Sulfuric Acid Improves the Reactivity of Zeolites via Dealumination
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Abstract

The demand for supplementary cementitious materials (SCMs), like fly ash, slag, and silica
fume, is projected to rise over the next few decades. However, global decarbonization efforts,
such as decommissioning of coal-fired power plants, will limit the supply of SCMs.
Therefore, alternative SCM sources are a critical need for the cement and concrete industry.
However, the high crystallinity of zeolites limits their pozzolanic reactivity. The goal of this
work was to improve the reactivity of two common zeolites, namely clinoptilolite and SSZ-
13, by treating them with sulfuric acid. The treatment enhanced zeolite reactivity via
dealumination and decreased particle sizes, which led to increased reactivity with calcium
hydroxide, as indicated by a 42.0% increase in reaction heat measured by isothermal
calorimetry. We elucidate mechanistic understanding that smaller particle sizes induced by
acid treatment accelerated peak heat evolution, while free aluminates from dealumination

increased heat via direct reaction with aqueous Ca*".
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1 Introduction

From a materials science perspective, supplementary cementitious materials (SCMs) improve
both the sustainability and long-term durability of Portland cement concrete. Replacing
proportions of cement with SCMs can achieve substantial reductions in CO> emissions [1, 2].
SCMs are also well known to densify the microstructure of Portland cement concrete via
pozzolanic reactions, which improve transport properties and the long-term durability of

concrete [3].



The demand for SCMs, like fly ash, slag, and silica fume [4], is projected to rise as global
demand for cement is expected to rise to 6 Gt/year by 2050 [5]. The future supply of
conventional SCMs, like fly ash, however, will be limited by global decarbonization efforts,
such as the systematic decommissioning of coal-fired power plants [1]. A recent study reports
that the majority of the global stockpiles of slag have been consumed [6]. Given the
reductions in supply but increasefs in demand, a critical industry-wide need exists for
identifying alternative viable sources of SCMs that exhibit sufficient pozzolanic reactivity [7,

8].

Zeolites, a family of crystalline aluminosilicate minerals, have the appropriate chemical
composition to serve as alternative SCMs [1, 9, 10]. Widely available in nature [11], zeolites
exhibit well-organized, high-surface-area nanostructures composed of silicon-oxygen and
aluminum-oxygen tetrahedra [12]. Zeolites provide silicate and aluminate species that can
react with calcium hydroxide (i.e., Ca(OH)») to form calcium aluminosilicate hydrate (C-A-
S-H) phases [13-15]. Researchers have reported that some zeolites can improve the strength
and durability of Portland cement concrete [16-21]. Natural, untreated zeolites have been
previously evaluated as pozzolans in many countries, including China, the United States,

Russia, Cuba, and Germany [11, 22].

Despite these advances, early-age reactivity of zeolites has been a critical factor that hinders
their widespread application in cementitious materials. Due to their high crystallinity, zeolites
generally exhibit reactivity lower than most SCMs [23] but higher than some fly ashes [24].
Additionally, the strength of concrete has been shown to decrease when cement is replaced

by zeolites in high percentages (>15%) especially at early ages (< 3 d) [24, 25].

Several methods have been employed to improve the reactivity of zeolites. The most
common methods include milling, calcination, and acid treatment [14, 15, 26, 27]. Acid
treatment has been found to improve zeolite reactivity via dealumination and simultaneous
increases in specific surface area [26]. HNO3, HCl, and acetic acid have been used to
improve the pozzolanic activity of zeolites in cement paste [26]. In this study, the effects of
dealumination and/or increased surface area were not necessarily distinguished from one
another. As discussed in [26], treated zeolites when added directly to cement paste could
nucleate additional hydration products from cement hydration, thereby confounding

mechanistic interpretation of the enhanced reactivity. Other acids, including oxalic acid, citric
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acid, and sulfuric acid, have been shown to dealuminate different types of zeolites [28-30],

but corresponding enhancements of pozzolanic activity have not yet been studied.

