of GFF, it is
important to determine ratios of productivity as a function
of water quality and harvesting level. In the GFF
configuration made in this work it was assumed that the
emerged biomass (leaf fraction above EPSS) and the
submerged biomass (rhizomes + roots) would be
mechanically harvested in two steps (first, the emerged
biomass and second, the submerged biomass) to be used
for ethanol and/or biomaterials (partially or fully). EPSS
containing cattail stumps might be left in the water body
to allow re-growth in spring, or might be removed at the
final harvest. In order to test the sprouting capacity of the
stumps (roots and emerged biomass already removed), two
EPSS pieces (WW2) were left on the wastewater until May
2018. They sized approximately 65x40 cm each, and
contained 24 stumps per piece, on average. In May 2018,
72% of the stumps have sprouted; interestingly, the
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number of shoots developed was higher than the initial
number of stumps, meaning that several buds on the base
of each stump have sprouted.

Accordingly, four ratios were calculated in terms of
just-harvested (natural moisture content) and oven-dry
biomass (dry mass) (Table IV). Interestingly, the mean
values found for the ratio rhizomes to submerged biomass
(rhizomes + roots) and the ratio rhizomes to shoot (leaves
+ stump) on dry weight basis for the two growth media
(WW1, WW2) were the same. In a paludiculture
experiment Ren et al [5] found that higher nutrient
availability had little effect on the ratio aboveground to
belowground biomass of T. latifolia.

Table I1: Dry matter content (% dm) of GFFs grown at
two COD wastewater levels (WW1, WW2); cv =
coefficient of variation (%)

Plant fraction WWw1 WW?2

% dm cv % dm cv
Leaves 70.9 23.7 62.2 12.8
Rhizomes 19.2 8.7 20.1 13.2
Roots 6.7 6.7 8.1 17.8
Stump 10.3 10.8 10.3 12.4

Table I11: Biomass partitioning (% on dry weight basis)
of GFF grown at two COD wastewater levels (WW1,
WW?2); cv = coefficient of variation (%)

Plant WWwW1 WW2
fraction % cVv % cv
Leaves 325 33.8 36.1 46.9
Rhizomes 36.6 12.2 35.7 23.2
Roots 9.4 16.4 9.3 38.2
Stump 215 25.9 19.0 30.2

Table 1V: Ratios of productivity. Rh=rhizomes; rt=roots;
L=leaf mass above EPSS; Sp=stumps

Treatme  Rh/(Rh+r Rh/  Rh/(L+S  (Rh+rt)/

nt t) L p) L

In terms of just-harvested biomass:

WWwW1 0.58 4.86 0.59 131
(4) (50) (14) (10)

WWw?2 0.62 3.74 0.54 1.18
@) (55) (18) (14)

In terms of oven-dry biomass:

Ww1 0.80 1.30 0.69 1.64
) (49) (24) (49)

WWw?2 0.80 1.24 0.69 1.58
(4) (58) (38) (61)

In terms of dry biomass, the ratio rhizomes to shoot
mass was 0.69 for both types of wastewater, a value higher
than the 0.54 reported by Martin & Fernandez for rooted
cattails [21], suggesting that the growth of the shoots
might be lower in the case of floating crops, in relative
terms. Differences between the ratios of productivity of
WW1 and WW?2 were not significant due to variability, in
spite of the fact that the results of biomass partitioning
showed lower rhizome % and higher leaf % in the least
contaminated medium (WW?2).

Results of biomass production are shown in Table V.

On average, cattails grown as GFFs yielded 8.0 and
4.7 kg DM-m? total biomass in WW1 and WW2,
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respectively, in line with values in literature. In a study of
the effect of nutrient availability on T.latifolia as a
paludiculture crop, the ranges of values for the production
of aboveground biomass and the belowground biomass
were 0.7-4.45 kg DM-m? and 1.63-4.49 kg DM- m?,
respectively [5].

The production in emergent biomass was evaluated as
a whole (one measurement per GFF) but in the case of the
submerged biomass, it was evaluated by EPSS samplings
(n=4-6); this way it was possible to calculate coefficients
of variation for the submerged biomass. As shown in Table
V, high variability was found (coefficients of variation
>48%). This result might be related to the fact that the
EPSS cell distribution was uneven. In spite of such
variability, trends concerning the relationship between
level of contamination and biomass yield were noticed.

