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Abstract 
Agricultural pesticides can become persistent environmental pollutants and their use is destined to be reduced. Consequently, 
weed control is shifting to green products and strategies. A combined approach, made of pelargonic acid based herbicide 
spraying and interspecific competition (i.e. seeding of plants species competing for growth against weeds) could boost the 
weeding effect. In case of the contemporary seeding and spraying, needed to reduce costs, seed coating is necessary as barrier 
to herbicide toxic effects but, at the same time, the coating has to be endowed with the right features to allow germination. 
This work aims to verify the feasibility of using cellulose acetate/cardanol (CA/Card) as seed coating polymer–plasticizer 
blend and to identify possible relationship between material features and germination rate. For these purposes, untreated and 
pelargonic acid herbicide treated coated seeds coated through solvent evaporation methods (CA/Card ratios from 0/0 to 100/0) 
were subjected to germination test. Coatings were characterized through SEM, EDX, media uptake, DSC and mechanical 
analysis with and without conditioning in seeding conditions. Germination test showed that 70/30 seeds, treated and untreated 
with herbicide, presented the best germination rate. Germination assays showed that coating presence reduced and slowed 
(without stopping) seeds germination equally with and without herbicide treatment. Consequently, was possible to conclude 
that CA/Card coatings allowed germination and presented a barrier effect against herbicide. Thus coating resulted suitable for 
seed coating in herbicide spraying/interspecific combined applications. No strong correlations were found between material 
features and germination, but it is plausible to hypothesize that both water absorption and mechanical properties of the coat-
ing play an important role and have to be optimized to improve germination rate avoiding difficulty in sprouting. Finally, the 
study opened a new perspective in the use of cellulose acetate for seed coating from waste sources such as cigarette filters.
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Introduction

Herbicides are compounds used mainly to eliminate not 
selectively invasive weed species growing in public areas 
for aesthetic or practical reasons (e.g. from sidewalks, pave-
ments and railways) or competing for nutrients and sunlight 
in crops or livestock farms. Generally, one the main herbi-
cides drawbacks, is their persistence as environmental pol-
lutants. For example, glyphosate (GLP, probably the most 
employed herbicide) is under particular scrutiny because of 
its possible environmental and health risk, to the point that 
its use is going to be reduced from almost all the EU coun-
tries starting from 2023 [1].

Consequently, in the last years, the operative control of 
infesting annual grasses explored more environmental and 
health safe alternative products and strategies in order to 
substitute traditional non‐discriminating herbicides. Among 
new products [2–4] water based bioherbicides (e.g. pelar-
gonic acid) or essential oils (e.g. Asteraceae oil) [5–15] are 
already commercially available. Differently, some weed 

management strategies are still almost unexplored; one of 
these is the so-called interspecific competition. This action, 
is carried out through the seeding of some plants species 
able to reduce weeds proliferation by subtracting water and 
space available for their growth (i.e. competition) [16–19]. 
Consequently, is still similarly unexplored the combined use 
of bioherbicide and interspecific competition. The coupling 
could enhance the weeding through the synergistic effect of 
the two strategies but only providing that seeds are protected 
from chemicals toxic action, for example by using a seed 
coating.

Artificial seed coating is the application of exogenous 
materials on the surface of the natural seed coat. A seed 
coating can contain active substances such as pesticides, 
micronutrients, soil adjuvants, germination or growth pro-
moters to protect seeds from several pathogenic microor-
ganisms and insects or to promote germination and growth 
[20]. Coatings are used also to improve seeds handling (e.g. 
colored coatings to recognize species) and storage [21]. Sev-
eral materials have been used for seed coating, among them 
vinyl acetate homopolymer, methylcellulose, polyethylene 
glycol, chitosan, polyvinyl alcohol, ethyl cellulose, polyvinyl 
acetate and arabic gum [21]. In 2020 the global seed coating 
material market (polymers, colourants, and bulking agents) 
is expected to be about US$ 1.63 billion and a further growth 
is possible in the next few years [22–25].