In this study, two common zeolites, namely clinoptilolite and SSZ-13, were treated with
sulfuric acid solutions. Clinoptilolite (Si/Al = 3.7 by mass) was treated with 0.1 M and 1.0 M
sulfuric acid to investigate the changes in acid strength, a parameter that affects the erosion
extent of cementitious materials [31]. SSZ-13 (Si/Al = 8.0 by mass) was treated with 0.1M
sulfuric acid to investigate the effect of acid treatments on zeolites with different Si/Al ratios.
Sulfuric acid was chosen based on previous work by the authors (and others) [32-35] that
reported extensive sulfuric acid-induced dealumination of aluminosilicate frameworks. After
acid treatment, resulting physical and chemical changes were investigated using scanning
electron microscope (SEM), X-ray diffraction (XRD), nuclear magnetic resonance (NMR),
and X-ray fluorescence (XRF). To examine effects on reactivity of zeolites, isothermal
calorimetry tests were conducted on zeolite-laden pastes comprised predominantly of calcium
hydroxide—a simpler system established in [36] that avoids any mechanistic obfuscation due
to nucleation of reaction products that occurs during cement hydration. Furthermore, we
discuss each of the physical and chemical effects on each stage of heat evolution, with an aim
to provide a more thorough understanding on enhancement of reactivity that is induced by

sulfuric acid treatment.

2 Materials and Experimental Methods
2.1 Materials

Natural clinoptilolite powders were purchased from KMI Zeolites (Pahrump, NV). SSZ-13
powder was obtained from ACS Materials (Pasadena, CA). Their chemical compositions
were determined via XRF and summarized in Table 1. Sulfuric acid (H2SO4) was obtained
from Macron Fine Chemicals. Calcium hydroxide (> 96.0%, Fluka Analytical), calcium
carbonate (99 %, Acros Organics), potassium sulfate (> 99%, Sigma-Aldrich), and potassium
hydroxide (> 85%, Fisher Scientific) were also obtained for the zeolite reactivity

experiments.

Table 1 Chemical composition (wt. %), Si/Al ratio, and Na/Al ratio of raw clinoptilolite and
SSZ-13. Elements (plus other trace metallic elements) are normalized to 100%.



Raw Zeolites Al Si Na Ca Mg K Fe S Si/Al  Na/Al

Clinoptilolite ~ 13.8 512 149 695 18 374 115 620 3.70 1.08
SSZ-13 11.0 88.4 - 0.11 - 0.10 021 0.17 8.00 -

2.2 Acid Treatment of Zeolites

For treatment, ~ 6 g of the powders was added to 150 ml of 0.1 M or 1 M sulfuric acid. The
suspensions were kept stirring at room temperature (~ 20 °C) for 24 hours. The solid phase
was then separated from the suspension by spinning at 10,000 rpm with an Eppendorf 5810R
centrifuge. The obtained solid was washed by mixing with deionized water at a liquid/solid
ratio of 10 and then separated by spinning at 10,000 rpm for 1 h. The wash process was
repeated three times. The materials were dried under vacuum and deagglomerated gently with

a mortar and pestle.

2.3 Physical and Chemical Characterization of Zeolites

Elemental analysis was performed in a Rigaku wavelength Dispersive (WD) XRF
(Supermini200) spectrometer. A 200 W air-cooled Pd X-ray source operated at 50 kV and 4

mA was used to produce the excitation spectrum.

The physical and morphological properties of zeolites were characterized before and after
treatment. Particle sizes were measured by a Malvern Mastersizer 3000 laser diffraction
system with a measuring size range of 0.01-3500 um. The morphology of the particles was
examined using Hitachi SU3500 SEM instrument in secondary electron imaging mode. The
instrument was operated between 10 and 15 kV. Prior to imaging, all samples were coated

with ~10 nm of gold film under vacuum below 0.15 mb.

Crystal structures were characterized using a Siemens D500 and a Bruker D8 Advance XRD
instrument. Powders of each sample were mixed with isopropyl alcohol, and a thin layer of
the paste was casted on a Si crystal zero-background plate. Each sample was scanned using
Cu Ko X-ray radiation from 5 to 45° 20 with a step size of 0.02 and a dwell time of 1 s per
step. The pattern was analyzed with the Diffrac. EVA software.



