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Abstract

Phosphate washing waste (PWW) is one of the wastes generated by the phosphate mine with a very high amount. This
waste was investigated in this work to study the effect of the calcination of the PWW at four different temperatures 600 °C,
700 °C, 800 °C and 900 °C on its mineralogical and chemical composition. The samples were investigated by X-ray
powder diffraction, Fourier transform infrared, differential scanning calorimetry and thermogravimetric analysis, solid-
state magic angle spinning nuclear magnetic resonance of °Si, 2’ Al and *'P and scanning electron microscope. The results
show that the PWW presents a complex system and it suffers a significant change on its mineralogical and chemical
composition after calcination. It reveals the presence of carbonate, natural zeolite, fluorapatite, quartz and clay. After
calcination, the waste shows the disappearance of some of these phases and the appearance of others and some other phases

remain steady.
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Abbreviations

CPG Gafsa Phosphate Company

XRD X-ray powder diffraction

DSC-TG Differential scanning calorimetry and
thermogravimetric analysis

FTIR Fourier transform infrared

ATR Attenuated total reflectance

MAS-NMR Magic angle spinning nuclear magnetic
resonance

PWW Phosphate washing waste

SEM Scanning electron microscope

Introduction

Phosphate rock ore is one of the principal minerals pro-
duced in the world. Based on industry analysts, the pro-
duction of this ore attains about 147 million ton in 2017
and it can increase to achieve 168 million ton in 2021 [1].
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This ore was used as raw material for the production of
phosphate fertilizers used in the agricultural sector,
chemical and detergents industries [2-4]. The principle
producers in the world are China, USA, Morocco, Russia
and Tunisia [1, 2, 5]. In Tunisia, the phosphate deposits
that take place in height opencast mines in Radayef,
Moularaés, Metlaoui and Mdhilla [6] for more than a
century are operated by the Gafsa Phosphate Company
CPG. It extracts more than 8 million ton of natural phos-
phate yearly [6, 7]. These phosphate deposits are sedi-
mentary which did not contain crystalline apatite, but are
formed mainly of cryptocrystalline phosphate minerals [8].
Many authors [9—12] reported the chemical composition of
the Tunisian phosphate ore, which indicates that the major
oxides are CaO, P,Os and others with minor quantities
such as SiO,, Na,O and SOs. According to [8-10, 13, 14],
the phosphate ore has the carbonate-fluorapatite, calcite
and dolomite as predominantly mineralogical phases and
others like quartz and gypsum. In the process of the
enrichment of the phosphate, it is washed with flocculant,
including mechanical separation and treatment to eliminate
the barren components [12, 13] and it is sorted in three
categories depending on its grain size, gros particles

> 2 mm, 80 pm < phosphorite <2 mm and phosphate
sludge < 80 um. The intense production of the natural
phosphate engenders a huge amount of waste [6, 15, 16].
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This waste can be divided into three different types: The
waste rock, the phosphogypsum and phosphate sludge also
named as tailing and phosphate slime [17, 18].

Discussing the case of the phosphate sludge, this waste
was generating with quantity about 1 ton for the production
of 1 ton of phosphate [2, 6, 16—18] which is deposited in
large pond and causes a serious problem to the environ-
ment. Therefore, the phosphate sludge has been a question
in the latest 10 years of great interest in a wide range of
fields: to control acid mine drainage [17], in ceramic
[4, 17, 19, 20], as aggregate [17, 21, 22], as a natural
absorbent for phosphorous removal from aqueous solutions
[15, 16, 23], as a membrane [24, 25] and as a precursor for
geopolymeric materials [26, 27].

A number of studies [22, 23, 27, 28] have investigated
the composition of the phosphate sludge which is com-
posed essentially of carbonate (calcite, dolomite), clay,
quartz and fluorapatite. Most of these researchers investi-
gated the phosphate sludge as a raw material in different
areas, without any treatment. It should be mentioned that
the phosphate sludge has a high content of clay [18] and
since the calcination is a mandatory step in the use of clay
like kaolinite and illite to attend its best reactivity and
performance [29, 30], the calcination can also have an
effect on the phosphate sludge phases. However, data about
the effect of the calcination on the present phases on the
phosphate sludge are limited.

