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Abstract
A new class of slow-release inorganic glass fertilizer was developed using 
the melt- quenching fashion to enable sustained nutrient delivery for different 
crop species. The glass formulations were melted at a temperature range 
of 750 – 760 °C, with a soaking period of 30 minutes. Their amorphous 
structure was verified by X-ray Diffraction (XRD). Fourier Transform Infrared 
(FTIR) spectroscopy, conducted in the 400 – 4000 cm−¹ range, revealed 
crucial optical phonon modes characteristic of the phosphate matrix, with 
notable absorption bands observed at 413, 471, 551, 760, 879, 920, 1087, 
1110, 2193 – 2870, and 3440 – 3500 cm−¹. The sursurface morphology 
was examined using Scanning Electron Microscopy (SEM), and essential 
composition was assessed via X-ray fluorescence (XRF). Incorporation 
of MoO3 into the phosphate glass matrix introduced Raman-active modes 
between 800 and 1200 cm−¹, attributed to symmetric and asymmetric 
stretching modes of molybdenum-ground polyhedral units. Specifically, the 
Raman peak at 996 cm−¹ was assigned to symmetric Mo=O stretching in 
distorted MoO6 octahedra. Thermal behaviour and stability were evaluated 
using Differential Thermal Analysis (DTA) and Thermogravimetric Analysis 
(TGA). The findings emphasize the promise of phosphate-ground glass 
systems as effective, long-lasting, and sustainable matrices for agricultural 
application.  
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Introduction
We are currently facing an environmental emergency, 
making the protection of our environment more 

critical than ever. While fertilizers play a vital role in 
agriculture by promoting plant growth and enhancing 
food production, they can also pose significant risks 
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to the environment.1, 2 Therefore, it is essential to use 
fertilizers judiciously and in limited quantities along 
with insuring successful vegetation. Fertilizers should 
ideally be dissolve quickly and supply the necessary 
nutrients to plants without causing contamination or 
environmental hazards. Today, more than 80% of 
global grain yield relies on fertilizers. As the world’s 
population continues to grow, this dependency 

creates new challenges, including increased soil 
and water pollution. Consequently, the average 
amount of cultivable land per capita is gradually 
decreasing each year, as illustrated in Fig.1.3 This 
trend demands that crop production per unit of land 
must increase over time. The agricultural revolution, 
which has led to significant gains in crop yields per 
hectare, is one solution to this issue.

Fig.1: Year wise agricultural land use per capita in different continent.3 

This challenge can be addressed in two main ways:

•	 The development of numerous new crop 
varieties with higher yield potentials.

•	 The availability of fertilizers, which are crucial for 
meeting the nutrient demands of crops.

Fertilizers can be classified into three categories4:

•	 Major elements: Nitrogen (N), Phosphorus 
(P), and Potassium (K)

•	 Secondary elements: Calcium (Ca), 
Magnesium (Mg), and Sulfur (S)

•	 Micronutrients: Boron (B), Cobalt (Co), 
Copper (Cu), Iron (Fe), Manganese (Mn), 
Molybdenum (Mo), and Zinc (Zn)

Fertilizers often contain high levels of phosphorus, 
potassium, and sulfur in the form of glass, which 

allows for a slow release of these elements. This 
feature is particularly relevant for agricultural 
applications where controlled nutrient release 
is beneficial. Fertilizers, whether applied to the 
soil or directly to plant tissues, provide essential 
nutrients for plant growth and health.1 Commonly, 
fertilizers contain nitrogen (N), phosphorus (P), 
and potassium (K) as the main elements, usually 
in chemical compounds that can be converted by 
plants to meet their nutrient needs. While fertilizers 
are crucial for agricultural success, they can have 
detrimental effects on the environment.2 Overuse or 
improper application can lead to soil degradation, the 
emission of greenhouse gases, and water pollution. 
Slow-release fertilizers have long been regarded 
as the best solution to mitigate the environmental 
problems associated with traditional, water-soluble 
fertilizers. These fertilizers reduce the required 
dosage, improve fertilizer use efficiency, and help to 
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prevent pollution.1, 2 Glass fertilizers (GF) represent a 
new class of controlled-release fertilizers made from 
glass matrices. These fertilizers contain vital macro-
elements like potassium, phosphorus, magnesium, 
sulfur, and calcium, as well as micro-elements such 
as boron, iron, molybdenum, copper, zinc, and 
manganese. These nutrients are necessary for the 
proper growth and development of plants, making 
glass fertilizers a promising option for sustainable 
agriculture.4 - 6

Materials and Methods 
The glass sample, identified as GF, contains 
essential compounds such as Nitrogen (N), 
Phosphorus (P), and Potassium (K), which are 
crucial for crop growth. In addition, the sample 
includes base oxides and micro-element oxides 
necessary for plant development, including Iron (Fe), 
Zinc (Zn), Molybdenum (Mo), Boron (B), Copper 
(Cu), and Manganese (Mn)within 50 g of  batch 
mixture. Table I presents the oxide composition of 
GF in terms of weight (grams).

