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ABSTRACT

DEVELOPMENT OF OXALATE CEMENTS WITH DEAD-BURNED
MAGNESIA AND CALCIUM SULFOALUMINATE CLINKER

Bilmez, Said Batuhan
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Sinan Turhan Erdogan

January 2023, 75 pages

An emerging alternative to Portland cement, oxalate cement is a promising candidate
for reducing the carbon footprint of the construction industry. Oxalic acid (OA) can
be produced via direct electrochemical CO. reduction, making carbon-neutral
cement with OA possible. This study investigates the development of the
mechanical, mineralogical, and microstructural properties of clay oxalate cement
(COC) made with OA salt and dead-burned magnesia (DBM). Methods to prepare
clay oxalate (CO), the OA salt used in this study, and to produce COC mixtures are
proposed. Calcium sulfoaluminate (CSA) clinker was substituted for DBM to further
lower the carbon footprint of COC mixtures. 28-day strengths of ~35 MPa were
achieved in COC mortars with DBM, while those incorporating CSA reached ~30
MPa. The setting times of COC mixtures varied between 4 and 29 minutes. Mortars
incorporating CSA set more rapidly than those with DBM. The reaction mechanism
of COC pastes was studied using x-ray diffraction, pH measurement,
thermogravimetric analysis, scanning electron microscopy, and mercury intrusion
porosimetry. A magnesium oxalate hydrate, glushinskite, was observed inside the
mostly amorphous medium of hydrated COC paste with DBM. COC mixtures
containing DBM were more water resistant than the samples made only with CSA



clinker. The findings of this study and simple calculations suggest that hybrid COC
mixtures containing equal amounts of DBM and CSA
(CO/DBM/CSA=7.40/1.30/1.30, by mass) can provide medium strength, show

sufficient resistance to water, as well as being carbon-neutral.

Keywords: oxalate cement, carbon-neutral, magnesium, calcium sulfoaluminate
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0z

OLU YANMIS MAGNEZYA VE KALSIYUM SULFOALUMINAT
KLINKERI ILE OKSALAT CIMENTOLARININ GELISTIRILMESI

Bilmez, Said Batuhan
Yiiksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Sinan Turhan Erdogan

Ocak 2023, 75 sayfa

Portland ¢imentosuna yeni bir alternatif olan oksalat ¢gimentosu, insaat sektoriiniin
karbon ayak izini azaltmak i¢in umut verici bir adaydir. Oksalik asit (OA), dogrudan
elektrokimyasal CO- indirgemesi yoluyla Uretilebilir ve bu da OA ile karbon-notr
¢imentoyu miimkiin kilar. Bu ¢aligma, OA tuzu ve 6lii yanmis magnezya (OYM) ile
yapilan kil oksalat ¢imentosunun (KOC) mekanik, mineralojik ve mikroyapisal
ozelliklerinin gelisimini aragtirmaktadir. Bu ¢alismada kullanilan OA tuzu olan kil
oksalatin (KO) hazirlanmas1 ve KOC karisimlarinin iiretilmesi igin yontemler
onerilmistir. KOC karisimlarmin karbon ayak izini daha da azaltmak i¢in OYM
yerine kalsiyum stlfoaliminat (KSA) klinkeri kullanilmistir. OYM igeren KOC
harglarinda ~35 MPa'lik 28 giinliik dayanim elde edilirken, KSA icerenler ~30
MPa'ya ulagsmistir. KOC karisimlarinin priz siireleri 4 ila 29 dakika arasinda
degismistir. KSA iceren harclar OYM igerenlere gére daha hizli priz almistir. KOC
hamurlarinin reaksiyon mekanizmasi x-1gin1 kiriimi, pH 6lglimai, termogravimetrik
analiz, taramali elektron mikroskobu ve civa intriizyon porozimetrisi kullanilarak
incelenmistir. Hidratlanmis OYM’li KOC hamurunun ¢ogunlukla amorf ortaminda

bir magnezyum oksalat hidrat: olan glushinskite gézlenmistir. OYM iceren KOC

vii



karisimlari, sadece KSA klinkeri ile yapilan numunelere gore suya daha dayaniklidar.
Bu ¢alismani bulgular1 ve basit hesaplamalar, esit miktarda OYM ve KSA iceren
hibrit KOC karisimlarinin (KO/OYM/KSA = 7.40/1.30/1.30, kiitlece) orta dayanim

saglayabilecegini, suya karsi yeterli direng gosterebilecegini ve karbon-notr

oldugunu gostermektedir.

Anahtar Kelimeler: oksalat c¢imentosu, karbon-nétr, magnezyum, kalsiyum
stlfoaluminat
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CHAPTER 1

INTRODUCTION

1.1  Research Background

The world is facing the threat of global warming and climate change due to the rapid
increase in population, industrialization, and intensive waste generation. In 2015,
many countries, including major polluters like China, the United States, and the
European Union, signed the Paris Agreement at the United Nations Climate Change
Conference to challenge the adverse effects of climate change, such as severe natural
disasters caused by extreme weather conditions and loss of biodiversity and human
health. The stakeholders agreed to shift towards net-zero emissions, bringing down

greenhouse gas (GHG) emissions as close to zero as possible.