Therefore, this paper set out to assess the effect of the
calcination at different temperatures on the present phases
in the phosphate washing waste. The comprehension of the
behavior of the Tunisian phosphate washing waste after
thermal treatment from 25 to 900 °C shows that this
material can be valorized in ceramic geopolymer and
zeolite.

Materials and methods

The phosphate washing waste PWW used in this investi-
gation was obtained from the storage ponds of Metlaoui
Tunisia (Laverie IV). The waste was filtered and dried at
105 °C for 24 h. It was crushed and then sieved to the grain
size less than 100 pm.

The obtained powder was calcined at four different
temperatures 600 °C, 700 °C, 800 °C and 900 °C for 2 h
with heating rate 10 °C min~' from room temperature to
the required temperatures. The calcination was performed
in a muffle furnace LABTECH Daihan LABTech Co., Ltd,
and then the samples were studied with XRD, FTIR, MAS-
NMR and SEM techniques.
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Experimental

The phase identification of the samples was performed by
powder X-ray diffraction XRD Bruker Dg Discover using
Cu Ko radiation Z = 1.54060 A at 40 kV and 40 mA in the
range from 5° to 60° with a step width of 0.02°. Phase
identification was done using X’Pert Highscore software.

The thermal analysis DSC-TG was performed under
argon atmosphere with heating rate 10 °C min~' from
ambient to 1000 °C with TA instruments SDT 2960
Simultaneous for a quantity of PWW = 31.2867 mg

An attenuated total reflectance (ATR) FTIR spectra
were scanned from 400 to 4000 cm ™' wavenumbers using
the Fourier transform infrared model PerkinElmer spec-
trum BX spectrometer, and spectra were collected for four
scans at a resolution 2 cm™'. No special preparation of the
samples was required.

The solid-state magic angle spinning nuclear magnetic
resonance MAS-NMR of the samples was made using
high-resolution Bruker AMX 300 spectrometer equipped
with B(7.1T super-induction magnetic.

The %°Si spectra were operating at a frequency
59.63 MHz and spun at 8 kHz. The chemical shift is
reported in parts per million (ppm) relative to tetram-
ethylsilane TMS.

The *’Al spectra were operating at a frequency
78.21 MHz and spun at 8 kHz. The chemical shifts are
reported referring to AlCl3-6H,0.

The 3'P spectra were operating at a frequency
121.49 MHz and spun at 8 kHz. The chemical shift is
reported referring to fluorapatite.

For the analysis of the microstructure, the samples were
executed using a scanning electron microscope SEM 200
operating at 15 kv. Before analysis, the samples were
sputter coated with 40-nm film of Au-Pd (80-20 mass%).

Results and discussion
Chemical composition and particle size

As mentioned in the previous work [26], the phosphate
washing waste presents an important amount of silica SiO,
42%, calcium CaO 25.5%, phosporous P,Os 10% and
alumina Al,O3 9.77%. The PWW was characterized by a
major population of grain size equals to 7.5 um and a less
dominant population with a particle size equals to 100 pm.

Based on the results of the chemical composition of
previous work of Elgharbi S, et al et Galai H, et al of the
Tunisian phosphate ore presented in Table 1 and the
chemical composition of the phosphate washing waste, it
shows that the main oxides of each material are not the
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Table 1 Chemical composition of PWW and phosphate ore in oxide mass%

P205 CaO 5102 AIQO'; Na20 K20 MgO Fe203 on SO'; Refs.
PWW 10 26.5 42 9.77 1.12 0.673 3.09 231 0.96 3.39 [26]
Phosphate;  29.58 49.45 3.08 0.86 1.39 0.054 0.7 0.25 2.84 3.58 [11]
Phosphate, 25.88-29.51 43.56-47.25 225-8.66 0.07-0.41 1.47-1.66 0.05-0.16 0.47-0.62 0.18-030 - 1.85-3.45 [12]

same. The phosphate ore has the P,O5 and CaO as main
oxides, while the PWW has the SiO, and the CaO as main
oxides. These results explain also the difference of the
present minerals in the both materials.

