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A B S T R A C T   

The present study aims to apply the principles of circular economy, using special inorganic waste (in particular, 
red gypsum muds from a TiO2 plant in Tuscany, Italy) to produce ceramic materials for the construction and 
building industries. Red gypsum (RG) muds produced during more than 10 years of industrial processing were 
chemically and mineralogically characterized by X-ray fluorescence spectrometry (XRF), X-ray powder diffrac
tion (XRPD), scanning electron microscopy with energy dispersive X-ray spectrometer (SEM/EDS), and thermal 
analyses (TA). The analyses testify that RG waste production is chemically and mineralogically constant over 
time, and therefore suitable to be used as a secondary raw material in industrial ceramic production. Ceramic 
specimens have been realized using an extremely high amount of the RG waste (up to 70%) and characterized 
using the same chemical-mineralogical techniques, revealing that anhydrite, pyroxene, and Fe/Ti oxides are the 
main crystalline phases, embedded in a glassy compact matrix. Overall results indicate that the production of 
ceramic materials could represent a definitive and sustainable solution for the problematic management of the 
large volumes of RG waste deriving from TiO2 plants.   

1. Introduction 

Mineral resources are essential raw materials of everyday commod
ities, from common ceramics and building materials to high-tech and 
nanotechnological devices. Most mineral resources are not renewable, at 
least on the human time scale. In other words, there is a time-scale gap 
between the human exploitation/consumption of natural resources and 
the geological times required by our planet to restore what is consumed. 
This poses severe problems for the future availability of natural raw 
materials, and strategies alternative to the massive exploitation of nat
ural resources until their exhaustion, are immediately needed [1,2]. 

The industrial processes that transform raw mineral resources into 
various industrial products typically require physical and/or chemical 
treatments of the raw material. In most cases, this implies chemical re
actions with the consequent production of highly polluting, acid 
wastewater. In other words, the use of natural resources and the 

realization of commercial products are inevitably associated with the 
production of waste at any stage of the product life cycle, therefore 
requiring an adequate management strategy [3]. 

Gypsum waste is commonly produced in the construction and de
molition industry, but huge amounts also arise from TiO2 production 
plants [4–6]. The industrial process to extract Ti from the ore mineral 
ilmenite (FeTiO3) [7–10] results in the formation of acid wastewater, 
which are successfully neutralized with CaCO3 powder [11]. The 
neutralization reaction of acid wastewater with calcite powder repre
sents therefore a step in environmental protection, despite inevitably 
resulting in another environmental issue. In fact, the neutralization re
action H2SO4 (aq) + CaCO3 → CaSO4⋅2H2O + CO2 produces consider
able volumes of gypsum mud (7/8 tons of gypsum waste for 1 ton of TiO2 
production), characterized by a red color due to the occurrence of minor 
Fe-bearing phases deriving from the raw mineral ilmenite. Although red 
gypsum (hereafter RG) (in accordance with European Waste Catalogue 
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code 061101) mud is a non-hazardous waste, it is classified as a special 
industrial waste that needs to be managed [6,12,13]. 

Managing large volumes of RG waste is an environmental, social, and 
political problem that needs to be addressed soon. The most adopted 
solution so far has been the environmental restoration of abandoned 
quarries, mines, and landfills where RG is used as inert material to 
restore the original morphology of the area. Unfortunately, social 
communities do not always appreciate environmental restoration due to 
possible geochemical and hydrogeological concerns, despite scientific 
data supporting this solution’s safety [14–16]. 

A promising alternative, in agreement with environmental protec
tion issues, sustainable exploitation of natural resources, and circular 
economy, is to reuse RG wastes as secondary raw materials [17]. Pre
vious studies explored the possible reuse of gypsum wastes in the cement 
and building materials industry [18–21]. It was demonstrated that using 
RG instead of natural gypsum in Portland cement manufacture main
tains the physico-mechanical properties and the leaching behavior of the 
final product [18]. Zhang et al. [20] also studied the use of RG to pro
duce foamed Portland cement with good compressive strength and 
thermal insulation properties. Cai et al. [21] demonstrated the possible 
use of up to 20% RG as raw material to partially replace fly ash, 
generally composed of mullite and quartz, for the manufacturing of 
autoclaved aerated concrete, obtaining good physical and mechanical 
properties. Moreover, RG by-products have been also tested as raw 
materials in manufacturing gypsum blocks for the building and con
struction industry [19]. Fauziah [22] investigated the possibility of 
using RG in combination with sewage sludge and soil in different pro
portions in the agricultural environment as an amendment and a source 
of Ca for plants. 

