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Abstract: Environmental biotechnology needs solutions that are associated with a low budget and
cleaner remediation, and which are connected to resources and energetic valorization, to be able
to encourage a circular bioeconomy. A prospective resolution for heavy-metal-contaminated soils
is the application of phytoremediation approaches merged with bioenergy generation using the
resulting biomass. Sunflower (Helianthus annuus) has been studied as a feedstock for biodiesel
generation, and appears to be very attractive for biogas and bioethanol production. The current
study reports an innovative energetic valorization approach of H. annuus biomass derived from
the application of a phytoremediation strategy devised to remove Zn and Cd from an industrially
contaminated soil (599 mg Zn kg−1 and 1.2 mg Cd kg−1)—and its comparison to the analysis
of the same energetic valorization pathway for sunflower plants growing in an agricultural non-
contaminated soil. After plant harvesting, bioethanol was produced from the aboveground tissues,
and applied in the transesterification of the oil obtained through seed extraction for the generation
of biodiesel. Also, biogas production was assessed through the root’s biomass anaerobic digestion.
Similar yields of oil extraction—0.32 and 0.28 mL g−1 DW—were obtained when using seeds from
H. annuus cultured in contaminated and non-contaminated soils, respectively. The production yield of
bioethanol was superior using biomass from the agricultural non-contaminated soil (0.29 mL g−1 DW)
when compared to the industrial metal-contaminated soil (0.20 mL g−1 DW). Zinc was measured
in minor levels in bioethanol and oil (ca. 1.1 and 1.8 mg mL−1, correspondingly) resulting from
the biomass cultivated in the industrialized soil, whereas Cd was not detected. The production
yield of biogas was superior when using root biomass from H. annuus cultivated in agricultural
non-contaminated soil (VS max. ca. 104 mL g−1) when compared to the one deriving from the
industrial contaminated soil (VS max ca. 85 mL g−1). Generally, results demonstrate that substantial
production yields of the tested biofuels were attained from biomass resulting from phytoremediation,
corroborating this integrated original approach as a valuable alternative for the phytoremediation of
HM-polluted soils and as an important strategy for plant biomass valorization.

Keywords: Helianthus annuus; phytoremediation of soils; heavy metals; waste biomass valorization;
production of biofuels

1. Introduction

The depletion of resources is causing an imbalance in the natural ecosystems, in-
creasing the urgent need to restore the natural environment and its resources, including
soil, which has been continuously contaminated by industrial and agricultural activities.
Soil contamination with heavy metals (HMs) is growing exponentially, mainly due to the
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mining and metallurgical industries [1]. The high level of toxicity of these compounds can
affect the establishment of plants and their further development [2] as well as animal and
human health through the contamination of the food chain [3]. Phytoremediation uses
plants and microorganisms that are associated with them in the rhizosphere to immobilize
or remove HMs from contaminated matrixes [4], presenting several benefits for the soil,
such as the cleaning of contaminants, erosion prevention and biodiversity protection [5].
After establishing a vegetation cover, the resulting biomass can be used as a source of
energy or for amendment purposes [6,7]. The use of land solely for producing crops for
biofuel production is raising concerns since it can compromise the availability of food
supplies. However, energy crops suitable for phytoremediation purposes can couple soil
restoration with bioenergy production. This holistic approach can help mitigate climate
change effects at the local and global level, in line with multiple United Nations (UN)
Sustainable Development Goals (SDGs), namely Affordable and Clean Energy (SDG 7),
Climate Action (SDG 13) and Life on Land (SDG 15).

Helianthus annuus (sunflower) is an energy crop used for the phytoremediation of
polluted soils, particularly for HMs [8,9], and the conversion of the generated biomass
into valuable energy products can represent an opportunity for this integrated model. The
oil extracted from the seeds of H. annuus is among the four most produced vegetable oils
in the world, accounting for ca. 10% of the total vegetable oil production [10] and is a
widely used feedstock for biodiesel production [11]—with such usage being responsible
for the growth of food vs. fuel problems. Additionally, the stems and flowers of the
H. annuus plant constitute important lignocellulosic biomass and represent an abundant
renewable carbon source for a sustainable ethanol biorefinery industry [12]. The study of
the composition of H. annuus oil from phytoremediation-derived plants is nearly inexistent,
with the exception of the findings of Angelova et al. [13], which indicate that the Cd and
Zn contents in the extracted oil were below the maximum allowable concentration. On the
other hand, few existing reports concerning the use of phytoremediation-derived biomass
application for bioethanol production [14–16] have successfully achieved the hydrolysis of
carbohydrates from biomass grown on metal-contaminated soils and its sugar conversion,
therefore appearing as good prospects for this valorization strategy. Therefore, there is the
need to understand whether good-quality energy products can in fact be obtained from
the energy crops grown in contaminated vs. non-contaminated soils (otherwise prone for
food production) to counterpart energy production and simultaneously rehabilitate such
degraded land. In order to produce another added value energy product from H. annuus
grown in HM-contaminated soil, the transesterification of vegetable oils with ethanol into
biodiesel is preferred as the direct use of oils is not considered appropriate for direct and
indirect injection engines [17] and their chemical structure has to be altered. Although this
approach may theoretically seem like a way of fully taking advantage of the plant biomass
for valorization opportunities, this possibility has never been assayed or demonstrated,
although Ebrahimian et al. [18] recently proposed a sunflower-based biorefinery aimed at
producing biodiesel from oil and biogas from the remaining aerial parts of the plant.