In order to couple chemical herbicide spraying and inter-
specific competition (coupled action), the coating must be 
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not toxic and protect seeds at the initial stages of contact 
with toxic substances. At the same time, coating materi-
als must allow seed–water contact to start germination and 
it must gradually degrade to facilitate sprouting and plant 
structures growth [26–28]. Consequently, some key factors 
influencing the effectiveness and to take in account for the 
selection and production of a material for seed coating are: 
(i) toxic effects on seeds of coating composition and process-
ing; (ii) coatings thickness and mechanical properties (as it 
should not prevent the escape of the root system and sprout); 
(iii) its barrier effect against chemicals and water permea-
tion (related both to coating defects and composition) and 
finally (iv) the coating degradation rate. Additionally, when 
the herbicides used in coupled action is water based (e.g. 
pelargonic acid), coating materials have to be not water-sol-
uble. Moving from these principles, cellulose acetate (CA) 
may be suitable for seed coating in water based bioherbicide 
spraying coupled with interspecific competition.

CA is a low cost, nontoxic and biodegradable semisyn-
thetic polymer made from renewable sources [29] through 
acetylation of cellulose with acetic acid (resulting in replace-
ment of acetyl groups for some of the hydroxyl groups of 
cellulose). CA is mainly used for coatings or as fibers for 
clothing production or as material for filters preparation 
(such as cigarette filters) but is still unexplored as seed coat-
ing material. CA is soluble in acetone and dichlorometh-
ane–methanol (depending on substitution degree) [29]. Con-
sequently, it is possible to obtain sufficiently thin insoluble 
in water (but degradable) films through low temperature pro-
cess like solvent evaporation [30]. CA biodegradation starts 
in presence of water (leading to a temperature dependent 
deacetylation step by chemical hydrolysis) followed by cel-
lulose degradation by cellulase. Degradation can be fostered 
by microbial and/or enzymatic action (e.g. degradation in 
soil) [31–39]. Finally, as for other polymers, it is possible 
to modify CA properties by the use of plasticizer in order to 
match the necessary characteristics previously listed.

In the present study, following the “green” approach, a 
natural plasticizer based on cardanol oil was used. Cardanol 
(Card) is one of the main organic element (about 30 wt%) 
in cashew nut shells. It is a phenol derivative comprising of 
a linear unsaturated hydrocarbon as an elastic and hydro-
phobic long side chain and phenol as an inflexible aromatic 
part with a reactive hydroxyl group [40–43]. The effect of 
Card oil as plasticizer has already been tested in the field of 
composite materials, for example in the Card-based matrix 
biocomposites reinforced with natural fibers [44].

Finally, as further element of interest in the use of CA 
as new seed coating material is the possibility to reuse 
production waste or waste, such as used cigarette filters, 
as raw material for coating preparation. Cigarette litters, 
if abandoned in their commercial form in nature, have 
degradation times over the years [45], releasing polluting 

substances into the environment as degradation pro-
gresses. With the growing awareness of their environmen-
tal impact, new strategies for their reuse (for example as 
fillers in bricks [46]) and new techniques for their washing 
are always sought. A use in the field of seed coating, would 
allow their recycling in a useful form and probably easier 
to bio-resorb as it is used in the form of a thin film in pres-
ence of water and microbial/enzymatic action. Further-
more, developing a selective wash that does not eliminate 
the nicotine inside them, would lead to the realization of 
bioactive coating.

The main purpose of this study was to verify the fea-
sibility of using CA/Card as seed coating material, in 
particular when applied as barrier to protect seeds from 
bioherbicide toxic effects during contemporary herbicide 
spraying and seeds sowing for interspecific competition 
applications. Consequently, seeds were coated with differ-
ent CA/Card ratios prepared by solvent evaporation. Then, 
germination assay with and without herbicide treatment 
was performed to evaluate the germination rate among 
all the CA/Card ratios and to define the more suitable 
composition by investigating possible negative mate-
rial or processing effects on seeds germination and the 
coating barrier effect to herbicide. Furthermore, coatings 
were characterized to evaluate the relationships between 
the variation of possible germination influencing material 
properties (e.g. mechanical, barrier and degradation prop-
erties) and performance in germination assay in order to 
define some key aspects to optimize the material to obtain 
the best performance.

