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Abstract 19 

The feasibility of transforming the residues of cultivation of two rocks into secondary raw materials 20 

through the alkali activation process has been assessed. Mixtures of a sulfate-bearing kaolinitic clay 21 

(L02-K) and a sludge derived by the sewing of Pietra Serena stone (sPS) have been investigated. 22 

These materials were preliminarily treated at high temperature to improve their reactivity (heat-23 

treated samples are hereafter labelled as L02-MK and sPS-800). Pastes were prepared with mixtures 24 

of L02-MK and sPS-800 in different weight proportions by using 8M NaOH solutions as alkaline 25 

activator and cured at 85 °C for 24 hours. Mechanical strength was determined after 1, 7 and 28 26 

days and the reaction products were characterized by XPRD, SEM/EDX and MAS-NMR. Sulfate 27 

solubility was quantified by leaching tests.  28 

The alkali activation of the sole sulfate-bearing clay gives a material with developed mechanical 29 

strength of 4(1) MPa. Some N-A-S-H gel forms together with gibbsite and thenardite, which can be 30 

easily leached. Better results are obtained by the activation of mixtures of the two precursors, and 31 

mixed alkali cements or hybrid cements are obtained. The presence of CaO from heat-treated Pietra 32 

Serena sludge improves the mechanical strength of the resulting pastes up to 11.8(9) MPa. In this 33 

case, a mixture of gels forms, specifically, a calcium-rich gel (C-A-S-H-type) co-exists with (N,C)-34 

A-S-H-type gel. U-phase and CAN-type zeolites also form. They trap sulfate from the clay and 35 

considerably reduce sulfate solubility. In conclusion, L02-MK and sPS-800 are promising raw 36 

materials for alkaline cements, whose properties may suggest application in soil stabilization or in 37 

waste confinement. 38 

 39 

 40 

Keywords: secondary raw materials; sulfate immobilization; hybrid cement; zeolites. 41 

 42 

Highlights 43 

• Alkaline cements can be prepared from mixtures of sulfate-bearing clay and Pietra Serena 44 

sludge. 45 

• CaO deriving from Pietra Serena sludge takes part in alkali activation process to form hybrid 46 

cement. 47 

• SO4
2- from kaolinitic clay can be trapped in the cement. 48 

• SO4
2- can drive CAN-type zeolites formation. 49 

50 
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1 Introduction 54 

 55 

Alkali Activated Materials (AAMs) have been intensively studied and promoted in the last decades 56 

as low-carbon binder alternatives to Portland-based cements, together with other materials such as 57 

carbonate and belite-ye'elimite-based binders, in response to growing global concerns over CO2 58 

emissions from the construction sector.  59 

A description of the state of the art related to these materials and recent developments, as well as a 60 

review of existing literature can be found in keynote papers [1,2] and books [3,4], and in the 61 

RILEM Technical Committee report edited by Provis & van Deventer [5]. AAMs cements can 62 

enrich the portfolio of alternatives to Portland cement and contribute to the reduction of CO2 63 

emissions in the construction sector if the possibility of producing and utilizing such materials is 64 

expanded, and their carbon footprint is reduced as well. It is therefore necessary to develop 65 

precursor-activator mixtures that respond to the following prerequisites: i) take the environmental 66 

footprint of the alkaline activator into particular account [6,7]; ii) overcome the obstacles linked to 67 

the supply chain; iii) mainly make use of minerals or industrial by-products not currently used as a 68 

substitute for clinker in mixed cements. Therefore, it is worth exploiting the versatility and 69 

adaptability of AAMs in different geographical contexts, as they can be produced from a wide range 70 

of aluminosilicate precursors, with differing availability, reactivity, cost and value worldwide. 71 

In this context, alkali activation can help sustain the challenge towards the transformation of the 72 

materials supply chain into a materials circle, a challenge that requires the development of 73 

innovative recycling and upcycling technologies as well as of environmental-friendly production 74 

and remanufacturing technologies.  75 

Mining, metallurgical, societal and agricultural waste can be used as precursors or activators for 76 

alkali-activated binders, as documented by a consolidated body of literature (e.g., [8–21]). Large 77 

volumes of natural stones are extracted worldwide producing in turn large amounts of related 78 

wastes. The world production of dimension stone is estimated to be around 155 million tons [22]; 79 

six countries (namely, China, India, Turkey, Iran, Brazil and Italy) produce about 70% of the total 80 

world production of dimension stone. There is an urgent need to manage stone industry by-products 81 

in such a way that the environmental impact is minimized. Using these waste materials as 82 

construction materials appears to be a viable solution to the problem of waste accumulation and to 83 

generate cost reduction, while reducing the extraction of raw materials and preserving natural 84 

resources. The utilization of dimension stone sludge in alkali activation process has been recently 85 

reviewed [23]. Nonetheless, studies are needed in order to increase the use of these residues and to 86 

introduce new types of resources and industrial by-products in the production chain. Consideration 87 

for the reduction of the CO2 footprint cannot disregard the minimization of the transport of bulk 88 

materials, as the emissions footprint of the binder can be highly affected by the distance and mode 89 

of transport [24,25]. 90 

Low-CO2 binders can find application in different fields depending on their mechanical strength 91 

development, for example as cements type CEM I or CEM II with high strengths at 28 days (<40/50 92 

MPa), or as CEM III when strength values are around 35 MPa at 28 days. Cements characterized by 93 

lower compressive strength values may find applications in soil stabilization or in confinement of 94 

toxic and/or hazardous waste [26–28]. 95 

In this work, two Italian materials were selected to determine their potential as precursors in alkali 96 

activation: a sulfate-bearing clay (L02-K) and sludge of ornamental sandstone rock Pietra Serena 97 

(sPS). The issues related to these materials are different. 98 
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sPS is a residual sludge from dimension stone processing that is mostly landfilled, representing a 99 

serious environmental and economic problem. If adequately treated, the sludge could be used as a 100 

secondary raw material, thus reducing landfilling and excavation of primary materials. Clausi et al. 101 