Anaerobic digestion (AD) is one of the most sustainable wastewater and waste treat-
ment technologies, associated with the production of biogas and reduced biomass waste
with improved dewatering properties [19], widely used for the treatment of agricultural
wastes, allowing both pollution control and energy recovery [20,21]. The potential advan-
tage of performing phytoremediation in HM-contaminated sites for obtaining economic
and environmental revenues from AD has already been proposed [22]. Since then, some
studies have confirmed this potential, using Eichhornia crassipes and Trapa bispinnosa [23]
or Brassica napus L., Elsholtzia splendens Nakai ex F. Maekawa, Zea mays L. and Oenothera
biennis L., grown in a phytoremediation location [24]. However, high contents of HMs in
biomass waste can reduce the microbiological activity of AD processes and cause digester
failure [25] since methanogenic bacteria can be very sensitive to toxic compounds [26]. The
adverse effect of HMs on anaerobic microbial populations can occur due to the interruption
of enzyme function, and changes in the structure or replacement of naturally occurring
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metals [27]. Both Cd and Zn are among the most common HM contaminants [14] and
were found to affect the methanogenic bacterial activity [28]. However, knowledge of the
inhibition and fate of HMs released during the AD of plants used in soil phytoremediation
is still very scarce [26], especially if the roots of the plants, where these compounds are
normally accumulated in higher concentrations, are valorized for biogas generation.

The central goal of the present study was to evaluate the complete energetic val-
orization of H. annuus, obtained from an optimized phytoremediation strategy previously
described in Paulo et al. [29] to treat an industrialized soil from Estarreja (in northern
Portugal), presenting metal levels of Zn and Cd of, respectively, 599 and 1.2 mg per kg of
dry soil. Each plant part was used to produce a different type of biofuel—oil was extracted
from the seeds, with further transesterification with ethanol produced from the stems and
flowers, which was further evaluated for its composition and metal contamination and
compared to similar products obtained from plants which developed in agricultural soil
(37 mg Zn kg−1 and 0.5 mg Cd kg−1). This study will allow evaluating AD as a viable
solution for root valorization, as a part of the plant that is normally neglected after cropping,
proposing a complete energetic valorization of the whole H. annuus plant.

2. Materials and Methods
2.1. Biomass Composition

The content in ash, proteins, hydrocarbons, lignin and cellulosic glucan present in
aboveground and root tissues was quantified according to standard procedures established
by NREL [30] for the type of biomass under analysis.

2.2. Oil Extraction and Characterization

Oil samples were extracted from sunflower seeds by the Soxhlet method extraction
using hexane. Then, the solution was filtered, and the remaining solvent was evaporated
using a rotary evaporator at 40 ◦C [31]. The iodine value was determined in accordance
with EN 14111 [32], the acid value was determined in accordance with EN 14104 [33], the
kinematic viscosity was determined according to ASTM D 445 [34] and the specific mass
was determined according to ASTM D 4052 [35] standards. For the metal analysis, the
seed oil was digested with HNO3 and H2O2 and evaporated by a hot plate [36]. Flame
atomization—atomic absorbance spectrometry (FA-AAS) was used to assess the Cd and Zn
levels of the digests [37] in an Unicam 960 spectrophotometer (Waltham, MA, USA).

2.3. Ethanol Production and Characterization

Sunflower aboveground sections (stem and flower tissues) were used to produce
bioethanol. Acid pre-treatment (3% H2SO4, 85 ◦C, 50 rpm, 24 h) was applied, followed by
enzymatic hydrolysis with Viscozyme L. (100 µL g−1 of dried matter, pH 5, 50 ◦C, 50 rpm,
12 h). After this, the liquor was fermented by the addition of the yeast Saccharomyces cere-
visiae (30 ◦C, 75 rpm, 72 h, aerobiosis) [38]. Ethanol was recovered using a rotary evaporator
at 60 ◦C and the sugar content in the final product was determined by refraction [37]. In
order to assess the Cd and Zn levels of the digests [37], FA-AAS was used in a Unicam 960
spectrophotometer (Waltham, MA, USA), after HNO3-HClO4 digestion of the recovered
ethanol [39].

2.4. Biodiesel Transesterification and Characterization

Biodiesel was generated using acid-catalyzed transesterification. The reaction of trans-
esterification was achieved by adding 6:1 (mol:mol) of the extracted ethanol and 3% (w/w) of
H2SO4 catalyst (to the extracted oils, for 48 h at 80 rpm and 75 ◦C). Subsequently, biodiesel
was removed from the glycerol phase, washed with alkalinized (KOH) water, to neutral-
ize the surplus acid and then cleared with distilled water until the pH was neutralized.
Another drying step was then carried by adding magnesium oxide (MgO) followed by
subsequent filtration [40]. The fatty acid ethyl ester (FAEE) level was determined by gas
chromatography using a flame ionization detector (GC-FID), carried out in a DANI GC
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100 DPC Digital Pressure Control gas chromatograph at 250 ◦C, and a capillary column
TRB-Wax (Thermo-Fischer Scientific, Whaltman, MA, USA) with a flow rate of carrier gas
(helium) of 1 mL min−1. After the digestion of the obtained biodiesel with HNO3 and
H2O2 [31], FA-AAS was used to assess the levels of Cd and Zn of the digests [37] in a
Unicam 960 spectrophotometer (Waltham, MA, USA).