XRD characterization

The X-ray diffractograms of the non-calcined and calcined
PWW are shown in Fig. 1. The patterns show the miner-
alogical constituents of the samples at different tempera-
tures. The main mineral components in the sample at 25 °C
are: the potassic-heulandite with strong reflections at
8.77 A,7.76 A and 3.92 A. Based on different study of the
Tunisian phosphate ore [10, 12], the clinoptilolite was
presented as the main natural zeolite in the ore. Other
works [8, 31] present the heulandite as the principle natural
zeolite. The Heu zeolite-type “heulandite-clinoptilolite”
was difficult to differentiate between them, while they react
upon heating with different ways depending on their
structural properties [32, 33]. In this investigation, the
heulandite is presented as the natural zeolite because its
reflection starts to decrease from 600 °C until it disappears
after thermal treatment but the clinoptilolite retains its state
after calcination [32]. The palygorskite is presented with
reflection at 10.13 A, 6.34 A and 4.41 A. The pattern
shows also the presence of calcite which is confirmed by

H Q F QFH p Ffp ¢ FFF 600 °C
H A
Ph P: c Fc
Ph) F o QF F Cs A
H H FC F FF 700 °C
Ph s Lo A s
B B QB NS S B B A 800 °C
Cs

10 20 30 40 50 60

Fig. 1 X-ray diffractograms of the PWW at 25 °C, 600 °C, 700 °C,
800 °C and 900 °C. C: calcite, F: carbonate-fluorapatite, P: paly-
gorskite, H: heualandite, Q: quartz, G: gypsum, A: anhydrite, Ph:
phlogopite, B:fluorapatite, Cs: C,S, Ge: gehlenite, N: anortithe

the chemical composition and the thermal analysis dis-
cussed later. It presents a reflection at 3.01 A, 2.48 A and
2.27 A. The diffractogram shows also the presence of
carbonate-fluorapatite 2.77 10%, 2.67 A and 2.60 A, and it
shows also the presence of the quartz characterized by the
reflection at 4.41 A, 342 A and the gypsum by the
reflection at 7.76 A, 2.88 A and 2.67 A. As we can see,
after calcination, the pattern shows the appearance of some
phases and disappearance of the others. The carbonate-
fluorapatite becomes fluorapatite at 800 °C [11], it remains
unchanged with quartz also until 900 °C, and this is
explained that these phases were not affected by the ther-
mal treatment [22]. The intensity of the reflections of the
heulandite and the calcite decreases at 600 °C and 700 °C
until they disappear at 800 °C. This can be explained by
the contraction of the volume of the heulandite until the
destruction of the structure [32]. The decomposition of
calcite can clarify the decrease in its intensity [34].

The reflection of palygorskite drops at 600 °C. This is
caused by the dehydration and deformation of the structure.
It vanished at 700 °C, and this can be explained by the
complete dehydroxylation of the palygorskite [35].

The reflections of the gypsum (calcium sulfate dihydrate
CaS0,4-2H,0) disappear at 600 °C because the gypsum
with the increasing of temperature starts to dehydrate until
a total dehydration; thereafter, it forms anhydrite as pre-
sented in Eq. 1. The presence of the anhydrite was con-
firmed by its reflections that appear in the sample calcined
at 700 °C.

Temperdlure °C

CaSOy - 2H,0 CaSO4 + 2H20(g) (1)

The phlogopite which can be represented by the formula
KMg;AlSiz0,¢o(OH), [36] appears at 700 °C with reflec-
tion at 9.88 A, 405 A and 3.43 A, and it remains at
800 °C. The presence of this phase results from the
decomposition of palygorskite and the alteration of the
structure of the potassic-heulandite [37].