The glass batches used in this study were prepared 
from various raw materials, including Ammonium 

Dihydrogen Orthophosphate [(NH4)H2PO4], AR 
grade, HI Media Laboratory, Mumbai], Magnesium 
Oxide (MgO), and Potassium Dihydrogen Phosphate 
(KH2PO4, AR grade, Merck Life Science Private 
Ltd., Mumbai), which were used as the sources 
of macro-elements. To supply the necessary 
micro-elements, the following were added: Borax 
(Na2B4O7, AR grade, RANKEM, New Delhi), Ferric 
Oxide (Fe2O3, AR grade, Merck Life Science Private 
Ltd., Mumbai), Zinc Oxide (ZnO, AR grade, Merck 
Life Science Private Ltd., Kolkata), Molybdenum 
Trioxide (MoO3, AR grade, E. Merck, Germany), 
Manganese Oxide (MnO), and Cupric Oxide (CuO). 
Five glass compositions were prepared using these 
precursor materials which are useful as macro and 
micro nutrients for the plants, as outlined in Table I.

The raw materials for the glass batches were 
precisely weighed using a four-decimal electronic 
balance (SATORIOUS, model BSA224SCW). All 
ingredients, in their dry form, were placed in agate 
mortars and mixed uniformly with a pestle for one 
hour. This mixing process was repeated three times 
to ensure homogeneity.

Table I: Composition of glass batches (in weight %)

Glass ID	                                              Composition Wight (in weight %)

	 (NH4)H2PO4	 KH2PO4	 Borax	 ZnO	 MnO2	 FeSO4	 MoO3	 CuO

GF-A	 40	 20	 18	 3	 9	 3	 6	 1
GF-B	 40	 20	 15	 6	 8	 4	 5	 2
GF-C	 40	 20	 12	 9	 7	 5	 4	 3
GF-D	 40	 20	 9	 12	 6	 6	 3	 4
GF-E	 40	 20	 6	 15	 5	 7	 2	 5
GF-F	 40	 20	 3	 18	 4	 8	 1	 6

Table II: Melting point (oC) and time of Soaking 
period for different glass compositions

Glass ID	 M.P (±2 oC)	 Soaking  period (min)

GF-A		  750	 30
GF-B		  758	 30
GF-C		  760	 30
GF-D		  750	 30
GF-E		  760	 30
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The glass batches were then melted using a 
phosphate system, as outlined in Table I. The 
mixture of raw materials, prepared as described 
above, was dried and transferred into high alumina 
crucibles. These crucibles were then fired in a 
muffle furnace, equipped with a programmer, at a 
temperature range of 750-760°C for a soaking period 
of half an hour under ambient conditions. The actual 
melting process lasted for two hours. Throughout 
this operation, both the temperature and duration 
of melting were critical factors that required careful 
monitoring.

The glass structure was verified through X-ray 
diffraction (XRD) analysis. The melting procedure 

took place in a programmable muffle furnace that was 
equipped with a window and temperature controller, 
allowing for adjustments of the temperature and 
melting time as needed. Table II provides the details 
of the melting conditions and time for each of the 
different glass batches.

The glass to be analyzed is grinded in an agate 
mortar, then screened through two sieves with 
different mesh of bore size 330 and 425 micrometer 
respectively. The procedure is repeated for all glass 
batches. All the physical properties i.e. XRD, SEM, 
FTIR, TGA, DTA, RAMAN and XRF of the each 
glass sample were measured using the 330-425 
micrometer bore size glass particle.

Fig. 2: Photographs of glass batches (before melting and after melting)

Fig. 3: XRD Spectrum of glass fertilizer sample
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Results 
The glassy state of all the samples investigated 
was analyzed and confirmed using X-ray Powder 
Diffraction (XRD) technique. As shown in Fig. 3, no 
crystalline peaks were observed, indicating that the 
synthesized glass samples are fully amorphous. 

SEM images of some glass fertilizer sample were 
performed which has been shown in Fig. 4. The 
photograph indicate homogeneous nature of that 
the glasses formed.

