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Abstract The article reports the preparation and complex

characterization of iron-containing phosphate glasses con-

sidered to be ecological materials, as they contain non-

toxic compounds related to environment. The oxide system

Li2O–MgO–(CaO)–Al2O3–P2O5–(FeO/Fe2O3) was inves-

tigated in respect to its structural changes caused by MgO

replacement with CaO and by the iron addition. UV–vis–

NIR (ultraviolet–visible–near infrared) spectroscopy as

well as thermo-gravimetric (TG) measurements, differen-

tial thermo-analysis (DTA), X-ray diffraction (XRD)

analysis, electronic paramagnetic resonance (EPR), and

Mossbauer (nuclear gamma resonance) spectroscopy have

been used to investigate redox states and coordination

symmetry of iron, together with vitreous network changes

during the heat treatment up to 1000 �C. UV–vis–NIR

transmission spectroscopy revealed no structural modifi-

cations when MgO was substituted by CaO, but noteworthy

absorption bands attributed to Fe2?/Fe3? species. TG

analysis made in the 20–1000 �C range shows low weight

loss accompanied by several thermal effects, as evidenced

by DTA. XRD patterns for the glass samples heat treated at

about 700 �C revealed the presence of different phosphate

crystalline phases containing Mg, Al, and Fe ions. EPR

spectroscopy revealed the presence of paramagnetic Fe3?

ions and the change of the first coordination symmetry,

when the samples are heated below the vitreous transition

temperature. Mossbauer spectroscopy has evidenced two

paramagnetic species, Fe2? and Fe3?, both in octahedral

coordination symmetry and a clustering process supported

by only Fe3? ions.

Introduction

It is well known that different oxidation states of the

transition metal ions as well as their distribution in the

glass network strongly influence the electrical, optical, and

magnetical properties of these materials [1–3].

Recently, phosphate glasses gained a real scientific

interest due to their low melting temperature as well as

their ability to embed high amounts of alkali oxides and

transition metal oxides as well as sulfides and molybde-

nites. Phosphate glasses are also able to retain the radio-

active wastes enriched in sodium and sodium aluminates,

wastes that contain products of the uranium fission (radio
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nuclei of cesium, strontium, rare-earth, etc.), corrosion

products from nuclear reactors (radio nuclei of iron, cobalt,

nickel, and manganese), compounds of the nuclear fuel

(uranium and plutonium), and impurities of the nuclear

process (sulfides, chlorides) [4]. Iron oxides (FeO and

Fe2O3) used as doping compounds, also influence the

structure and properties of the phosphate glasses [5]. Small

amounts (2–5%) of Fe2O3 increase drastically (104 times)

the chemical strength against water [6]. Thus, iron-doped

phosphate glasses are very convenient to embed aqueous

nuclear wastes [7].

Recently, non-polluting syntheses for glassware are

taken into account, the toxic raw materials being replaced

by non-harmful compounds. Thus, TiO2, ZrO2, ZnO and

K2O, MgO, SrO, La2O3, Bi2O3 and Nb2O5 replaced PbO

and BaO from the composition of the crystal glass.

Compounds as MgO, Al2O3, P2O5, and B2O3, replaced the

corrosive fluorine from the composition of the opal glass

[8].

This article reports a study (UV–vis–NIR spectroscopy,

TG-DTA, XRD, EPR, and Mossbauer spectroscopy) on

ecological phosphate glass containing iron ions. The results

of the up-mentioned analyses will provide useful infor-

mation on glass structure as well as the oxidation state and

coordination symmetry of iron within the vitreous network.

This work also investigates the influence of alkali-earth

ions, Mg2?, and Ca2? over the oxidation states and coor-

dination symmetry of iron ions in the glass network.

Experimental

The oxide composition of the starting glass batches is

presented in Table 1.