The curves display also the appearance of Ca,SiO4
(CZS) at 700 °C, 800 °C and 900 °C with a reflection at
2.79 A, 2.69 A and 224 A. The pattern of the sample
calcined at 900 °C shows the appearance of two new
phases, gehlenite Ca,SiAl,O; (C,AS) with fundamental
reflections at 2.85 A, 228 A and 1.74 A and anorthite
CaAlLSi,Og at (CAS,) with reflections at 3.19 A, 2.50 A
and 2.13 A which are formed from the free lime from the
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decarbonation of the calcite and the decomposition of the
heulandite and phlogopite [38, 39]. The main d-values of
the present phases at the different temperature are dis-
played in Table 2.

DSC-TG

The results obtained from the thermal behavior of the
PWW Fig. 2 are presented in the previous work [26]. The
TG curve shows three mass losses, respectively, from 30 to
140 °C, from 200 °C to 500 °C and from 650 °C to 770 °C
with a total mass loss approximately 17%. The removal of
the adsorbed water results in the first endothermic peak and
the first mass loss ~ 2.35%. The release of adsorbed
zeolitic water localized in the cavities and channels of the
potassic-heulandite without the decomposition of the
structure [40] and the zeolitic water of palygorskite [41]
leads to the second endothermic peak and to the second
mass loss ~ 4.69%, considering also in this gap of tem-
perature the combustion of the organic matter defined by an
exothermic peak at around 550 °C. The decomposition of
the calcium carbonate CaCOj3 during the heating with the

Table 2 Summarization of the present phases at different temperatures

Mass loss/%

Heat flow
&
(=]
)

|
=
S

L

-90 T T T

T 80
200 400 600 800 1000
Temperature/°C

Fig. 2 DSC-TG of phosphate washing waste

release of the CO,) reveals an endothermic peak and a
third mass loss ~ 9.96%. The obtained results are in good
agreement with the XRD results.

FTIR characterization

The IR spectra of the samples are presented in Fig. 3. This
figure shows that the calcination process had a remarkable

d-spacing/A

25 °C 600 °C

700 °C 800 °C 900 °C

Carbonate-fluorapatite 2.77-2.67-2.61
00-002-0833

Fluorapatite - -
00-002-0845
Calcite
00-002-0629
Heulandite k
01-076-2214
Palygorskite
00-029-0855
Gypsum
00-021-0816
Quartz
01-070-2535
Anhydrite -
00-003-0368

C,S - _
00-023-1042

Phlogopite - -
01-079-2364

Gehlenite - -
00-001-0982

Anorthite - -
00-002-0523

3.01-2.48-2.27
8.86-7.93-3.92
10.13-6.34-4.41 10.21-4.44
7.76-2.88-2.67 -
441-342 4.44-3.43

3.4-2.79-1.38

2.77-2.66-2.62

3.02-2.48-2.27

8.98-7.88-3.94

2.79-2.69-2.62 - -
- 2.79-2.69-2.61 2.79-2.69-2.61
3.02-2.49 - -

8.88-7.82-3.49 - -

3.43 3.43 3.43

3.49-2.79-1.83 3.47-2.79-1.83 3.48-2.79-1.83

2.81-2.71-2.22 2.81-2.69-2.24 2.85-2.69-2.24

9.85-4.02-3.41 2.69 -
2.85-2.28-1.74

3.19-2.50-2.13
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Fig. 3 FTIR of PWW at 25 °C, 600 °C, 700 °C, 800 °C and 900 °C

effect on the vibrational bands intensity and its positions
and on the appearance and disappearance of some bands. In
general, Fig. 3 shows that the spectra had a sensitive region
to the calcination process between 400 and 1200 cm ™. It
can generally be stated that the interpretation of the FTIR
bands even with deconvoluted spectra may be difficult
because of the multiphase system, bond vibration of vari-
ous phases with similar or approximately the same
wavenumber value which can be jointly overlapped or
summed together.