[29] have explored the possibility of using Pietra Serena sludge as a precursor in the alkaline 102 

activation process either alone or in binary mixtures with class F fly ashes and high-grade 103 

metakaolin, achieving encouraging results.  104 

L02-K is a kaolinitic clay containing alunite, KAl3(SO4)2(OH)6, which normally hinders its use in 105 

the ceramic industry due to the release of SO3 at high temperature. However, alunite can be a 106 

valuable source of potassium and aluminum in alkali activation. In a previous study [30], the 107 

possibility of using L02-K to prepare geopolymers has been assessed by heat-treating this kaolin at 108 

temperature below desulfation [31]. However, the presence of thenardite, Na2SO4, deriving from the 109 

dissolution of alunite was observed in the final products. Other studies on the effects of sulfate on 110 

the alkali activation of fly ash, metakaolin and low-Ca ferronickel slag have indicated that the 111 

precipitation of some zeolites is enhanced, and the compressive strength of the resulting 112 

geopolymers is negatively affected [32–35]. 113 

The alkali activation process is extremely versatile and allows employing not only different 114 

materials as precursors but also more than one type of raw materials in synergy. Such studies will 115 

allow starting to build the bases for designing materials that may achieve a balance of commercial 116 

and technical goals and increase resource efficiency. With this in mind, the alkali activation of 117 

blends of these two little explored precursors were evaluated. In addition to the benefits of waste 118 

recovery, the combined use of sandstone sludge in binary mixtures with sulfate-bearing clay 119 

allowed exploring a multicomponent system of aluminosilicates containing sulfate and Ca in the 120 

presence of a solution of NaOH. To understand the different mechanisms involved in the process, 121 

characterization of the reaction products was carried out by XRPD, SEM/EDX and NMR as well as 122 

by sulfur leaching studies. 123 

 124 

 125 

2 Materials and methods 126 

 127 

2.1 Starting materials 128 

2.1.1 Sulfate-bearing kaolinitic clay 129 

Sulfate-bearing kaolinitic clay (labelled L02-K) from Piloni di Torniella quarry (Tuscany, Italy) 130 

was provided by Eurit s.r.l. (Italy). L02-K is composed by 26.0(3) wt% quartz, 47.6(7) wt% 131 

kaolinite, 19.0(5) wt% feldspars and 13.0(2) wt% alunite, as revealed by XRPD (Fig.1). Its 132 

chemical composition (in oxide wt%), as determined by X-ray fluorescence (XRF), is SiO2 59.02%, 133 

Al2O3 22.85%, Fe2O3 1.26%, CaO 0.11%, MgO 0.12%, Na2O 0.82%, K2O 3.30%, TiO2 0.28%, and 134 

its measured ignition loss after calcinations at 1000 °C for one hour is 12.07% (the theoretical value 135 

for pure kaolinite is 13.96%). Sulfate content is 5.2 wt%, as quantified by Combustion Infrared 136 

Detection by using an Eltra CS-2000 analyzer. All chemical analyses were carried out at Activation 137 

Laboratories Ltd. (Canada). 138 

Particle size distribution of L02-K was determined (in ethanol) by using a Malvern Mastersizer S 139 

particle size analyzer equipped with a laser diffraction sensor. A bimodal distribution was found: 140 

50% of particles have size below 8.5 µm, whereas 90% are below 45 μm.  141 

L02-K was treated at 550 °C for 3 hours in order to transform kaolinite into metakaolinite (hereafter 142 

labelled L02-MK) and to induce alunite dehydroxylation, which in turn generates K-alum, 143 
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KAl(SO4)2, and amorphous alumina. XRPD pattern of L02-MK is reported in Fig. 1. After thermal 144 

treatment, only peaks related to quartz and feldspars are found. A study making use of a different 145 

batch of this kaolinitic clay to synthetize geopolymers has been reported by Gasparini et al. [30]. 146 

 147 

Fig. 1 XRPD patterns. Top panel: L02-K (black), L02-MK (green), L02-K_HF (red) and L02-MK_HF 148 
(blue); bottom panel: sPS (black), sPS_800 (green) and sPS_800_HF (blue). Alb = Albite (PDF #74-0603); 149 
An = Anorthite (PDF #86-1707); Cal = Calcite (PDF #81-2027); Clc = Clinochlore (PDF #74-1137); Dol = 150 
Dolomite (PDF #83-1766); Mu = Muscovite (PDF #77-2255); Qtz = Quartz (PDF #83-0539); Alu = Alunite 151 
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(PDF #47-1885); Fsp = Feldspars (PDF #71-1544); Kln = Kaolinite (PDF #78-2110). The arrow indicates 152 
calcium fluoride precipitated after HF attack. 153 

 154 

2.1.2 Pietra Serena sludge 155 

Pietra Serena is a feldspathic litharenite and sludge of this sandstone (labelled sPS) was provided by 156 

Pietra Serena Group s.r.l. (Firenzuola, Italy). Mineralogical and chemical compositions and particle 157 

size distribution data have been given by Clausi et al. [29], and are reported hereafter. Mineralogical 158 

composition includes quartz, albite, anorthite, clinochlore, muscovite, calcite and dolomite. 159 

Chemical composition is SiO2 43.50%, Al2O3 8.28%, Fe2O3 2.44%, CaO 19.53%, MgO 4.19%, 160 

Na2O 1.46%, K2O 1.74%, TiO2 0.42%, SO3 0.18%, and its loss on ignition is 18.0%. Particle size 161 

distribution is unimodal and ranges between 0.3 and 90 μm.  162 

The sludge was thermally treated at 800° C for 2 hours (the resulting sample is labelled sPS_800) in 163 

order to decompose carbonates. Fig. 1 shows the XRPD patterns of sPS before [taken from Fig. 3a 164 

in ref. 17] and after thermal treatment (sPS_800). After heating, peaks related to clinochlore, calcite 165 

and dolomite are not present and carbonate decomposition is confirmed by the presence of lime 166 