Concrete is by far the most used building material and the second most used material
by humans after water (Gagg, 2014; Monteiro et al., 2017). It is inexpensive, easily
reached worldwide, and has outstanding engineering properties. It is made by mixing
cement (usually Portland cement or its blends), aggregates, and water. High demand
for concrete leads to the production of cement in large quantities. The world’s total
cement production hit 4.17 billion tonnes in 2020, continuing its increase
(CEMBUREAU, 2022). However, cement production has an immense impact on
ecology. Its raw materials (limestone and clay) are calcined at around 1450 °C to
produce cement, which is an energy-intensive process requiring fuel burning.
Furthermore, CO is released due to the thermal decomposition of limestone. The
overall carbon footprint of cement production varies from 0.8 to 1.2 tonnes per tonne
of Portland cement (PC) (Aitcin, 2008). The cement industry is responsible for 3.8
% of the total GHG emissions and 5 % of the total CO2 emissions (Baumert et al.,
2005). Monteiro et al. (2017) state that the emissions are even higher, as they deem

the cement industry responsible for 8-9 % of the global anthropogenic CO..



Scientists and engineers have been searching for environmentally-friendly binders
in response to the need to reduce the negative impacts of cement production. Acid-
base (AB) cements are one of many alternative binders. Even though AB cements
were initially developed in the dentistry domain, they have also been a research
subject as a construction material, mainly owing to their higher early strength and

more rapid setting compared to PC.

Given the adverse environmental impacts of PC production and the beneficial
features of AB cements, this thesis will focus on the development of novel
magnesium oxalate cement, which can be classified as a branch of AB cements.
Oxalic acid (OA) was utilized in this study because, today, it can even be produced
via the electrochemical processing of atmospheric CO». Hence, it has the potential
to reduce the carbon footprint of cementitious building materials and help the world
achieve the net-zero emissions goal. Moreover, magnesium oxide, or magnesia, was
dead-burned and used. Later, to reduce the environmental impact of oxalate cement
mixtures, dead-burned magnesia was substituted with another alternative binder,
calcium sulfoaluminate (CSA) clinker, because dead-burning magnesia consumes
more energy and emits more CO; than CSA production. So, it is ecologically

advantageous to reduce the magnesia content.

1.2 Objectives and Scope

The main research objectives of this study are to:

e Develop a proper method and a set of rules for clay oxalate cement
production,

e Investigate the mechanical performance, microstructure, and water resistance
of clay oxalate cement,

e Produce CSA clinker and investigate the effect of substituting CSA clinker
for dead-burned magnesium oxide on mechanical, water stability, and

microstructural properties of clay oxalate cement.



This thesis comprises five chapters. Chapter 1 provides the background for this
research and the objectives set to be achieved. Chapter 2 reviews the information
available in the literature related to AB cements, oxalic acid, recently emerging
oxalate cements, magnesia, and CSA cement. Chapter 3 explains the materials used,
the methods employed, and the experiments performed in this study. Chapter 4
presents and discusses the results of the experiments explained in Chapter 3. Chapter
5 covers the conclusions and final remarks of the study and draws a route to further

research.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents background information and reviews the literature on acid-base
cements, oxalic acid and the sustainable ways to produce it, magnesia and some

magnesia-based cements, and calcium sulfoaluminate cement.

2.2 Acid-Base Cements

221 General Information

Acid-base (AB) cements have been known since the mid-1800s and have found
distinct fields of application, from biomedical to construction, thanks to their
admirable properties like faster setting, better adhesion, and higher early strength
than those of gypsum and Portland cement (PC). After French civil engineer and
chemist Stanislas Sorel’s invention of the zinc oxychloride cement in 1855, which
was the first AB cement reported, AB cements have been developed mainly in the
domain of dentistry (Wilson & Nicholson, 1993).

Wilson & Nicholson (1993) and Prosser & Wilson (1986) mention that AB cements
have been utilized in various ways. In the biomedical industry, AB cement is
employed in dental fillings, biocompatible bone cement, and splint bandaging. On
the other hand, in the construction industry, AB cements might be encountered in
applications like repairing concrete, surfacing walls and floors, and producing

underwater pipelines.



222 Reaction Mechanism

As the name implies, AB cements are formed by the reaction between acid and base,
forming a load-bearing product. The acid (anion source), which is usually present as
an aqueous solution of an organic or inorganic acid, donates protons to the solution.
The base (cation source), generally metal oxides or silicates in powder form,
dissolves in the solution and releases cations. Through hydrolysis, the reactions
between cations and H,O molecules create aquosols. Positively-charged aquosols
react with anions in the solution to form salts. The interconnection of salt molecules
in the solution leads to gel formation. Gel saturates and forms a connected network
of crystalline, semicrystalline, or disordered solids (Wilson & Nicholson, 1993;
Wagh & Jeong, 2003; Wagh, 2016). This process is depicted in Figure 2.1.