The sensitive region can be decomposed into two
regions: 400-800 cm™' (Fig. 4) and 800-1200 cm™'
(Fig. 5).The latest region was deconvoluted and indicates
that the most interesting aspect is that with the increase in
the calcination temperature, the absorption band is broad-
ened out and its intensity decreases. This phenomenon can
be explained by the increase in structural disorder in the
lattice [42].

Comparing the FTIR spectra of the PWW at ambient
temperature with the FTIR presented in [8, 11, 12] of the
phosphate ore, it was noticeable that the main and strong
band was of the POi_ and CO%‘. While, the PWW shows
that the main band is for the Si—-O-T with T: Si or Al. The

o
@
5
9
it

3-466
POy

400 600 800
Wavenumber/ci !

Fig. 4 FTIR of PWW at different temperatures from 400 to 800 cm ™"

investigation of Elagharbi et al. [11] with FTIR of the
phosphate ore is calcined at different temperatures. The
main band of PO}~ at about 1049 cm™' becomes narrower
and more distinguishable after thermal treatment. In con-
trary, for the PWW investigated at different temperatures,
the curves show that the temperature changes the intensity
and the width of the main bands.

The spectrum in Fig. 3 of the PWW at 25 °C shows
bands at around 3544 and 3611 cm™' assigned to the
stretching vibration mode of H-OH group and a band at
around 1636 cm™' corresponding to the bending vibration
modes of H-OH which is due to the adsorbed water. These
two bands disappear after calcination from 600 to 900 °C.

The presence of carbonate-fluorapatite in the PWW can
be confirmed by the vibration band of phosphate group
POi’ at 466 cm ™' which corresponds to the v, symmetric
bending mode. The asymmetric v4 mode gives three main
bands 567, 576 and 604 cm™'. The spectrum at 25 °C
shows a band at 966 cm™' corresponding to the v; mode
and vz mode at 1050 cm™'. After calcination, the FTIR
spectra show that some of the characteristic bands of PO}~
group made a slight shift and they appear at 601 and
962 cm™ . The shoulder at 1100 cm ™" which appears after
calcination at 700 °C corresponds to the v3 mode of PO;~
group [34, 43].

The FTIR at 25 °C displays also the presence of calcite
by the detection of the carbonates group. The characteristic
bands were the v, out-of-plane bending of CO%’ group
corresponding to the band at 712 cm™'. The v, splits in-
plane bending vibration of CO%’ at 875 cm ™', and the last
band at 1431 cm ™! corresponds to the asymmetric stretch
v3 [44, 45]. After calcination, these bands persist at 600 and
700 °C but with lower intensity and they vanished totally at
800 and 900 °C.

In this spectrum, it is possible to identify the gypsum
with the band at 650 cm™"' which corresponds to the in-
plane bending vibrational mode v, of SO;~. 1120 and
1150 cm™' are assigned to the asymmetric stretching
vibrational mode v;, and the symmetric stretching vibra-
tional mode v; at 1000 cm ! [46]. After calcination, the
band at 650 cm™' made a shift to higher frequency
697 cm~! at 600, 700, 800 and 900 °C which is a char-
acteristic of the anhydrite. This shift was because of the
less water in the structure because generally the hydrogen
bending in the structure of gypsum diminishes the fre-
quency of the absorption band. The same bands of the
SOZ’ group appear at the calcination temperature at 1120
and 1150 cm ™" [47].