2.5. AD of Sunflower Roots

Previously dried and ground roots from sunflower plants cultivated in both soil treat-
ments (agricultural—Agr; industrial soil—Ind) were applied as substrates for biomethane
potential (BMP) tests. The AD was carried out in 120 mL serum bottles, using 45 mL
of an anaerobic basic medium, flushing the headspace with 20% CO2-80% N2—mixture,
according to Angelidaki et al. [41]. As inoculum, anaerobic granular sludge was taken
from a full-scale expanded granular sludge bed reactor (used to treat the wastewaters of
a beverage enterprise placed at Matosinhos (Portugal)) and applied in the same amount
(1 g wet weight; 0.089 g volatile solids) for all assays. The suitability of the anaerobic
granular biomass for BMP assays was assessed by assessing the specific methane activity
of the biomass. For this, 20 mM of sodium acetate (Sigma-Aldrich, Burlington, MA, USA)
was added as a sole substrate and both acetoclastic activity was quantified by measuring
the daily methane production, until stabilization. Diverse inoculum-to-substrate ratios
(based on VS) were tested, specifically 1:1, 1:2 and 1:4 (specified in the text as I:S 1, 2 and 4)
including a control designated as a blank, with no substrate. All tests were carried out in
triplicate or quadruplicate and flasks were incubated at 37 ◦C and stirring was performed
manually once a day. Biogas pressure was measured daily using a pressure meter (Paralab,
Gondomar, Portugal) until stable values were obtained. Pressure values were used to
estimate the biogas produced in each assay (volume per batch assay), taking into account
the biogas produced in a blank assay. Methane was measured by means of a Varian CP-3800
gas-chromatograph, equipped with a Carboxen®-1006 PLOT column (30 m × 0.53 mm
I.D., Merck, Darmstad, Germany) and TCD detector (Agilent Technologies, Santa Clara,
CA, USA). As a carrier gas, hydrogen gas was used and a gas combination containing
carbon dioxide, nitrogen and methane (20:40:40 (v:v:v)) was applied as a standard. Standard
methods [42] were used to determine the levels of volatile (VS) and total (TS) solids of the
sunflower roots and anaerobic granular biomasses.

2.6. Statistical Analysis

Disparities in the assessed factors for all tested conditions were statistically analyzed
using one-way ANOVA and t-tests after variance homogeneity compliance testing (Lev-
ene’s test) of the data with the IBM SPSS Statistics program (IBM, Armonk, NY, USA,
version 28.0). Duncan test (p < 0.05) was executed to ascertain the significance of the
disparities between the calculated averages.

3. Results
3.1. Biomass Composition

The biomass of plants’ aboveground tissues (e.g., stem and leaves) and roots was char-
acterized for H. annuus developing in both tested soils (contaminated and non-contaminated)
(Table 1). Overall, inorganic and organic components were present in similar amounts
in sunflower roots and aboveground tissues. Differences in protein, lignin and xylan
composition might explain the higher percentage of organic components quantified in
the roots.
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Table 1. Inorganic and organic components of the sunflower aboveground and root tissues, according
to the soil conditions.

Inorganics Protein Lignin Sucrose Xylan Glucan Acetyl Total

Aboveground
Agricultural 19.07

(n.d.)
1.84

(n.d.) 13.44 ± 3.17 2.08
(n.d.) 6.94 ± 0.11 27.36 ± 0.50 9.67 ± 0.58 80.15

Industrial 17.84
(n.d.)

1.72
(n.d.) 16.85 ± 0.00 2.04

(n.d.) 7.38 ± 0.02 29.15 ± 0.62 10.3 ± 0.31 84.92

Roots
Agricultural 17.29

(n.d.)
2.41

(n.d.) 20.12 ± 0.08 3.12
(n.d.) 8.66 ± 0.15 29.77 ± 0.13 9.09 ± 0.29 90.17

Industrial 19.74
(n.d.)

2.21
(n.d.) 16.38 ± 2.68 1.66

(n.d.) 10.39 ± 0.57 31.78 ± 2.13 8.27 ± 0.12 90.05

Values are shown as average ± SD (g/100 g VS); n.d.—not detected.

The lignin content varied among the different parts of the plant. A higher amount of
sucrose was quantified in the roots from H. annuus grown in agricultural non-contaminated
soil. More xylan and glucan were quantified in the roots and aboveground tissues from
sunflower cultivated in industrial contaminated soil, in comparison to the agricultural
non-contaminated soil. Inorganic components were present in variable amounts, presenting
its highest value in the roots from H. annuus grown in the industrial contaminated soil.

