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Abstract: The sustainable economy framework imposes the adoption of new ways for waste reuse
and recycling. In this context, this paper proposes a new alternative to obtain glass fertilizers
(agriglasses) by reusing two cheap and easily available wastes, wood ash and manganese rich sludge
resulting from drinking water treatment processes for groundwater sources. Glasses were obtained
using different amounts of wastes together with (NH4)2HPO4 and K2CO3 as raw materials. The
P-K-Mn nutrient solubilization from the obtained glasses was investigated using a citric acid solution.
The kinetics of the leaching process was studied after 1, 7, 14, 21 and 28 days, respectively. The
intraparticle diffusion model was used to interpret kinetic data. Two distinct stages of the ion leaching
process were recorded for all of the studied compositions: first through intraparticle diffusion (the
rate-controlling stage) and second through diffusion through the particle–medium interface. The
fertilization effect of the obtained agriglasses was studied on a barley crop. The specific plant growth
parameters of germination percentage, average plant height, biomass and relative growth rate were
determinate. The positive impact of the agriglasses upon the plants biomass and relative growth rate
was highlighted. The effects of agriglasses can be tuned through glass compositions that affect the
solubility of the nutrients.

Keywords: glass fertilizers; cheap wastes; wood ash; manganese sludge; plant growth parameters

1. Introduction

Each year, human activities generate large amounts of wastes that have a negative
impact on the environment and must be stored or treated [1]. Their minimization can be
achieved by reusing and recycling, which will lead to the reduction of dependence on
natural resources and the achievement of sustainable development objectives [2,3]. In this
context, the circular economy concept emphasizes the use of renewable energy resources
and also the reuse of wastes in production cycles leading to an important decrease in
waste and economic advantages [4–7]. If wastes conversion produces new and marketable
products, a financial benefit is added to the ecological benefits.

Wood is a natural resource which has been widely used in various fields since the Pale-
olithic period. Large amounts are burned, in various industrial processes or in households,
generating around 10% ash. Storage of this waste generates environmental problems and
significant costs, respectively. Therefore, the reuse of ash has gained an increased interest.
Depending on the composition and geographical region, ash has been used in agriculture
(soil amendment), as forest soil amendment, to control the odor and pH of some wastes, to
remove pollutants from water and to produce ceramics and building materials (cement
base and road base material) [8–25].

Drinking water treatment processes for groundwater sources rich in iron and man-
ganese have an acceptable hardness and generally include oxidation and removal of iron
and manganese precipitates formed by two-stage filtration (in the first stage iron is retained
and in the second stage the manganese) [26–28]. The filters that wash waters from the
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second stage contain large amounts of manganese. After decantation, a rich manganese
dioxide sludge is obtained.

The objective of this research was to obtain agriglasses, a useful and marketable
product, using two wastes: wood ash and manganese rich sludge. The glass fertilizers
(agriglasses) are an eco-friendly alternative to classic chemical fertilizers, with the advan-
tages of a high assimilation grade by plants, a slow and controlled nutrient release and the
fact that they do not generate a residual soil and water pollution, which is the latest concept
in fertilizer technology [29–32]. The controlled fertilizing effect is based on tailoring the
chemical degradation depending on the glass chemical composition and granularity. The
glass matrices incorporate both K, P, Mg, Ca macroelements and (B, Fe, Mo, Cu, Zn, Mn)
microelements required for the growth of plants [29–37]. The agriglasses presented in
scientific literature usually required raw materials and chemical reagents, affecting the
marketable value of the obtained products. We propose a new approach for glass fertilizer
synthesis, respecting one of the most important requirements for sustainable development
and for circular economy, i.e., the reuse of anthropic generated wastes.

2. Materials and Methods

Wood ash from fir wood (Abies pectinata) combustion in a home fireplace was used.
After a preliminary drying at 40–60 ◦C, wood ash was ground and passed through a 1 mm
sieve. The wood ash main elements were determined after digestion with aqua regia by
inductively coupled plasma mass spectrometry (ICP-MS) using a Perkin Elmer NexION
350× spectrometer. Phosphorous concentration was determined with the vanadomolyb-
dophosphoric acid method using UV–visible spectrophotometer Specord 200 Plus. The
calculated oxide composition is presented in Table 1.

Table 1. Oxide composition of used fir wood ash.

Oxide SiO2 Al2O3 Fe2O3 MnO2 Na2O K2O CaO MgO P2O5

(%) 38.52 2.27 1.74 2.67 0.27 15.57 26.63 7.40 4.93

The second waste used as precursor for agriglass synthesis was the sludge resulting
from the settling of the filter washing waters from the manganese removal stage, collected
from the Timisoara drinking water treatment plant for groundwater with high content
of iron and manganese. After calcination at 750 ◦ C for 6 h, the waste composition was
determined using an X-ray fluorescence Niton XL 3 analyzer as follows: 90.93% Mn2+ and
9.07% Fe3+.