The present study fits into this context. RG wastes deriving from a 
TiO2 industrial plant (Tuscany, Italy) have been investigated to confirm 
their chemical and mineralogical homogeneity over more than 10 years 
of industrial production and to verify the possible occurrence of toxic 
elements above normative limits. Subsequently, the investigated RG 
wastes have been used as a secondary raw material to produce an 
innovative thermoformed ceramic material, following the procedures 
described in patent n. 0001369219, released by the Italian Patent and 
Trademark Office on 11/01/2010 (owner GRINN Solutions s.r.l.). The 
resulting ceramics, realized using a high quantity of gypsum waste from 
60 to 70% and characterized by excellent aesthetic, mechanical, and 
physical properties, may represent a competitive material in the ceramic 
trade, thus representing a promising example of the circular economy. 

2. Samples and analytical method 

Four representative samples of RG wastes (RG1-RG2-RG3-RG4), 
produced in an industrial plant located in Tuscany (Italy) for more than 
10 years of production (Table 1S) were analyzed. Samples RG1 (the 
oldest: 2010) and RG4 (the youngest: July 2021) have been used to 
produce 2 ceramic tiles (hereafter, samples CRG1 and CRG4, respec
tively; Fig. 1S), following the procedures described in the patent and 
summarized below (paragraph 4 RG WASTE PROCESSING). CRG1 has a 
size of 4 cm length x 2 cm width x 0.7 cm height, while CRG4 one is 
round shape with 6 cm in diameter and 1 cm high. Both RG untreated 
samples and CRG resulting ceramic products have been analyzed with 
different mineralogical techniques. 

X-ray powder diffraction (XRPD) analyses were carried out with a 
Bragg-Brentano Philips X’Pert PRO PW3050/60 diffractometer (CuKα 
radiation, operating conditions of 40 kV and 30 mA), equipped with 
PW3071 X’Celerator detector, 3–80◦ 2θ range, allowing the accurate 
determination of the bulk mineralogical composition of both RG samples 
and CRG samples. Before the analyses, small quantities (a few mg) of RG 
and CRG samples were finely grounded in an agate mortar. 

Energy dispersive X-ray fluorescence spectrometry (EDXRF) for 
chemical bulk analysis was performed on samples prepared by mixing 
approximately 15 g of powdered material with 5 g of boric acid and a 
few drops of polyvinyl alcohol. Powders were then pressed under a 
laboratory press (20 t/cm2) compacted into pellets of 40 mm of diameter 
and finally analyzed with the PANalytical Epsilon 3XL instrument. The 
Omnian-standardless method was used for quantitative analyses. Vola
tile components (H2O plus CO2) were determined through the weight 
loss on ignition (LOI). The Fe3+/Fe2+ ratio was determined through 
KMnO4 redox titration. 

Thermal analyses (TA) were carried out on a few mg (17–37) starting 
untreated RG wastes to check their thermal behavior during heating. TA 
(thermogravimetry, TG, differential thermogravimetry DTG, and dif
ferential thermal analysis, DTA) were obtained by a simultaneous DSC/ 
TGA Thermal analyzer Q600 TA instruments, applying a heating rate of 
10 ◦C/min, from room temperature to 1000 ◦C, in 20 ml/min airflow. 

Scanning Electron Microscope (SEM) analyses were carried out with 
a TESCAN VEGA 3 working at 20 kV of accelerating voltage, 15 μA of 
emission current, and 0.1 nA of beam current. The microscope is 
equipped with an energy-dispersive X-ray spectrometer (EDS) Bruker 
Quantax 200EDX for chemical microanalysis with P/B - ZAF correction 
method. Natural minerals were used as standards for EDS calibration. 
RG powders have been dispersed on adhesive carbon tape stuck above 
SEM aluminum stubs, whereas CRG tiles were cut to realize polished 
petrographic sections, 33 mm length x 20 mm width x 30 μm thickness; 
both powders and polished sections were carbon-coated before SEM 
observations. SEM images of CRG samples were analyzed with the 
particle image analysis software (FIJI/ImageJ [23]), focusing on 2D 
porosity determination. Five representative back-scattered electrons 
(BSE) images were collected for each sample at low magnification 
(150x), and then smoothed, filtered, and thresholded. Binarization aims 
to obtain a two colors image to elaborate successive segmentation, to 
determine areas occupied by the ceramic material and areas occupied by 
2D pores. Once binarized and segmented, images were processed with 
the particle analysis tool of Image/J. A minimum threshold of 1 μm2 was 
chosen to analyze particles. The obtained porosity value is the average 
ratio (%) between the area occupied by pores and the total area of each 
image. 

The research methodology showing the main analyses made on RG 
and CRG samples, is summarized in the flowchart in Fig. 1. 

Fig. 1. Flowchart showing the frame of the performed investigation.  
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3. The red gypsum waste: chemical, mineralogical and 
microstructural characterization 

RG samples are macroscopically comparable, with homogeneous 
color and grain size. Table 1 reports the XRF bulk composition of the 
four samples revealing that they are constantly formed by SO3 (37–38 wt 
%) and CaO (27–30 wt%) with minor Fe2O3, TiO2, SiO2, Al2O3, and 
MgO. We also remark on the occurrence of trace elements Cr and V (here 
expressed as wt% oxides Cr2O3 and V2O5), reasonably resulting from the 
original raw mineral ilmenite and important for possible environmental 
concerns. The volatile content, ranging from ~19 to ~21 wt%, was 
estimated through thermal analyses to better discriminate the loss be
tween hygroscopic water (humidity) and structural water of gypsum 
which led to mineralogical transformation first to hemihydrate and then 
to anhydrite. 