Nanostructures were probed by NMR using a Varian Inova 400 NMR spectrometer with a
magnetic field of 9.4 T. For 2’A1 NMR tests, a pulse of 3.1 ps was used. Recycle delay was 2

s and 2048 scans were acquired for each sample.

2.4 Pozzolanic Reactivity of Zeolite Pastes

Pozzolanic reactivity of zeolites before and acid treatment was assessed according to the
established methodology previously reported in [36]. Mixture proportions are listed in Table
2. Each mixture was mixed with a Caframo Ultra Speed BDC6015 overhead stirrer at 140
rpm for 30 s and then at 285 rpm for 2.5 mins. In between the two speeded mixing, materials

on the edges of the mixing cup were scraped.

Table 2 Mix design of pastes designed to assess pozzolanic reactivity (adapted from [36]).

Raw Portlandite  Deionized Calcite
Materials  Zeolite  (Ca(OH)») water KOH K,S04 (CaCOs)

Weight (g) 11.1 333 60.0 0.24 1.20 5.56

Reaction kinetics were monitored using Thermometric TAM Air 8-Channel Isothermal
Conduction Calorimeter at 40°C. Freshly mixed pastes (~14 g), composed of room-
temperature water and cement, were weighed and placed into the glass ampoules for each
sample. Siliceous sand (~ 14 g) was used as the reference material. The heat generated from
the reaction was continuously recorded. The heat evolution and total heat were normalized by

weight of zeolites.

3 Results and Discussion
3.1 Morphology and Particle Size
3.1.1 Morphology

Morphology of zeolites was examined using SEM (see Fig. 1). For the clinoptilolite, the raw
(abbreviated as ‘C’), 0.1 M acid treated (‘C_0.1 M’), and 1 M acid treated (‘C_1 M’) samples
in Fig. 1(a, b, ¢) exhibit both smooth (solid oval) and rough (dashed oval) particle surfaces.
For the SSZ-13 in Fig. 1(d, e), both the raw (‘S’) and 0.1 M acid-treated (‘S_0.1 M”) samples
show a cubic-like morphology except the clear agglomerates (solid oval) for the raw SSZ-13

in Fig. 1(d), suggesting that particle sizes decreased upon acid treatment. Overall, these two



zeolites exhibit minimum morphological changes after the acid treatment. The changes in
particle sizes, crystallinity, and nanostructural characteristics are further examined in the

following sections.

Clinoptilolite
(@c

(b) C_0.1M

...........
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Fig. 1. SEM images of clinoptilolite (a) before and after treatment with (b) 0.1 M and (c) | M
sulfuric acid, and SSZ-13 (d) before and (e) after 0.1 M acid treatment.

3.1.2 Particle Size

The particle sizes for both raw and acid-treated zeolites are reported in Fig. 2. For both

clinoptilolite and SSZ-13, both size distribution and cumulative volume curves shifted to the



left, indicating that particle sizes decreased with acid treatment. A particle size average for
each sample was calculated by summing the products of each size value (um) with its
corresponding percentage of size distribution. The average particle sizes of raw, 0.1 M, and 1
M acid treated clinoptilolite were 19.0, 6.9, 5.8 pm, respectively. Average particle size of raw
and 0.1 M acid treated SSZ-13 were 20.7 and 9.6 pm, respectively. By comparison, the
average particle size decreased by 63.7 and 69.5% upon 0.1 M and 1.0 M sulfuric acid
treatment for clinoptilolite, and decreased by 53.6% upon 0.1 M acid treatment for SSZ-13.
According to previously reported results, similar decreases in particle sizes of clinoptilolite
were observed upon treatment with nitric acid and acetic acid, while hydrochloric acid

reduced particle size to a lesser extent [26].
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Fig. 2. Particle size distribution and cumulative curves (by volume) of raw and sulfuric acid-

treated (a) clinoptilolite and (b) SSZ-13.