A composition of necessary phosphorous–potassium glasses, both essential macronu-
trients for plants, was added using (NH4)2HPO4 and K2CO3 as raw materials of analytical
grade. The wood ash amount used for the agriglass synthesis and the corresponding molar
oxide composition of the obtained vitreous fertilizers are presented in Table 2.

Table 2. Wood ash content and corresponding oxide composition of the studied glass fertilizers.

Sample S0 S1 S2 S3 S4 S5

Wood ash amount (mg g−1) 0 20 40 60 80 100
Corresponding agriglasses’ molar oxide composition

SiO2 (%) 3.72 5.43 8.23 10.59 12.00 13.05
Al2O3 (%) 0.00 2.49 3.78 4.87 5.51 6.00
Fe2O3 (%) 0.00 0.13 0.19 0.24 0.28 0.30
MnO (%) 0.00 2.84 6.13 7.66 8.28 8.91
Na2O (%) 16.55 22.91 18.72 16.42 14.22 12.40
K2O (%) 18.99 1.53 2.32 3.63 8.81 10.97
CaO (%) 15.94 1.95 2.98 3.82 4.34 6.77
MgO (%) 13.39 2.26 11.36 12.81 12.37 11.68
P2O5 (%) 31.42 60.46 46.29 39.95 34.18 29.93
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The precursors were weighed, mixed together, loaded into porcelain crucibles and
then melted at 1000 ◦C for 90 min using a Nabertherm HTC08/16 electric furnace. The
melts were stirred to ensure good homogeneity and rapidly cooled by casting on brass
plates. The obtained glasses were milled and sieved, and the fraction having a particle
diameter under 0.25 mm was selected for this study.

The agriglasses’ chemical activity was determined by measuring their dissolution in
2 wt.% citric acid solution that simulates the behavior of organic compounds released by
the plant roots and extracts the useful material from fertilizers [38]. The solid:liquid weight
ratio was 1:100. The K, P and Mn concentrations, leached after 1, 7, 14, 21 and 28 days
were determined using a using a Bruker Aurora M90 Inductively Coupled Plasma Mass
Spectrometer. The pH was measured using a Mettler Toledo pH-meter.

The soil used in the tests was collected as the surface layer (0–15 cm), from a public
garden in Timisoara town. The main soil characteristics are: pHH2O = 6.8, sand = 35.3%,
silt = 27.7% and clay = 37% [39].

Barley (Hordeum vulgare L) was purchased from a local farmer near Timisoara. After a
previous sterilization using 80% (v/v) ethanol and rinsing with double distilled water, the
seeds were completely dried at room temperature.

The effect of the synthesized glasses as fertilizers was tested using a pot experiment
on barley. Parallel soil samples were seeded with the same number of seeds. Three grams
of each agriglass composition (corresponding to a surface doze of 0.08 g cm−2) were
applied on the soil surface. For a correct analysis of the results, a soil control sample
without agriglass addition was prepared for comparison. For each glass composition,
there were three independent replicates. All of the pots were periodically watered using
the same volume of tap water. On the 28th day after sowing, the plants were harvested
and the germination percentage, average plant height, biomass and relative growth rate
were determinate.

The relative growth rate (RGR) was calculated with Equation (1):

RGR = (ln W2 − ln W1)/(t2 − t1) (1)

where W1 is fresh biomass of plants at time one (g), W2 is fresh biomass of plants at time
two (g), t1 is time one (days) and t2 is time two (days) [40].

The calculated data are the mean of three independent replicates for each studied plant
growth parameter. Before running the ANOVA analysis, equal variances tests (multiple
comparisons and Levene’s methods) were performed, which indicated that the samples
had equal variances. One-way analysis of variance (ANOVA) was used in order to assess
significant differences in the glass fertilizers compositions. Considering p < 0.01 as a signifi-
cant value, a comparison of mean using the least significant different test was calculated
for p-values. Minitab 19 software was utilized to perform the required calculations.

3. Results and Discussion
3.1. UV–VIS Agriglass Characterization

The obtained glass samples before milling are presented in Figure 1. The color changed
from colorless for the first two samples to different shades of pink characteristic to the Mn3+

ion. The presence of this ion in the glass matrix is confirmed by the broad asymmetric band
centered at about 480 nm [41,42] on the UV–VIS spectra presented in Figure 2. The double
peak around 415 nm corresponds to the Mn2+ [43,44] ion that appears in glass according to
the redox reaction: Mn2+ ↔Mn3+ + e−.
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Figure 1. Synthesized agriglass samples.

