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Abstract: The transformation of spent coffee grounds (SCGs) into hydrochars has been extensively
studied in recent years to explore their potential in biofortifying foods and mitigating the plant
toxicity associated with SCGs. This study aimed to evaluate the effects of adding activated (ASCG
and AH160) and functionalized SCGs, as well as SCG-derived hydrochars (ASCG-Fe and AH160-Fe),
on cucumber production and plant iron content. To achieve this, SCGs and SCG-derived hydrochars
activated and functionalized with Fe were incorporated into cucumber crops grown in a greenhouse
over multiple harvests. Among the treatments, SCG-Fe proved to be the most promising for cucumber
production, yielding an average of 25 kg of cumulative production per treatment across three harvests.
Regarding iron content, the average results across all harvests showed that SCGs and functionalized
SCG-hydrochars matched the performance of the commercial chelate (0.108 vs. 0.11 mg Fe/100 g
fresh weight). However, in subsequent harvests, iron appeared to leach out, with the activated
bio-products (ASCG and AH160) leaving the highest iron reserves in the soil. Additionally, the
hydrochar activated at 160 °C demonstrated the highest utilization efficiency. In conclusion, the
incorporation of SCG residues and second-generation residues (hydrochars) shows promise as agents
for biofortifying cucumbers.
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1. Introduction

Cucumber (Cucumis sativus L.), a member of the Cucurbitaceae family, is predominantly
cultivated under greenhouse conditions [1]. Asia accounts for 90.1% of the world’s cucumber
production, while Europe contributes 6% of the global output. In Spain, 8010 hectares are
dedicated to cucumber cultivation, yielding 769,970 tons annually [2]. Various cultivation
methods exist for cucumbers, with greenhouse production being particularly effective.
Notably, the addition of organic amendments has been shown to boost yields. For example,
Sallam et al. [3] reported a 74.6% increase in cucumber production in a greenhouse trial
when organic amendments were combined with inorganic fertilizers.

In the context of organic amendments, agronomic biofortification is a process aimed at
enhancing the levels of essential nutrients in crops, which helps address malnutrition in
populations that depend on these crops as their primary food source [4]. This approach
can increase the mineral content within the edible parts of crops, thereby improving the
nutritional value of the food produced [5]. Additionally, micronutrient fertilization can
positively impact other nutritional aspects of crops, including protein levels, amino acids,
phenolic compounds, chlorophyll, carotenoids, and essential oils. Among the elements
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commonly used in agronomic biofortification, iron (Fe) is particularly important due to its
critical role in both human and plant health [6].

Cucumber (Cucumis sativus) has long been utilized to study responses to iron deficiency,
making it an ideal crop for testing the efficacy of organic amendments as bio-chelates in
a greenhouse setting. Iron deficiency is a prevalent nutritional issue in many crop plants,
leading to chlorosis, reduced yields, and diminished nutritional quality [7]. Improving
the availability of iron in staple crops is a key strategy for combating iron deficiency in
human populations. According to the World Health Organization (WHO), insufficient
levels of micronutrients like iron and zinc present a significant threat to global health and
development, with an estimated two billion people suffering from anemia, primarily due
to iron deficiency [8].

The research group led by Cervera-Mata et al. [9] began investigating the use of spent
coffee grounds (SCGs) as organic soil amendments. They studied the effects of this organic
residue on the chemical and physicochemical properties of soil and its impact on lettuce
growth in in vitro trials [9]. Similar experiments were conducted by other researchers [9-14].
The Cervera-Mata group also explored SCGs’ influence on soil physical properties, biologi-
cal factors, organic matter content, and soil hydrophobicity [15]. Regarding plant growth,
SCGs were found to have a phytotoxic effect [9,16], leading to further research that included
nitrogen supplementation to assess its impact on the competition between soil microor-
ganisms and plant roots for this essential macronutrient, as reviewed in [15]. Additionally,
SCGs were functionalized with iron (Fe) and zinc (Zn) to investigate the biofortification
potential of these bio-chelates [14]. However, all these experiments were conducted with
lettuce in in vitro trials within a growth chamber, which differs significantly from a real
production environment, such as greenhouses.