Table V: Biomass production of GFF grown at two COD
wastewater levels (WW1, WW2). In brackets, coefficient
of variation (%)

Biomass Fresh mass Dry mass
fraction (kg:m?) (kg:-m?)
WW1 Ww2 Ww1 Ww2
Emergent biomass 3.3 2.3 2.3 15
Stump 18.0 9.8 1.9 1.0
(57) (71) (60) (67)
Rhizomes 16.1 8.7 3.0 1.8
(50) (55) (49) (58)
Roots 11.8 5.8 0.8 0.5
(48) (65) (49) (72)
Total 49.1 26.6 8.0 4.7

The level of water contamination had a positive effect
on cattail yield; cattails in WW1 doubled the WW?2 yield.
Positive response of cattails (T. latifolia) to increasing
nutrient supply was also reported by other authors [5]. In
our work, the most sensitive plant fraction was the
submerged biomass; thus, the increase in dry weight of
submerged biomass (WW1-WW?2), represented 74.4% of
the WW?2 submerged biomass, while the increase in
emergent biomass represented 60.6%. The highest
increase was recorded for the stumps (89.6%) increase),
followed by the rhizomes (69.7%). That is, in a poor-
nutrient medium, cattails tended to form thinner shoots and
develop fewer and lighter rhizomes. In terms of biomass
partitioning (dry mass) this effect was scarcely noticed, in
agreement with Ren et al. [5]. The proportion of the
biomass above EPSS over the total biomass slightly
decreased, from 36.1% in WW?2 to 32.5% in WW1, while
the rhizomes proportion increased from 35.3% to 36.6%
(Table I11).

3.3 Fibers and carbohydrates

The green emergent biomass, made up by living
leaves, contained more NDF (plant cell walls less pectins)
(72.8%) than the dead leaves (65.2%), but similar ADF
(lignocellulose + insoluble mineral) (43.0%) (Table VI).
Living leaves were richer in hemicellulose (assessed as the
difference between NDF and ADF) than the dead leaves
(cattails at the dormant stage), but contained similar levels
of cellulose (assessed as the difference between ADF and
ADL), approximately 35.7%. Values found for floating
cattails were within the ranges of values reported for
Typha x glauca by Hubbard et al. [22], who studied the
fiber composition over a season. These authors reported
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60.9-71.9% NDF, 34.3-48.3% ADF, and 4.0-12.9% ADL,;
the lowest values were found for the earliest sampling
(3/June) whereas the highest values of NDF for the mid-
season sampling (29/July); the highest values of ADF and
ADL were recorded in September (23/September ADF,
9/September ADL), when 25% of leaves were senescent.
Gonzalez et al. [23] reported lower values for T.latifolia
leaves (living leaves used as forage): 56.1% NDF, 33.3%
ADF and 3.51% ADL, which highlights the importance of
the harvesting date (or leaf age).

The submerged biomass -made up of rhizomes and
roots- contained less fiber (all fiber fractions) than the
emergent biomass (leaves) (Table VI). Cellulose was
higher in the leaves than in the submerged biomass,
contrary to hemicellulose, which was lower in the leaves.

Trends observed in this work were in line with
previous studies. For instance, the fiber composition of
whole plants (shoots + roots + rhizomes) of Typha
angustifolia grown wild in Minnesota and sampled in
August-September, was 58.16% NDF, 38.97% ADF and
8.06% ADL [24]. In natural stands of Manitoba, shoots of
Typha x glauca were reported to contain more fiber (NDF,
ADF) than the rhizomes; 58.0% and 35.9% in the shoots,
and 44.6% and 25.9% in the rhizomes, respectively [25].