3.2 Structure
3.2.1 Crystallinity

The crystalline structures of clinoptilolite and SSZ-13 were altered after acid treatment, as
indicated by the XRD patterns in Fig. 3. Results suggest that, while samples were not
significantly amorphized by acid treatment, sulfuric acid likely removed cations, such as Na”,
and AI’* from the aluminosilicate framework (i.e., dealumination). For the clinoptilolite
sample in Fig. 3(a), some peak positions are altered, for instance in the rectangle-indicated
peaks at round 22 (20), indicating a slight change in lattice spacing of the crystal structures
upon the treatment of acid. A similar change in lattice parameters was observed in a
dealuminated clinoptilolite in which Al vacancies weakened Si-O bonds and lengthened the
Si-O distance [37]. Other minor crystallographic changes induced by acid treatment are
evident in the intensity of clinoptilolite (marked as ‘C1’) peaks (as indicated by rectangles).
Similar intensity changes were observed for clinoptilolite samples upon dealumination by
HCI [37] and can be attributed to the removal or exchange of cations [38] that results in a
change of atomic density and atomic positions in the crystal structure [39, 40]. The removal
of cations is evidenced by the reduced quantity of cations from XRF analysis, for example, in
0.1 M acid treated clinoptilolite in Table A1 in the appendix. Additionally, the peak ~ 9.8
(20) is only broadened slightly, further suggesting no significant changes in crystallinity [37].

Other changes to the clinoptilolite samples include partial or full removal of gypsum and the
formation of a new trace phase. The gypsum (GY) peaks were either reduced or removed
after acid treatment (see Fig. 3(a)). However, the total weight percent of sulfur (S) is ~ 6%,
and the percent change was trivial after acid treatment. For example, less than 1% change
between ‘C’ and ‘C_0.1 M’ samples was observed (Table A1). Additionally, a new trace
phase, namely tamarugite (NaAl(SO4)2(H20)s), was identified in the ‘C_1.0 M’ sample.
Given the limited quantity of both phases (i.e., gypsum and tamarugite), however, they were

unlikely to play a role in altering the reactivity of the zeolite sample.

For the SSZ-13 zeolite, changes induced by acid treatment are less evident (see Fig. 3(b)).

The only observable change is the intensity of some peaks (as indicated by rectangles). This



change in intensity is not as substantial as that observed for clinoptilolite. SSZ-13 is charge
balanced by H" as evidenced by minimum cations identified via XRF (Table 1), and its
removal may have less of an effect on nanostructural stability compared to clinoptilolite
(which is charge-balanced by Na"). The lack of peak shift suggests less removal of AI** as
compared to clinoptilolite that possesses a lower Si/Al ratio and, thus, is more susceptible to
dealumination). In summary, while the 0.1 M sulfuric acid treatment reduces the average

particle size of SSZ-13, evidence suggests it does not significantly alter its crystal structure.
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Fig. 3. XRD patterns of raw and acid-treated (a) clinoptilolite and (b) SSZ-13. PDF numbers:
clinoptilolite-Ca (#00-039-1383), gypsum (#00-033-0311), muscovite-2M1 (#00-060-1516),
gmelinite-Na (#00-038-0435), gonnardite (#00-042-1380), and tamarugite (#01-082-8691).

3.2.2 Nanostructures



Dealumination from the framework of both clinoptilolite and SSZ-13 was evident in the 2’Al
NMR spectra (see Fig. 4), corroborating the XRD and XRF results. For clinoptilolite (see
Fig. 4(a)), the increase of the 6-coordianted Al (abbreviated as 6-Al) peak (~0 ppm) upon
acid treatment is attributed to the removal of Al from the framework [28-30]. When
comparing 1.0 M to 0.1 M sulfuric acid-treated clinoptilolite, a higher intensity of 6-Al site
was observed. Similarly, in an earlier study, high extent of dealumination from zeolite beta
was observed only when treated with acid at 1 M or higher concentrations [41]. In addition,
the 4-coordinated Al (abbreviated as 4-Al) peak (~60 ppm) was shifted to the right upon acid
treatment. More explicitly, the 4-Al peak shifted from 60.0 ppm for the raw clinoptilolite to
58.3 ppm upon treatment with 1 M sulfuric acid. This shift indicates either a structural
change from Q* to Q? or an increase in the Si/Al ratio. A change from Q* to Q? is unlikely,
however, as it would have caused a more substantial shift in the spectra [42], thereby
indicating that dealumination increased the framework Si/Al ratio, a finding that is consistent

with the increase of the extra-framework Al (i.e., 6-Al).