3.2. Oil Production Yields and Characterization

The production yields of sunflower oil from the plants developed in industrial and
soil treatments were, respectively, 15 and 20 mL oil/m2. It was possible to observe that,
for plants growing in agricultural soil, the amount of oil produced was higher than that
produced by plants grown in industrial soil, similarly to what happened to the biomass
of produced seeds for both treatments (62.57 and 51.92 g of seeds for the plants grown,
respectively, in the agricultural and industrial soils [29]). When considering seed biomass,
oil production yields of 0.32 and 0.28 mL m−2 g−1 were obtained in the agricultural and
industrial soils correspondingly.

The outcomes for the physical-chemical evaluation of sunflower oil are presented in
Table 2. There were no significant disparities (p < 0.01) between the values attained for
the different soils, with the exception of the levels of Zn for the extracted oils, as the oil
preceding from plants developed in industrial soil (which presented metal accumulations
of ca. 4 and 0.5 mg kg−1 of Zn and Cd, respectively, according to Paulo et al. [29]) presented
low values of Zn while no metals were detected in any other sample (seeds from plants
preceding from the agricultural soil only presented a Zn accumulation of ca. 2 mg kg−1).

Table 2. Main physical-chemical properties of sunflower oil extracted from plants developing in
agricultural and industrial soils.

Property Agricultural Industrial

Kinematic viscosity (mm2 s−1) 32.3 ± 0.6 a 32 ± 0 a t = 16
Specific mass (kg m−3) 920 ± 2 a 919 ± 2 a t = 7.848
Acid value (KOH g−1) 0.31 ± 0.02 a 0.32 ± 0.01 a t = 0.727
Iodine value (I2 100 g−1) 131 ± 3 a 131 ± 2 a t = 0.643
Zn (mg L−1) n.d.a 1.8 ± 0.3 b t = 6.994
Cd (mg L−1) n.d. n.d. --

Results are average ± standard deviation (n = 3). Independent samples t-test was executed for each parameter to
define the influence of soil treatment and t test results are presented in the related lines. Averages in the same line
presenting distinct letters are significantly diverse from each other (p < 0.01). n.d.—not detected.

3.3. Ethanol Production Efficiency and Characterization

The production of ethanol from the aboveground sections (stems + flowers) of sun-
flower plants grown in both used soils is described in Table 3. It is possible to observe that
the yield was higher for plants grown in agricultural soil—27.8% vs. 19.4% for the industrial
soil—similarly to what happened for the biomass of the aboveground tissues of the plants
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grown under low metal exposure. For the dimension of the study (1 m3 containers with ca.
1 ton of soil corresponding to an area of culture of 1 m2), 280 mL and 162 mL of ethanol
could be produced in the agricultural soil treatment and in the industrial soil treatment,
respectively (Table 3), which considering the aboveground biomass produced in each
soil (973.89 and 819.57 g for the agricultural and industrial soils, respectively [29]) corre-
sponds to production yields of 0.29 and 0.20 mL m−2 g−1 for the agricultural and industrial
soils, respectively.

Table 3. Ethanol production yield for the aboveground section of H. annuus plants developed in
agricultural and industrial soils.

Production Yield % (m/v) Total Yield (mL/m2)

Agricultural 27.8 280
Industrial 19.4 162

Concerning the levels of the targeted metals in the produced bioenergy product, only
Zn was detected in the case of the samples of ethanol produced from sunflower plants
developed in industrial soil (where they accumulated in its aboveground biomass levels
of ca. 291 and 13 mg kg−1 of Zn and Cd, respectively [29]), presenting an average level of
1.1 mg Zn L−1, while no Cd was found for any sample (aboveground tissues from plants
preceding from the agricultural soil presented Zn and Cd accumulations of ca. 51 and
0.8 mg kg−1, correspondingly) (Table 4).

Table 4. Concentrations of Zn and Cd in ethanol produced from H. annuus stem and flower tissues.

Zn (mg L−1) Cd (mg L−1)

Agricultural n.d. n.d.
Industrial 1.1 ± 0.1 n.d.

n.d.—not detected.

3.4. Biodiesel Transesterification and Characterization

The biodiesel obtained through the transesterification of the produced oil and bioethanol
was analyzed by gas chromatography and the data concerning its composition is described
in Table 5. Some differences (at p < 0.01) were observed in the amounts of each ethyl ester
between the biodiesel preceding from plants growing in different soils, but the distribution
profile appears to be similar.

Table 5. Composition of biodiesel obtained by gas chromatography.

Ethyl Ester (% mL m−1) Agricultural Industrial

Palmitate C16:0 8 ± 2 a 6 ± 2 a t = 0.001
Oleate C18:1 22 ± 3 a 7 ± 1 b t = 6.499
Linoleate C18:2 19 ± 5 a 30 ± 3 a t = 0.091
Linoleate C18:3 36 ± 8 a 47 ± 1 a t = 8.522
Docosanoic C22:0 10 ± 1 a 7 ± 1 a t = 1.646
Other 4 ± 1 a 2 ± 1 a t = 0.006

Results are average ± standard deviation (n = 3). Independent samples t-test was executed for each ethyl ester to
define the influence of soil treatment and t test results are presented in the related lines. Averages in the same line
presenting distinct letters are significantly diverse from each other (p < 0.01).