Materials and Methods

Materials

CA (average Mn ~ 30,000) and Card oil characterized by a 
purity of 95%, (Card molecular weight from 298 to 304 g/
mole) were purchased respectively from Sigma Aldrich 
(MO, USA) and Oltremare (Bologna, Italy). Acetone 
(≥ 99.5% from Merck Life Science, Milan, Italy) was 
used as solvent for coating preparation. The seeds used, 
received from Césped Sparring supplied by Semillas Fitò, 
were part of a specific herb mixture as follows: 30% Fes-
tuca arundinaceafiraces, 30% Festuca arundinaceagolden 
gate, 25% Festuca arundinaceaumbrella, 10% Lolium, 
0.5% Poacea. The species contained in the batch of tested 
seeds have the same germination times between them in 
fact, they are indicated for the creation of garden lawns. 
The herbicide Finalsan Erbicida Professional by Kollant 
S.r.l.[Vigonovo (VE), Italy], based on pure pelargonic 
acid, was used to treat seeds.
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Cellulose Acetate/Cardanol Film Preparation 
and Seed Coating

The process of seed coating and for membranes preparation 
(without seeds) was carried out through solvent evapora-
tion method. 1.5 g of CA powder and Card oil at different 
weight ratio (CA/card ratio from 100/0 to 50/50 as reported 
in Table 1) were mixed in 15 ml of acetone by stirring for 
1 min at 200 rpm. The obtained solutions were poured into 
an 80 mm diameter glass Petri dish and then 60 random 
seeds were uniformly placed in each poured solution. The 
solvent was allowed to evaporate at room temperature in 
static conditions for about 50 min to obtain the membranes 
filmed at the bottom of the Petri dish and containing the 
seeds as reported in Fig. 1. The covered seeds were then 
removed by cutting them from the membrane. The process 
for preparation of films without seeds (reported as mem-
branes) followed the same protocol as above but without 
placing seeds inside the solution. As positive and negative 
controls were used uncoated seeds reported in table as 0/0 
samples, following the same notations of CA/Card coated 
seeds.

Bioassay

Germination tests were performed to verify seed viability 
after the coating process and herbicide treatment. Further-
more, the test aimed to asses which of CA/Card coatings 
provide better the germination through the comparison 
between germination rate of untreated and herbicide treated 
coated seeds.

Germination Test

The germination rate of coated seeds was assessed through 
germination test with and without herbicide treatment (from 
uncoated 0/0 to 100/0 CA/Card ratios as reported in Table 1). 
For every condition, the germination test was performed in 
triplicate by sowing seeds in moistened cotton wool. 30 
seeds for each ratio were placed inside 80 mm Petri dishes 
containing a layer of cotton wool uniformly moistened with 
80 ml of distilled water (called germinators, Fig. 2). Only 
in herbicide treated samples, the seeds were treated with 
1 ml of Finalsan 20% (v/v) herbicide (concentration pro-
vided by the manufacturer for treatment of infesting plants) 
before sealed with parafilm to reduce evaporation. Finalsan 
was spread on seeds by a syringe nebulizer (0.03 ml/seed). 
Both for herbicide treated and untreated seeds, as positive 
controls were used non-coated seeds untreated with herbi-
cide to verify seeds viability [0/0 positive control + (H) in 
Table 1]. In treated condition, a negative control made of 
uncoated seeds sprayed as above with 1 ml of Finalsan 20% 
(v/v) was added in order to verify the effect of herbicide 
on seeds [0/0 negative control − (H) in Table 1]. In addi-
tion, for each condition, another germinator containing 30 
uncoated pre-treated in acetone seeds was added as control 
[0/0 acetone (G) in Table 1] in order to evaluate the effect 
of the solvent on seeds viability. Pretreatment consisted in 
seeds immersion in acetone for 50 min (the same time as the 
coating processing).