For SSZ-13 (Fig. 4(b)), a similar increase in 6-Al was observed, again indicating
dealumination upon sulfuric acid treatment. No evident shift was observed for the 4-Al peak,
because dealumination did not cause significant changes to the already high Si/Al ratio of

SSZ-13 (see Table 1).

The sharp peak around -15 ppm for both types of zeolites after acid treatment (see Fig. 4(a,
b)) was assigned to aluminum sulfate species with general formula [Al(H20)6.x(SO4)x] 29"
[43, 44]. Tts relative low intensity in the 27 Al NMR spectra suggests (though not
quantitatively) only trace amounts of this species. Such species could relate to the tamarugite

phase identified in XRD.

From Fig. 4, the percentage of 6-Al for clinoptilolite increased 6% when treated with 0.1 M
acid and by 46% when treated with 1.0 M acid. These percentage values are in reference to 4-
Al as 100%. The percentage of 6-Al for SSZ-13 increased 33% when treated by 0.1 M acid.
It is noted that these percent intensity values are not expected to be quantitative (i.e.,

representative of the molar percent) due to the quadrupolar effects of the Al nucleus [45, 46].
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Fig. 4. 2’Al NMR spectra of raw and acid-treated (a) clinoptilolite and (b) SSZ-13.

3.3 Heat Evolution of Zeolite Pastes

In each heat evolution curve of the zeolite pastes (Fig. 5), three peaks are observed, namely

peak A, B, and C in a consecutive order. In acid treated zeolite pastes, all these peak times
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are accelerated, peak intensities are increased, and, correspondingly, the 24 h heat is

increased, indicating acid treatment enhanced the pozzolanic reactivity of zeolites.

Peak A occurs immediately after mixing and is attributed to wetting and initial dissolution of
particles. During wetting, water is adsorbed onto zeolites and can alter their unit-cell

parameters [47]. This peak A is also attributable to the dissolution of Ca(OH),, an exothermal
process that happens rapidly once the aqueous medium reaches pH 12.7 or above [48, 49]. As
a result of this dissolution, deprotonation of the Si-OH and Al-OH bonds on the surface of the

zeolites would likely occur [49].
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Fig. 5. Heat evolution and total cumulative heat for (a) clinoptilolite and (b) SSZ-13 zeolite

pastes before and after the acid treatment.
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Peak B can be attributed to the precipitation of surface-layer products. After reaching a
supersaturated condition, the dissolved silicate and aluminate species react with Ca?* to form
precipitates. While the total quantity of the precipitates was found to be minimal at the end of
Peak B in a similar zeolite-lime system [49], surface precipitation is likely to take place at the
Si-O- and Al-O- sites on zeolite surfaces in a similar fashion as the reaction between surface
silanol groups of a pozzolan and Ca?* [50]. In such reaction, calcium silicate hydrate (C-S-H)
and calcium-aluminate hydrate (C-A-H) phases are potential products [49, 51]. The semi-
permeable surface products continue to grow as solution diffuses inward to further dissolve
the zeolite to provide silicate and aluminate nutrients, a process that would release a

substantial amount of heat [49].

Peak C is likely evidence of continuous reaction between the silicate and aluminate species
from zeolites with Ca(OH),. This continuous precipitation has been confirmed by
thermogravimetric analysis and XRD in a similar zeolite-lime system [49]. The transition
from a surface precipitation (Peak B) to this continuous reaction (Peak C) could be explained
by the protective-layer theory in cement hydration [52, 53], in which protective layers form

on particle surfaces and eventually destabilize, promoting further hydration.