Thermal analyses allowed us to investigate the transformation of 
gypsum into anhydride, with a theoretical overall weight loss of 
approximately 20–21%. Gypsum dehydration occurs in two separate 
steps: i) in the first step, gypsum transforms to hemihydrate, close to 
128 ◦C, with a weight loss of 13–14 wt%; ii) in the second step, hemi
hydrate transforms to anhydrite, close to 158/160 ◦C, with a weight loss 
of 6–7 wt% [24–27]. 

TG, DTG and DTA results for our gypsum samples are reported in 
Fig. 2 (green, red and blue lines, respectively), whereas main TG losses 
and temperatures of main DTG and DTA signals are summarized in 
Table 2. TG data and LOI indicate a highly variable weight loss from 
room temperature to 100 ◦C (from 1.60 wt% up to 17.11 wt%), asso
ciated with endothermic signals in the range 55–84 ◦C. The observed 
differences in weight loss below 100 ◦C are probably due to samples 
conservation conditions and, consequently, to variable contents in 

Table 1 
EDXRF bulk data (wt% oxides) for the four RG samples and two ceramic samples 
CRG1 and CRG4.  

wt% RG1 RG2 RG3 RG4 CRG1 CRG4 

Na2O 0.74 0.46 0.36 0.51 1.24 1.16 
MgO 2.46 1.06 2.17 3.91 1.22 0.93 
Al2O3 1.25 1.18 1.24 0.80 4.66 4.61 
SiO2 2.31 1.94 2.16 1.46 19.65 19.78 
P2O5 0.03 0.03 0.03 0.03 n.d. n.d. 
SO3 38.45 38.53 37.25 38.76 35.49 35.80 
Cl 0.67 0.03 0.10 0.34 n.d. n.d. 
K2O 0.12 0.09 0.06 0.05 0.40 0.33 
CaO 29.30 30.23 29.11 27.48 28.35 25.49 
TiO2 1.29 1.14 1.43 1.38 1.21 1.13 
V2O5 0.18 0.13 0.16 0.13 0.14 0.11 
Cr2O3 0.06 0.05 0.05 0.04 0.13 0.05 
MnO 0.08 0.11 0.11 0.15 0.08 0.11 
Fe2O3 3.97 3.52 4.57 3.90 3.97 3.58 
CuO n.d. n.d. n.d. n.d. tr tr 
ZnO n.d. n.d. n.d. n.d. 0.06 0.06 
SrO 0.02 0.02 0.03 0.02 tr tr 
ZrO2 n.d. n.d. n.d. n.d. 0.18 0.19 
SnO2 0.02 0.02 0.02 0.02 0.46 0.41 
BaO 0.00 0.01 0.01 0.01 0.49 0.49 
NiO 0.01 n.d. n.d. n.d. n.d. tr 
PbO n.d. n.d. n.d. n.d. 0.17 0.13 
LOI 19.05 21.46 21.15 21.01 1.87 5.42 

Total 100.00 100.00 100.00 100.00 99.79 99.79 

Note: LOI = loss on ignition, n.d. = not detected, tr = trace. 

Fig. 2. Thermal analysis of the four RG samples, in air, heating rate of 10 ◦C/min, in the range 0–1000 ◦C; DTA exothermal signals are upwards. Green curve: 
thermogravimetric analysis (TG); blue curve: differential thermogravimetry (DTG); red curve: differential thermal analysis (DTA). (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of this article.) 
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atmospheric adsorbed water. Main weight loss occurs in the range of 
100–180 ◦C (from 15.00 wt% to 17.60 wt%), due to the progressive 
dehydration from gypsum to hemihydrate and lastly into anhydrite. The 
width and asymmetric shape of DTG and DTA peaks in the 100–180 ◦C 
range (especially evident for samples RG1-RG2 and RG3; Fig. 2S) reflect 
the two-step dehydration of gypsum (e.g., the wide and asymmetric 
endothermic signal in the 141–158 ◦C range). At higher temperatures 
(range 180–600 ◦C), weight loss is very low (2.00–3.30 wt%), whereas is 
remarkable the occurrence of a weak exothermic peak (360–403 ◦C) that 
has been interpreted as due to the transformation of soluble anhydrite 
(γ) to insoluble anhydrite (β) [28–31]. Weight loss in the 600–1000 ◦C 
range is negligible (0.84–2.00 wt%), whereas is visible a weak endo
thermic signal at 673–683 ◦C, possibly caused by dehydration of minor 
Fe-bearing phases [24]. 