All the germinators were placed inside a Binder cli-
matic chamber at 27 °C and 90% relative humidity (RH) for 
15 days and monitored every 2 days. Average germination 

Table 1   Coated seeds with different CA/Card ratios (50/50–100/0) and uncoated controls (0/0) tested in germination assay with and without her-
bicide treatment

Samples CA/Card ratio
Condition (A) (B) (C) (D) (E) (F) Acetone (G) Positive con-

trol ( +) (H)
Negative 
control ( −) 
(H)

Without herbicide treatment 100/0 90/10 80/20 70/30 60/40 50/50 0/0 0/0 –
With herbicide treatment 100/0 90/10 80/20 70/30 60/40 50/50 0/0 0/0 0/0

Fig. 1   Membranes containing coated seeds at different CA/Card ratios: a 100/0, b 90/10, c 80/20, d 70/30, e 60/40, and f 50/50



Journal of Polymers and the Environment	

1 3

percentage (as germinated seed number/seed number 
seeded) and germination time (as days of first germination) 
were evaluated for each sample in Table 1 and error was 
expressed as standard deviation (SD).

Material Characterization

Coated seeds were characterized trough media uptake test 
and morphological analysis. Differently, CA/Card mem-
branes were characterized through thermal and mechani-
cal analysis with and without conditioning in germinators 
conditions. These tests were performed to verify possible 
relationship between material properties (and their variation) 
and germination rate.

Morphological Analysis

Scanning electronic microscope (by SEM EVO® 40, Carl 
Zeiss AG) and energy dispersive spectroscopy (EDX, by 
Bruker Nano XFlash detect 5010 coupled with SEM) analy-
ses were performed on uncoated and coated seeds. CA/Card 
ratios reported in Table 1 were tested as they are or after 
media uptake test in order to evaluate the behavior of the 
coating after the permanence in water. Furthermore, SEM 
analysis was performed also on samples cross-section to 
evaluate coating thickness. EDX analysis was performed by 
electron beam and 20 kV as acceleration voltage, creating 
an elemental map of uncoated and coated seeds in order 

to detect any defects (uncovered surface parts on seed) 
through color differences. In particular, defects emerged 
as purple colored spots on the yellow associated to coated 
seeds (respectively purple was associated to potassium 
found on uncoated seed and yellow was associated to coat-
ing elements).

Media Uptake Test

Media uptake test aimed to evaluate both the effects of 
different CA/Card ratio coatings (from 0/0 to 100/0 CA/
Card ratios) on water absorption and acetone uptake in 
uncoated (0/0) seeds (possible during the coating process-
ing) through single seed daily weight variation measure-
ment [47]. Water uptake was performed by immerging 5 
random coated seeds for each CA/Card ratio singularly in a 
container filled with 30 ml of distilled water at room tem-
perature. Seed were singularly removed from the media, 
dabbed (to eliminate water excess) and weighed daily until 
the difference between two consecutive weightings on the 
same seed was negligible. Daily weights values were aver-
aged and the change in weight, compared to dry samples 
weights, was expressed as average media uptake percent-
age [media uptake% = ((Wf − Wi)/Wi) * 100, where Wf 
is average swelled final weight, Wi is average dry initial 
weight] ± standard deviation (SD). Acetone uptake in 
uncoated seeds was assessed and expressed as above.