Results of carbohydrate content in the submerged
biomass are shown in Table VII. The rhizomes, as a
storage plant organ, contained more FRS, TRS and starch
than the roots in all samplings carried out. Highest starch
content was recorded for the October sampling, showing
the high potential for ethanol of cattail rhizomes (37.7%
starch) as compared to the roots. If the submerged biomass
were made of 79.2% rhizomes and 20.8% roots
(percentage in dry weight basis, assumed partitioning of
the total biomass) and the maximum starch content of
rhizomes and roots were as in the October sampling, the
starch content of the submerged biomass would attain to
34% at most. However, in the sampling of December the
actual starch content of the submerged biomass (analysis
of whole submerged biomass) was 24.4%; this difference
suggests that the potential of the submerged biomass for
ethanol cannot be inferred from small or selected
samplings (like the sampling made on 20/Oct/17, which
was made up of thick rhizomes); on the contrary, large
samplings of whole submerged biomass are needed for the
sake of accuracy.

The effect of the wastewater quality was studied in the
last sampling (7/February). It was found that the content in
sugars and in starch of roots and rhizomes did not vary
with the quality of the wastewater (WW1, WW?2) at that
time (Table VII). Assuming 79.2% rhizomes and 20.8%
roots (dw/dw), the starch content of the submerged
biomass would be 18.5% in February. Consistent  with
rising temperatures (Fig. 3), the starch content of the
submerged biomass was lower in February than in
December. Nevertheless, cattails were about to start a new
growth cycle in February, and, presumably, were
mobilizing rhizome storage compounds to initiate
sprouting.
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Table VI: Fiber composition of GFF. In brackets,
coefficients of variation (%)

Biomass Fraction NDF  ADF ADL
(%) (%) (%)

Living emergent biomass  72.82  43.83 7.80
(10/0Oct/2017) 0.9 (0.5) (120)

Dry emergent biomass 65.17 42.13 6.75
(2/Feb/2018) 0.3) 0.9 (12)
Submerged biomass 52.07 17.77 4.26
(2/Feb/2018) 3) (2) (6)

Table VII: Content of the submerged biomass in free
reducing sugars (FRS), total reducing sugars (TRS) and
starch. In brackets, coefficient of variation (%)

Biomas fraction FRS TRS Starch
Thick rhizomes, 1.24 5.05 37.73
WW2, 20/10/17 (23) (21) (6)

Mixed rhizomes, 4.14 6.30 20.41
WW1, 7/02/18 (11) (34) 3)

Mixed rhizomes, 2.83 8.75 18.43
WW2, 7/02/18 (41) (0.5) (35)
Mixed roots, 1.29 4.39 20.02
WW?2, 20/10/17 9) (59) (10)
Whole roots, 0.38 0.64 10.03
WW1, 7/02/18 (35) 47 (66)
Whole roots, 0.77 0.85 12.11
WW2, 7/02/18 (6) (0.5) 27)
Submerged biomass, 1.64 5.05 24.41
(4/12/17) (12) 4) 4)

4 CONCLUSIONS

The productive performance of cattails grown as green
floating filters in two steps of an experimental wastewater
treatment plant fed with agro-industrial wastewater was
studied; datasets of key parameters were built for two
levels of water contamination that meant different levels
of nutrient availability for cattail growth. The
level of water contamination had a remarkable effect on
cattail yield but this effect was not evenly distributed
between plant fractions. The response of the submerged
biomass was higher as compared to the emergent biomass;
the highest response was for the stumps, followed by the
rhizomes. In the rich-nutrient wastewater, the yield in
biomass doubled the yield obtained in the low-nutrient
water and the proportion of stumps and rhizomes was
higher. The effect of the nutrient water content was not
clearly noticed on the sugar and starch content of rhizomes
and roots in the final harvest (February). In addition, the
starch content of the submerged biomass varied with the
harvest date. By comparing the results of different
samplings it was inferred that the potential of the
submerged biomass for ethanol should not be extrapolated
from the results of separate samples of rhizomes and roots;
instead, whole submerged biomass should be analyzed.
Other findings concerned the ability of the stumps (roots
and rhizomes removed at harvest) to regrow, and the fiber
composition of cattail biomass. The emergent biomass was
much richer in fibers than the submerged biomass, and the
main component, cellulose. Final conclusion of this work
was that the potential of cattail GFF for bioethanol and
biobased products is high, but it clearly relies on the
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nutrient level of the water.
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