Total weight losses for the four gypsum wastes in the range 
100–1000 ◦C range from 19.05 to 21.46 wt%, in agreement with the 
expected loss for pure gypsum samples. 

XRPD patterns confirm that RG wastes are almost exclusively formed 

by gypsum, with rare occurrence of quartz (Fig. 3). Fig. 3 reports gyp
sum main reflections, with hkl lattice planes (brackets) and corre
sponding interplanar distance (d). Red arrows indicate some minor 
peaks belonging to gypsum, particularly evident in samples RG1, RG2, 
and RG3, with interplanar distances of 2.87 Å, 2.79 Å, and 2.68 Å, 
corresponding respectively to 200, 112, 220 hkl lattice planes. The grey 
arrows identify the main peak of quartz corresponding to the 3.35 Å- 
spaced (101) lattice planes [32,33]. XRD data, therefore, confirm that 
wastes deriving from more than 10 years of TiO2 production are almost 
exclusively formed by gypsum. 

SEM observations reveal minor microstructural differences between 
the RG samples, as observed in Fig. 4, where the four samples are 
compared at the same magnification (300X, Fig. 4). Fig. 4A and C shows 
euhedral crystals (highlighted with the line drawing) with the typical 
gypsum twinning (“fishtail” or “swallowtail” twinned crystals), whereas 
Fig. 3B and D highlight not-twinned euhedral crystals with a tabular 
prismatic habit (line drawing). The crystal size of the four gypsum 
samples is comparable, ranging from ~20 μm to ~200 μm. 

The images E and F in Fig. 4 are representative of two common minor 
phases that were not detected by XRPD due to their extremely low 
amount, in particular, Ti- and Fe-oxides. The Ti- and Fe-oxide grains, 
bright in BSE images, have grain sizes below 20–30 μm and exhibit 
subhedral habits, suggesting that they arise from the primary raw ma
terial rather than from the acid waste de-activation process leading to 
gypsum formation. Careful SEM/EDS analyses also allowed for the 
detection of rare Fe and Ti oxide grains slightly enriched in Cr and V, 
coherently with XRF results. The above heavy elements do not occur in 
the gypsum crystal structure, as confirmed by EDS analyses. 

4. RG waste processing 

Ceramic tests CRG1 and CRG4 have been realized using approxi
mately 70% of unaltered red gypsum (no grinding process was done), 
mixed with variable additives, predominantly: i) amorphous silica; ii) 
Na-silicates, in variable proportions. The samples were pressed and 
formed under wet conditions (about 20–30% of humidity), and then 
treated in a furnace at slightly different conditions, i.e., at 920 ◦C and 
1000 ◦C, for 60 and 30 min, respectively. Both samples’ heating rate was 
set up at 100 ◦C/h. Further technical details cannot be disclosed due to 
the patent trade secret. 

Table 2 
Main TG, DTG, and DTA data for the samples RG1, RG2, RG3, and RG4. The abbreviations w (weak), s (strong), and vs (very strong, main peak) are arbitrary and are 
based on a qualitative observation of the peak’s height.  

TG data 

RG1 RG2 RG3 RG4 

T range (◦C) TG loss % T range (◦C) TG loss % T range (◦C) TG loss % T range (◦C) TG loss % 

RT-100 17.11 RT-100 1.60 RT-100 2.06 RT-100 11.86 
100–180 15.00 100–180 17.60 100–180 17.15 100–180 15.87 
180–600 2.71 180–600 2.16 180–600 2.00 180–600 3.30 
600–1000 1.34 600–1000 1.70 600–1000 2.00 600–1000 0.84 

total weight loss 100 - 1000 19.05 total weight loss 100 - 1000 21.46 total weight loss 100 - 1000 21.15 total weight loss 100 - 1000 20.01 

DTG peak temperature in DTG curves (◦C) 
RG1 RG2 RG3 RG4 
75 s 52 w 52 w 62 s 
140 vs 138 vs 134 vs 142 vs 
155 sh 151 sh 147 sh  
672 w 675 w 672 w  

DTA peak temperature in DTA curves (◦C) 
RG1 RG2 RG3 RG4 
84 s endo 58 w endo 55 w endo 70 s endo 
148 vs endo 145 vs endo 141 vs endo  
158 sh endo 152 sh endo 149 sh endo 153 vs endo 
399 w exo 376 w exo 360 w exo 403 w exo 
683 w endo 675 w endo 673 endo  

Note: RT = room temperature, w = weak, s = strong, vs = very strong (main peak), sh = shoulder endo = endothermic, exo = exothermic. 

Fig. 3. XRPD patterns of untreated RG wastes, with main (hkl) reflections and 
corresponding d-spacings (Å); red arrows indicate some minor peaks always 
belonging to gypsum, whereas grey arrow identifies the main peak of quartz 
corresponding to 3.35 Å-spaced (101) lattice planes. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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5. The ceramic products: chemical, mineralogical and 
microstructural properties 

The two analyzed ceramic products appear different at a macro
scopic observation (Fig. 1S A and B for CRG1 and CRG4, respectively), 
particularly for the different color (variable with the used additives). In 
Fig. 3S it is possible to observe analogous ceramic products to those 
studied here, realized with the above patent and with red gypsum. The 
two samples have been in part powdered (for XRF and XRD analyses) 
and cut to realize thin polished petrographic sections (for optical mi
croscopy and SEM/EDS observations). 