Figure 2. UV–VIS spectra of the obtained agriglass samples.

3.2. Chemical Activity

The dissolution of phosphate glasses is a complex reaction-controlled process, based
on the breakage of P-O-P bonds in the phosphate vitreous network within the hydrated
layer and the extraction of ions from the glass matrix. The hydrolysis of phosphate groups
can be described by the following reaction [33]:

−
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P
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Complex multicomponent glass leaching processes are based on the hydrolytic cleav-
age of various bonds in the glass network which have different hydration energies. The
weakest metal ion–non-bridging oxygen bonds break first during the dissolution pro-
cess [45].
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The ion exchange rate through the hydration layer and the water penetration into the
glass depends on the surface concentration of the interdiffusing ions, the multicomponent
interdiffusion coefficient and the exchange potential of the interdiffusing species at the
exchange site [34].

The kinetics curves for phosphorous, potassium and manganese ion dissolution from
the synthesized glass fertilizers are presented in Figure 3.

Figure 3. Ions dissolution from the studied glasses.

All sets of curves for the three studied ions leached from the agriglasses at each con-
sidered term show a quasi-linear behavior, with the linear fitting parameters summarized
in Table 3.

Table 3. Linear regression equations and corresponding coefficients of determination for ions leaching dissolution.

Sample S0 S1 S2 S3 S4 S5

Ion Leached Phosphorous

Equation y = 1.3888x +
1.2904

y = 2.3681x −
1.1212

y = 2.0519x −
0.7908

y = 1.5497x +
0.3149

y = 1.3305x +
0.5071

y = 1.1357x +
1.2584

R2 0.9982 0.9853 0.9765 0.9722 0.9802 0.9845
Ion leached Potassium

Equation y = 0.6598x +
7.9997

y = 0.2985x +
0.1971

y = 0.5917x +
0.994

y = 0.5917x +
0.994

y = 0.6137x +
4.7697

y = 0.5928x +
7.5082

R2 0.978 0.9846 0.9827 0.9827 0.9896 0.9805
Ion leached Manganese

Equation y = 0.0373x +
0.1163

y = 0.1738x +
0.0092

y = 0.231x +
0.1296

y = 0.3341x +
0.0054

y = 0.4444x +
0.3635

R2 0.9807 0.9826 0.9499 0.9758 0.9849
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The intraparticle diffusion model was used to correlate the experimental data on
phosphorus, potassium and iron ions leached from the obtained agriglasses in the 2% citric
acid solution [46]. The diffusion equation is described by Equation (2) [47]:

qt = kt × t1/2 + C (4)

where kt is the intraparticle diffusion rate constant (mg g−1 h−1/2) and C is the intercept,
related to the thickness of the boundary layer. Higher C values indicate greater boundary
layer effect [48].

The term qt, describing the leached ion amount per gram of glass, was calculated
using Equation (3):

qt = V(C0 − Ct)/m (5)

where: C0 and Ct are initial concentration and the concentration corresponding to a
considered time t (mg L−1), V is citric acid solution volume (L) and m is the mass of
agriglass sample (g).

The plots qt = f(t1/2) are illustrated in Figure 4 for phosphorous, potassium and
manganese ions.

Figure 4. Intraparticle diffusion model plot for the investigated glasses: (a) phosphorous ions; (b) potassium ions; (c) man-
ganese ions.

The plots qt = f (t1/2) for the dissolution of three studied ions from all investigated glass
fertilizers show a double linearity described by the specific fitting parameters presented in
Table 4.
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Table 4. Intraparticle diffusion parameters for both steps for phosphorous, potassium and manganese
ions leaching kinetics.

Sample S0 S1 S2 S3 S4 S5

Ion
leached Phosphorous

Step 1
kt 0.1393 0.1837 0.1521 0.1125 0.0993 0.0971
C 22.361 36.916 34.140 31.057 29.159 27.754
R2 0.9758 0.9841 0.9611 0.9995 0.9924 0.9864

Step 2
kt 0.2391 0.4613 0.4122 0.333 0.3044 0.2431
C 24.087 41.611 38.559 34.934 32.925 30.452
R2 0.9997 0.9806 0.9712 0.965 0.9968 0.9964
Ion

leached Potassium

Step 1
kt 0.0685 0.0212 0.0515 0.056 0.0633 0.0671
C 16.148 1.1004 1.9337 2.9437 7.2967 9.1585
R2 0.9780 0.9745 0.9692 0.9864 0.9814 0.9746