The chemical reagents used for the glass preparation were:

Li2CO3, Al2O3, MgCO3, CaCO3, H3PO4, FeSO4�7H2O, and

all of analytical grade. The glass samples C1, C2, C3, and C4

were melted at 1200 �C for 2 h and subsequently, annealed

according to the heat diagram resulted from the thermal

expansion measurements [9]. The synthesis stages of the

phosphate glasses were: (i) homogenization and evaporation

of the reagents up to 100–120 �C, in quartz crucible; (ii)

drying process at 180–200 �C; (iii) preliminary heat treatment

at 200–

800 �C; (iv) glass melting and refining at 1200 �C; (v) casting,

and (vi) annealing stage [10–13]. According to Table 1, the

iron-doped samples C3 and C4 contain either MgO (sample 3)

or CaO (sample 4). Also the first two samples are either with

MgO (sample 1) or with CaO (sample 2), but without Fe.

The UV–vis–NIR spectroscopy was made by means of a

Jasco V-570 spectrophotometer, in the range 190–2500 nm,

in transmission geometry with 2 nm spectral resolution.

The TG–DTA analysis was performed by SETARAM

Setsys Evolution 18, in TG–DSC Thermal Analyzer mode.

Samples with a mass around 11 mg which was maintained

constantly were measured in an open cylindrical alumina

crucible. The experiments were conducted in flowing syn-

thetic air (80% N2/20% O2), at a flow rate of 16 mL/min. The

temperature scan was between 300 and 1000 �C with a

heating rate of 10 �C/min, within a precision in temperature

better than 0.01 �C.

The XRD characterization was made by means of a

Bruker D8 Advance X-Ray Solutions device, using a CuKa

radiation.

The EPR spectra were recorded in the X-band (9.5 GHz)

with a CMS 8400 Adani spectrometer provided with a

H102 cylindrical resonator cavity and 100 kHz modulation

field. The measurement error for the line position is

±1.5 G for narrow lines and ±5 G for broad lines. The

magnetic field sweep has been calibrated by using

CaO:Mn2? standard sample.

Mossbauer spectra were acquired at room temperature,

by using a classical set-up with triangular wave form and a
57Co radioactive source in Rh matrix, with an initial

activity of 50 mCi. The isomer shifts were reported relative

to room temperature a-Fe with errors lower than 0.03 mm/

s. Low temperature measurements were done by inserting

the sample in a Janis close-cycle cryostat.

Results and discussion

The UV–vis–NIR transmission spectra for C1 and C2

samples, in the wavelength range from 300 to 2500 nm

(Fig. 1), were quite similar and revealed a high transpar-

ency (about 90%) characteristic for phosphate glasses

without absorbing impurities.

The iron-doped samples show a much lower transmis-

sion (Fig. 2). An absorption band specific to Fe3? ions is

observed at 457 nm and those specific to Fe2? ions are

noticed at 1084 and 2250 nm. No important modifications

of the absorption bands due to MgO substitution by CaO

are observed. The ground state of Fe2? ions is 5D. Crys-

talline field (CF) of cubic symmetry splits the ground state

into two multiplets. Since the local symmetry of octahedral

positions is of a trigonal type, corresponding distortions

Table 1 Ecological phosphate glass batch compositions

Glass samples Oxide composition (mol%)

Li2O MgO CaO Al2O3 Fe2O3 P2O5

C1 19.73 6.57 – 9.86 – 63.81

C2 19.73 – 6.57 9.86 – 63.81

C3 11.07 4.21 – 5.59 4.21 74.89

C4 11.07 – 4.21 5.59 4.21 74.89
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applied to a cubic CF will be distortions of a trigonal type.

The ground state 5D of ions Fe2? is split by a cubic field on

a doublet 5Eg and triplet 5T2g. Trigonal distortions of a

cubic field give rise to split of a triplet 5T2g on a doublet
5Eg1 and singlet Ag [14].

The absorption band placed at about 1084 nm corre-

sponds to the transition 5T2g ? 5Eg and the one placed at

about 457 nm corresponds to the transition 6A1(e2t2
3) ?

a4T1(e3t2
2) [15]. However, it is well known that the iron ions

enter the glass network both as vitreous matrix modifier and

former, providing a mixed structure containing P–O–Fe

bonds together with P–O–P bonds [16]. Therefore, not only

the optical properties but also the structural properties of the

glasses are expected to be influenced by the iron addition.