Fig. 2   Example of germinators (seeds on moistened). CA/Card ratio: 
a 100/0, b 90/10, c 80/20, d 70/30, e 60/40, f 50/50, g 0/0 acetone, 
and h 0/0 (Control). The seeds were positioned on the moistened cot-

ton wool preventing them from touching each other to limit distur-
bance or contagion of a fungal nature
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Thermal Analysis

Thermal analysis through differential scanning calorim-
etry (DSC, using Q2000 Series DSC by TA Instruments) 
was performed on specimens collected from membranes 
(without seeds) with different CA/Card ratios (from 50/50 
to 100/0) prepared by solvent evaporation method (as previ-
ously described). In order to verify the action of the sowing 
conditions on the material degradation and water absorption, 
the tests were carried out on membranes as they are (referred 
as unconditioned samples) and after 5 days of incubation 
in climatic chamber in moistened cotton wool at 27 °C and 
90% HR (germination tests conditions, referred as condi-
tioned samples). During DSC, the samples were subjected 
to a thermal cycle in nitrogen atmosphere composed of a 
heating ramp of 5 °C/min in the range 25–300 °C using an 
empty aluminum crucible as reference.

Mechanical Analysis: Tensile Test

A mechanical characterization of specimen collected from 
membranes with different CA/Card ratios (from 50/50 to 
100/0) was carried out through uniaxial tensile test at con-
stant temperature by Zwick Roell (100 N load cell, 0.1 N 
preload and a constant traverse speed of 0.01 mm/s [48]). In 
order to verify the effects of sowing conditions on mechani-
cal properties, the tests were carried out in triplicate both 
on unconditioned and conditioned membranes (5 days of 
incubation in climatic chamber in moistened cotton wool 
at 27 °C and 90% HR). The samples were taken from the 
films with the help of a scalpel and length and thickness 
were measured with a digital caliper. Each samples group 
were tested to obtain the (i) average Young’s modulus (E), 
calculated as the slope of the linear elastic region of the 
stress–strain curve at low strain values (in the range of 
1–3%); (ii) elongation at break (εb, as strain %) and (iii) 
tensile strength (σb). All the results were expressed as aver-
age value ± SD.

Results and Discussion

Germination Test

From the test emerged that germination occurred in posi-
tive and acetone uncoated controls and in all coated seeds 
(treated and untreated with herbicide). In negative control 
(Control − , 0/0 treated with herbicide) no germination 
occurred, confirming herbicide reset the germination (aver-
age germination % = 0, not reported in Fig. 4). In particu-
lar, in non-coated (controls) germination occurred within 
5 days whereas in coated seeds germination time ranged 
from 5 days (in 70/30) up to 10 days (in 100/0), as reported 
in Fig. 3.

As reported in Fig. 4, a substantial reduction in germina-
tion rate emerged with the same intensity both for coated 
seeds (treated and untreated) compared to Control + 0/0. In 
particular, both for herbicide treated and untreated seeds, the 
reduction was larger for coatings for higher CA percentages 
(up to 75% in 80/20 samples). Differently, a better germina-
tion rate emerged in CA/Card ratios in particular, consider-
ing treated and untreated conditions, for 70/30 samples. Test 
showed a reduction (about 15%, in Fig. 4) in acetone treated 
seeds, but compared to the effect of coating, reduction could 
be negligible.

The presence of the coating therefore did not inhibit 
but reduced and slowed down germination, in particular 
for higher percentage of CA there was a greater germina-
tion delay compared to positive control. On the other hand, 
herbicide treatment did not affected germination rate and 
time which presented no substantial differences compared to 
untreated seeds. Consequently, even though the coating had 
a negative effect on germination, it acted as barrier against 
herbicide, preserving seeds viability. Finally, both in herbi-
cide treated and untreated seeds, 70/30 blend resulted the 
most effective coating.

Due to the lower and slower germination rate in blends 
with higher CA percentage, it is possible to suppose that 

Fig. 3   Average days before first 
germination for seeds germi-
nating in absorbent cotton at 
T = 27 °C and HR = 90% with 
and without herbicide treatment. 
Results were reported as days 
before germination ± SD
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the coating prevents germination by mechanical action and 
not by toxic action on seeds. In fact, CA amount (in terms 
of weight) was always the same and its toxic effect should 
be present in all the samples, including 70/30 that presented 
a higher germination levels than others. Some other pos-
sible explanation to germination test were the presence of 
not properly or fully impregnated/coated seeds. Considering 
the absence of germination in negative control, was possible 
to exclude a lack of herbicide impregnation. Differently, the 
presence of defect and partially coated seeds was proved 
by SEM analysis (as showed in morphological analysis, 
Fig. 5c). Consequently, both treated and untreated seeds 
were affected equally by defects, the first positively and the 
second negatively because of the herbicide toxic effect. This 
should lead to an unreported large difference in germination 
rate between treated and untreated coated seeds.