Biodiesel was also analyzed for Zn and Cd levels, but no metals were detected in
the samples.

3.5. AD of Sunflower Roots

The suitability of the selected anaerobic granular biomass for BMP assays was con-
firmed: acetate was completely converted to methane, according to the theoretical value
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(ca. 18 mmol CH4 L−1) (Figure 1). The anaerobic biomass presented a specific methanogenic
activity on acetate of 0.63 g CH4-COD g−1 VSS day−1, twice the value indicated as mini-
mum for valid BMP assays in Angelidaki et al. [41].
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Figure 1. Methane production (mmol L−1) from sodium acetate degradation (20 mmol L−1) by
anaerobic biomass.

Generally, the outcomes demonstrated that a greater amount of biogas was produced
from a higher quantity of substrate for all I:S ratios and both types of soil (Figure 2). Less
than two weeks were required for reaching the maximum biogas production for I:S1 and
2 ratios, while at least 21 weeks were required for reaching a maximum biogas production
using an I:S4 ratio. Despite this, the initial biogas production was comparable between
the assays (Table 6). For the I:S4 ratio, biogas production was higher during the first week
of incubation, slowed down during the second week and decreased until stabilization
during the third week of incubation, reaching a similar amount of biogas at the end of the
incubation for both types of soil.

Table 6. Average biogas and methane values obtained at the end of each assay.

Assay Pbiogas Vbiogas VCH4 % CH4 Ybiogas YCH4 IPRbiogas
Agr 1 125.9 ± 8.4 a 9.2 ± 0.6 a 6.2 ± 0.4 a 66.9 ± 0.4 a 103.3 ± 6.9 a 69.1 ± 4.9 a 9.7 ± 0.4 a

Agr 2 253.9 ± 5.5 b 18.5 ± 0.4 b 12.4 ± 0.3 b 67.0 ± 1.1 a 104.2 ± 2.3 a 69.8 ± 1.7 a 9.8 ± 0.5 a

Agr 4 484.9 ± 15.6 c 35.4 ± 1.1 c 24.6 ± 1.3 c 69.3 ± 1.6 a 99.5 ± 3.2 a 69.0 ± 3.7 a 10.4 ± 0.8 a

F(3,8) = 869 *** F(3,8) = 869 *** F(3,8) = 390 *** NS F(3,8) = 4.052 NS F(3,8) = 0.901 NS F(3,8) = 0.043 NS F(3,8) = 1.156
Ind 1 103.6 ± 6.8 a 7.6 ± 0.5 a 5.4 ± 0.3 a 71.4 ± 3.1 a 85.0 ± 5.6 a 60.7 ± 3.6 a 8.7 ± 0.3 a

Ind 2 203.9 ± 2.1 b 14.9 ± 0.2 b 9.9 ± 0.3 b 66.3 ± 1.2 ab 83.7 ± 0.9 a 55.5 ± 1.4 a 10.9 ± 0.7 b

Ind 4 410.6 ± 11.9 c 30.0 ± 0.9 c 19.4 ± 0.9 c 64.7 ± 2.0 b 84.2 ± 2.4 a 54.5 ± 2.5 a 10.1 ± 0.9 ab

F(3,8) = 1143 *** F(3,8) =1143 *** F(3,8) = 496 *** F(3,8) = 7.452 * NS F(3,8) = 0.106 NS F(3,8) = 4.729 F(3,8) = 8.288 *

Vbiogas—final volume of biogas in mL; VCH4—final volume of methane in mL; % CH4—percentage of methane
present in the biogas; Ybiogas—biogas yield in mL biogas g−1 VSS; YCH4—methane yield in mL CH4 g−1 VSS;
IPRbiogas—initial biogas production rate in mL biogas day−1, calculated during the first 7 days of incubation.
The results are averages ± standard deviations (n = 4). One-way ANOVA was executed for each soil treatment,
and for each HM and F test, marks are displayed in the related lines and as NS—non-significant at the level
p < 0.05; *—significant at the level p < 0.05; ***—significant at the level p < 0.001, correspondingly. Averages for
the same soil treatment exhibiting distinctive lower case letters are significantly diverse from each other (p < 0.05),
concurring with the Duncan test.

The greater difference in biogas production was observed between the biomass of
plants developed in different soil treatments (plants grown in industrially contaminated
soil showed root accumulations levels of ca. 434 and 24 mg kg−1 of Zn and Cd, respectively,
while roots from plants developed in agricultural soil showed uptake levels of ca. 67 and
1.6 mg kg−1 of Zn and Cd, respectively [29]), for assays with I:S1 and I:S2 ratios, presenting
a similar pattern during the first 3 or 6 days of incubation, respectively (Figure 3a,b). For an
assay with an I:S4 ratio, biogas production was similar during 16 days of incubation and
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the difference between the final biogas production from the roots obtained after growth in
industrial soil was lower (Figure 3c).
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Figure 2. Accumulative biogas generation achieved throughout the AD of sunflower roots, after plant
development in agricultural (a) and industrial (b) soil, at diverse inoculum-to-substrate proportions.
Agr—agricultural soil; Ind—industrial soil; 1, 2 and 4—inoculum-to-substrate ratios of 1:1, 1:2 and
1:4, respectively. Biogas production in blank assays is also shown.