To understand the effects of sulfuric acid treatment on reactivity of the zeolites, the heat
evolution values of Peaks A, B and C, as well as the total cumulative heat at different times
(i.e., 24 h and 100 h) are summarized in Table 3. Upon acid treatment, all peak times are
accelerated, and all peak heat evolution values are increased. This observation indicates that
sulfuric acid treatment enhanced reactivity of the zeolites at early ages (i.e., within the first
20-30 h). Correspondingly, the 24 h heat was increased for all the pastes up to 42.0% for
clinoptilolite and 15.9% for SSZ-13. Such extent of increase is higher than the ~10% increase
in degree of hydration at 1 day in a cement-glass paste (75/25 by mass) at 50 °C as the glass
particle sizes decreased from 25~ 38 um to 0~25 um [54]. Similar increases in peak heat
were obtained at 100 h for all samples, aside from the 0.1 M-acid treated clinoptilolite

sample, which exhibited a slight reduction compared to the untreated sample.

13



Table 3 Heat evolution values and peak times for Peaks A, B and C, as well as total heat at

24 and 100 h for pastes containing clinoptilolite and SSZ-13 zeolites before and after acid

treatment.
Type of Peak tims:s of Peak heat evolution 24 h heat
seolite  heat evolution (h) (mW/g SCM) 100 h heat
for pastes A B C A B C J/gSCM % increase (Vg SCM)
CRaw) 2.7 17.1 279 081 144 1.36 96.3 - 280.1
coI1M 13 104 185 272 149 1.82 133.2 38.3 272.2
C1M 1.3 92 224 331 170 1.67 136.8 42.0 291.8
S(Raw) 1.7 104 162 244 3.06 326 243.6 - 375.9
S01IM 14 94 153 423 360 377 2824 15.9 397.3

3.4 Mechanisms of Acid Treatment on the Reactivity

3.4.1 Reaction Heat

In Fig. 6, we plot the percent change upon acid treatment for heat evolution (Peak A, B and
(), and 24 h and 100 h heat, average particle size, and 6-Al. Increased heat evolution and 24
h heat were found to correlate with decreased particle size, similar to earlier observations [15,
49, 55]. Their correlation, however, was not strong. For example, in Fig. 6 the acid-treated
SSZ-13, when compared to ‘C_0.1 M’, showed comparable decreases in the particle size but
much lower changes in increased heat at 24 h. Decreased heat was observed at 100 h for
‘C_0.1 M’ contrary to the increased heat at 24 h. To understand the changes of reaction heat
upon acid treatment, each stage of heat evolution will be discussed in detail with respect to

the corresponding changes of both particle size and 6-Al in the next section.
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Fig. 6. Percent changes to peak heat evolution (Peak A, B, and C), 24 h cumulative heat, 100
h cumulative heat, 6-Al, and average particle size between raw and acid-treated clinoptilolite

and SSZ-13 zeolites.

3.4.2 Stages of Heat Evolution

A schematic in Fig. 7 summarizes the observable effects of sulfuric acid treatment on zeolites
and resulting influence on heat evolution during different stages of reaction. Sulfuric acid
treatment (I) decreased the particle sizes (as observed via particle size analysis), (II) removed
the Al from the framework (based on NMR and as suggested by XRD observations), and (III)
removed cations (as determined via XRD and XRF analysis). As indicated in the schematic,
the first two changes (I, IT) enhance heat evolution during the early stage (i.e., peak A, B and
C) while the third change (III) plays a role during the later stage. These effects are further

discussed in detail.
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Fig. 7. Schematic for effects of acid treatment on zeolites, namely (I) smaller particles, (II)
dealumination, and (III) removal of cations, and their influence on the heat evolution at early
(Peak A, B and C) and later ages.