(CaO) and periclase (MgO). 167 

 168 

2.2 Reactivity of starting materials by HF attack 169 

L02-K, L02-MK and sPS_800 were treated with a 1% HF solution. This selective chemical attack, 170 

proposed by Ruiz-Santaquiteria et al. [36], dissolves the amorphous phases and slightly affects the 171 

crystalline ones (e.g., quartz, feldspar), thus allowing to determine the amount of reactive silica and 172 

alumina. The amounts of silica and alumina released in the leachates solution were determined by 173 

means of ICP-AES. The total amounts of soluble phases were determined gravimetrically in L02-K 174 

and L02-MK but not in sPS_800, because CaO reacts with HF producing calcium fluoride as by-175 

product. Results are reported in Table 1. 176 

 177 

Table 1 Amounts (wt%) of precursors solubilized by selective chemical attack and of reactive silica 

and alumina in precursors.  
 Soluble phase SiO2 Al2O3 

L02-K 59 22.3 16.8 

L02-MK 63 22.2 20.8 

sPS_800 n.d. 13.7 3.0 

 178 

The XRPD patterns of the insoluble residues obtained after HF attack (showing the suffix _HF in 179 

sample labels) are shown in Fig. 1 and compared with those of the same materials before chemical 180 

treatment. From the graphs, it is possible to observe that diffraction peaks of quartz, feldspars and 181 

plagioclase are still present after acid attacks in all patterns. The absence of kaolinite peaks in the 182 

L02-K_HF pattern indicates its dissolution in the acidic medium. Alunite peaks, which are evident 183 

in sample L02-K_HF, are not present in L02-MK_HF. The larger amount of aluminum in the 184 

solution leached from L02-MK than in that obtained from L02-K (Table 1) is therefore due to the 185 

dissolution of the products deriving from alunite dehydroxylation, anhydrous alum and Al2O3, 186 

which are more soluble than alunite itself in the acidic medium. 187 

XRPD pattern of the solid residue of sPS_800_HF shows the diffraction peaks of muscovite and 188 

anorthite, but not those of lime, which is present in the sPS_800 sample. In the ranges between 28° 189 

and 30° 2θ and 46-49° 2θ, broad peaks are indicative of the formation of calcium fluoride. 190 
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 191 

2.3 Alkaline cement paste preparation 192 

Powders of L02-MK and sPS_800 were mixed in different weight proportions (100/0, 90/10 and 193 

50/50) and allowed to react with an 8M NaOH solution using a liquid/solid ratio (L/S, weight 194 

percent) giving a satisfactory workability. In the L/S ratio, L takes into account the mass of H2O 195 

added as such and that brought from the activator solution, whereas S is the total mass of the 196 

materials in the solid phase (L02-MK and sPs_800) and the solid part in the alkaline activators. 197 

Resulting products are labelled L02-100-8M, L02-90-sPS-8M and L02-50-sPS-8M, respectively. 198 

Details of sample preparation are reported in Table 2.  199 

 200 

Table 2 Synthetic and resulting chemical details of the alkaline pastes. 

Samples Clay/sPS L/S 
Oxides molar ratios 

SiO2/Al2O3 CaO/SiO2 SiO2/Na2O Al2O3/Na2O SO4/CaO 

L02-100-8M 100/0 0.38 1.8 - 3.2 1.7 - 

L02-90-sPS-8M 90/10 0.43 1.9 0.7 2.7 1.4 1.15 

L02-50-sPS-8M 50/50 0.50 2.5 0.5 1.9 0.8 0.13 

 201 

Sodium hydroxide solutions were obtained by dissolving NaOH pellets (Sigma-Aldrich Co.; purity 202 

99 wt%) in deionized water. The slurries were mixed for 3 minutes by using a mechanical mixer 203 

before being poured in 1 × 1 × 6 cm3 prismatic steel molds and cured in an oven at 85 °C for 24 204 

hours in sealed vessels. The specimens were subsequently removed from the molds and stored in 205 

the climatic chamber (22 ± 2°C and relative humidity > 90%) until they reached the test age (1, 7 or 206 

28 days). 207 

After curing, samples were tested for compressive strength after 1 day, 7 and 28 days. Selected 208 

samples were characterized by X-ray Powder Diffraction (XRPD), Scanning Electron Microscopy 209 

(SEM/EDX), Nuclear Magnetic Resonance (MAS-NMR). Sulfate-bearing samples were also 210 

examined by leaching tests accompanied by ICP-AES analysis of leachates. 211 

 212 

2.4 Characterization methods 213 

Compressive strengths were determined on an Ibertest Autotest-200/10-SW test frame. For each 214 

sample, the compressive strength value given in Fig. 2 is the average of twelve specimens. 215 
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 216 

Fig. 2 Compressive strength of the different alkali activated specimens after 1 day, 7 days and 28 days 217 
(average of twelve tests). 218 

XRPD patterns were recorded by a Bruker D8 Advance diffractometer. The operating conditions 219 

were 40 kV and 30 mA; instrumental conditions were: CuKα1,2 radiation without monochromator; 220 

variable 6-mm divergence slit; 2θ angle 5-60°; step time 0.5 s; angular step 0.02° 2θ. 221 

A SEM JEOL JSM 5400 equipped with an OXFORD Instruments ISIS Link EDX spectrometer 222 

was utilized to investigate the microstructure of samples. Analyses were performed, in vacuum 223 

mode, on fracture surfaces of the specimens covered by carbon coating. Images were collected 224 

using secondary electron (SE) at working distance of 15 mm with an acceleration voltage of 20 kV. 225 

EDX analyses (on spots) were done with accelerating voltage of 20 kV, working distance of 15 mm 226 

and beam current of 20 μA, and acquiring for 30s per spot analysis. Chemical compositions were 227 

determined considering 100 wt% oxide content on an H2O- and CO2-free basis. 228 

NMR spectra were recorded on a Bruker Avance-400 spectrometer (27Al: 104.3 MHz; spinning rate 229 