As mentioned previously, there has been a growing focus in recent years on converting
spent coffee grounds (SCGs) into sustainable by-products through chemical, thermal, and
biological processes [10]. Among these processes, the thermochemical conversion of SCGs
has gained attention, transforming this waste into products like biochar and hydrochar [17].
Biochar is produced through slow/fast pyrolysis, torrefaction, or gasification in the absence
of oxygen [18], while hydrochar is generated via hydrothermal carbonization (HTC), a
process that occurs in water at moderate temperatures (160-250 °C) [19]. Once transformed
or modified physically, biologically, or chemically, these by-products have been utilized for
various applications, including water filtration, catalyst support, fermentation, soil condi-
tioning, and carbon sequestration. Specifically, for hydrochars, studies by Afolabi et al. [20]
and Kim et al. [21] reported that the hydrochar derived from SCGs is characterized by
higher carbon and fixed carbon content due to dehydration and decarboxylation reac-
tions. SCG-hydrochars have been applied to soil with various objectives [22,23]. Efficient
utilization of SCGs could significantly reduce the carbon footprint associated with this
waste by preventing its incineration or accumulation in landfills. Cervera-Mata et al. [24]
characterized SCGs and SCG-hydrochars and found that these kinds of by-products had
low contents of fixed C and higher levels of water-soluble C and N and volatile matter.
On the other hand, Cervera-Mata et al. [22] reported that hydrochars contain high levels
of polyphenols with respect to SCGs (186 vs. 77 mg GAE/g). This is the reason why
hydrochars are more phytotoxic to the plant than the SCGs themselves [22,23]. The latest
reported a stronger with high HTC temperatures (hydrochars at 200 °C).

Lara-Ramos et al. [23] investigated the application of SCGs and SCG-hydrochars at
different temperatures (160 °C, 180 °C, and 200 °C) in a Mediterranean agricultural soil
cultivated with lettuce. These by-products were previously activated and functionalized
with iron. The study was conducted in an in vitro pot experiment with lettuce. The key
findings were that all by-products or bio-chelates significantly increased the iron content in
lettuce by 41% to 150% compared to the control.

Taking all these considerations into account, this study aims to demonstrate, through
a greenhouse trial, that spent coffee grounds (SCGs) and SCG-derived hydrochar—both
activated and functionalized—can effectively increase iron content in crops, building on
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previous studies that focused only on lettuce leaves. The potential for bio-chelates derived
from SCGs to serve as alternatives to commercial chelates in agriculture is thereby explored.
The primary value of this work lies in successfully transferring the promising results
obtained from in vitro trials to a real greenhouse production system. This scaling process
presents two major challenges: the first involves developing a method to manufacture
activated bio-products on a semi-industrial scale, transitioning from a purely laboratory
setting. The second challenge is the application of this bio-product at the field level, moving
from a controlled pot system to a more complex greenhouse soil system. The significance
of this article is in addressing these two critical issues. In summary, the study focuses on
repurposing a waste product—unsuitable for large-scale use as an organic amendment
due to its high phytotoxicity—into a functional product that acts as a carrier of essential
elements, with the ability to scale its application to the greenhouse level.

2. Materials and Methods
2.1. SCG-Derived Bioproducts

Spent coffee grounds were obtained from the canteen of the School of Pharmacy
(University of Granada). In order to decrease moisture levels, SCGs were spread into a thin
layer over a large area and dried at 18-21 °C.

The methodology of Lara-Ramos et al. [23] (HTC process) was used to obtain SCG
hydrochar at 160 °C (H160), and the later activated bio-products (AH160, ASCG), as well as
the Fe bio-chelates (ASCG-Fe, AH160-Fe). Thirty grams of SCGs were mixed with deionized
water at a solid—water ratio of 1:10 (w/w) in a 1 L reactor (Highpreactor™ BR-300, Berghof
Ltd., Eningen, Germany) and hydrolyzed at 160 °C for 1 h at 300 rpm. After reactor cooling,
vacuum filtration was used to recover hydrochars, which were then dried overnight at
60 °C. To activate SCGs and hydrochar, 40 g of the SCGs or hydrochars were suspended in
400 mL of NaOH 0.1 M and heated at 40 °C for one hour with stirring at 450 rpm. After
cooling, the activated samples’ pH was adjusted to approximately 7 using 1 N HCI. The
mixture was centrifuged at 3000 rpm, decanted, and solid residues were dried at 60 °C for
48 h in an oven, before being stored.