Fig. 4: SEM structure of prepared sample GF-B, GF-C, GF-E, GS-F (clock wise from left top) 

Fig. 5(a): FTIR spectra of GF-A
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Fig. 5(b): FTIR spectra of GF-B

Fig. 5(c): FTIR spectra of GF-C

Fig. 5(d): FTIR spectra of GF-D
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Fig. 5(a-d) shows the FTIR spectra of the studied 
glasses in the range from 400 to 4000 cm-1. These 
spectra reveal no significant differences among the 
five formulas, indicating that the prepared glasses 
share similar chemical functional groups and 
bonding. In the FTIR spectra, the peaks at 736, 745, 
752, and 760 cm-1 are attributed to the symmetric 
stretching of the P-O-P group. The absorption bands 
around 879, 912, and 920 cm-1 correspond to the 
asymmetric stretching vibrations of the P-O-P bond 
in linear metaphosphate chains.7-9 The peaks at 
1039, 1080, 1087, and 1110 cm-1 are associated 
with the asymmetric stretching between phosphorus 
and non-bridging oxygen, indicating the formation of 
terminal 2-phosphate groups (PO3-).10, 11 The peak 

at 1627 cm-1 corresponds to the bending vibration 
of OH groups. The IR stretch between 2193-2870 
cm-1 is attributed to P-OH stretching,7 and the range 
from 3440-3500 cm-1 is related to N-H stretching, 
while the 3600-3100 cm-1 range corresponds to O-H 
stretching, as phosphate glasses absorb moisture 
from the air.12

The thermograms of the above glass samples were 
taken in the range 30 – 800°C. Fig. 6 shows the 
TGA study of the prepared glass sample and Fig. 7 
shows the DTA of the same. TGA curves shows the 
slowly weight loss with increasing the temperature, 
it is due to the emission of NH3 and H2O from the 
glass fertilizer samples.

Fig. 6: TGA curve of the prepared glass fertilizer sample

Fig. 7: DTA curve of the prepared glass fertilizer sample
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The experimental Raman spectrum of the glasses 
in the frequency region 5–3000 cm-1 is presented 
in Fig.8. The first low frequency peak appears at 
about 350 cm-1 and is related to bending vibrations 
of PO4 units with a cation as the modifier.13 It is well 
known14 that the Raman scattering bands in the 
800–1200 cm-1 range are ascribed to terminal P–O 
stretching vibrations and those found in the 600–850 
cm-1 corresponds to bridging stretching modes.15 
Overlapping of bending and torsional vibrations 
of iron oxygen polyhedral and pyrophosphate 
groups (P2O7)4- can be observed at 525 cm-1.16-19 
The peaks below 600 cm-1 are in general related 
to different network bending modes. The peak in 
the range from 700 to 800 cm-1 is due to P–O–P 
symmetric stretch vibrations of Q2 and Q1 units. 

When the Q1 tetrahedrons are the majority species 
in iron phosphate glasses, a strong and broad band 
appears at 1080 cm-1 in the Raman spectrum.19 
Accordingly, the observed IR and Raman scattering 
spectra are representative of a mixture of chain 
terminating Q1 species and chain forming Q2 species. 
The addition of iron to metaphosphate glasses 
causes an asymmetric broadening of the Raman 
scattering band at 1150 cm-1, assigned to symmetric 
vibration of phosphorus and nonbridging oxygen 
too.20 The band at 500 cm-1 has been assigned to 
the overlapping vibrations involving iron oxygen 
polyhedral and P2O7, which is a characteristic of 
a structure dominated by Q1 tetrahedrons.21 Low 
frequency bands (340 cm-1) are due to bending 
modes of the branched and chain network.22

Fig. 8: Raman spectra of the prepared glass fertilizer sample

X-ray fluorescence (XRF) is created from a material 
that has been excited by bombarding with high-
energy X-rays. The phenomenon is widely used 
for elemental analysis and chemical analysis, 
particularly in the investigation of metals, glass and 
for research in geochemistry, forensic science and 

archaeology. Table III(a-f) represent the analysis 
data of the glass samples using the XRF technique. 
The data showed major elements are P, K. Mn. Fe, 
Cu,Zn and Mo (Qualitative Analysis). The net area 
and chi value, Fig. 9(a-e) are crucial in determining 
elemental concentrations in XRF analysis.23, 24 