10 kHz; 200 acquisitions; reference: Al(H2O)6
3+; 29Si: 79.5 MHz; spinning rate 10 kHz; 1000 230 

acquisitions; reference: TMS).  231 

Leaching tests were performed according to UNI-EN 1245 standard. After alkali activation, one 232 

powdered sample for each series was mixed with distilled water (with a liquid-to-solid ratio of 20 233 

ml/g) into 50 ml PP centrifuge tubes, and shaken on a rotating plate (150 rpm) at room temperature 234 

for 24 h to ensure equilibration. Sulfates equilibrium concentrations were measured on the 235 

centrifuged (4500 rpm, 15 min) and filtered (0.45 µm nylon membrane) samples by ICP-AES. 236 

ICP-AES analyses were carried out by a Varian 725-ES ICP atomic emission spectrometer at the 237 

following conditions: plasma power, 1.40 kW; plasma gas flow, 15.00 l/min; nebulizer gas flow, 238 

0.85 l/min; read time, 5 seconds. 239 

 240 

 241 
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3 Results and discussions 242 

 243 

3.1 Mechanical properties 244 

Compressive strength values for samples with different clay/sludge ratios at different ages are 245 

reported in Fig. 2. By comparing samples at one day of curing, it is evident how mechanical 246 

strength is very low for L02-100-8M, while when L02-MK is used in blends with sPS_800, 247 

mechanical strength increases significantly. The addition of 10 wt% of sPS_800 to L02-MK causes 248 

a tripling of the compressive strength. However, a further increase of sPS_800 content in the 249 

mixture to 50 wt% does not increase further the compressive strength of the cured cement. 250 

The mechanical strengths of samples aged 7 and 28 days do not show a significant increase with 251 

respect to those of samples at 1 day of curing. An important factor observed during the preparation 252 

of L02-50-sPS-8M was the fast hardening of the slurry, such that it was difficult to pour it into the 253 

molds. This may have in turn affected the strength of the final product, and indicates that CaO plays 254 

an important role in the development of strength, as it will be discussed later. 255 

 256 

3.2 X-ray powder diffraction 257 

XRPD patterns of samples after one day of curing are displayed in Fig. 3. No significant differences 258 

have been detected in patterns from samples with longer setting times and therefore, these are not 259 

reported. In figure, the XRPD pattern of the anhydrous mixture of L02-MK and sPS_800 is also 260 

reported for comparison. 261 

 262 

Fig. 3 XRPD patterns of samples L02-100-8M_1D (green), L02-90-sPS-8M_1D (blue) and L02-50-sPS-263 
8M_1D (black); XRPD pattern of a L02-MK/sPS_800 mechanic mixture before alkali activation is also 264 

shown for comparison (red line). Black bars indicate the positions of feldspars reflections. G = Gibbsite; T = 265 
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Thenardite; Qtz = Quartz; CAN = CAN-type zeolite, CSH = Killalaite, U = U-Phase, SOD= SOD-type 266 
zeolite; YUG = YUG-type zeolite; Mu = Muscovite, Alb = Albite; L = Lime. 267 

In addition to quartz and feldspars from the original precursors, all the binders show a signal related 268 

to the X-ray amorphous aluminosilicate gel [37–39], recognizable by a more or less marked halo 269 

between 20° and 35° 2θ. 270 

The XRPD pattern of sample L02-MK-8M_1D shows peaks of thenardite (PDF: #070-1541) and 271 

gibbsite (PDF: #070-2038). Crystals of thenardite were also macroscopically detected as 272 

efflorescence on the surface of the sample just few hours after demolding. The presence of gibbsite 273 

suggests that aluminum available from the starting materials is not entirely involved in the gel 274 

formation and part of it precipitates as crystals. This can largely justify the low mechanical strength 275 

developed by this paste. No crystalline zeolites were detected. 276 

In all samples containing sPS_800, a sulfate-bearing cancrinite, namely vishnevite (PDF: #046-277 

1333), is formed. Peaks related to YUG-type zeolite (PDF: #039-1372), a calcium aluminosilicate 278 

hydrate compound, are also detected in L02-90-sPS-8M_1D. In L02-50-sPS-8M_1D, in addition to 279 

vishnevite, sulfate-bearing SOD-type zeolites (PDF: #073-1734) and U-phase (sodium calcium 280 

sulfoaluminate, PDF: #044-0272) are found. The latter belongs to AFm family of compounds, 281 

hydrated calcium sulfoaluminate phases occurring in hydrated cement paste [40–42], and contains 282 

sodium between the layers. Several peaks not well matched and related to a poorly crystalline 283 

calcium silicate hydrate phase (C-S-H) like killalaite (PDF: #029-0332) are evident. C-S-H phases 284 

are not detected in the binder with 10 wt% of sPS_800. It is interesting to note that some of the 285 

phases observed in L02-50-sPS-8M_1D are similar to those observed in the hydration of a Portland 286 

cement, such as poorly crystalline C-S-H gel, AFt or AFm [40,43]. 287 

 288 

3.3 Scanning Electron Microscopy 289 

SEM-EDX investigations have been carried out to evaluate differences in morphology and chemical 290 

compositions of gel or gels formed in the three systems with changing sPS_800 content. 291 