Iron Bio-chelates (ASCG-Fe and AH160-Fe) from activated SCG (ASCG) and hy-
drochars (AH160) were obtained by functionalization with Fe with the modified procedure
by Morikawa and Saigusa [24]. Iron (II) sulfate heptahydrate (FeSO4 o 7H,O, MW 278.01)
from Merck (Darmstadt, Germany) was used. For each sample, 40 g of bio-product, 10 g of
the reagent, and 400 mL of deionized water were mixed and stored at room temperature in
the dark with constant stirring for 24 h at 120 rpm. The resulting mixtures were centrifuged
(2500 rpm, 20 °C, 10 min), decanted, and washed three times with 250 mL of deionized
water using the same centrifugation method. The functionalized products were dried in an
oven at 50 °C for 24 h and stored. The Fe content of the bio-chelates was determined by
mineralizing 0.2 g of the bio-product with HNOj3; (65%) and H,O, at 185 °C for 20 min in a
microwave digester (Multiwave 5000 with Rotor 24HVT50, Anton Parr GmbH, Graz, Aus-
tria). The analysis of the extracts of mineral elements was carried out with and ICP-MS/MS
Agilent 8900 (Agilent Technologies Inc., Santa Clara, CA, USA).

2.2. Greenhouse Experiment
2.2.1. Greenhouse Conditions

The cultivation of cucumber was carried out in a greenhouse at the experimental sta-
tion of Fundacién Cajamar located in Almeria, Spain (36°47'23" N, 2°43'13"” W; 155 m a.s.l.)
between October 2022-January 2023. The greenhouse consisted of a roof-end structure
with the main axis of the house running west—east. The greenhouse cover consisted of a
conventional three-layer plastic with anti-drip properties and a thickness of 200 um. The
experimental station is situated in place with a subtropical Mediterranean semi-arid climate
(minimum and maximum temperatures in that period of 12.2 °C and 16.1 °C, average
annual precipitation is 220.5 mm). The plot had an area of 255 m? (30 m long x 8.5 m wide).
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The soil of that plot was characterized by the staff of Fundacion Cajamar, including
the following properties: clay 12.64%, silt 17.57%, sand 69.79%, electrical conductivity
2.05 dS/m, pH 7.4, organic carbon 1.35%, carbonates as CaCO3 29.2%, total N 0.17%,
C/N 8.06, soil NO3-N 46.05 mg/kg, available P 318.1 mg/kg. A dose of 0.2% was used
for the four bio-products (ASCG, ASCG-Fe, AH160, AH160-Fe). The controls used were
the commercial Fe chelate (concentration of 10 mg Fe /kg soil) and the soil without any
bio-product. The dose of commercial chelate was calculated in order to obtain a final
concentration of Fe of 10 mg/kg soil). Iron ethylenediamine-N,N’-bis (EDDHA-Fe, 6%
w:w) was the commercial chelate supplied by Trade Corporation International, S.A.U.
(Madrid, Spain) The experiment included six treatments as detailed in Table 1. A split-plots
design was applied, including one replicate per treatment (4 plants) randomly distributed
in each plot. Thus, each treatment included 16 plants (n = 16).

Table 1. Description of the six treatments used in the greenhouse trial.

Treatment Description

Control No bio-product

Control-Fe Commercial chelate (EDDHA-Fe, 6%)

ASCG Activated spent coffee grounds

AH160 Activated hydrochar obtained at 160 °C

ASCG-Fe Activated spent coffee grounds functionalized with Fe
AH160-Fe Activated hydrochar obtained at 160 °C functionalized with Fe

The distribution of planting points was as follows: 0.5 m between plants within each
crop line and 1.5 m between crop lines (1.33 plants/m? planting density). Bio-products
were placed, for each planting point, in a hole 15 cm x 20 cm deep, equivalent to 4 kg of
soil. Soils from those holes of the same treatment were mixed with their corresponding
bio-products in a concrete mixer for 5 min. Then, holes were re-filled individually with the
bio-product-soil mix. The same soil treatment was used for the holes of controls. In the
case of the commercial chelate, it was dissolved in distilled water and spilled in the surface.