Morphological Analysis

Morphology and coating coverage were evaluated on the 
entire CA/Card ratios range of coated seeds through SEM 
and EDX, as they are and after media uptake test. Among 
them, 100/0 CA/Card ratio seeds were reported in Fig. 5a–d 
as example.

From SEM observation of the seeds in the entire CA/Card 
ratios range and in particular from their cross sections (e.g. 
Fig. 5a), emerged that seeds were effectively coated. Instead, 
it emerged that thickness (measured through Zeiss Smart 
SEM software) was not uniform and from average values 
of 20 µm in the upper side of the seed up to 90 µm on the 
bottom (comparable to those reported in the literature [49, 
50]). EDX elemental maps analysis was conducted through 
the observation of differences in color. Briefly, EDX analysis 
of uncoated seed (Fig. 5b) showed potassium (in purple) as 
main seed surface element, on the other hand yellow was 

related to the presence of coating elements (Fig. 5c, right). 
Considering the average coating thickness generally found 
on seeds (20–90 µm), K signals from seed beneath the coat-
ing cannot be detected from the whole surface area of the 
seeds but only when a defect or a thinner layer (Fig. 5c, 
right) were presents on coating. Consequently, the analysis 
lead to conclude that no systematic defect due to the coating 
processing were present on coating in all Ca/Card ratios. 
Through SEM and EDX analyses (executed as above) per-
formed on coated seeds after water incubation, was observed 
the constant presence of damages on coating surface similar 
to that reported in 100/0 CA/Card film (Fig. 5c). The frac-
ture can be probably addressed to a mechanical action (trac-
tion) of the swollen seed on the coating. Starting from these 
results, the membrane characterization tests were chosen to 
understand the possible motivation behind the germination 
test results.

Media Uptake

The water absorption by the seeds is a necessary condition 
for seed germination and consequently plant formation. The 
water uptake study of uncoated and coated seeds revealed a 
water absorption between 60 and 156% weight gain at day 
4 as reported in Fig. 6. As expected, the highest weight gain 
was obtained for uncoated seeds in water.

From the analysis emerged that (Fig. 6) CA/Card ratio 
considerably influences the absorption. In particular, CA 
percentage in the coating improved the amount of water 
absorption at equilibrium (from 62% for 50/50 up to 107% 
for 100/0 after 4 days) and absorption rate as difference in 
weight between days 0 and 1 (slopes of the curves). Acetone 
absorption, considering the difference in density compared 
to water, was very low and equilibrium was reached within 
3 days of incubation, just like all the other samples. CA 

Fig. 4   Results of germination 
test in absorbent cotton after 
15 days of seeding, T = 27 °C 
and HR = 90%. Left: ger-
mination without herbicide 
treatment. Right: germination 
with herbicide treatment. 0/0 
Control + and 0/0 acetone 
were untreated with herbicide. 
Results were reported as aver-
age germination % ± SD
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could be related to water absorption behavior. In fact, cellu-
lose in CA is not completely acetylated and any unacetylated 
hydroxyl groups on CA can act as H-bonding site for water, 
contributing to water absorption, regardless of the seeds. 
Nevertheless, considering the irrelevant role in water absorp-
tion of the material emerged in membranes water uptake, the 
absorption behavior could be related to the presence of Card 
and its effect on water permeability, which could influence 
the amount of water reached by seeds. In fact, Card has a 
long carbon chain and its presence could reduce the solu-
bility of water inside the membrane. The higher amount of 

water in high CA percentage samples should favor germina-
tion, but as reported in Fig. 4 this did not take place. There-
fore, is possible to speculate that other mechanisms together 
with water absorption (such as mechanical action of coating) 
influenced germination rate.