Micrographs of L02-100-8M_1D, L02-90-sPS-8M_1D and L02-50-sPS-8M_1D samples are shown 292 

in Fig. 4.  293 
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 294 
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Fig. 4 SE-Micrographs and EDS analyses of the different alkali activated specimens after 1 day of curing. 295 
Scale bars and magnifications are shown in the images. a-b) L02-100-8M_1D, c-d) L02-90-sPS-8M_1D and 296 

e-f) L02-50-sPS-8M_1D. 297 

At low magnification (450x), micrograph of L02-100-8M_1D (Fig. 4a) shows the hardened matrix; 298 

a heterogeneous porosity is also evident. Fig. 4a shows a spherical void of 100 µm in size probably 299 

due to air bubbles trapped in the matrix during the synthesis; the pore is filled by several gibbsite 300 

crystals, which cover also several other pores. A magnified image of the gibbsite crystals and the 301 

relative EDX spectrum are reported in the inset of Fig. 4a and in Fig. 4a1, respectively. The 302 

presence of crystals inside the voids should not influence the mechanical strength. At this scale, 303 

well-shaped thenardite crystals have not been found, however, the high sodium and sulfur content 304 

reported in the EDX spectrum (Fig. 4a2) could be due to the occurrence of Na2SO4. 305 

The matrix of L02-100-8M_1D (Fig. 4b) displays the distinctive granular features of N-A-S-H gel. 306 

Ultra-fine particles seem to be confined into isolated elements and partially bonded together. The 307 

morphological features of the gel are similar to those of zeolites at very early stages of 308 

crystallization, and this leads to suggest N-A-S-H as amorphous precursor of zeolites [44].  309 

EDX spot analyses revealed a certain variability of N-A-S-H gel composition, as evident in Fig. 4b1 310 

and Fig. 4b2. Local enrichment in Si content of the gel at the expenses of Al might be explained by 311 

the presence of gibbsite. The hypothesis is that aluminum from dehydroxylated alunite might 312 

dissolve more quickly than aluminum and silicon from metakaolin. The former reacts to form N-A-313 

S-H gels and, possibly, zeolites as silica dissolves from metakaolin. The medium might be locally 314 

saturated in aluminum, which precipitates as gibbsite in the presence of OH. The presence of 315 

thernardite implies a reduced availability of the activator and hence a reduced amount of gel 316 

formed.  317 

Micrographs of L02-90-sPS-8M_1D (Figs. 4c-d) clearly display the differences in microstructure of 318 

this sample with respect to L02-100-8M_1D. At low magnification (Fig. 4c), L02-90-sPS-8M_1D 319 

exhibits a compact matrix with precipitation of several acicular crystals, likely CAN-type zeolites 320 

also detected by XRPD. Deng et al. [45] have found that rod-shaped crystalline cancrinite may form 321 

from alkaline Si-rich solutions when Na2SO4 is present. At higher magnification (12 Kx; Fig. 4d), it 322 

is possible to observe some differences in the morphology of the aluminosilicate gel: on the left part 323 

of the image, the gel seems more granular with concatenated spherical particles creating small 324 

clusters; on the right, it seems that such clusters have grown and form a more interconnected matrix. 325 

In both areas, a layered morphology, a well-known feature of metakaolin-derived gel, is evident. 326 

The morphological differences subtend also small differences in chemical composition as evidenced 327 

by EDX analyses (insets d1 and d2). Both spectra indicate the presence of an aluminosilicate gel 328 

with partial replacement of Na+ ions by Ca2+ ions, forming a (N,C)-A-S-H gel. The substitution is 329 

higher in the small-sized gel on the left part of the image. Sulfur is present in the matrix and is 330 

higher in the Na-richer gel.  331 

Figs. 4e-f show micrographs relative to L02-50-sPS-8M_1D. Inspection of Fig. 4e (5.0 Kx) 332 

confirms the development of a gel, which is characterized by an inhomogeneous microstructure as 333 

also confirmed by the image at higher magnification (Fig. 4f). In Fig. 4e, the contribution of CaO 334 

hydration is evidenced by the occurrence of some elongated particles not interconnected and 335 

distributed on the surface. A layered morphology is also present on the lower right part of the 336 

image. At 10.0 Kx (Fig. 4f), the cement microstructure appears composed by needle-shaped 337 

elements and small crystalline hexagonal prisms, which resemble zeolites, likely cancrinite. The 338 
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acicular particles are distinctive of the early crystallization stages of calcium silicate hydrated 339 

compounds (C-S-H) [46,47], and similar microstructure and composition have been found in 340 

literature in AAMs prepared by using sandstone sediments [48,49]. EDX spectra (see insets f1 and 341 

f2 in Fig. 4) show the formation of two compositionally different gels. One is a C-A-S-H gel (with 342 

small amount of sodium), with SiO2/Al2O3 molar ratio of 2.5 and CaO/SiO2 molar ratio of 1.34, and 343 

the other is a (N,C)-A-S-H gel with a SiO2/Al2O3 molar ratio of 3.3 and CaO/SiO2 molar ratio of 344 

0.6. In this sample, sulfur forms U-phase, whose crystals have not been detected by SEM, 345 

nonetheless EDX analyses seem to indicate that it is part of the gel matrix as well. 346 

 347 

Fig. 5 Molar composition in ternary diagrams: Al2O3 – SiO2 – CaO for gels precipitating in hybrid cements 348 
(based on EDS results); (a) L02-100-8M_1D; (b) L02-90-sPS-8M_1D; (c) L02-50-sP-8M_1D. 349 

 350 

3.3.1 Al2O3 – SiO2 – CaO ternary diagrams 351 

A high number of EDX spot analyses (over 30 for each sample) have been conducted to evaluate 352 

variations in the composition of the gel phases. These are reported in the SiO2–Al2O3–CaO ternary 353 

diagrams in Figs. 5a-c. In the diagram relative to L01-100-8M_1D, points clearly cluster in the left 354 

part of the diagram along the SiO2–Al2O3 line (Fig. 5a). Inspection of Fig. 5b and Fig. 5c confirms 355 

the variability in composition of the gel or gels formed when sPS_800 is admixed to the sulfate-356 

bearing clay, although these data are semi-quantitative. As expected, in this type of multi-357 

component systems, the main reaction product is a mix of gels: (N,C)-A-S-H and C-A-S-H. The 358 

precipitates contain post-dissolution ionic species, in the original N-A-S-H gel, much of the sodium 359 

was replaced by calcium as a result of well-known ionic exchange mechanisms [50–52]. The 360 

resulting product is an intermediate gel. Clearly, as reported in literature [53,54], the co-existence of 361 