Structural changes of the glass network have been

studied by DTA measurements [17, 18]. DTA thermal

effects for the sample C1 (Fig. 3) reveals an endothermic

peak at 480 �C characteristic for the vitreous transition

temperature, Tg and an exothermic one at 682 �C attributed

to a crystallization process that occurs during the heat

treatment. This is in agreement with XRD analysis

(Fig. 5a) which put in evidence the formation of crystalline

ortho and metaphosphates. When iron is added in the glass

composition (C3 glass sample), Tg is slightly increasing at

507 �C as compared with C1 sample and the thermal

effects like crystallization could be noticed in DTA graph.

The thermal effects for the sample C2 (Fig. 4) are

placed at 504 �C, characteristic for Tg and at 675 �C, where

the endothermic peak suggest only a local rearrangement of

the glass network. No other thermal effects like crystalli-

zation could be noticed in the DTA graph.
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Finally, DTA graph of C4 glass sample (see Fig. 4)

shows an endothermic effect at 507 �C, corresponding to

Tg and a very weak one at 739 �C, again possibly assigned

to local rearrangements of the vitreous structure. So, we are

able to claim that the substitution of MgO by CaO causes

an increasing of Tg (by 27� C) in samples without Fe, but

almost no modification of Tg in Fe-containing samples [9].

Interesting information about the crystalline phases

issued within the glass network, after heat treatment at

about 700 �C, for 2 h, is presented in the Fig. 5. The values

of Tg revealed by DTA graphs are close to Tg values

determined by thermal expansion analysis, especially for

C3 and C4 samples [9].

As it can be seen from Fig. 5a, XRD pattern for C1

glass samples reveals the presence of two crystalline pha-

ses, magnesium aluminum orthophosphate and aluminum

metaphosphate. In the case of C3 sample (Fig. 5c), besides

two crystalline phases, magnesium pyrophosphate and

magnesium aluminum orthophosphate, the addition of iron

oxide in the glass composition brings about a crystalline

phase formation, iron aluminum metaphosphate. The glass

with calcium oxide, without iron oxide, that is C2 sample

(Fig. 5b) reveals the presence of the same aluminum

metaphosphate as in the case of C1 sample. The addition of

iron oxide (Fig. 5d) leads to the formation of the same iron

aluminum metaphosphate as in the case of C3 sample.

In the Fig. 5a–d, in order to avoid the overfilling of the

diffraction patterns, the peaks without marking signs are

assigned to the compound from the legend, free of any

marking sign. XPS analysis made on these glasses and

reported in [9] confirmed the partial oxidation of Fe2? ions

from the starting reagent into Fe3? ions that enter meta-

phosphate crystalline network. It is well known that the

vitreous phosphate network determines the change of the

oxidation states of polyvalent transition ions towards

higher values. The graphs b and d from Fig. 5 show that no

crystalline phases containing calcium ions could be

detected in the samples C2 and C4.

The oxidation states and coordination symmetry of iron

from C3 and C4 samples have been investigated by EPR

spectroscopy. EPR absorption spectra of C3 and C4 sam-

ples recorded at room temperature are shown in Figs. 6 and

7, respectively. The C1 and C2 samples did not reveal any

EPR signal, proving that the only EPR active paramagnetic

species in the glasses are the iron ions.

It is well known that iron ions exist in the glass network

in different valence states, with different local symmetries,

e.g., Fe3? ions with tetrahedral and octahedral symmetry

and Fe2? ions with octahedral symmetry [19]. The amount

of iron of different valence states and local coordination

depends on the nature and the concentration of the modifier

and forming compounds in the glass matrix and on the
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strength of the crystal field. Moreover, when the concen-

tration of the paramagnetic species is higher than a few

ppm, an addition dipole–dipole and/or superexchange

interaction is observed in EPR spectra.