Table III(a): XRF data of the prepared glass sample (GF-A)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 1197	 161	 39	 7.14
Mn	 K12	 5.9	 40	 17200	 282	 133	 191.83
Fe	 K12	 6.405	 40	 14331	 247	 122	 81.32
Cu	 K12	 8.046	 40	 8220	 311	 94	 114.01
Zn	 K12	 8.637	 40	 37891	 343	 196	 517.83
Mo	 K12	 17.48	 40	 30939	 1954	 187	 376.56
Mo	 L1	 2.292	 40	 100	 178	 21	 2.62
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Table III(b): XRF data of the prepared glass sample (GF-B)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 1417	 206	 43	 4.53
Mn	 K12	 5.9	 40	 19574	 345	 142	 199.17
Fe	 K12	 6.405	 40	 17934	 326	 136	 112.75
Cu	 K12	 8.046	 40	 16269	 443	 131	 199.64
Zn	 K12	 8.637	 40	 63284	 487	 253	 816.96
Mo	 K12	 17.48	 40	 18648	 1951	 150	 202.92
Mo	 L1	 2.292	 40	 96	 215	 23	 2.13

Table III (c): XRF data of the prepared glass sample (GF-C)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 1630	 329	 48	 6.94
Mn	 K12	 5.9	 40	 20973	 549	 149	 218.28
Fe	 K12	 6.405	 40	 28859	 521	 173	 204.17
Cu	 K12	 8.046	 40	 31003	 876	 181	 360.37
Zn	 K12	 8.637	 40	 121343	 912	 351	 1467.04
Mo	 K12	 17.48	 40	 30394	 1067	 180	 342.23
Mo	 L1	 2.292	 40	 102	 328	 28	 2.18

Table III(d): XRF data of the prepared glass sample (GF-D)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 1222	 262	 42	 5.63
Mn	 K12	 5.9	 40	 13504	 458	 120	 129.87
Fe	 K12	 6.405	 40	 25085	 482	 161	 183.91
Cu	 K12	 8.046	 40	 30266	 784	 178	 361.03
Zn	 K12	 8.637	 40	 119974	 818	 349	 1438.51
Mo	 K12	 17.48	 40	 17757	 742	 139	 201.44
Mo	 L1	 2.292	 40	 63	 238	 23	 1.45

Table III(e): XRF data of the prepared glass sample (GF-E)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 2043	 427	 54	 9.06
Mn	 K12	 5.9	 40	 17439	 768	 138	 155.61
Fe	 K12	 6.405	 40	 44946	 763	 216	 368.73
Cu	 K12	 8.046	 40	 54391	 1387	 239	 588.25
Zn	 K12	 8.637	 40	 214489	 1387	 466	 2422.7
Mo	 K12	 17.48	 40	 16309	 856	 134	 173.06
Mo	 L1	 2.292	 40	 45	 433	 30	 1.37
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Table III(f): XRF data of the prepared glass sample (GF-F)

Element	 Line	 Energy/keV	 Cycl.	 Net	 Backgr.	 Sigma	 Chi

K	 K12	 3.314	 40	 1584	 405	 49	 6.21
Mn	 K12	 5.9	 40	 11489	 673	 113	 101.63
Fe	 K12	 6.405	 40	 41483	 713	 207	 340.55
Cu	 K12	 8.046	 40	 52419	 1246	 234	 558.67
Zn	 K12	 8.637	 40	 207214	 1280	 458	 2375.99
Mo	 K12	 17.48	 40	 8022	 805	 98	 75.54
Mo	 L1	 2.292	 40	 55	 307	 26	 1.32

Fig. 9(a): XRF spectra of glass sample GF-A

Fig. 9(b): XRF spectra of glass sample GF-B
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Fig. 9(c): XRF spectra of glass sample GF-C

Fig. 9(d): XRF spectra of glass sample GF-D



242BANERJEE et al., Mat. Sci. Res. India, Vol. 22(3), pg. 231-246 (2025)

Fig. 9(e): XRF spectra of glass sample GF-E

Fig. 9(f): XRF spectra of glass sample GF-F
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Discussion
The XRD patterns display only broad scattering 
peaks, known as the "halo," with an increased 
background in the lower range of the 2θ angle, 
which is a result of X-ray scattering.7, 25 The 
results presented in Fig. 3 are consistent with 
those previously published for other REO-doped 
phosphate glasses.26, 27 

In FTIR studies the peak around 1290 cm-1 is 
assigned to the asymmetric stretching of (PO2

-) in 
the phosphate tetrahedron Q², with the vibration 
at 1155-1160 cm-1 characteristic of the symmetric 
stretching of (PO2

-) in Q² groups [28]. The band near 
1100 cm-1 is attributed to the stretching vibrations of 
PO32-, while the peak between 955 and 1080 cm-1 

corresponds to the stretching vibration of the O-P-O 
bond in the phosphate tetrahedron Q¹.29 The two 
absorption peaks at 880 and 715 cm-1 are attributed 
to the asymmetric and symmetric stretching of the 
P-O-P bond in Q² groups, respectively. The band 
around 765 cm-1 is assigned to the P-O-P stretching 
vibrations of Q¹ species, and the bands between 550 
and 480 cm-1 correspond to the bending vibrations 
of O-P-O and PO3