C-A-S-H and (N,C)-A-S-H gels and the prevalence of one over the other depend on the calcium 362 

content. Diagram in Fig. 5b shows that in L02-90-sPS-8M_1D, gel composition ranges within the 363 

field of high aluminum (N,C)-A-S-H. The greater dispersion of points in the diagram in Fig. 5b 364 

suggests a larger heterogeneity in gels forming the L02-50-sPS-8M_1D paste with compositions 365 

extending to C-A-S-H.  366 

 367 
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3.4 27Al and 29Si Nuclear Magnetic Resonance 368 

In order to evaluate the structure at short-range length scale of the original metakaolin and of the 369 

various gels formed in the alkali-activated binders, MAS-NMR spectroscopy was used for 370 

examining the local environment of 27A1 and 29Si (Figs. 6a-h).  371 
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Fig. 6 27Al and 29Si MAS NMR spectra including peak fit: (a) and (e) L02-MK; (b) and (f) L02-374 

100-8M_1D; (c) and (g) L02-90-sPS-8M_1D; (d) and (h) L02-50-sPS-8M_1D. Experimental 375 

spectra are reported as red circles, resulting fit as black lines. Each peak is filled with different color 376 

and texture for sake of clarity. Sidebands are starred and corresponding peaks in the fit are colored 377 

alike. Tentative assignments are also reported. 378 

 379 

3.4.1 27Al MAS-NMR spectra 380 

The 27Al spectra were analyzed by using DMFIT software [43] to take the quadrupolar parameter 381 

into account. However, in this paper, only isotropic chemical changes (δiso) were considered.  382 
27Al MAS-NMR spectra from all samples (Fig. 6) show one dominant peak at around 60 ppm 383 

mainly from tetrahedral aluminum. This peak in the spectrum from L02-MK has an asymmetric 384 

peak shape, which may indicate the overlap of tetrahedral aluminum of different environments. The 385 

spectrum was fitted by using the Czjzek model [55] to take into account a distribution of the 386 

quadrupolar interaction reflecting the structural disorder at short length scale. The fit of 27Al MAS-387 

NMR spectrum from L02-MK (Fig. 6a) before activation reveals the presence of Al in tetrahedral (δ 388 

= 70-50 ppm), fivefold (δ = 30-40 ppm) and octahedral (δ = −20-0 ppm) coordinations. This signal 389 

reflects the amorphous nature of the starting metakaolinite, in which Al occupies preferably four‐ 390 

and five‐fold structural positions, whereas occupation of octahedral coordination sites is lower [56–391 

58]. Octahedral aluminum can also be associated to the presence of Al2O3 [59,60] (δ = 10-15 ppm) 392 

and anhydrous alum KAl(SO4)2 deriving from the dehydroxilation of alunite [61]. 393 

The spectra from the alkali activated pastes were fitted considering first order quadrupolar 394 

interaction and by using Lorentian lines. The Al(4Si) sites in alkali activated pastes (Figs. 6a-d) 395 

exhibit 27Al chemical shifts in the range 50-65 ppm. This range suggests that AlO4 tetrahedra are 396 

present and likely surrounded by three or four silicon atoms. The symmetry of this signal and the 397 

fact that it is narrower than in the resonances of the starting materials suggest its possible 398 

association with tetrahedral aluminum, Al(IV). This resonance is probably due to an overlay of 399 

tetrahedral Al within the framework of the zeotypes, with tetrahedral Al present in the N-A-S-H, 400 

(N,C)-A-S-H and C-A-S-H type cementing gels described in the literature [56,62]. Penta-401 

coordinated aluminum is not detected in any of the alkali-activated samples. This observation 402 

strongly indicates that almost all of the Al(V) species in the starting materials have been dissolved 403 

during the alkaline activation process. However, a small signal from Al(VI) sites is observed. In 404 

L02-MK-100-8M-1D sample (Fig. 6b), the signal appears at 9.6 ppm and can be associated to 405 

crystalline gibbsite [63], also detected by XRPD. Nevertheless, in the samples with sPS_800 (L02-406 

MK-90-sPs-8M-1D and L02-MK-50-sPs-8M-1D; Figs. 6c and 6d, respectively), the signal has low 407 

intensity and appears near to 10.5 ppm, associated to the formation of AFm phases as U-Phase [64]. 408 

 409 

3.4.2 29Si MAS-NMR spectra 410 

The 29Si MAS-NMR spectrum from L02-MK (Fig. 6e) shows a broad and poorly defined signal, 411 

reflecting the structural disorder and heterogeneous coordination distribution of the silicon atoms in 412 

the dehydroxylated clay. The sharp peak at −108 ppm is associated to the presence of quartz [56,65] 413 

in the original material, and is present without change in the spectra from the alkali activated 414 

samples.  415 

A significant change is observed in the appearance of the resonances for the blends after alkali 416 

activation (Figs. 6f-h), an indication that chemical and structural transformations take place in the 417 
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process. The presence of calcium in the mixtures gives rise to sharper signals (Figs. 6g-h). 418 

Moreover, with increasing Ca, the center of gravity of the main envelope shifts towards less 419 

negative values. This may suggest the formation of less polymerized gels, e.g., (N,C)-A-S-H and C-420 

A-S-H [62]. The signals reveal the existence of a number of distinct features; however, they cannot 421 

be readily interpreted because of the overlap among resonances due to silicon sites in the unreacted 422 

materials, in the cementitious gel/gels, and in the zeolites formed during alkali activation. 423 