Final biogas and methane production volumes were proportional to the amount of
added substrate (Table 6). Biogas production from roots grown in agricultural soil was
higher compared to the roots grown in industrial soil, in a percentage of ca. 18, 20 and
15%, for I:S1, I:S2 and I:S4 ratios, respectively. Methane production was also higher for
the AD of roots grown in agricultural soil, being 12, 20.5 and 21% greater compared to the
industrial soil, for I:S1, 2 and 4 ratios, respectively. The average biogas yield was higher
for the roots of plants developed in agricultural soil, with a value of 102.3 ± 4.5 mL biogas
g−1 VSS, compared to 83.0 ± 2.1 mL biogas g−1 VSS obtained from the roots of plants
developed in industrially contaminated soil. This difference was also observed for the
methane yield: higher values were obtained for roots from plants cultivated in agricultural
soil in comparison to the growth in industrial soil (69.3 ± 3.2 and 57.4 ± 4.0 mL CH4 g−1

VSS, respectively). The proportion of methane present in biogas varied amid 65 and 71%,
considering both soil conditions. The initial biogas production rate (IPR) was calculated to
evaluate whether the different conditions affected the initial anaerobic degradation rate.
Despite the lower IPR obtained for assay Ind 1 (ca. 8.7 mL biogas day−1), the remaining
tested conditions presented a similar biogas IPR, with an average value of ca. 10.2 mL
biogas day−1.
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Figure 3. Comparison between the accumulative biogas generation achieved throughout the AD
of sunflower roots, for I:S1 (a); I:S2 (b); and I:S4 (c) ratios in agricultural and industrial soil;
Agr—agricultural soil; Ind—industrial soil; 1, 2 and 4—inoculum-to-substrate ratios of 1:1, 1:2
and 1:4, respectively. Biogas production in blank assays is shown.

For all cases, t-tests were also executed between soils subjected to the same relation
(1:1, 1:2 or 1:4). It was seen that, for all, there were significant (p < 0.01) differences between
the tested soils, with the industrial soils presenting lower values for all the parameters than
the agricultural soils, with the exceptions of the % CH4 at the 1:1 ratio, Biogas IPR* at the
1:4 ratio and Biogas IPR** at both the 1:1 and 1:2 ratios.
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The maximum concentrations of Zn and Cd expected in the liquid medium were
estimated considering the complete release of the metals from sunflower roots reported
by Paulo et al. [29] during anaerobic biodegradation: 0.6 and 0.02 mg l−1 of Zn and Cd,
respectively (1:4 ratio), released in assays using roots from an agricultural soil, and 4.1 and
0.2 mg L−1 of Zn and Cd, respectively (1:4 ratio), were estimated in assays using roots
grown in industrial soil.

4. Discussion

The potential of generating several energetic products from HM phytoremediation
sunflower-derived biomass was assessed. Oil was extracted from the plant’s seeds,
bioethanol was produced from H. annuus aboveground tissues and the transesterifica-
tion of both products was assayed for obtaining biodiesel, using sunflower plants grown in
agricultural and industrial soils. Helianthus annuus roots were also used in this integrated
strategy to obtain information on the bioenergetic potential of roots as well as on the possi-
ble effects of root contaminant uptake on biogas production. Generally, higher production
yields were observed for all energetic products when using the biomass of plants grown in
the agricultural soil. However, it is remarkable that it was possible to produce valuable
and viable energetic products with low metal contamination using the biomass derived
from the phytoremediation of the industrial soil. The total oil production was higher from
seeds obtained after growth in the agricultural soil, since a higher amount of seeds was
obtained from sunflowers grown in the agricultural soil [29]. However, very similar oil
production yields were obtained for H. annuus, cultivated both in the agricultural and
industrial soils. This was also reflected in the oil composition, which was overall similar
when comparing the initial soil conditions. Similar findings were described by Su et al. [43],
who concluded that the presence of HMs in the soil did not change the oil content in seeds.
The composition of oil, similarly to the biomass composition, was not significantly diverse
(p < 0.05) amongst the plants grown in distinctive soil conditions. The composition of the
oils obtained in this report is coherent with that previously reported [44]. Considering the
presence of metals in the oil derived from biomass cultivated in the industrial contaminated
soil, merely a low level of Zn was detected, which was a consequence of the also low levels
of seed contamination by the target HM (4 mg Zn kg−1 [29]). Zinc is an essential metal
for plant growth that can also be present in higher levels in the seeds and consequently in
the oil. The existence of Cd in the industrial soil did not change the metal concentration in
the oil, and in this case, is also probably because the levels in the seeds were already very
low. These results indicate that only a small percentage of the metals in the soil are retained
in the oil, and are in accordance with other reports in the literature for seed oils derived
from phytoremediation experiments, namely those of Su et al. [43] and Wang et al. [45] for
peanut oil, and that of Cataldo et al. [46] for soybean oil. In fact, Park et al. [47] showed
for Brassica napus that more than half the amount of HM is left in the residues during the
oil extraction process, which can also explain these low levels in this energetic product.
Angelova et al. [13] reported levels of 2.99 mg Zn kg−1 and no Cd in the oil preceding
from sunflower plants grown in HM-polluted soils, (1430 and 31.4 mg kg−1 of Zn and Cd,
respectively) higher than the values reported herein, but lower than the limit concentrations
in the oil of plant origin (less than 0.05 and 10 mg kg−1 of Cd and Zn, respectively).