Acrena S.A.T 251 (Almeria, Spain) supplied 21-day-old cucumber seedlings (Cucumis
sativus L. var. ‘Almeria’ cv. ‘Huracan’). Each planting point included one seedling planted
after 6 days of soil preparation at 8 cm soil depth.

2.2.2. Maintenance of Crops

The trial was managed in an organic way, so that authorized fertilizers for organic
cultivation were applied by drip irrigation. A polyethylene pipe was used to irrigate each
row of cucumbers at a rate of 3 L/hm?2, with emitters spaced at 50 cm. The cultivation
was irrigated after 15 days post-transplant with a nutrient solution (5.56 mM K, 10 mM N,
and 1.41 mM/P from an organic fertilizer with 6.5% KO, 3.5% N, and 2.5% P,Os richness
diluted to a 3.2%. concentration). The levels of Ca, Na, K, and nitrate were checked biweekly
in the extracted soil solution by using suction probes to sustain nitrate levels ranging 3-10
mM and a K/Ca ratio 0.5-1. Fast analysis ionometers (LAQUAtwin, Horiba, Japan) were
used to measure such concentrations.

2.2.3. Cucumber Sampling and Processing

Cucumbers were harvested three times. Harvest 1 (H1), 75 days after planting, when
all individuals reached uniform maturity; then, harvest 2 and 3 (H2, H3), at intervals of
15 days. Cucumbers were cleaned, weighed (fresh weight), chopped, and dried for 48 h
at room temperature in aluminum trays to allow water loss; then, cucumbers were totally
dried at 50 °C for 72 h in an oven and re-weighed (dry weight). Dried cucumbers were
milled and stored. The mineralization of cucumbers and subsequent analysis of mineral
elements was performed with the same procedures used for the bio-chelates.
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2.3. Iron Determination (in Bio-Products and Cucumbers)

In order to analyze Fe levels in the samples, 200 mg of sample were weighed in a
precision balance (Ohaus, model PA224C, Europe GmbH, Greifensee, Switzerland) within
borosilicate tubes. Then, 3 mL of 69% HNO;3 (TraceSELECT, Merck; Darmstadt, Germany)
and 3 mL of HNOj; 11.5% solution were added. The borosilicate tubes were inserted
into Teflon digestion vessels, placed in the microwave digester rotor, and mineralized
(temperature range: 150-180 °C, 30 min).

The samples we diluted after mineralization with Milli-Q water to 50 mL, obtaining an
analytical solution with a concentration of 4.14% HNOs3. The analysis of iron was carried
out with a calibration curve prepared from an Fe standard solution (1000 mg/L in HNO3
at 1%; Merck; Darmstadt, Germany). Serial dilutions (1000, 500, 50, 25, and 10 ng/L)
from the stock solution (100 mg/L) were used to prepare different points of the linear
calibration curve. The “Internal Standard Kit (Ge, Ir, Rh, Sc; ISC Science, Gijén, Spain, batch
20210712)”, was used to correct the counts per second of Fe (**Fe analyzed mass). Analyses
were carried out in triplicate for each sample. The iron contents of the bio-products were
(mg/kg): AH160: 60.2 £ 3.2; ASCG: 59.3 + 1.2; AH160-Fe: 13,103.4 £ 316.1; ASCG-Fe:
12,082.5 + 128.9.

2.4. Efficiency Parameters

The efficiency of iron utilization (UE) was calculated in cucumbers with respect to the
total amount of Fe added to soil [25] as follows:

UE (%) = (Uptake in treatment — Uptake in control)/(Fe added) x 100

2.5. Statistical Analysis

The Tukey test was used to assess statistical differences among treatments through one-
way analysis of variance (ANOVA). Ninety-five percent (p < 0.05) was set as the significance
level. The statistical analysis was performed with the SPSS version 26.0 for Windows (IBM
SPSS Inc., New York, NY, USA).