Interpretation of deconvoluted spectra for 29Si MAS-NMR and the assignment of the peaks is less 424 

straightforward for the samples containing calcium. For example, the signal at −89 ppm in the 425 

sample L02-100-8M_1D (Fig. 6f) can be associated with both Q4(3Al) units from the N-A-S-H gel-426 

like structures and/or zeolites, while in the L02-90-sPS_8M_1D and in the L02-50-sPS-8M_1D 427 

samples it may also be due to the presence of Q3(3Al) units (Figs. 6g-h) in C-A-S-H. 428 

In the 29Si spectrum from the original metakaolin L02-MK (Fig. 6e), five signals are detected. The 429 

spectrum can be interpreted in terms of resonances associated to Q4(mAl) units which can be 430 

assigned to quartz and rhyolitic glass [56,65], to K feldspars [66] and metakaolinite. Metakaolinite 431 

main peak at −101 ppm is due to the Q4(1Al) coordination, whereas a secondary peak, observed at 432 

−91 ppm, corresponds to Q4(3Al) atomic coordination [67]. 433 

In the spectrum from sample L02-100-8M_1D (Fig. 6f), six signals are detected, some of which are 434 

new and appear at approximately −85, −89, −95, −101, −108 and −110 ppm. Resonance at −108 435 

ppm is from crystalline quartz. According to earlier 29Si NMR studies of aluminosilicate 436 

frameworks [56,65], the other signals may be assigned to Q4 (4Al), Q4 (3Al), Q4 (2Al), Q4 (1Al) and 437 

Q4 (0Al), respectively, from the formation of N-A-S-H. The signal at −85 ppm can be associated to 438 

unit Q4(4Al) with the formation of an Al-rich alkaline silico-aluminate gel, considered the local 439 

availability in solution of Al deriving from alunite decomposition, but also to the formation of 440 

nanocrystals of SOD zeolites. The peaks area was allowed to vary smoothly on the basis of 441 

thermodynamics of statistical distribution which prevents one Q4(mAl) unit from having a more 442 

dominating presence than the neighboring [Q4(m+1) or Q4(m−1)] units in Q4 gel [68]. Unreacted 443 

materials also contribute to the observed signals and influence the relative intensities assigned to 444 

each Q4(mAl) structural unit in the reaction products, thus preventing to determine the relative 445 

abundance of the various structural units in the gel. The fairly high intensity of the peak at −101 446 

ppm may suggest the presence of unreacted metakaolinite. 447 

A different shape in the spectrum profile is observed when Ca is present in the blend. In the spectra 448 

from L02-90-sPS-8M_1D (Fig. 6g) and L02-50-sPS-8M_1D (Fig. 6h) samples, the same system of 449 

peaks observed in L02-100-8M_1D is present, apart from the peak at −85 ppm. Small differences in 450 

isomer shifts with respect to the L02-100-8M_1D can be due to the difference in Si/Al ratio and to 451 

the presence of Ca, which may partially substitute Na and prompt the formation of (N,C-A-S-H) 452 

like gel. Both spectra show two small resonances at −99 and −93 ppm and an intense peak at −88 453 

ppm. 454 

Their assignment is not straightforward as resonances from Q4(mAl) and Q3(mAl) from (N,C)-A-S-455 

H and C-A-S-H may overlap. The signal at −99 ppm may be assigned to Q4(1Al) from the N-A-S-H 456 

gel, while the peak at −93 ppm might be related to both Q3(1Al) from C-A-S-H gel and to Q4(2Al) 457 

units in N-A-S-H gel. The most intense peak at −88 ppm is attributable to Q4(3Al), typical of N-A-458 

S-H gel. According to literature, sodalite has a chemical shift of approximately −85 ppm, while 459 

cancrinite of −87.3 ppm, due to different Si/Al ratio [69]. The contribution of theses zeolitic phases 460 

to the signal at −88 ppm might also be considered. Sodalite-type phases have not been observed by 461 

XRPD in this sample, however the presence of small amounts (below XRPD detection limit) of this 462 
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zeolite cannot be excluded, as it has already been observed that SOD-type zeolite transforms into a 463 

CAN-type in zeolite synthesis [69]. 464 

Finally, the peak at −88 ppm dominates the spectrum of L02-50-sPS-8M_1D (Fig. 6 h). This may 465 

be associated with the formation of large amount of C-A-S-H gel, but more likely to the presence of 466 

cancrinite. 467 

 468 

3.5 Sulfate leaching 469 

Results of the leaching experiments performed on samples aged 28 days are reported in Table 3.  470 

 471 

Table 3 Solubility of sulfate ion in leaching tests. 

Samples 
SO4

2- in 1 g of the 

initial solid mix (g) 

SO4
2- measured in the 

liquid (ppm) 

SO4
2- in the 

liquid (g) 

SO4
2- retained in the 

solid after leaching 

(wt%) 

L02-100-8M_28D 0.043 1972.550 0.039 7.82 

L02-90-sPS-8M_28D 0.039 880.772 0.018 54.27 

L02-50-sPS-8M_28D 0.021 334.300 0.007 68.76 

 472 

The amount of sulfate measured in solution in the sample L02-100-8M_28D indicates that nearly all 473 

SO4
2- present in the initial mixture precipitates as water-soluble thenardite when the excess of water 474 

evaporates. Addition of sPS_800 to the reacting mixture increases sulfate retention by the solid 475 

AAMs. In fact, the sulfate retention goes from 54 wt% by adding just 10 wt% of sPS_800 to the 476 

starting mixture, to 69 wt% in the paste prepared with 50 wt% of sPS_800.  477 

Sulfate can be trapped into zeolites structures and, if one considers the N-A-S-H gel as composed 478 

by nanocrystalline X-ray amorphous zeolites, it might be suggested that the gel itself can also retain 479 

sulfate. Actually, XRPD patterns show the presence of CAN-type zeolites in L02-90-sPS-8M and 480 