Thermal Analyses

Differential scanning calorimetry (DSC) was performed 
on CA/Card specimens taken from membranes as they 
are (unconditioned samples, Fig.  7a) and after water 

Fig. 5   Example of a SEM cross 
section of uncoated seed (left) 
and 100/0 coated seeds (red 
arrows indicates the coating). 
On the left SEM micrographs 
(scale bar 400–600 µm) 
and × 56 magnification and 
EDX analysis (on the right) for 
b uncoated seed, c coated seeds 
CA/Card ratio 100/0 and defects 
emerging from EDX, and d 
broken 100/0 CA/Card coating 
on seed after media uptake test 
(Color figure online)
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incubation in moistened cotton wool in climatic chamber 
for 5 days at 27 °C and 90% HR (conditioned samples, 
Fig. 7b). All films DSC curves of unconditioned samples 
presented an endothermic event in a range of temperature 
between 60 and 76 °C typical of solvent evaporation [49] 
and another endothermic related to melting temperature 
Tm in a range of 190–220 °C [51] both unrelated to Card 
percentage.

On the other hand, clear trend was observed in Fig. 7b 
and it should be clearly related to the composition of the 
coating. Considering the effect of Card content on water 
uptake, it is possible to suppose that peaks reported in 
Fig. 7b were related to water evaporation. In fact, differ-
ences in peaks dimensions reflected (except for 100/0 and 
80/20) the same trend as water absorption (Table 2). Prob-
ably, the presence of higher cellulose acetate chemically 
bonded water caused a shift to higher peaks temperatures 
(Table 2). No evidences of polymer degradation emerged.

Tensile Test

Tensile test was performed on conditioned and uncondi-
tioned specimens collected from membranes from 50/50 to 
100/0 CA/Card ratios. It emerged that tensile strength at 
break (σb) and elastic modulus (E) increased with CA per-
centage in the blend (Table 3; Fig. 8a). Instead, CA/Card 
films after conditioning presented a reduction of an order of 
magnitude in and in σb and elongation at break (εb) (Table 3; 
Fig. 8b). In particular, this effect was higher for 80/20 CA/
Card ratio, due probably to water absorption and its role as 
plasticizer.

These results may be related to those obtained with the 
DSC test. In fact, the sample with the greatest endothermic 
peak (80/20 conditioned sample) also reported the highest 
values for εb. This could indicate that in addition to the abil-
ity to absorb water making it available for the seed, another 

Fig. 6   Water and acetone uptake of CA/Card ratios (0/0–100/0), 
results are expressed as weight gain % due to media absorption ± SD

Fig. 7   Comparison of DSC curves of unconditioned CA/Card membranes (a) and conditioned in moistened cotton wool for 5 days at 27 °C and 
90% HR (b)

Table 2   Endothermal peak energy and peak temperature (Tp) of CA/
Card membranes as they are (A, unconditioned) and after incubation 
in moistened cotton wool for 5 days at 27 °C and 90% HR (B, condi-
tioned)

Endothermal 
peak analysis
A B

Composition Peak 
energy 
(J/g)

Tp (°C) Composition Peak 
energy 
(J/g)

Tp (°C)

50/50 20 60 50/50 67 67
60/40 30 61.5 60/40 480 81
70/30 38 65 70/30 819 96
80/20 35 74 80/20 1534 131
90/10 58 74 90/10 1292 118
100/0 66 76 100/0 66.7 92
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crucial parameter for germination could be the mechanical 
properties of the coating and in particular the loss of proper-
ties due to water absorption.