Step 2
kt 0.1023 0.0632 0.1042 0.1148 0.0954 0.0819
C 16.665 1.8335 2.7895 3.9504 7.7943 9.3389
R2 0.9358 0.9944 0.9753 0.9952 0.9918 0.9915
Ion

leached Manganese

Step 1
kt 0.0045 0.0124 0.0163 0.0239 0.0407
C 1.4159 3.4269 4.4605 4.9908 5.5832
R2 0.9887 0.9871 0.996 0.9865 0.9955

Step 2
kt 0.005 0.04 0.0575 0.0785 0.0926
C 1.4224 3.9313 5.2431 6.0011 6.5639
R2 0.9887 0.9954 0.9393 0.981 0.9496

The very good linearity of the qt = f(t1/2) plots is highlighted by the values of the
coefficients of determination over 0.95, confirming the applicability of the intraparticle
diffusion model to describe the ions dissolution. This behavior, previously mentioned in
literature [49,50], indicates that two processes influence the ion leaching in the citric acid
solution. The first corresponds to the diffusion through the vitreous matrix and the second
to the diffusion through the glass particle–medium interface.

For all of the synthesized glasses, the linear regression slope for the first diffusion
stage is significantly lower compared to that for the second step, indicating that the
rate-controlling stage is intraparticle diffusion. All studied glasses show an intraparticle
diffusion rate constant kt lower in the first step compared to the second step due to the fact
that intraparticle diffusion through the vitreous matrix is a slower process compared to
diffusion at the glass–medium interface.

The thickness of the boundary layer is higher for the second ion dissolution step for
all the glasses, indicating the influence of the interface leaching mechanism in this step.

3.3. pH Evolution

The evolution of pH over time for all of the synthesized glass fertilizers using distilled
water as solvent is presented in Figure 5.

A similar allure of the pH = f(time) curves can be observed for all the studied glasses:
an initial pH drop recorded after seven days and a stabilization range for longer terms.
The decrease in pH can be attributed to the massive phosphorous leaching compared to a
lower amount of alkali released at short terms. The future network degradation, due to
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a higher dissolution rate based on the previously described mechanism, leads to a larger
amount of alkali ions extracted from the vitreous matrix and a pH range.

Figure 5. pH evolution over time for studied glasses.

Two distinct behaviors can be distinguished, the first one for glasses S1–S3 and the
second one for the glasses S0, S4 and S5, based on their structure differences. The first
group of glasses, which have an O/P ratio between 1.76 and2.48, belongs to ultraphosphate
glasses (O/P ratio < 3), while the second group, characterized by an O/P ratio between 2.78
and 3.09, is close to metaphosphate glasses (O/P ratio = 3) [51]. The ultraphosphate glasses,
much more susceptible to network degradation by hydrolysis, generate larger phosphorous
ion amounts in the leaching medium, which leads to a significant decrease in pH. The
samples from the second group tend to have a more stable structure, characteristic of
metaphosphate glasses, and are less affected by hydrolysis. Less ions are leached from the
vitreous matrix, which leads to a narrow variation of pH values over the considered time.

3.4. Effects on Plants Growth

The practical applicability of these agriglasses was studied using barley (Hordeum
vulgare L.), a well-known bioindicator plant [52–55].

Figure 6I illustrates the germination percentage of the plants for the control sample
(without agriglass) and for the samples fertilized using the synthesized agriglasses. This
parameter was higher by 1% to 10% in the samples with agriglass compared to the control
sample. The average length of the harvested plants in the fertilized samples (Figure 6II)
does not differ significantly from the control sample; instead, the biomass increases sub-
stantially, by 100% to 200% (Figure 6III). The relative growth rate (RGR) increases are
also significant in the fertilized samples (Figure 6IV). The obtained results highlight the
potential positive impact of the proposed agriglasses on agricultural crops.

The positive results obtained in the laboratory experiments represent the premise for
testing these fertilizers in the field, in real crop conditions and also on other plant species.
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Figure 6. The main specific parameters of plants growth: (I) germination percent; (II) plant average length; (III) biomass;
(IV) relative growth rate. Values are expressed as means of three replicates and error bars represent the standard deviation.
Columns denoted by different letters indicated significant (p < 0.01) differences among different agriglass compositions.