Both Fe2? and Fe3? may enter as paramagnetic ions in

the glass matrix, but only Fe3? ions (3d5, 6S5/2) give

paramagnetic resonance signal (EPR absorption) at room

temperature [20]. Therefore, EPR spectra shows the

absorption lines of Fe3? ions involved in structural units

with different symmetries. The line characteristics (inten-

sity and linewidth) depend on the nature of the interactions

that occur between the paramagnetic species.

As one can see from Figs. 6 and 7, the main lines of

EPR spectra of samples C3 and C4 are characterized by

g = 4.3 and 2.0, respectively. The above mentioned values

for g are directly obtained from the resonance fields of

about 3350 and 1551 G, respectively. The EPR absorption

line from g = 4.3 (corresponding to the low magnetic field

at about 1551 G) is due to Fe3? ions which are isolated in

the glass network and situated in sites of distorted octa-

hedral symmetry (i.e., rhombic coordination symmetry)

subjected to strong crystal field effects [21–24]. On the

other hand, due to relative high iron concentration (see

Table 1), the iron atoms tend to form clusters (microag-

gregates) characterized by superexchange and/or dipole–

dipole interactions. Therefore the g = 2 line (from high

magnetic field at about 3350 G) may be attributed to the

presence of Fe3? ions forming clusters in octahedral sites,

with low crystal field [6].

Further on we present an investigation of the iron dis-

tribution and hence, of the clusters in the glass network,

revealed by the modifications of the intensity and shape of

EPR signal. Thus, C3 and C4 samples were annealed at

480 �C (below the vitreous transition temperature), for 2 h

and then they were quenched in two regimes: slow (SQ)

and fast (FQ). In SQ regime the samples were quenched in

the furnace atmosphere and in FQ regime they were

quenched outside the furnace, put in closed vials and

immersed in cold water.

As we see from Figs. 6 and 7, the EPR signal at g = 2

is influenced by the applied heat treatment. In the case of

C3 sample it is to be noticed a smooth change of the

peak to peak linewidth from 413(5) G to 456(5) G (SQ)

and 415(5) G (FQ). For C4 sample, the line at g = 2

show a stronger change of the peak to peak linewidth

from 424(5) G to 270(5) G (SQ) and 242(5) G (FQ). At

relative high iron oxide amount as in the case of our

samples (higher than 4 mol%), the width of the line at

g = 2.0 is determined by super-exchange and dipole–

dipole interactions between iron ions within the micro-

aggregates, providing Fe3?–Fe3? or Fe3?–Fe2? pairs. In

the case of C3 sample, there is a small change of the iron

clusters distribution induced by annealing, as suggested

by the smooth variation of the line width. In the case of

C4 sample, the influence of the annealing process on the

line width at g = 2.0 is much more important than in

case of C3 sample, suggesting an increasing of the iron

agglomeration induced by the thermal treatment and

subsequent quenching (Fig. 7). Inside the clusters, due to

the interactions between iron ions, the surrounding oxy-

gen field intensity (the crystal field) is diminished and we

deal with much less distorted rhombic coordination

symmetry. As it can be seen from Fig. 7, the FQ line

becomes symmetrical with a lorentzian line shape. At the

same time, a diminution of the EPR signal at g = 4.3 is

induced by thermal annealing. The signal almost disap-

pears after FQ.

Fig. 6 EPR spectra of C3 glass sample, without annealing (solid
lines) and after annealing at 480 �C and subsequent slow quenching

(dashed lines) (SQ) and fast quenching (dotted lines) (FQ)

Fig. 7 EPR spectra of C4 glass sample, without annealing and after

annealing (solid lines) at 480 �C and subsequent slow quenching (SQ)

(dashed lines) and fast quenching (FQ) (dotted lines)
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This is an additional proof that an ordered phase of iron

ions appears in the glass network on the expense of the

much disordered configurations of isolated Fe3? of low

symmetry, the super-exchange interactions between the

formed species being dominant [25]. The decreasing signal

at g = 4.3 (sign of an increased clusterization) is faster in

samples with Ca ions compared with samples based on Mg

ions and also is faster for the FQ regime, compared with

the SQ regime.