Table 1 reports, in the last two columns, XRF bulk data for CRG 

samples. The ceramic products are mainly composed of SO3 (~35–36 wt 
%), CaO (~25–28 wt%), and SiO2 (~20 wt%) with minor Al2O3, Fe2O3 
Na2O, TiO2 and MgO. 

Minor differences between the two ceramic products are reasonably 
due to slight variation in the starting ceramic batch, particularly for 
what concerns the CaO content and volatile content values. It is 
remarkable that undesired heavy elements, such as Cr and V, occur in 
limited amounts. 

Fig. 5 reports XRPD patterns of the two samples, showing a good 
reproducibility of the ceramic production process (black and red lines 
for CRG1 and CRG4, respectively). The main crystalline phase is anhy
drite (blu line), deriving from gypsum dehydration, with minor augite- 

Fig. 4. BSE SEM images of the RG samples. a) Gypsum in RG1 sample, with common twinned crystals; b) Gypsum in RG2 sample with predominant not-twinned 
euhedral tabular crystals; c) Gypsum in RG3 sample, with common twinning; d) Gypsum in RG4 samples, with predominant tabular habit and rare twinned crystals; e 
and f) Representative images of Fe and Ti – oxides respectively occurring in gypsum samples. 
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like pyroxene (green line), which represents the new high-T crystalline 
phase formed from the silicatic flux. Arrows correspond to the main 
peaks of hematite (Fe2O3), probably resulting from the raw starting 
material, and cassiterite (SnO2), which conversely has been added to the 
ceramic batch, probably to improve the aesthetic properties of the 
ceramic product. 

SEM/BSE observations on the two polished petrographic sections 
reveal broadly similar microstructures, even if significant differences 
can be observed for what concerns pyroxene crystal size, pore size and 
distribution (e.g., Fig. 6). 

The average apparent porosity of the two investigated samples ob
tained from image analysis is quite different, reflecting the ceramic 
oven’s slightly different temperatures and time conditions. CRG1 has an 
average porosity value of 22%, while CRG4 is less porous (12%), as 
evident in Fig. 6A and D and in Fig. 4S A and B where are reported the 
two pore size distribution histograms. Pore size ranges from 8 to 450 μm 
for CRG1 and from 8 to 330 μm for CRG4. In both samples, pore shape is 
variable, from rounded to irregular (e.g., arrows in Fig. 6A and D), 
whereas the aspect ratio (i.e., the ellipticity of pores) shows greater 
variability in sample CRG4. Full image analysis data are available in 
Table 2S and Fig. 4S in the supplementary materials. 

The ceramic products comprise a glassy and compact matrix, hosting 
the different crystalline phases (Fig. 6B and C and 6E-F for CRG1 and 

CRG4, respectively). The observed crystalline phases are (from the more 
to the less abundant): 1) anhydrite (pale grey) which is the most 
abundant crystalline phase in both samples (e.g., anh in Fig. 6C and F). 
Anhydrite is characterized by an evident parallel fissure system (“shrunk 
structure”), consequent to the significant volume reduction during the 
gypsum-to-anhydrite phase transition; 2) augitic pyroxene (pale grey), 
in elongated and skeletal crystals, up to 10 × 2 μm and 50 × 10 μm in 
CRG1 and CRG4, respectively (px and yellow line drawing in Fig. 6C and 
F); 3) cassiterite (SnO2), characterized by the highest BSE coefficient, in 
rounded sub-euhedral crystals, 5–10 μm in size (e.g., cst in Fig. 6C and 
F); 4) Ti-rich iron oxides, typically occurring in tiny (up to 5 × 1 μm) 
acicular crystals (e.g., Ox Fe and Ti in Fig. 6F); 5) Fe oxides, in euhedral 
crystals with high BSE coefficient, 5–10 μm in size (Ox-Fe in Fig. 6C and 
F). 

The grain size of anhydrite crystals are equivalent in the two samples 
and are substantially inherited by the size of starting gypsum crystals. 
Conversely, the size of augitic crystals, and pore distribution, clearly 
indicate a more evolved annealing in CRG4 with respect to CRG1. This is 
probably due to slightly different processing and heating conditions, in 
particular, the maximum temperature reached, 1000 ◦C, and the sta
tioning heating time, 30 min, for CRG4 [34–37]. As regards minor 
phases, such as cassiterite, Fe and Ti-rich Fe oxides, microstructural 
features do not allow to understand if crystals are the same as the 
original starting batch or if they have experienced high-T recrystalliza
tion in the ceramic kiln. 