4. Conclusions

In the context of sustainable development, this paper proposes a new way to reuse
two cheap wastes available in large quantities, wood ash and manganese rich sludge from
the drinking water treatment process, for the synthesis of glass fertilizers. Six different
compositions were synthesized considering energy efficiency criteria in choosing the
fusion thermal parameters, taking into account the energy-consuming character of the
glass melting process. Kinetic studies of the solubilization of potassium, phosphorus
and manganese ions, important in plant nutrition, were performed at five terms: 1, 7,
14, 21 and 28 days, respectively. The interpretation of kinetic data was made using the
intraparticle diffusion model. All of the synthesized glasses present two distinct stages of
the ion leaching process: first through intraparticle diffusion and second through diffusion
through the particle boundary, the rate-controlling stage being the intraparticle diffusion.
The main parameters for the intraparticle diffusion model for phosphorous, potassium and
manganese ions leach were calculated. The importance of the vitreous matrix structure
on the behavior of these fertilizers is emphasized by the pH evolution over time. The
ultraphosphate glasses (O/P ratio < 3) are more susceptible to network degradation by
hydrolysis, while the metaphosphate glasses (O/P ratio = 3), having a more stable structure,
are less affected by hydrolysis. The practical applicability of the studied glasses as fertilizers
was highlighted by the positive effect on the main specific plant growth parameters for
a barley crop. Significant beneficial effects on the biomass and relative growth rate were
recorded for the S1–S5 samples, containing manganese as a microelement. It can be
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concluded that valuable fertilizers with controlled solubility can be obtained from common
wastes. The glass composition is the main factor that controls the leaching of the nutrients
from the vitreous matrix.

Author Contributions: Conceptualization C.V., G.M. and S.P.; methodology, C.V. and G.M.; software,
C.V. and G.M.; validation, C.V. and G.M.; formal analysis, C.V., G.M. and S.P.; investigation, C.V., G.M.
and S.P.; resources, C.V. and G.M.; data curation, C.V. and G.M.; writing—original draft preparation,
G.M., C.V. and S.P.; writing—review and editing, G.M., C.V. and S.P.; visualization, C.V. and G.M.;
supervision, C.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Debrah, J.K.; Vidal, D.G.; Dinis, M.A.P. Raising awareness on solid waste management through formal education for sustainability:

A developing countries evidence—Review. Recycling 2021, 6, 6. [CrossRef]
2. Vallero, D.A.; Shulman, V. Introduction to waste management. In Waste, 2nd ed.; Letcher, T., Vallero, D.A., Eds.; Academic Press:

London, UK, 2019; pp. 3–14.
3. Vancea, C.; Jurca, R.M.; Gheju, M.; Mosoarca, G. Eco-friendly solution for wastes resulted from the removal of Cr(VI) with Fe0

immobilization in glass based stoneware matrix. Rev. Rom. Mater. 2018, 48, 308–314.
4. Dai, Y.; Sun, Q.; Wang, W.; Lu, L.; Liu, M.; Li, J.; Yang, S.; Sun, Y.; Zhang, K.; Xu, J.; et al. Utilizations of agricultural waste as

adsorbent for the removal of contaminants: A review. Chemosphere 2018, 211, 235–253. [CrossRef]
5. Das, S.; Lee, S.H.; Kumar, P.; Kim, K.H.; Lee, S.S.; Bhattacharya, S.S. Solid waste management: Scope and the challenge of

sustainability. J. Clean. Prod. 2019, 228, 658–678. [CrossRef]
6. Gaur, V.K.; Sharma, P.; Sirohi, R.; Awasthi, M.K.; Dussap, C.G.; Pandey, A. Assessing the impact of industrial waste on environment

and mitigation strategies: A comprehensive review. J. Hazard. Mater. 2020, 398, 123019. [CrossRef]
7. Usmani, Z.; Sharma, M.; Karpichev, Y.; Pandey, A.; Kuhad, R.C.; Bhat, R.; Punia, R.; Aghbashlo, M.; Tabatabaei, M.; Gupta, V.K.

Advancement in valorization technologies to improve utilization of bio-based waste in bioeconomy context. Renew. Sust. Energ.
Rev. 2020, 131, 109965. [CrossRef]

8. Fava, G.; Naik, T.R.; Pierpaoli, M. Compressive strength and leaching behavior of mortars with biomass ash. Recycling 2018, 3, 46.
[CrossRef]

9. Faraca, G.; Boldrin, A.; Astrup, T. Resource quality of wood waste: The importance of physical and chemical impurities in wood
waste for recycling. Waste Manag. 2019, 87, 135–147. [CrossRef]

10. Siddique, R. Utilization of wood ash in concrete manufacturing. Resour. Conserv. Recycl. 2012, 67, 27–33. [CrossRef]
11. Romero, E.; Quirantes, M.; Nogales, R. Characterization of biomass ashes produced at different temperatures from olive-oil-

industry and greenhouse vegetable wastes. Fuel 2017, 208, 1–9. [CrossRef]
12. Zajac, G.; Szyszlak-Barglowicz, J.; Golebiowski, W.; Szczepanik, M. Chemical characteristics of biomass ashes. Energies 2018, 11,