The presence of palygorskite in the matrix of the PWW
can be identified by the band at approximately 520 cm™"
attributed to the silicate tetrahedral sheet deformation Si—
O-Si bending vibration. Furthermore, other bands can be
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Fig. 5 Deconvolution of the spectra of PWW at different temperatures from 800 to 1200 cm™
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Table 3 ATR-FTIR band assignment

Assignment Wavenumber/cm ™"

25 °C 600 °C

700 °C 800 °C 900 °C

Carbonate-fluorapatite

PO}~ 466-567-576-604-944-1050

Cco3~ 1448 1448
Fluorapatite

POy~ - -
Calcite

co3”
Heulandite K

Si-O-Si 1022 1026

Si—O-Al
Palygorskite

Si—O-Si 520

Al-OH-Al 911

Si-O-Mg 987 987

Si-O-Si 1033 1033
Gypsum

Norw
Quartz

Si—O-Si 798 798
Anhydrite

SO;~ -
C28

Si-O - -

Si—-O-Ca
Phlogopite

Si-O - -
Gehlenite

Al-O-Al, Si(Al4)(0O3) - -
Anorthite

AlQy, SiO4 - -

712-875-1431

650-1120-1150 -

604-962-1050

712-875-1431

697-1120-1150

601-962-1100 - -

- 601-962-1100 601-962-1100
712-1431 - -

1031 - -

798 798 798

697-1120-1150 697-1120-1150 697-1120-1150
512-880

845-991

512-880
845-991

512-880
845-991

980-1060 980

907-925-1056-850

1075-1135

detected at 25 °C FTIR as the band at 911 cm™" which is
assigned to the bending vibration of the octahedral Al-
OH-ALl, the 987 cm ™" band attributed to the perpendicular
Si—nonbridging oxygen-Mg (Si-O,,—Mg) asymmetric
stretching vibration [35] and a band at 1033 cm ™! corre-
sponding to the asymmetric stretching vibration Si—O-Si.
After calcination at 600 °C, the bands at 520 cm ! and at
911 cm™" disappear through the destruction of the struc-
ture and the dihydroxylation of Al-O-Al, respectively
[35, 48].

As mentioned in the section of XRD of the PWW, the
potassic-heulandite is distinguished in the FTIR at 25 °C via

a band at 1022 cm ™' assigned to the asymmetric stretching
mode of Si—O-Si and Si—O-Al [32, 49]. This band shifts to
the higher frequency 1026 cm ™" and 1031 cm ™" at 600 °C
and 700 °C, respectively. This shift can be explained by the
Si/Al molar ratio in the structure of heulandite, and the
vibration mode shifts to higher frequency when the number
of tetrahedral Al atoms decreases [40].

At 700 °C, the PWW reveals the C,S and phlogopite as
new phases, and they can be recognized in the FTIR curve at
700 °C. The phlogopite can be identified by the bands at
980 cm ! assigned to the —Si—O vibration and 1060 cm ™
assigned to the Si—O vibration in the amorphous SiO, [50].
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Fig. 6 2°Si MAS-NMR spectra of PWW at 25 °C, 600 °C, 700 °C, 800 °C and 900 °C

The C,S phase shows a first weak band at 700 °C at  corresponding to asymmetric stretching vibration of Si-O,
512 cm ™! which corresponds to Si—O out-of-plane bending  and the bands at 845 em™' and 991 cm™' correspond to
mode, and this band becomes clearer at 800 °C and 900 °C. symmetric stretching vibration mode of Si—-O—Ca [51-53]. It
The C,S has also other characteristic bands at 880 cm™' should be mentioned that the phlogopite remains at 800 °C,
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900 °C
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Fig. 7 2”Al MAS-NMR spectra of PWW at 25 °C, 600 °C, 700 °C, 800 °C and 900 °C

but it disappears at 900 °C and at this temperature appears
two more new phases as discussed in the XRD section,
because the calcination at a temperature higher than 800 °C
favors the crystallization of Ca—Al silicate minerals such as
gehlenite and anorthite [54]. The anorthite was characterized
by three bands at 980 cm_l, 1075 cm™! and 1135 cm™!
assigned to asymmetric stretching vibrations of both SiO4
and AlQ, tetrahedra [55, 56].The gehlenite was character-
ized by the bands which confirm the structure at 907 cm™"
and 1056 cm™! and the bands at 925 cm™' and 850 cm™!
related to the asymmetric stretching of (Si, Al)(O3) and Al-
O-Al, respectively [54].