Peak A: The decrease of particle size was found to shorten peak time and increase heat
evolution, while greater extent of dealumination yielded additional increases in heat
evolution. As discussed, Peak A is attributed to initial wetting of the particles, dissolution of
Ca(OH)a, and corresponding deprotonation of Si-OH and AI-OH bonds. As shown in Table
3, the peak time decreased from 2.7 h to 1.3 h for acid-treated clinoptilolite, regardless of
acid molarity. Peak time decreased from 1.7 h to 1.4 h for acid-treated SSZ-13. Heat
evolution increased upon the acid treatment in all cases. These changes could be induced by
the decreased particle sizes that provide more surface area for wetting and dissolution
processes. However, the change in peak time did not necessarily correlate with
dealumination. Peak times for ‘C_0.1 M’ and ‘C_1 M’ were identical, even though the extent

of dealumination was substantially different (see Fig. 4). In contrast, the extent of
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dealumination affects peak heat evolution. For example, the peak heat evolution increased
from 2.72 to 3.31 mW/g SCM (see Table 3) with an increase in extent of dealumination (see

Fig. 4) as acid molarity increased from 0.1 M to 1.0 M.

Peak B: The decrease in particle size was found to shorten peak time, while dealumination
likely increased heat evolution associated with Peak B. By comparing ‘C_0.1 M’ with ‘C’ in
Table 3, peak time was reduced from 17.1 to 10.4 h, but the peak heat evolution did not
change (1.44 vs. 1.49 mW/g SCM). Peak time for the ‘S 0.1 M’ sample was reduced and
peak heat evolution increased compared with ‘S’ (see Table 3). Given the substantial
reductions in particle sizes upon acid treatment (Fig. 2), this observation indicated particle
size more directly correlated with reductions in peak time for Peak B. In contrast, by
comparing samples with increased dealumination extent (i.e., ‘C_1 M’ vs. ‘C_0.1 M’ in Fig.
4), peak time did not vary, but the peak heat evolution increased 14.1% from 1.49 to 1.70
mW/g SCM. This observation indicated dealumination increased heat evolution. Besides
providing free aluminates to directly react with Ca?* to form C-A-H products [49, 51],
dealumination produces Si-OH groups in zeolites [28], that would yield further increases in

heat evolution via pozzolanic reaction with Ca®* [56].

Peak C: Assigned herein as continuous precipitation, the peak time and heat evolution of
Peak C depended on particle size and the characteristics of the prior peak (i.e., Peak B).
While reduced peak time and increased heat evolution of Peak C (Table 3) could be
attributable to both particle size reduction and dealumination, dealumination was suggested
to play a less critical role. This is evidenced by comparing the ‘C_1 M’ (higher
dealumination) with ‘C_0.1 M’ that the peak time was delayed from 18.5 to 22.4 h and the
peak heat evolution decreased from 1.82 to 1.67 mW/g SCM. Rather, the higher intensity of
Peak B (i.e., higher amount of precipitation) in ‘C_1 M’ likely hindered the continuous
formation of precipitates and, thus, delayed and lowered the heat evolution of Peak C. This
process is akin to cement hydration, in which accelerated early-age reaction and formation of

protective layers of precipitates would retard reaction at later ages [52].

Later Stage (> 24 h): Reactions at later ages were unaffected by particle size or the presence
of free aluminates but were influenced by the removal of cation upon the acid treatment. The
100 h heat decreased for ‘C_0.1 M’ compared to ‘C’, unlike the increase of the 24 h heat

upon the acid treatment (Table 3). In a similar zeolite-lime reaction system, enhanced
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reactivity at this relatively later stage (3 days or later) was found to depend on the cations in
the zeolites [55]. These cations were released from the zeolites likely due to the relatively
large framework apertures (e.g., 3.0 x 7.6 A; 3.3 x 4.6 A; 2.6 x 4.7 A for clinoptilolite
framework [57]). This release (a process that generally consumes H") increased the pH of the
aqueous phase and thus increased the solubility of the solids [49, 55]. However, such
increased solubility is minimized in our pastes with acid-treated clinoptilolite, as most cations
were removed during the acid treatment, as indicated by the XRD and XRF results (see
Section 3.2.1). Unlike the clinoptilolite-laden pastes, the acid-treated SSZ-13 pastes showed a
higher total heat throughout the tested period, likely because no cations are present in the

initial SSZ-13 framework.