2885. [CrossRef]
13. Oburger, E.; Jager, A.; Pasch, A.; Dellantonio, A.; Stampfer, K.; Wenzel, W.W. Environmental impact assessment of wood ash

utilization in forest road construction and maintenance—A field study. Sci. Total Environ. 2016, 544, 711–721. [CrossRef] [PubMed]
14. Asquer, C.; Cappai, G.; De Gioannis, G.; Muntoni, A.; Piredda, M.; Spiga, D. Biomass ash reutilisation as an additive in the

composting process of organic fraction of municipal solid waste. Waste Manag. 2017, 69, 127–135. [CrossRef] [PubMed]
15. Da Costa, T.P.; Quinteiro, P.; Tarelho, L.A.C.; Arroja, L.; Dias, A.C. Environmental assessment of valorization alternatives for

woody biomass ash in construction materials. Resour. Conserv. Recycl. 2019, 148, 67–79. [CrossRef]
16. Da Costa, T.P.; Quinteiro, P.; Tarelho, L.A.C.; Arroja, L.; Dias, A.C. Life cycle assessment of woody biomass ash for soil amelioration.

Waste Manag. 2020, 101, 126–140. [CrossRef]
17. Fernandez-Delgado Juarez, M.; Prahauser, B.; Walter, A.; Insam, H.; Franke-Whittle, I.H. Co-composting of biowaste and wood

ash, influence on a microbially driven-process. Waste Manag. 2015, 46, 155–164. [CrossRef]
18. Fort, J.; Sal, J.; Zak, J.; Cerny, R. Assessment of wood-based fly ash as alternative cement replacement. Sustainability 2020, 12, 9580.

[CrossRef]
19. Guo, Y.; Zhao, C.; Chen, X.; Li, C. CO2 capture and sorbent regeneration performances of some wood ash materials. Appl. Energy

2015, 137, 26–36. [CrossRef]
20. Kizinievic, O.; Kizinievic, V. Utilisation of wood ash from biomass for the production of ceramic products. Construct. Build. Mater.

2016, 127, 264–273. [CrossRef]

http://doi.org/10.3390/recycling6010006
http://doi.org/10.1016/j.chemosphere.2018.06.179
http://doi.org/10.1016/j.jclepro.2019.04.323
http://doi.org/10.1016/j.jhazmat.2020.123019
http://doi.org/10.1016/j.rser.2020.109965
http://doi.org/10.3390/recycling3030046
http://doi.org/10.1016/j.wasman.2019.02.005
http://doi.org/10.1016/j.resconrec.2012.07.004
http://doi.org/10.1016/j.fuel.2017.06.133
http://doi.org/10.3390/en11112885
http://doi.org/10.1016/j.scitotenv.2015.11.123
http://www.ncbi.nlm.nih.gov/pubmed/26674700
http://doi.org/10.1016/j.wasman.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28822613
http://doi.org/10.1016/j.resconrec.2019.04.022
http://doi.org/10.1016/j.wasman.2019.10.006
http://doi.org/10.1016/j.wasman.2015.09.015
http://doi.org/10.3390/su12229580
http://doi.org/10.1016/j.apenergy.2014.09.086
http://doi.org/10.1016/j.conbuildmat.2016.09.124


Int. J. Environ. Res. Public Health 2021, 18, 6585 11 of 12

21. Gaudreault, C.; Lama, I.; Sain, D. Is the beneficial use of wood ash environmentally beneficial? A screening-level life cycle
assessment and uncertainty analysis. J. Ind. Ecol. 2020, 24, 1187–1392. [CrossRef]

22. Mosoarca, G.; Vancea, C.; Popa, S.; Boran, S.; Tanasie, C. A green approach for treatment of wastewater with manganese using
wood ash. J. Chem. Technol. Biotechnol. 2020, 95, 1781–1789. [CrossRef]

23. Nordmark, D.; Vestin, J.; Lagerkvist, A.; Lind, B.B.; Arm, M.; Hallgren, P. Geochemical behavior of a gravel road upgraded with
wood fly ash. J. Environ. Eng. 2014, 140, 05014002. [CrossRef]

24. Pehlivan, E.; Kahraman, H.; Pehlivan, E. Sorption equilibrium of Cr(VI) ions on oak wood charcoal (Carbo Ligni) and charcoal ash
as low-cost adsorbents. Fuel Process. Technol. 2011, 92, 65–70. [CrossRef]

25. Tosti, L.; van Zomeren, A.; Pels, J.R.; Damgaard, A.; Comans, R.N.J. Life cycle assessment of the reuse of fly ash from biomass
combustion as secondary cementitious material in cement products. J. Clean. Prod. 2019, 245, 118937. [CrossRef]

26. Logsdon, G.; Hess, A.; Horsley, M. Guide to selection of water treatment processes. In Water Quality and Treatment—A Handbook of
Community Water Supplies, 5th ed.; Letterman, R.D., Ed.; McGraw-Hill Inc.: New York, NY, USA, 1999; pp. 3.1–3.26.