Table 3 reports EDS representative chemical analyses for glass ma
trix, anhydrite, pyroxene, Fe oxides and cassiterite (see also Table 3S 
reporting the maximum, minimum and mean value for each phase of 
ceramic materials, expressed in wt% oxides). Some point analyses are 
reported in Figs. 5S and 6S of supplementary analyses. 

The glassy matrix has a similar composition in both samples and is 
mostly composed of SiO2, Al2O3, Na2O and CaO, together with minor 
FeO and MgO, deriving from the additives used in the starting ceramic 
batch. The measured TiO2, SnO2 and SO3 contents could be due to the 
large volume analysis, possibly resulting from contamination (i.e., the 
occurrence of tiny grains of Ti-rich oxide, cassiterite and gypsum in the 
analyzed matrix volume). Conversely, EDS data suggest that V2O5 is 
preferentially partitioned in the glassy matrix, showing the highest 
detected values. 

Ca-pyroxenes reveal composition intermediate between augite and 
diopside, with representative atoms per formula units (a.p.f.u.) of Si 

Fig. 5. XRPD patterns of the CRG1 (red line) and CRG4 (black line); blue lines 
correspond to anhydrite peaks, whereas the green ones correspond to the sili
catic phase, pyroxene. Minor hematite and cassiterite are pointed out by the 
arrows. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. SEM BSE images of the two CRG samples 
(upper row: sample CRG1; lower row: sample CRG4; 
images in column have been collected at the same 
magnification). Images A and D have highlighted the 
relevant differences in pore size and pore distribution 
in the two ceramic products. Images B and E allow 
remarking the significantly different crystal size 
(especially for pyroxene), which is larger in CRG4. 
Images C and F show the main crystalline phases 
detected by SEM/EDS. Mineral labels are based on the 
official abbreviation and are pointed out by arrows 
and by line drawing, in the pyroxene case.   
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1.98, [IV]Al 0.02, [VI]Al 0.09, Ti 0.02, Fe2+ 0.09, Mg 1.01, Ca 0.68, Na 
0.10, K 0.01. However, also Ca-pyroxenes enriched in Na have been 
detected by EDS spectrometer, with a representative composition of (a. 
p.f.u.) of Si 1.90, [VI]Al 0.10, [VI] Al0.30, Ti 0.06, Fe2+ 0.22, Mn 0.01, Mg 
0.46, Ca 0.65, Na 0.28, K 0.03. The latter belongs to Ca–Na pyroxenes 
according to the classification of Morimoto [38]. 

EDS data for micrometric crystals, such as those of Fe oxides, Ti-rich 
Fe oxides and cassiterite, are typically affected by contamination 
drawbacks. It is however remarkable that they may host up 0.23 and 
0.29 wt% in Cr2O3, not detected in the surrounding glassy matrix. 

6. Discussion 

6.1. The environmental concern of RG wastes 

The environmental concern of RG wastes is directly related to the 
growing worldwide demand for TiO2. The uses of TiO2 range from the 
most traditional ones, i.e., paintings and pigments, to many different 
applications, such as special and bio-ceramics, cosmetics, gas sensing 
and medical devices, particularly when TiO2 is synthesized in nanosized 
crystals [39–43]. The primary waste of TiO2 industrial production are 
acid solutions, produced during raw material (FeTiO3) processing and 
subsequent Ti extraction [44,45]. Acid solutions pose a more significant 
environmental concern with respect to RG waste, due to soil acidifica
tion and groundwater pollution. Therefore, RG, i.e., secondary waste 
deriving from acid solution neutralization, should be considered as the 
“best solution” to reduce the overall environmental impact of TiO2 in
dustrial production. At the same time, RG production “neutralizes” 
another kind of waste, that also has a huge environmental and landscape 
impact, i.e., the CaCO3 powders deriving from extraction and processing 
of carbonatic lithologies (as in the case of the nearby Calcare Massiccio 
and Carrara Marble quarries). 

The main problem in RG waste management is represented by their 
volumes. In Italy about 500.000 tons/year are produced, similarly to the 
Terengganu Malaysia plant production (400.000 tons/year) [46,47]. 
The Huelva’s Spanish plant has a RG production of ~70.000 tons/year 
[11,48], whereas the Taicang plant in China has the highest impact with 
15.000.000 tons/year [20,49]. One of the commonly adopted solutions 
for RG waste management is the environmental restoration of dismissed 
quarries and landfills [50,51]. As regards the studied case, from 2004 
Tuscan RG wastes have been disposed in a dismissed quarry (Poggio 
Speranzona, nearby the TiO2 industrial plant) after an agreement among 
the industrial counterpart, the Tuscany Region Council and the local 
municipalities where the quarry is located [52]. RG disposal was 
monitored by periodic geochemical analyses of soil, groundwater and 
aquifer, done by ARPAT (Regional Agency for Environmental Protection 
of Tuscany; reports available at http://www.arpat.toscana.it/), as well 
as by the scientific community ([14]). The comparison of chemical 

results obtained before and during RG disposal and at the end of site 
restoration, demonstrated that soil, groundwater and aquifer chemistry 
was constant, without significant trends of increasing or decreasing of 
the major ions and trace elements concentrations, thus indicates that RG 
was substantially inert, and they did not release undesired elements in 
the environment above normative limits [14,53]. 