The biomass composition of the plant aboveground tissues generally showed minor
differences between the soil treatments, with cuttings growing in the industrial soil ex-
hibiting slightly superior values of lignocellulosic materials. Lignocellulosic composition
found in plants cultivated in the two tested soil treatments was in the range of others
described in the literature for H. annuus—Ziebel et al. [48] described percentages of lignin,
xylan and glucan of ca. 25, 16 and 32%, and Dhiman et al. [15] reported a biomass com-
position of 29, 20 and 34%, respectively. The glucan content was ca. 2-fold higher than
the one of lignin, and 4-fold higher than the one of xylan, indicating that the content of
cellulosic materials, which is more readily utilizable, is substantial and prone for biological
degradation via hydrolysis and fermentation to bioethanol [15]. Therefore, the harvested
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aboveground biomass (stems and flowers) was used in such a process envisaging further
energetic gains—at optimal conditions, sunflower is reported to present maximum yields of
ethanol fermentation of ca. 0.55 mL g−1 [49]. Higher ethanol production was obtained for
H. annuus plants cultivated in agricultural soil, even when normalizing with the produced
biomass, with production yields of 0.29 mL g−1 for the agricultural soil vs. 0.20 mL g−1 for
the industrial soil, matching a decrease of about 30% in the production of plants cultivated
in industrial soil. The same trend was previously reported: Willscher et al. [50] reported a
decrease in the ethanol production yields for Triticale of about 11% when the plants were
grown in metal-polluted soils, and Ko et al. [16] reported a negative effect of the Zn and
Cd contamination of the soil in the hydrolysis and fermentation of Napier grass to ethanol
(reductions of up to 37% in the process efficiencies were observed). As for the oil, and
with regard to what can be considered the presence of metals, no HMs were detected in
the ethanol from H. annuus cuttings grown in agricultural soil, and only a low level of Zn
was detected in the product derived from the plant growth in industrial soil, confirming
the findings of Dhiman et al. [15] who showed the suitability of H. annuus hydrolysate for
bioethanol production. The extracted oil was transesterified with the produced bioethanol
to ethylic biodiesel via acidic catalysis for the by-products derived from the two different
soil treatments. The obtained biodiesel was analyzed to evaluate the transformation of the
triglycerides of the oil into their ethyl esters, indicating the prevalence of ethyl oleate and
linoleate, similarly to what has been reported in other studies for sunflower oil-derived
biodiesel [44]. Small differences were observed between the amounts of each ethyl ester
biodiesel preceding from H. annuus plants growing in different soils, but the distribution
profile appears to be similar.

Different soil compositions, and particularly organic matter profiles, can by themselves
induce differences in the fatty acid compositions of produced oils [13] and consequently
on the ethyl ester composition of the transesterified biodiesel. On the other hand, the
contamination in the cultivation soil did not seem to be a determinant factor to attain a
good biodiesel product, as none of the target metals were identified in the final samples.