27. Singer, P.C.; Reckhow, D.A. Chemical oxidation. In Water Quality and Treatment—A Handbook of Community Water Supplies, 5th ed.;
Letterman, R.D., Ed.; McGraw-Hill Inc.: New York, NY, USA, 1999; pp. 12.1–12.51.

28. Negrea, A.; Lupa, L.; Negrea, P.; Mosoarca, G.; Ciopec, M. Studies concerning minimization and recycling of sludge resulted
during hot-dip galvanization. In Proceedings of the 1st International Conference “Hazardous Waste Management”, Chania,
Greece, 1–3 October 2008; pp. 71–72.

29. Hazra, G.; Das, T. A review on controlled release advanced glassy fertilizer. GJSFR 2014, 14, 33–44.
30. Labbilta, T.; Ait-El-Mokhtar, M.; Abouliatim, Y.; Khouloud, M.; Meddich, A.; Mesnaoui, M. Elaboration and characterization of

vitreous fertilizers and study of their impact on the growth, photosynthesis, and yield of wheat (Triticum durum L.). Materials
2021, 14, 1295. [CrossRef] [PubMed]

31. Ouis, M.A.; Ghoneim, N.A.; El Batal, H.A.; Shedeed, S.I. Evaluation of the suitability of agriglasses containing ZnO for plant
fertilization. Silicon 2012, 4, 61–71. [CrossRef]

32. Mandal, B.; Das, T.; Hazra, G. Advanced controlled release glass fertilizer: An inner view. J. Emerg. Technol. Innov. Res. 2018, 5,
698–717.

33. Ivanenko, V.; Karapetyan, G.; Lipovskii, A.; Maksimov, L.; Rusan, V.; Tagantsev, D.; Tatarintsev, B.; Fleckenstein, J.; Schnug, E.
Principal studies on phosphate glasses for fertilizers. Landbauforschung Völkenrode 2007, 57, 323–332.

34. Ma, L.; Brow, R.K.; Schlesinger, M.E. Dissolution behavior of Na2O–FeO–Fe2O3–P2O5 glasses. J. Non. Cryst. Solids 2017, 463,
90–101. [CrossRef]

35. Hazra, G. Different types of eco-friendly fertilizers: An overview. Sustain. Environ. 2016, 1, 54–70. [CrossRef]
36. Kiwsakunkran, N.; Chanthima, N.; Kaewkhao, J.; Sangwaranateec, N. Composition and structural studies of glass fertilizer. In

Proceedings of the 8th International Conference on Theoretical and Applied Physics, Medan, Indonesia, 20–21 September 2018;
Journal of Physics: Conference Series. Volume 1120, p. 012016.

37. Sava, B.A.; Boroica, L.; Sava, M.; Elisa, M.; Vasiliu, C.I.; Nastase, F.; Nastase, C.; Medianu, R. Potassium phosphate glasses used as
agro-fertilizers with controlled solubility. J. Optoelectron. Adv. Mater. 2011, 13, 1534–1541.

38. Sulowska, J.; Waclawska, I. Structural role of Cu in the soil active glasses. Process. Appl. Ceram. 2012, 6, 77–82. [CrossRef]
39. Gheju, M.; Balcu, I. Assisted green remediation of chromium pollution. J. Environ. Manag. 2017, 203, 920–924. [CrossRef]
40. Saha, P.; Shinde, O.; Sarkar, S. Phytoremediation of industrial mines wastewater using water hyacinth. Int. J. Phytorem. 2017, 19,

87–96. [CrossRef]
41. Babu, K.V.; Rao, A.S.; Kumar, K.N.; Rao, M.V. Spectral and luminescence properties of manganese doped sodium lead alumino

borosilicate glass system. J. Aircr. Spacecr. Technol. 2019, 3, 248–255. [CrossRef]
42. Czaja, M.; Lisiecki, R.; Chrobak, A.; Sitko, R.; Mazurak, Z. The absorption and luminescence spectra of Mn3+ in beryl and

vesuvianite. Phys. Chem. Minerals 2018, 45, 475–488. [CrossRef]
43. Winterstein, A.; Akamatsu, H.; Moncke, D.; Tanaka, K.; Schmidt, M.A.; Wondraczek, L. Magnetic and magneto-optical quenching

in (Mn2+, Sr2+) metaphosphate glasses. Opt. Mater. Express 2013, 3, 184–193. [CrossRef]
44. Volpi, V.; Montesso, M.; Ribeiro, S.J.L.; Viali, W.R.; Magon, C.J.; Silva, I.D.A.; Donoso, J.P.; Nalin, M. Optical and structural

properties of Mn2+ doped PbGeO3–SbPO4 glasses and glass–ceramics. J. Non. Cryst. Solids 2016, 431, 135–139. [CrossRef]
45. Gao, H.; Tan, T.; Wang, D. Dissolution mechanism and release kinetics of phosphate controlled release glasses in aqueous medium.