Nevertheless, the social community did not appreciate this kind of 
solution for future disposal, raising doubts about Cr and V concentra
tions in water eluates and possible water sulphation. Currently, no other 
environmental restoration project has been approved. This implies that 
an alternative solution for RG waste disposal must be rapidly found. The 
study fits this aim, proposing a viable reuse of RG as a secondary raw 
material, in agreement with the European directive [54], waste valori
zation [55], and circular economy principles [56]. The reuse of RG 
waste in the ceramic industry has another important environmental 
implication, since it provides a low-cost secondary raw material (SRM) 
that substitutes a raw natural resource (i.e., clay minerals) contributing 
to the reduction of non-renewable resources exploitation. 

6.2. The characteristics of SRM and corresponding ceramic products 

The production of ceramics, both traditional and advanced, is one of 
the most investigated solutions for inorganic waste recycling (see Refs. 
[57,58] for a review), often offering high-quality products [59]. RG 
waste has a constant chemical composition, comparable over the years, 
thus providing a chemically and mineralogically reproducible secondary 
raw material, that is a fundamental requirement for possible industrial 
production. By comparing with previous RG chemical data from other 
industrial productions [6,11,49,60], the investigated samples reveal 
higher SO3 and CaO and lower Fe2O3 and TiO2 contents, suggesting that 
RG waste produced in Tuscany plant are purer than that of the Chinese, 
Malaysian, and Spanish plants. 

Ceramic specimens experimentally produced in this study display 
comparable chemical and mineralogical compositions, but show slightly 
different microstructures. Indeed, CRG4 sample consists of coarser and 
more euhedral crystals than CRG1 sample, consistently to the higher 
processing temperature. As expected, the different temperature also 
affects porosity size and distribution. CRG1 has a total porosity of 22% 
compared to the 12% of samples CRG4; the equivalent diameter of pores 
is higher in CRG4 than in CRG1; the pore size distribution for CRG1 
shows a higher frequency in the 10–40 μm size range designing a finer 
porosity than the CRG4 sample whereas the pore size distribution of 
CRG4 shows a greater proportion of larger pores (up to 90–100 μm), thus 
showing a less sorted porosity (Table 2S and Fig. 4S). The data shown 
here support the feasibility of a reproducible industrial production 
deriving from the fixedness of the starting SRM. In the ceramic products, 
the main crystalline phases are anhydride, Ca-pyroxene with minor Fe- 
oxides, and cassiterite (added in the ceramic mixture), finely intermixed 

Table 3 
EDS average compositions of glass, anhydrite, pyroxene, Fe and Ti-rich Fe oxides, and cassiterite for samples CRG1 and CRG4.  

Wt% Glass Anhydrite Pyroxene Ox Fe and Ti Cassiterite 

CRG1 CRG4 CRG1 CRG4 CRG1 CRG4 CRG1 CRG4 CRG1 CRG4 

SiO2 57.90 57.41 1.73 1.85 52.17 47.77 7.99 12.17 9.38 4.90 
Al2O3 11.88 13.42 0.44 0.36 8.39 7.53 2.66 3.38 2.69 1.14 
MgO 4.63 2.98 0.12 0.07 9.57 8.96 1.91 4.20 0.63 0.20 
FeO (tot) 4.60 4.24 0.24 0.14 6.58 10.00 70.67 55.79 0.79 0.29 
Na2O 5.66 6.16 0.43 0.12 3.89 2.94 1.89 1.61 2.11 0.72 
K2O 1.19 1.04 0.04 0.02 0.48 0.36 0.16 0.14 0.35 0.27 
CaO 8.88 9.29 34.16 35.57 16.70 17.33 2.42 3.54 2.48 0.76 
TiO2 1.96 2.10 0.18 0.10 2.01 4.76 8.46 15.21 0.34 0.08 
Cr2O3 0.01 0.01 0.00 0.01 0.04 0.03 0.29 0.23 0.01 0.01 
MnO 0.09 0.25 0.08 0.04 0.17 0.33 0.42 0.58 0.00 0.02 
SO3 2.38 2.11 62.55 61.69 – – 2.60 2.40 3.60 0.57 
SnO2 0.49 0.59 0.04 0.02 – – 0.18 0.62 77.61 91.02 
V2O3 0.36 0.39 0.00 0.00 – – 0.33 0.12 0.01 0.01  
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to an amorphous silicate matrix. Anhydride derives from gypsum de- 
hydration below 200 ◦C (Table 2 and Fig. 1). It is worth noting that, 
based on DTA results, anhydrite transforms from a soluble to an insol
uble phase, as testified by the occurrence of an exothermic signal in the 
range of 350–410 ◦C. The occurrence of insoluble anhydrite is a 
fundamental prerequisite for obtaining relatively low sulfate ion release 
in leaching tests (in progress). The anhydrous composition of starting 
gypsum and anhydrite is the same, except for Mg which is more abun
dant in RG than in the resulting anhydrite (Tables 1 and 3). The analyzed 
pyroxenes correspond to solid solutions between Ca- and Ca–Na py
roxenes, with variable Mg/Fe ratios, closer to augite and diopside in 
CRG1 and CRG4, respectively [38]. Most of the analyzed pyroxenes 
revealed variable Na and Al contents (Table 3), thus corresponding to 
the augite/aegirine-augite field. The crystallization of augite/aegirine 
pyroxenes clearly reflects the use of Na-silicatic fluxes in the ceramic 
mixture. EDS analyses do not allow the distinction between Fe2+ and 
Fe3+, but it is possible to assume that the majority of Fe is in the form of 
3+ oxidation state considering the sample storage conservation at open 
air and the oxidizing atmosphere during the heating process and 
consistently with the aegirine composition of pyroxene. Further, the 
observed chemical variability of pyroxenes is reasonably caused by 
locally variable equilibria during the heating process, as already 
observed for other Ca-rich silicate ceramics [34]. The amorphous matrix 
has a prevalent aluminosilicate composition with relatively low alkali 
content compared to standard glasses. 