The band at approximately 798 cm ™' has been descri-
bed as the Si—O-Si symmetric stretching vibration of
quartz, and the intensity of the band made a slight change
indicating that the Si—-O-Si structure was partially
destroyed. Table 3 summarized the functional groups of
the phases present in each temperature.

MAS-NMR characterization
Considering the composition of the PWW which contains

essentially aluminosilicates and zeolite, a study by the *°Si
and %Al solid-state NMR spectroscopy can be interesting.

As mentioned in the literature review, the SiO, can take
place in isolated or combined structure [57, 58]. A strong
relationship between the polymerization degree of the sil-
icate polyhedral and the chemical shift is explained in
terms of various Q" environment of silicon, where n is the
number of coordinated oxygens that bridge to other silicon.
Generally, the 298 MAS-NMR of the PWW in function
of temperature reveals a significant change in the intensity
of the Q" units peaks. Increasing the temperature, the Q>
site decreases which implies the dehydration and the
decomposition of some phases. Meanwhile, the increase in
the Q° and Q* sites can be assigned to the formation of new
phases. The patterns of the 2°Si present in Fig. 6 at the
25 °C palygorskite exhibit two peaks at — 92 and
— 97 ppm attributed to Q® (mAl) [59]. These peaks shifted
toward 91 and 96 ppm at 600 °C with a lower intensity.
The heulandite was characterized by peaks at 93 due to
Q4(2A1), — 99 and — 101.20 ppm due to Q4(1Al). These
peaks appear also at 600 °C and 700 °C at (— 95 and
101 ppm) and (95 and 100 ppm), respectively [57, 60].The
chemical shift at about — 107 ppm was attributed to the
quartz phase present in the PWW which corresponds to
unsubstituted units Q*(0Al). At 700 °C, the 29Si MAS-
NMR shows the appearance of two new peaks at — 71 and
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Fig. 8 *'P MAS-NMR of PWW at 25 °C, 600 °C, 700 °C, 800 °C and 900 °C

— 86 ppm. The presence of the phlogopite phase at the
PWW calcined at 700 °C was confirmed by the peak at
— 86, and it became — 84 at 800 °C which results from the
different Si environment Q*(1Al) and Q3(2Al), respectively
[37]. The C,S appears at 700 °C, 800 °C and 900 °C, and it
was characterized by a single narrow signal at about
— 71 ppm assigned to Q° unit [61, 62]. At 900 °C and as it
is mentioned in the XRD results, the calcined PWW shows
the appearance of two new phases, gehlenite characterized
by a peak at — 73 ppm which corresponds to Q' unit
[63, 64] and the anorthite phase defined by — 84, — 89 and
— 93 ppm assigned to Q*(mAl) [65, 66]. The *° Si results
show also that the peak at — 111 and — 112 ppm becomes
more intense after calcination process which indicate the
presence of framework with no bonded Al Q4(OA1) units.

If we now turn to the 2’Al results, according to many
researchers [57, 67], the 4-coordinated Al occurring at
about 50-80 ppm and the 6-coordinated occurring at about
— 10 to 15 ppm and the 5-coordinated Al in well-defined
crystalline compounds exhibit a chemical shift at about
30-40 ppm. From Fig. 7, it is apparent that the calcined
and uncalcined PWWs show two significant Al sites,
4-coordinated noted VAl and 6-coordinated noted “'Al
which change of the intensity by the increase in the

@ Springer

calcination temperature. Considering the structure of the
palygorskite phase, the coordination of Al is mainly octa-
hedral, which is placed in the center of the octahedral sheet
in the layer structure, appearing at 25 °C with a peak at
approximately 3 ppm. After calcination at 600 °C, the
intensity of the peak decreases following the dehydroxy-
lation of the Al (O, OH)¢ octahedra [68]. It shows also a
small peak at about 54 ppm corresponding to the 'VAl
present in the structure of palygorskite.