3.5 Significance

We have enhanced the early-age reactivity for clinoptilolite and SSZ-13 zeolites via a sulfuric
acid treatment. Substantially high efficiency of this treatment has been suggested, given the
42.0% maximum increase of reaction heat at 24 hours observed for clinoptilolite. Such high
efficiency would solve the issue of slow strength development for zeolite-laden cementitious

pastes, which is a critical factor that hinders applications of zeolites as SCMs [24, 25].

This treatment can be applied to a variety of other zeolites, with the highest effectiveness for
those with low Si/Al ratio, low cation (e.g., Na* and K*) content. Zeolites with lower Si/Al
ratios possess relatively more Al sites for potential dealumination, which, as discussed above,
increases the heat evolution. Furthermore, zeolites with low cation content are less
susceptible to acid-induced removal of cations (which promote solid dissolution as discussed

above).

Application of zeolites promises a large market share in the cement industry. Annual
consumption of zeolite in China’s cement industry was stated to be 30 million tons [24], a
value that is much higher than another estimation of worldwide zeolite production in 2019
(i.e., 1.2 million ton) [58]. However, this figure indirectly supports the claim of a
substantially large worldwide reserve (though no specific value has been estimated) [58].
This 30 million ton capacity is comparable to the production of fly ash in 2018 in the United
States (i.e., 36.2 million tons) [59]. The cost of zeolites, dependent on the type and degree of
processing, lies between $50 ~ $120 per ton (for powder sizes in 40 ~ 325 mesh) [60],
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comparable to cement costs in the United States (i.e., $89.5 ~ $123.5 per ton from 2007 to
2019) [61]. While sulfuric acid treatment introduces additional cost concerns, waste acid
could be used in this treatment, as large quantities of sulfuric acid waste are generated in a
variety of chemical and metal industries [62, 63]. Application of the sulfuric acid waste for

such treatment would be next step of research.

4 Conclusions

In this study, we substantiated that early-age reactivity of zeolites can be improved via initial
treatment with sulfuric acid. For both clinoptilolite and SSZ-13, treatment by sulfuric acid
mainly (I) decreased particles sizes, (II) removed framework Al** through dealumination, and

(IIT) removed cations, if any were initially present in the raw zeolite.

Reactivity was examined by calorimetry. The heat evolution curve exhibited three peaks:
(Peak A) wetting and dissolution of particles, (Peak B) surface precipitation and associated
dissolution and product formation, and (Peak C) continuous precipitation. Afterward, the
reaction slowed, as anticipated. Upon acid treatment, all peaks occurred earlier and exhibited

higher heat evolution at early ages (< 24 h).

We have shown detailed correlations between the changes induced by acid treatment and the
resulting increase in the reactivity of the zeolites. Reduced particle size induced by acid
treatment was found to shorten peak times for all the three peaks. While the reduced particle
size helped increase the heat evolution of Peak A and C, the dealumination was found to
more directly increase the heat evolution of Peak B. At later stages, such enhancing trend by
acid treatment was not observed for the cation-containing zeolite (i.e., clinoptilolite),
probably because this trending was somewhat reversed by the acid-induced removal of

cations.

The treatment developed in this study would substantially advance the performance,
sustainability and cost efficiency of cementitious binders. The high efficiency of this
treatment (i.e., up to 42.0% increase in the early age reaction heat) substantially improves

performance of the zeolite-laden cementitious binders. Considering the zeolites’ abundant
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reserve and comparable price to cements, this treatment, when applied to a variety of zeolites,
exhibits a high potential benefit. Additional cost and environmental benefits could be
addressed by the potential utilization of waste sulfuric acid to improve the reactivity of

zeolites.
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Appendix

Table A1 Chemical composition (wt%) of the raw and 0.1 M sulfuric acid treated

clinoptilolite. Elements plus other trace metallic elements are normalized to 100%.

Zeolites Al Si Na Ca Mg S K  Fe Si/Al

C 13.83 51.20 1491 6.95 1.89 6.20 3.74 1.15 3.70
C01M 13.17 59.12 7.61 649 156 6.09 447 146 4.49
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