3. Results
3.1. Total Cumulative Production

The total cumulative cucumber production in the greenhouse trial was approximately
1.7 kg/m? (132 kg total), with the greenhouse operators reporting an average production of
around 2 kg/m?. Figure 1 illustrates the cumulative cucumber production per treatment
during the trial. Notably, the cucumbers with the highest production were those from
the control treatment, which did not include any bio-product additions. It is important to
highlight that the cucumbers grown with the commercial chelate (control-Fe) exhibited the
same phytotoxic effects as those treated with activated SCGs.

Among the bio-products tested, the addition of SCG-A resulted in a decrease in total
cucumber production. Similarly, both activated and functionalized hydrochars showed a
comparable trend, with the best results for cucumber growth observed with the addition
of ASCG-Fe. Although there was a decrease in production, it was not as pronounced as
in other experiments involving bio-products derived from SCGs, suggesting that these
treatments could still be viable for real agricultural use, as will be discussed later. In this
study, the application of activated and functionalized residues at sub-toxic doses (0.2%)
was tested, and the results were found to be better than those of the control-Fe treatment,
although still lower than the control sample. Further research is needed to optimize the use
of these bio-products in greenhouse trials.
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Figure 1. Cumulative production of cucumbers during the trial per treatment. AH160: activated
hydrochar at 160 °C; AH160-Fe: activated and functionalized hydrochar at 160 °C; ASCG: activated
spent coffee grounds; ASCG-Fe: activated and functionalized spent coffee grounds.

3.2. Iron Biofortification
3.2.1. Average per Treatment

Figure 2 illustrates the distribution of iron (Fe) content across the different treatments
applied to cucumbers, based on the average of the three harvests. The treatments that
significantly increased Fe content in cucumbers were control-Fe, ASCG-Fe, and AH160-
Fe, all of which were statistically significantly higher (p < 0.05) compared to the other
treatments. This outcome is highly positive, as it demonstrates that adding activated and
functionalized bio-products can achieve an iron content in the plant comparable to that
obtained with the commercial iron chelate (Control-Fe). Additionally, the treatments with
ASCG-Fe and AH160-Fe resulted in Fe content increases of 22% and 29%, respectively,
compared to the control sample.

b
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Figure 2. Average Fe content in cucumbers per treatment. AH160: activated hydrochar at 160 °C;
AH160-Fe: activated and functionalized hydrochar at 160 °C; ASCG: activated spent coffee grounds;
ASCG-Fe: activated and functionalized spent coffee grounds. Different letters indicated statistically
significant differences (p < 0.05).

According to the equation provided in Section 2, the utilization efficiency (UE) was
calculated. This parameter measures the amount of iron (Fe) that the plant utilizes relative
to the amount of Fe added. The UE values for the different treatments were as follows:
ASCG (—2.394) < ASCG-Fe (0.094) < AH160-Fe (0.110) < Control-Fe (0.273) < AH160 (13.883).
The most notable result from these data is the significantly higher UE value achieved with
AH160 compared to the control-Fe. This indicates that plants appear to have a greater
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capacity to utilize Fe from the AH160 bio-product, even though the total Fe content in the
cucumbers was not significantly higher.

3.2.2. Per Harvest
Figure 3 shows the distribution of iron content by both treatment and harvest.

0.18
0.16

0.14

mg Fe/100g FW

I = =

o o = =y

(o2} o o N
1 1 1 1

Control Control-Fe ASCG AH160 ASCG-Fe AH160-Fe

Figure 3. Fe content in cucumbers per treatment, per harvest. AH160: activated hydrochar at 160 °C;
AH160-Fe: activated and functionalized hydrochar at 160 °C; ASCG: activated spent coffee grounds;
ASCG-Fe: activated and functionalized spent coffee grounds. Different letters indicated statistically
significant differences between different harvests (p < 0.05).

In the first harvest, cucumbers with the highest iron content were those grown with
the commercial chelate (control-Fe), followed by ASCG-Fe and AH160-Fe, which was an
expected outcome. However, non-functionalized bio-products did not have a noticeable
effect on iron mobilization in this initial harvest.