The *’Al MAS-NMR exhibits a peak at about
58.03 ppm due to the 4-coordinated Al present in the
heulandite framework [69]. After calcination at 600 °C, the
intensity of 6-coordinated Al decreases although the
intensity of the 4-coordinated Al increases and this is
explained by the dehydroxylation of the Al (O, OH)¢ which
generates a 4-coordinated Al. At 700 °C, the peak at about
2 ppm decreases and the peak at 56 ppm remains steady,
which is a character of the phlogopite phase [37]. The
presence of the 6-coordinated Al can be defined by the
presence of Al in extra framework and also by the Y'Al
substitution of Mg. At 800 °C, the peak of VIAl made an
important drop and presented a chemical shift equal to
1 ppm which is the result of the total dehydroxylation of
the 6-coordinated Al. The "VAl becomes broader for the
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Fig. 9 SEM of PWW at 25 °C, 600 °C, 700 °C, 800 °C and 900 °C

PWW calcined at 900 °C with a maximum at 53 ppm
which confirms that most of the Al are in tetrahedral
environment and confirms also the presence of gehlenite
[65] and anorthite [66] as new phases appear at 900 °C.
Figure 8 shows the >'P MAS-NMR of the PWW cal-
cined at different temperatures. The spectra display a peak
at about 2.6 ppm. Several reports [70, 71] have shown that
this peak indicates the presence of the phosphorus atoms
located in one crystallographic site in the fluorapatite

phase. After calcination at different temperatures, the
spectra did not change from a calcination temperature to
another, indicating that the structure of fluorapatite was not
altered, which confirm the result of XRD and FTIR.

SEM characterization

The SEM characterization was performed to investigate the
microstructure of PWW before and after calcination. The
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Table 4 Phases transformation

upon thermal treatment 25 °C 600 °C 700 °C 800 °C 900 °C
Carbonate-fluorapatite Decarbonation Deacarbonation
Fluoarpatite Fluorapatite Fluorapatite
Calcite Decarbonation Decarbonation Decomposition
Heulandite K Decomposition Decomposition
Palygorskite Dehydroxylation Decomposition
Gypsum Dehydroxylation
Quartz
Anhydrite Anhydrite Anhydrite Anhydrite
Phlogopite Decomposition
Gehlenite
Anorthite

micrographs show that the PWW has an irregular shape
and heterogeneous particles. Figure 9 shows also that the
PWW presents small granular crystals, needles and solid
deposits. It was clear from the SEM micrographs that the
temperature has an effect on the PWW phases. After
thermal treatment at different temperatures (600, 700, 800
and 900 °C), the microstructure shows that the particles
stay with irregular shape but demonstrate also the appear-
ance and disappearance of some phases by the extinction of
needles for example. During the treatment, the SEM shows
also the densification of the agglomerates and the forma-
tion of glassy phases.

Table 4 summarizes the different phases present in the
uncalcined PWW and the phases formed upon the thermal
treatment.

Conclusions

The present study was designed to determine the effect of
the calcination temperature on the chemical and miner-
alogical composition of the phosphate washing waste, and
the conclusions were:

e The chemical analysis and the XRD pattern of the
original PWW have revealed important information:
significant amount of silicate, calcium, aluminum and
phosphorus are observed. Presence of different phases:
heulandite, palygorskite, calcite and carbonate-
fluorapatite.

e After calcination, the powder shows significant changes
at 800 °C and 900 °C via the total disappearance of
calcite, heulandite and palygorskite which generate
aluminosilicate and CaO in active state. These two
compounds are able to form new phases which can be
in this case: phlogopite, C,S, anorthite and gehlenite.

@ Springer

e The calcined PWW at different temperatures can be a
precursor for the synthesis of different materials like
zeolite, ceramic and geopolymer.
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