2- bonds, respectively.7, 30, 31 The 
FTIR bands at 555 cm-1 are linked to the stretching 
mode of ZnO, and the absorption peaks at 440, 
580, and 620 cm-1 correspond to the stretching 
vibration modes of FeO bonds.28 The absorption 
bands at 910 cm-1 and 857 cm-1 are attributed to 
the Mo-O stretching mode.31 The band at 1189 cm-1 
is associated with the B-O bond, while the peaks at 
710 cm-1 and 1537 cm-1 correspond to the B-O-B 
and B-O+ bonds, respectively.30

The DTA (Differential Thermal Analysis) plot 
shows no weight changes in the sample, the 
resulting curves are flat lines. This indicates that no 
endothermic or exothermic reactions are occurring 
within the sample as they heated or cooled, meaning 
there is no phase transitions, chemical reactions, 
or other processes that involve heat absorption 
or release. The DTA measures the temperature 
difference between a sample and a reference 
material, and a flat line signifies that the sample 
is behaving like the reference material in terms of 
thermal behavior. This signifies that the sample is 
thermally stable within the tested temperature range 
and doesn't undergo any detectable thermal events. 
This is due to Molybdenum (Mo) exhibits a wide 
range of oxidation states, from -2 to +6, and forms 

compounds with various coordination numbers, 
typically ranging from 4 to 8. Its most stable oxidation 
states are +4 and +6 [32, 33]. Due to the higher 
coordination number at higher oxidation state Mo 
forms maximum number of -Mo-O-P- bonds which 
stabilized the glass structure.34-38 
 
The presence of Q1 species detected by the Raman 
spectroscopy is confirmed in the IR spectrum, where 
the IR bands around 917 and 748 cm-1 correspond 
to asymmetrical and symmetrical P–O–P stretching 
modes, respectively.39 A possible explanation is that 
the incorporation of MoO3 into a phosphate glass 
produces Raman peaks in the range from 800 
to 1200 cm-1 associated with the symmetric and 
asymmetric stretching modes of the Mo polyhedral 
sites. The peak at 996 cm-1 is assigned to the 
symmetric stretching modes of Mo=O terminal bonds 
in distorted MoO6 octahedra [40].

The net area is directly proportional to the 
concentration of the analyte, while the chi-squared 
value helps ensure the accuracy of the measured 
net area by assessing the quality of the peak 
fitting process.41, 42 A reliable net area, coupled 
with a good chi-squared value (i.e., a low value), 
provides confidence in the accuracy of the elemental 
concentration determination.42, 43 which are 
represented in the Table III(a-f). The experimental 
values nicely match with the composition of the glass 
samples that are also reflected in the XRF spectra, 
Fig. 9(a-e). 
 
Conclusion
This study revealed the preparation of glass 
fertilizer by melt quenching technique; XRD and 
SEM morphology confirmed the glass formation. 
The structural bonds of the prepared glass samples 
has been studied through, FTIR, Raman spectra. 
The XRF analysis represents the presence of 
major elements in glass fertilizer samples as taken 
during the glass batch preparation. SEM images 
of some glasses which indicate homogeneous 
nature of that the glasses. TGA and DTA curve 
show the thermal stability of glass samples and 
it also shows that GF-A has high Glass transition 
temperature (Tg), high crystallization temperature 
(Tcon) and high melting temperature (Tliq). This is 
due to the presence of MoO3 in high percentage. 
The addition of MoO3 together with ZnO and Fe2O3 
in the formulation provided structural rigidity and 
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compactness, improving the mechanical properties. 
The density values also reflected the network 
features. The incorporation of MoO3 into a phosphate 
glass produces Raman peaks in the range from 800 
to 1200 cm-1 associated with the symmetric and 
asymmetric stretching modes of the Mo polyhedral 
sites. The peak at 996 cm-1 is assigned to the 
symmetric stretching modes of Mo=O terminal 
bonds in distorted MoO6 octahedra, as found in the 
Raman spectrum of crystalline MoO3. The broader, 
lower intensity peak at 862 cm-1 is attributed to the 
symmetric stretching modes of Mo-O-Mo bonds 
between two neighbor-hood  MoO6 octahedra. From 
the XRF analysis of the prepared glass sample the 
net area, coupled with a good chi-squared value (i.e., 
a low value), provides confidence in the accuracy of 
the elemental concentration that matches with the 
composition of the glass samples. 
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