Due to common cropping practices, roots are usually left in the soil, do not constitute
part of the agricultural waste, and are not being considered for biofuel, namely their biogas
production potential. Until now, biogas production from energetic crops associated with
phytoremediation has only been evaluated using the aboveground parts of the plant as
feedstock [26,51–53]. However, for a holistic phytoremediation strategy, the removal of
roots is an essential step to improve the removal of pollutants, increasing the possibility of
providing a proper remediation treatment while performing its energetic valorization. This
approach will also allow understanding whether the effect of release from the HMs during
the AD process can be critical for biogas production, since roots can accumulate more
HMs compared to other plant parts [29]. The results demonstrated that HMs accumulated
by the roots of H. annuus cultivated in the industrial contaminated soil did not have a
negative impact on its anaerobic biodegradation, since the biogas production yield was not
affected by the incremental addition of the roots biomass and HM release into the aqueous
medium. The inhibition potential of an HM on a biological process will greatly depend
on its physical-chemical behavior, namely on its aqueous solubility, ability to precipitate,
to form complexes and on the capacity to adsorb on the anaerobic biomass [20,26], but
also on the metal concentration, its chemical form, pH and redox potential [54,55]. Zn
is a component of enzymes required for the catalysis of numerous anaerobic reactions
present in methanogenic archaea species [56] and a level of up to 1250 mg Zn L−1 was
found to increase the biogas production during the AD of swine manure [55]. Instead,
Altas [54] observed that 2 mg L−1 of Zn stimulated the anaerobic process while Cd did not
have a stimulation effect, and that Zn (7.5 mg L−1) was more toxic than Cd (36 mg L−1)
on the activity of anaerobic granular sludge. Guo et al. [57] mentioned a diverse toxicity
potential concomitant to these HMs as well as lower amounts of Cd and Zn causing AD
inhibition (1 mg Cd L−1, 3 mg Zn L−1). Compared to other HMs, Zn can solubilize and
precipitate, due to its lower binding affinity onto sorbents, while Cd presents a higher
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sorption capacity onto sludge, which can decrease its concentration in the solution [26]. A
higher HMs solubility can lead to a higher toxicity [58] and, depending on the amount, Zn
can be more toxic to the AD process compared to Cd. However, independently of all this,
the anaerobic biomass can be used as a suspended or granular sludge and thus determine
the tolerance of the biological process to toxic compounds. In the anaerobic granular
sludge, the utmost sensitive anaerobic microorganisms (e.g., methanogenic bacteria) are
protected by layers of bacterial biofilm [54]. This is corroborated by previous findings
where Zn was found to be toxic even at 0.5 mg L−1, concerning anaerobic microorganisms
suspended and 0.75 mg L−1 for anaerobic granular biomass [54,59]. “Biogas is mostly
composed of methane and carbon dioxide, with the methane percentage varying between
50 and 75% [60] and a percentage above 65% was obtained in all tested conditions”. In
our study, the methane yield for H. annuus roots was ca. 69 and 57 m3 ton−1 VS, for
agricultural and industrial soil, respectively. The potential methane production from aerial
H. annuus plant parts were found to vary between 231 and 297 Nm3 metric ton−1 VS, which
can also depend on the aerial plant part. Zhurca et al. [55] obtained a higher methane
production using sunflower heads compared to the stalks (ca. 210 or 128 m3 ton−1 VS,
respectively). Additionally, the biogas production from roots of H. annuus grown in the
industrial contaminated soil was found to be significantly different, with ca. 18% lower
values, compared to the plants grown in the agricultural soil. A different composition of
the roots could be at the basis of the lower yield after their development in the industrially
contaminated soil, and associated with different AD process conditions, which could also
explain the lower yield compared to other H. annuus aerial parts. The lignocellulosic
biomass components (cellulose, hemicellulose and lignin) are expected to differ between
the morphological parts of the plant, namely between the root and stalks, affecting their
biodegradability and conversion into valuable bioproducts [61]. Furthermore, although
there is a typical composition known for several types of lignocellulosic biomass, the
concentration of biomass components can differ between and among plant species, due
to growth conditions and maturation stage [62]. Biomass composition analysis revealed a
difference between components obtained from H. annuus, after growth in agricultural or
industrial soil. Roots grown in industrial soil presented more xylan but less lignin when
compared to the roots grown in the agricultural soil. Cd and Zn can affect cellulose and
lignin biosynthesis, also affecting the substitution of xylan in the fibers [63]. Although a
high lignin content can affect the AD process [61], the lignin present in the roots obtained
after its development in agricultural soil did not limit its anaerobic biodegradation. More
sucrose was measured in the roots after its development in the agricultural soil. Sucrose
is the primary product of photosynthesis in most plants, and is being used as a carbon
and energy source in different physiological processes that are essential for plant growth
and development, also helping with plants’ adaptation to abiotic stress [64]. The better
photosynthesis performance of H. annuus in the absence of HMs in the soil might have
favored sucrose-related physiological traits, increasing, in this way, the roots’ anaerobic
biodegradability. The higher amount of inorganic components measured in the roots after
their development in industrial soil might be directly related to the Zn and Cd uptake
from the soil. As found in previous results [29], most of the Cd and Zn were measured
in H. annuus roots in comparison with the aboveground tissues. A high Zn and Cd soil
contamination level, which is partly accumulated by H. annuus, can upset plant growth,
disturb nutrients [3], metabolic activities and the photosynthesis rate [65].

Nevertheless, the valorization of the phytoremediation-derived biomass of H. annuus
through these different strategies appears as a solution with potential in biofuel-integrated
production, where fully renewable biodiesel and biogas are produced, while land is being
recovered for future agricultural use.
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5. Conclusions

This innovative study reports the utilization of all plant tissues derived from the
application of a phytoremediation strategy to a metal-contaminated site and compares the
biomass and energetic product yield and metal contents to the plants grown in agricultural
soils, therefore presenting a more complete overview of the solutions for all plant biomass
for energetic valorization. In this research it was possible to conclude that the total amount
of oil, ethanol and biodiesel obtained from the aboveground tissues was mostly dependent
on the biomass production, while the production yield could be more dependent on the
biomass composition changes promoted by the accumulation of HMs in the plant. Addi-
tionally, the composition of these biofuels produced from H. annuus seeds and aboveground
tissues was not affected by the growth of H. annuus in a HM-contaminated soil. Concerning
the valorization of the roots through AD, the higher level of protection towards HMs con-
ferred by the anaerobic granules might explain the less significant negative effect of Zn and
Cd released during the AD process. Despite this, differences in the biomass composition
could be at the basis of the lower anaerobic biodegradability yield obtained from the roots
grown in industrial soil. Overall, the presence of HMs in the soil might more directly affect
the growth and development of the plant roots, followed by the aboveground plant tissues
and by the changing biomass production yield and composition and, subsequently, the
biodegradability.
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