Additional information on the oxidation states and

coordination symmetry of iron in C3 and C4 samples

without additional heat treatment has been obtained by

Mossbauer spectroscopy. The 57Fe Mossbauer spectra of

the two samples, collected at room temperature (RT) are

shown in Fig. 8.

Both spectra put in evidence the presence of two types

of paramagnetic iron ions [26, 27]. The best fit was

obtained by using two paramagnetic doublets for each

spectrum. The corresponding fitted Mossbauer parameters

(isomer shift, IS, quadrupolle splitting, QS, and the relative

population of each iron site, obtained via the relative area

of the spectral Mossbauer component, R.A.) are presented

in Table 2. The oxidation state and oxygen coordination

around the central iron, as suggested by the values of the

hyperfine parameters, are shown in the same table.

The first paramagnetic component which appears in

each spectrum is a central doublet with an isomer shift of

about 0.40 mm/s, typical to Fe3? ions with sixfold oxygen

coordination. The quite large value of the quadrupole split

(around 0.70 mm), connected only to the lattice contribu-

tion in case of the Fe3? ion with its symmetrical electron

distribution, infers a relatively high distorted configuration

around the central ion, in agreement with EPR data.

However, in order to make a distinction between isolated

Fe3? ions and aggregated Fe3? ions (forming most prob-

able nanosized oxide particles), additional Mossbauer

spectra at very low temperatures will be presented further.

On the other side, the advantage of the Mossbauer spec-

troscopy over EPR is related to the possibility to see iron in

oxidation states different of 3?. Consequently, the second

paramagnetic component of the room temperature Moss-

bauer spectra is a doublet with an isomer shift of more than

1.2 mm/s, typical to Fe2? ions also with sixfold oxygen

coordination. This time, the high quadrupole splitting

(more than 2.30 mm/s) is mainly due to the contribution of

the sixth electron. The only notable difference between

spectra belonging to C3 and C4 samples, respectively, is

the different relative amount of the Fe2? ions, which is

clearly increasing in the sample prepared with CaO (C4) as

compared with the sample prepared with MgO (C3).

The Mossbauer spectra collected on samples C3 and C4

at 4.5 K are shown in Fig. 9 in order to observe the iron

clustering process. As it is well known, small clusters of Fe

(or Fe oxides) can behave above the blocking temperature

as superparamagnetic phases giving rise in the Mossbauer

spectrum to the usual central patterns (singlet or doublets).

As soon as the measurement temperature is going below

the blocking temperature, the clusters show net effective

magnetic moment giving rise in the Mossbauer spectrum to

the usual magnetic sextet specific to Fe configurations with

magnetic order. Therefore, the significant advantage of the

Mossbauer spectra collected at low temperature is related

to the fact that they show on one hand the relative amount

of Fe which is clustering and on the other hand, provide

direct information about the clustering phase. As can be

observed, both spectra collected at 4.5 K show the pres-

ence of a magnetic sextet, proving the presence of the Fe

clusters, in agreement with the EPR data. The Mossbauer

parameters corresponding to the spectral components, as

well as their relative area are shown in Table 3.

The magnetic pattern consists of a broad sextet with an

isomer shift of 0.52 mm/s and a hyperfine field of about

53.5 T, which are both typical to Fe3? ions. In addition, the

value of the average hyperfine field restricts the type of Fe

phases in the cluster to only hematite and magnetite.

Corroborating the above results with the large linewidth

(more than 2 mm/s), one may conclude we deal with a

large size distribution of very fine clusters consisting most

probably of a mixture of hematite and magnetite, where the

intra-cluster magnetic order is induced by super-exchange

interactions. Only about 23% of the total Fe in the sample
Fig. 8 Room temperature 57Fe Mossbauer spectra of C3 and C4 glass

samples
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is embedded in the clusters, the rest of about 77% being

present as isolated ions with octahedral oxygen coordina-

tion. The isolated ions could be either Fe3? or Fe2?, their

relative amount being in a ratio close to 2:1 in the sample

prepared with MgO (C3) and close to 1:1 in the sample

prepared with CaO (C4).