In the second harvest, an important trend emerged: the previously mobilized iron
appeared to leach from the soil, leading to a decrease in iron content in cucumbers grown
with all bio-chelates except ASCG and AH160. This suggests that ASCG and AH160
contributed to an iron reserve in the soil, allowing for continued mobilization of this
micronutrient in subsequent harvests. A similar pattern was observed in the third harvest,
where iron content decreased across all treatments compared to the second harvest, except
for the hydrochars.

Table 2 presents the utilization efficiency (UE) parameter for the different harvests.
In the first harvest, bio-products functionalized with Fe (ASCG-Fe and AH160-Fe), along
with the commercial chelate, showed the highest UE. In the second harvest, the soil’s iron
reserves appear to have increased, resulting in positive UE values for all treatments. This
trend continued into the third harvest, with AH160 showing the greatest increase in Fe
reserves in the soil.

Table 2. Utilization efficiency (%) distributed by harvests.

Utilization Efficiency (%)

Treatment Harvest 1 Harvest 2 Harvest 3
Control-Fe 0.396 0.336 0.086
ASCG —27.44 19.14 1.119

AH160 —34.21 2.750 11.17
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Table 2. Cont.

Utilization Efficiency (%)

Treatment Harvest 1 Harvest 2 Harvest 3
ASCG-Fe 0.175 0.056 0.051
AH160-Fe 0.127 0.088 0.115

AHI160: activated hydrochar at 160 °C; AH160-Fe: activated and functionalized hydrochar at 160 °C; ASCG: acti-
vated spent coffee grounds; ASCG-Fe: activated and functionalized spent coffee grounds.

4. Discussion
4.1. Production and Phytotoxicity Effect

During this trial, a control with commercial chelate (control-Fe) was used to compare
its effects with those of the bioproducts. We also assessed the phytotoxic effects of the
commercial product, as illustrated in Figure 1. Gregory et al. [26] and Mohammadi and
Khoshgoftarmanesh [27] highlighted potential drawbacks of using salts for biofortification,
including possible phytotoxicity and soil leaching issues. This contrasts with findings from
Lara-Ramos et al. [22], who reported no significant impact on the total fresh or dry weight of
lettuce when the same commercial iron chelate was used in an in vitro assay. The difference
in results may stem from the closed soil-plant system used in Lara-Ramos et al. [22].

Regarding activated SCGs and hydrochars, these bio-chelates exhibited phytotoxic
effects (Figure 1). Similar findings were reported by the group of Cervera-Mata et al.,
who noted phytotoxicity of SCGs in lettuce grown under in vitro conditions. Conversely,
Cruz et al. [14] observed significant growth increases in lettuce grown with SCGs in a
greenhouse trial, which may be attributed to the different soil type used, as their study
utilized peat as a substrate. Limited plant growth with SCGs has been associated with the
presence of caffeine, polyphenols, and tannins [28].

For hydrochars, Lara-Ramos et al. [22] and Cervera-Mata et al. [21] reported an
increase in polyphenols following the hydrothermal carbonization process and observed
a corresponding phytotoxic effect. Cervera-Mata et al. [23] also investigated various
treatments to mitigate this toxicity, finding that only vermicomposting rendered SCGs a
non-toxic organic amendment.

In other studies, phytotoxicity of these bio-products was attributed to competition
between microorganisms and nitrogen in the soil [13]. However, this cannot be justified in
our study due to fertigation, which prevents nitrogen blockage. In greenhouse production,
nitrogen levels are carefully controlled to avoid such issues.

4.2. Effect on Iron Content in Cucumbers/Iron Biofortification

The treatments that most significantly increased iron (Fe) content in cucumbers were
SCGs and H160 activated and functionalized with Fe. The metal-chelating activity of SCGs
can likely be attributed to the presence of melanoidins and polyphenols [14]. Similarly,
for H160-Fe, the hydrothermal carbonization process enhances the polyphenol content in
these second-generation bioproducts [21], which may further improve their chelating and
mobilizing capabilities for nutrients.