J. Control Release. 2004, 96, 29–36. [CrossRef]
46. Simonin, J.P.; Boute, J. Intraparticle diffusion-adsorption model to describe liquid/solid adsorption kinetics. Rev. Mex. Ing. Quim.

2016, 15, 161–173.
47. Nethaji, S.; Sivasamy, A.; Mandal, A.B. Adsorption isotherms, kinetics and mechanism for the adsorption of cationic and anionic

dyes onto carbonaceous particles prepared from Juglans regia shell biomass. Int. J. Environ. Sci. Technol. 2013, 10, 231–242.
[CrossRef]

48. Han, X.; Niu, X.; Ma, X. Adsorption characteristics of methylene blue on poplar leaf in batch mode: Equilibrium, kinetics and
thermodynamics. Korean J. Chem. Eng. 2012, 29, 494–502. [CrossRef]

49. An, B. Cu(II) and As(V) adsorption kinetic characteristic of the multifunctional amino groups in chitosan. Processes 2020, 8, 1194.
[CrossRef]

http://doi.org/10.1111/jiec.13019
http://doi.org/10.1002/jctb.6376
http://doi.org/10.1061/(ASCE)EE.1943-7870.0000821
http://doi.org/10.1016/j.fuproc.2010.08.021
http://doi.org/10.1016/j.jclepro.2019.118937
http://doi.org/10.3390/ma14051295
http://www.ncbi.nlm.nih.gov/pubmed/33800432
http://doi.org/10.1007/s12633-010-9060-9
http://doi.org/10.1016/j.jnoncrysol.2017.02.022
http://doi.org/10.22158/se.v1n1p54
http://doi.org/10.2298/PAC1202077S
http://doi.org/10.1016/j.jenvman.2017.04.094
http://doi.org/10.1080/15226514.2016.1216078
http://doi.org/10.3844/jastsp.2019.248.255
http://doi.org/10.1007/s00269-017-0934-x
http://doi.org/10.1364/OME.3.000184
http://doi.org/10.1016/j.jnoncrysol.2015.04.022
http://doi.org/10.1016/j.jconrel.2003.12.031
http://doi.org/10.1007/s13762-012-0112-0
http://doi.org/10.1007/s11814-011-0211-5
http://doi.org/10.3390/pr8091194


Int. J. Environ. Res. Public Health 2021, 18, 6585 12 of 12

50. Mekonnen, D.T.; Alemayehu, E.; Lennartz, B. Adsorptive removal of phosphate from aqueous solutions using low-cost volcanic
rocks: Kinetics and equilibrium approaches. Materials 2021, 14, 1312. [CrossRef]

51. Munoz, F.; Rocherulle, J.; Ahmed, I.; Hu, L. Phosphate glasses. In Springer Handbook of Glass; Musgraves, J.D., Hu, J., Calvez, L.,
Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 553–594.

52. Aras, S.; Aydin, S.S.; Korpe, D.A.; Donmez, C. Comparative genotoxicity analysis of heavy metal contamination in higher plants.
In Ecotoxicology; Begum, G., Ed.; InTechOpen: Rijeka, Croatia, 2012; pp. 107–124.

53. Fontanetti, C.S.; Nogarol, L.R.; de Souza, R.B.; Perez, D.G.; Maziviero, G.T. Bioindicators and biomarkers in the assessment of soil
toxicity. In Soil Contamination; Pascucci, S., Ed.; InTechOpen: Rijeka, Croatia, 2011; pp. 143–168.

54. Liu, W.; Li, P.J.; Qi, X.M.; Zhou, Q.X.; Zheng, L.; Sun, T.H.; Yang, Y.S. DNA changes in barley (Hordeum vulgare) seedlings induced
by cadmium pollution using RAPD analysis. Chemosphere 2005, 61, 158–167. [CrossRef]

55. White, P.A.; Claxton, L.D. Mutagens in contaminated soil: A review. Mutat. Res. 2004, 567, 227–245. [CrossRef]

http://doi.org/10.3390/ma14051312
http://doi.org/10.1016/j.chemosphere.2005.02.078
http://doi.org/10.1016/j.mrrev.2004.09.003

	Introduction 
	Materials and Methods 
	Results and Discussion 
	UV–VIS Agriglass Characterization 
	Chemical Activity 
	pH Evolution 
	Effects on Plants Growth 

	Conclusions 
	References