Conclusions

The investigation of iron-doped phosphate glasses was

aimed at obtaining information on the redox state and

coordination symmetry of iron ions in the glass network.

UV–vis–NIR spectra revealed that both Fe2? and Fe3? ions

are present in the vitreous matrix, possibly as network

modifier as well as network former. TG graphs showed a

very low weight change during the heat treatment in the

range 300–1000 �C. All DTA curves presented an endo-

thermic effect ranged between 480 and 507 �C, corre-

sponding to the vitreous transition temperature, with higher

values for iron-containing samples. In the case of magne-

sium oxide-containing sample, without iron, DTA curve

showed an exothermal effect corresponding to a crystalline

phase formation whereas calcium oxide-containing sam-

ples exhibit a low endothermic effect, probably due to local

rearrangements of the glass network. Phosphate crystalline

phases formed in the glass structure, after the heat treat-

ment at about 700 �C are revealed by XRD analysis. EPR

spectra put in evidence signals proving the existence of

Fe3? paramagnetic ions with rhombic symmetry of bonded

oxygen atoms. Centers belonging to isolated Fe3? as well

as to Fe3? ions forming clusters are evidenced. The

annealing of the glass samples containing iron ions, at

temperature below the vitreous transition temperature,

influences the iron distorted octahedral configuration, in a

Table 2 Room temperature Mossbauer components of the analyzed samples and corresponding spectral parameters

Samples Mossbauer components IS (mm/s) QS (mm/s) R. A. (%) Oxidation states Oxygen coordination

C3 Doublet 1 0.40 (1) 0.75 (1) 77 (1) Fe3? 6

Doublet 2 1.24 (1) 2.30 (2) 23 (1) Fe2? 6

C4 Doublet 1 0.42 (1) 0.65 (1) 62 (1) Fe3? 6

Doublet 2 1.21 (2) 2.40 (3) 38 (1) Fe2? 6

The oxidation state and the coordination of different iron sites are also presented

Fig. 9 57Fe Mossbauer spectra of C3 and C4 glass samples, collected

at 4.5 K

Table 3 Mossbauer components of the analyzed samples at 4.5 K and corresponding spectral parameters

Samples Mossbauer components IS (mm/s) QS (mm/s) Bhf (T) R. A. (%) Oxidation states Clustering degree

C3 Doublet 1 0.53 (1) 0.76 (1) – 54 (1) Fe3? Isolated

Doublet 2 1.32 (1) 2.64 (2) – 24 (1) Fe2? Isolated

Sextet 0.47 (1) -0.09 (2) 53.6 (1) 22 (1) Fe3? Cluster-like

C4 Doublet 1 0.52 (1) 0.65 (1) 40 (1) Fe3? Isolated

Doublet 2 1.37 (2) 2.65 (3) 37 (1) Fe2? Isolated

Sextet 0.52 (1) -0.12 (2) 53.5 (1) 23 (1) Fe3? Cluster-like

The oxidation state and the clustering degree are also presented
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greater extent in the case of CaO containing glass in

comparison with MgO containing sample. Mossbauer

spectra at room temperature, in the case of C3 and C4 glass

samples shows both Fe2? and Fe3? paramagnetic ions in

distorted octahedral configuration, the oxidized species

being dominant. Moreover, low temperature Mossbauer

spectra evidence the clustering process of about 23% from

the total iron, the rest of 77% forming isolated Fe ions. The

relative amount of Fe2? and Fe3? isolated ions is different

in the two samples, prepared with MgO and CaO, respec-

tively. These results are qualitatively in agreement with

both EPR and UV–vis–NIR data, but quantitatively, the

observed difference in the relative amount of isolated Fe2?

and Fe3? species is not reflected in the UV–vis–NIR

spectra.
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