The main concern in the ceramic tests is represented by the occur
rence of heavy elements, such as V and Cr, even if in low amounts, as 
revealed by XRF and EDS results. It is worth noting that based on SEM/ 
EDS data, Cr is associated with Fe oxides, probably in the form of Cr3+

substituting Fe3+ in the oxide crystal structure [61], whereas V is pref
erentially partitioned in the glass matrix, probably in the 5+ oxidation 
state due to the ceramic kiln oxidizing atmosphere. This distribution 
may suggest an easier release of V from the amorphous matrix, 
compared to Cr, which is fixed within the crystal structure of the Fe 
oxide. However, the limited number of analyses carried out and the 
impossibility to determine with certainty the oxidation state of Cr and V 
only allow for speculative hypotheses. The mobility and solubility of 
these two elements depend on several physical and chemical factors, 
among which pH of the leaching agent, the mineralogical composition of 
raw materials and the firing temperatures at which ceramic bodies are 
fired [62]. Cr and V are often related to thermally unstable minerals that 
may breakdown during the ceramic firing process, leading to the for
mation of newly formed compounds. So, firing temperature could in
fluence the mobilization and consequently the solubilization of these 
two elements to a great extent [62]. As detailed below, leaching tests on 
these ceramic products are in progress to determine the release elements 
from these ceramic products. 

6.3. Future investigations required for the lab-to-plant transition 

This paper represents the scientific background for further analyses 
that will be necessary to move from the lab experimental scale to an 
actual industrial plant. First, the ceramic material must be tested to 
determine its chemical and mechanical behavior. Leaching tests are in 
progress to determine the concentrations of the different chemical ele
ments in the eluate, on the basis of the Italian law that defines the 
allowed limits for each element [63,64]. Moreover, we have performed 
preliminary tests on resistance, tensile strength and abrasion through 
Los Angeles and MicroDeval tests, according to EN-1097 and EN-1097-2 
procedures to compare the mechanical properties of our products with 
those of traditional ceramics. 

Another fundamental contribution to this work and future projects 
include careful economic analyses, such as cost/benefit analysis (CBA) 
to determine the economic advantages and disadvantages of the overall 
industrial process, pointing out possible criticisms and improving ac
tions. Life cycle assessment (LCA) analysis will further support CBA, 

showing the details of the whole process, from the raw materials to the 
end products. LCA is a concrete and comprehensive tool to assess the 
environmental impacts of products from the cradle to the grave, the 
treatments, and the economies (the production of goodies) at a society 
level [65–67]. 

7. Conclusions 

The management of huge volumes of RG wastes represent an 
impelling problem, with significant environmental, economic, and so
cial implications. The investigated RG industrial waste denotes con
stancy over the time. The data, covering approximately 10 years 
production, are also in complete agreement with previous data reported 
in bibliography as well as by periodic surveys done by the Regional 
Agency of Environmental protection of Tuscany (ARPAT). Other fea
tures of this research are represented by: 1) the large availability and the 
reproducibility of RG waste, that may be used as a low-cost secondary 
raw material; 2) the extraordinarily high % of RG waste used as SRM, 
replacing natural not renewable resources; 3) the relatively low T 
required to convert RG waste into a new ceramic product (never 
exceeding 1000 ◦C). This supports the hypothesis of the economic and 
environmental sustainability of the process, which could be further 
refined through other future tests with slightly different mixtures of RG 
waste and additives in order to realize the most suitable eutectic mix
tures at even lower temperatures. 
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