Our study achieved efficiency parameters significantly higher than those reported by
Lara-Ramos et al. [22]. They reported a maximum utilization efficiency (UE) of 1.63 for
AH160-Fe, whereas our study found a UE of 13.9 for the same bio-chelate. The control-
Fe had a UE similar to our trial (0.24). However, Cervera-Mata et al. [21] reported UE
parameters around 3.6, which are higher than those observed in our trial. For SCG-Fe,
Cervera-Mata et al. found efficiency parameters exceeding those for activated SCGs in our
study (approximately 0.25; [21]). These differences may be attributed to the type of crop
used or the open system employed in their trials.

Figure 3 highlights the leaching of Fe, particularly in the commercial chelate and
Fe-functionalized bioproducts. This leaching could be due to the intensive irrigation with
water containing high salt concentrations. This is evidenced by the decrease in UE of the
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control-Fe between the first and third harvests (Table 2). The high solubility of salts in
commercial chelates and their potential phytotoxicity [26,27] may contribute to this effect.
The increased iron content in cucumbers during subsequent harvests could be attributed
to the Fe reserves provided by these bio-products [21]. This trend is reflected in the UE
parameter from the first to the third harvest for both activated and non-functionalized
products (Table 2). This aspect warrants further investigation. As noted by the authors [21],
the Fe reserve efficiency in the soil with SCGs functionalized with Fe is around 30%, which
is promising for increasing Fe levels in cucumbers in future harvests.

Rousseau et al. [29] indicate that the bioaccessibility and bioavailability of iron can
be negatively affected by polyphenols due to their strong affinity for the mineral. While
this affinity is beneficial for designing bio-chelates to bind minerals [30], the formation
of iron-polyphenol complexes can impede the release of iron into the medium for plant
use [31]. Addressing this limiting effect of polyphenols is crucial, and methods such as
encapsulation or the use of competing complexing agents are being explored to enhance
iron bioavailability [32]. This is particularly relevant given the high polyphenol content in
both SCGs and hydrochars [18].

4.3. Scalability of the Procedure

In this section, we will explore the potential applications of these bio-products in
real crop production. This study marks a significant advancement in the commercial-
scale development of the bio-products examined, addressing two key aspects: scaling up
production to sufficient quantities for greenhouse trials and testing these products on crops
cultivated under standard commercial conditions.

Agriculture plays a crucial role in Andalusia, contributing 23% to the region’s econ-
omy and highlighting its environmental significance. The area dedicated to greenhouse
horticultural crops currently spans approximately 65,000 hectares [33], driven by the need
for a consistent supply of fresh produce year-round. However, agricultural activities are
associated with several environmental impacts, including substantial greenhouse gas emis-
sions that contribute to global warming and climate change [34]. Notably, issues related to
water consumption, fertilizer use, and phytosanitary products are of particular concern.

Recent studies have assessed the environmental impacts of various horticultural crop
production systems, emphasizing these concerns [35,36]. Common issues include excessive
fertilizer application, low efficiency in nutrient absorption by crops, and over-irrigation [37].

5. Conclusions

The addition of activated and functionalized SCGs and SCG-hydrochars in a green-
house cucumber cultivation trial yielded promising results. Among the treatments tested,
activating SCG-Fe notably increased cucumber production, surpassing even the commercial
chelate addition. Except for activated and non-functionalized ASCG, none of the other
bio-products led to a decrease in production compared to the commercial chelate. Regard-
ing iron biofortification, the application of Fe-functionalized SCGs and SCG-hydrochars
achieved iron content in cucumbers comparable to that of commercial chelate. This is
a significant finding for agronomic biofortification. During the different harvests, the
commercial chelate treatment initially resulted in the highest iron content in cucumbers,
followed by the activated and functionalized bio-products. However, the bio-products that
contributed the most to iron reserves in the soil for future harvests were the activated and
non-functionalized SCGs and SCG-hydrochars. These results warrant further validation in
subsequent harvests and with other types of greenhouse crops to obtain more definitive
conclusions. The bio-products tested were produced at the laboratory scale, and their
real-field application will require appropriate scaling studies, which will be the focus of
future research. The preliminary results of Fe biofortification observed in vitro are promis-
ing but need additional research to facilitate simpler applications in greenhouse settings.
Opverall, these findings are significant for the greenhouse cultivation of vegetable products,
especially in the critical production areas of southeastern Spain.
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