Conclusions

The main purpose of this work was to evaluate the use 
of cellulose acetate combined with the natural plasticizer 
cardanol as a novel solution in seed coating, in particular for 
combined bioherbicides spraying/interspecific competition 
applications. Germination test was validated by SEM analy-
sis that confirmed the successful outcome of the coating with 
the solvent evaporation method. Furthermore, it emerged 
that coating processing, in particular acetone uptake, did 
not affected significantly the germination rate. Even though 
coating reduced and slowed germination (as emerged from 
germination test), it allowed seeds sprouting and had a bar-
rier effect against herbicide treatment (two necessary condi-
tions for combined application). In particular emerged that 

the best polymer/plasticizer blend were 70/30 and 60/40 CA/
Card ratio. Water presence is commonly known as essen-
tial to seeds germination process. Consequently, it was 
expected coating permeation to water as a material funda-
mental parameter. Instead, there was no direct proportion-
ality between water uptake and germination: for example 
100/0 coated seed had the higher water uptake but not the 
best germination. Consequently is possible to conclude that 
mechanical properties played a role in germination. In fact, 
as emerged from SEM analysis, a possible sprouting mecha-
nism involves coating breakage when stretched by swollen 
seed, but this is possible only if mechanical properties allow 
it.

Water absorption in polymers as usual had an important 
role in mechanical properties variations as emerged from 
tensile test. Thus, is possible to suppose that best perfor-
mances in germination are water related but not only in 
sense of water necessary to seed, but also as water neces-
sary to coating to reach the right mechanical properties dur-
ing the sowing to allow sprouting. As confirmation, in this 

Table 3   Tensile test parameters: 
Young’s modulus (E), strength 
at break (σb) and elongation % 
at break (εb) of unconditioned 
CA/Card membranes (A) and 
conditioned in moistened cotton 
wool for 5 days at 27 °C and 
90% HR (B)

Results are expressed as average value ± SD

Tensile test parameters
CA/Card ratio A B

E (MPa) σb (MPa) εb (%) E (MPa) σb (MPa) εb (%)

50/50 1.6 ± 0.6 5.2 ± 0.2 17.4 ± 2.0 0.3 ± 0.1 1.9 ± 0.3 20.7 ± 4.0
60/40 1.9 ± 0.2 9.9 ± 1.7 24.9 ± 1.3 0.7 ± 0.2 4.0 ± 0.4 31.4 ± 1.7
70/30 2.8 ± 0.3 26.2 ± 1.0 34.8 ± 1.6 0.4 ± 0.1 3.7 ± 1.5 18.8 ± 5.6
80/20 3.0 ± 0.3 28 ± 1.00 34.4 ± 1.0 0.5 ± 0.1 4.3 ± 1.4 61.7 ± 3.9
90/10 3.4 ± 0.3 30.0 ± 1.5 17.1 ± 1.4 0.8 ± 0.1 5.1 ± 1.6 22.7 ± 3.1
100/0 5.0 ± 0.1 47.3 ± 1.2 14.3 ± 3.5 1.0 ± 0.2 8.9 ± 2.3 24.0 ± 6.2

Fig. 8   Stress–strain curves of unconditioned CA/Card membranes (a) and conditioned in moistened cotton wool for 5 days at 27 °C and 90% HR 
(b)
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study, from the mechanical characterization of the coating 
emerged a higher germination rate was registered in cor-
respondence of a strong decrease in tensile strength and 
reduction in deformation at break i.e. in conditioned 70/30 
ratio sample. Differently, 50/50 ratio samples whilst showing 
close mechanical properties to 70/30, allowed a lower water 
permeation and showed an inferior germination rate. This 
lead to suppose the right balance between water permeability 
and mechanical properties influences the germination rate.

In conclusion, although it was not possible to establish a 
strong correlation between the mechanical properties of the 
material and germination it is plausible to hypothesize that if 
the impermeability and mechanical properties of the coating 
are high, the seed has difficulty in sprouting.

Moving from these results, new tests could be carried 
out to optimize the properties of the coating in order to 
obtain the right compromise between the barrier effect to 
substances harmful to the seed, water uptake and mechanical 
properties to facilitate germination. Finally, CA/Card blend 
optimization could play an important role also in other field 
than seed coating, since it could lead to a new perspective in 
waste reuse such as cigarette filters, possibly after a process 
of washing and removing toxic substances.
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