L02-50-sPS_8M. The higher sulfate retention of the latter sample can be due to the presence of U-481 

phase. Calcium sulfo-aluminate hydrates can be the vehicles able to reduce sensibly sulfate leaching 482 

due to the reaction between SO4
2- and CaO. 483 

 484 

3.6 Effect of calcium and sulfate 485 

The presence of sulfate and free alumina in L02-100-8M have negative effects on the activation 486 

process. The results of 29Si NMR show a relatively low degree of reaction in paste L02-100-487 

8M_1D, in fact, the spectrum obtained is quite similar to that of the original L02-MK. This may be 488 

largely associated with the depletion of Na by forming thernardite, which is easily leached out. 489 

In alkaline aluminosilicate solutions with Si/Al < 1, the majority of aluminum is present in the form 490 

of Al(OH)4-(aq) [70]. Studies of aluminosilicates dissolution have shown that there is an initial high 491 

rate of aluminum dissolution, followed by stoichiometric release of silicon and aluminum [71]. The 492 

presence of aluminum deriving from alunite dehydroxylation in solution may limit the dissolution 493 

rate of metakaolin; this in turn causes a limited availability of Si in solution, which hinders N-A-S-494 

H precipitation. In L02-100-8M, the precipitation of gibbsite has also been observed, which causes 495 

the amount of reactive aluminum to decrease to form a gel. All this explains to a large extent the 496 

low mechanical resistance obtained by this material. 497 

The presence of a small amount of CaO in the system (L02-90-sPS-8M, 10 wt% of sPS, which 498 

corresponds to 2 wt% of CaO in the mixture) is capable of appreciably reducing the solubility of 499 

sulfate (more than 50 wt%), and clearly, has positive effects on the mechanical development. The 500 



20 

presence of calcium, instead of thernardite and gibbsite, seems to favor the formation of zeolites 501 

that can incorporate some calcium and sulfur, and the formation of a larger quantity of gels or 502 

mixture of gels N-A-S-H and (N,C)-A-S-H. 503 

A larger increase of calcium content to the system (L02-50-sPS-8M, corresponding to 9.8 wt% of 504 

lime in the system) increases the sulfate retention to up to 70 wt%. These effects could be attributed 505 

to the formation of crystalline products, e.g., CAN type zeolites or sulfo-aluminate compounds as 506 

U-Phase, as observed by the XRPD analysis. However, this material, as mentioned in section 3.1, 507 

presents a very fast initial reaction that is exothermic and causes a fast hardening of the paste. This 508 

in turn makes it difficult to pour the paste into the mold and measure the mechanical properties. 509 

This process may be due to a rapid formation of AFm phases although studies at early ages would 510 

be necessary.  511 

Therefore, the heat treatment of the Pietra Serena sludge has revealed to be an important step of the 512 

process, as the resulting CaO is clearly highly reactive. The main reaction product of the activation 513 

of blends of the heat-treated precursors is a mixture of (N,C)-A-S-H and C-A-S-H species forming a 514 

condensed gel network surrounding the unreacted mineral particles, with resulting mechanical 515 

properties higher than that of the product of the activation of the sole L02-MK clay. The effect is 516 

opposite to what observed by Clausi et al. [29], who observed a reduction of strength with the 517 

increase of untreated sPS sludge in MK-based mortars, due to a limited formation of an alumino-518 

silicate gel from Pietra Serena sludge. In this respect, it would be worth investigating the reactivity 519 

of the heat-treated sPS towards metakaolin in a model system without sulfate, like that of Clausi et 520 

al. [29]. 521 

Another important effect of Ca in the system is the retention of important percentages of sulfate 522 

ions present in the starting material by the gel matrix and secondary products, such as cancrinite and 523 

calcium sulfo-aluminate hydrates. Both calcium sulfo-aluminate hydrates and cancrinite have the 524 

ability to combine with a number of cations and anions, which makes them important with regard to 525 

waste immobilization in cementitious matrices [34,72–74]. These binders develop sufficient 526 

strength for waste immobilization applications. Formation of cancrinite and U-Phase are considered 527 

to be desirable for nuclear waste encapsulation via cementation. Moreover, experiments made by 528 

maintaining the calcium content fixed in the system and varying the alkalinity of the solution might 529 

further lead to the formation of ettringite instead of U-Phase, which also occurs in calcium sulfo-530 

aluminate cements to produce special binders, such as shrinkage-resistant and self-stressing 531 

cements, and could further improve the properties of the composites. 532 

 533 

 534 

4 Conclusions 535 

 536 

The search for alternative precursors is key towards both the reduction of the carbon footprint of the 537 

alkali activation process and the long-term secure supply of the materials for the cement production. 538 

This study has demonstrated that two different raw materials, a sulfate-bearing kaolinitic clay and 539 

Pietra Serena sludge, can be used to produce sustainable construction materials. Moreover, it has 540 

reinforced the awareness that systematic recovery of residual sludge from mining and stone 541 

cultivation is a way of implementing environmental safeguard and conservation of non-renewable 542 

resources. 543 

The results obtained have demonstrated that: 544 
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- an alkaline cement can be synthesized by alkali activation of blends of sludge of Pietra Serena 545 

sandstone and sulfate-bearing kaolinitic clay after thermal treatment; 546 

- calcium oxide produced by sPS decarbonation is hydrated and reacts with silica; 547 

- the best values of compressive strength after one day of curing at 85 °C is obtained for sample 548 

with 2 wt% of CaO in the mix, with values that are three times higher than those of L02-MK 549 

activated with NaOH; 550 

- in the mixtures with sPS_800, interaction between the different precursors occurs, giving rise to 551 

a mixture of (N,C)-A-S-H/C-A-S-H gels, similar to those produced in so-called mixed alkali 552 

cements or hybrid cements; 553 

- calcium sulfo-aluminate hydrate phases, such as AFm compound, and CAN-type zeolites also 554 

form. These both can trap sulfate from the clay.  555 

Further studies at both earlier and longer age will allow to better understanding the reaction process. 556 

Studies carried out at lower pH would allow evaluating the effect of ettringite formation and 557 

contributing to the reduction of the carbon footprint of the activating solution.  558 
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