Dissolution of alkaline Gelation and precipitation Crystallization
particles in acid

Rr— B " B B R 0

- I TR T B

- a8 s R 4

w‘ ' P a2 o ' g
o

Figure 2.1 The stages of the formation of an acid-base cement (Wagh, 2016).

It is essential to control the dissolution rate of the base to form a well-ordered matrix.
Crystallization of the gel, which results from the reaction between positively charged
aquosols and anions from the acidic solution, is slow by nature. If the base dissolves
too rapidly, the solution will saturate with the reaction products so rapidly that
noncoherent precipitates will form. Otherwise, gel saturation will take a long time if
the base dissolves too slowly. In such a case, the solution should remain still to grow
a proper crystalline structure. Consequently, the base should not be exceedingly
soluble or insoluble but sparsely soluble (Wagh, 2016).



2.3 Oxalic Acid and Oxalate Cements

23.1 General Information

Oxalic acid (C2H204, OA in short) is the simplest dicarboxylic acid, which can be
found in many natural plants, such as spinach and cocoa. It comes together with
metals like Ca, Fe, Na, Mg, or K to form oxalates. Oxalates are also encountered in
the human body, such as calcium or magnesium oxalates in kidney stones (lvandini
et al., 2006; Schuler et al., 2021).

OA has a wide range of consumer industries, from pharmaceutical to agriculture and
textile. Other than the industries in which it is used as is, oxalic acid also has the
potential to be the source of valuable chemicals, such as formic acid/formate and
ethylene glycol, with market volumes of 900,000 and 30,000,000 tons per year,
respectively (Schuler et al., 2021).

CO2 promises to be a more prominent chemical source of OA production than
realized today. There are multiple ways of producing OA today (Figure 2.2), some
of which are commercially available while some are still in the development stage.
The sustainable option might be via electrochemically processing carbon dioxide.
On the other hand, after the Paris Agreement in 2015, more attention has been paid
to carbon capture, utilization, and storage (CCUS) technologies in carbon-intensive
industries like the cement industry, to decarbonize these industries to lower their
global warming potential (Schuler et al., 2021; Kawai et al., 2022). OA production
from CO, could be an excellent route to make use of the captured carbon by

combining these two emerging environmentally-friendly methods.



Figure 2.2 Six primary feedstocks by which oxalic acid is produced: (a) CO,, (b)
CO, (c) alkali formate, (d) ethylene glycol, (e) propylene, and (f) carbohydrates
(Schuler et al., 2021).

Captured COz can be directly converted to OA, although there is not a commercial
way currently due to the low efficiency of systems. Schuler et al. (2021) defined
three routes for the direct conversion of CO2 into OA: direct electrochemistry, CO>
reduction catalyzed homogeneously by metal complexes, and reduction of CO2 with
Ca-ascorbate and electrochemical regeneration. Schuler et al. (2021) summarize the

production of OA via direct electrochemical CO2 reduction as follows:

COzisreduced to CO; by a single electron. The resulting anion is very reactive; thus,
it forms formate and carbonate instead of oxalate in the presence of water, as shown
in Equation 2.1.

2C0, +2¢ — 2C0;

] _ _ (2.1)
2C0; +H,0 — HCO; + HCO;



Therefore, water should be absent in the reaction medium. If CO; stays sufficiently
long on the electrode surface, it reacts with another one to form oxalate (Equation
2.2). Contrarily, if CO; is not on the surface long enough, it moves into the
electrolyte to react with another one, forming CO and CO3 (Equation 2.3), not

oxalate.

2C0, +2¢” — 2C0; — C,07 (2.2)
2C0O, +2¢" — 2C0O; — CO + COT (2.3)

The commercial zinc oxalate process uses a sacrificial zinc anode. The formation of
insoluble zinc oxalate occurs here and is then filtrated from the electrolyte. CO; is
reduced to oxalate (Equation 2.2), and zinc (Zn) is oxidized to Zn*" (Equation 2.4)
simultaneously. Oxalate anion and Zn** cation combine to form zinc oxalate
(ZnC,0,). Zinc oxalate, then, is filtrated and mixed with sulfuric acid (Equation 2.5),
forming oxalic acid and zinc sulfate. Electrolysis of zinc sulfate in water can recover

zinc and sulfuric acid, as given in Equation 2.6.

Zn — Zn*" +2¢ (2.4)

Zl’lC204 + HzSO4 - Zl’lSO4 + H2C204 (25)
1

ZnS04 +H0 — Zn + Hy80, + 50, (2.6)

Finally, the summation of reactions in the zinc oxalate process yields Equation 2.7.

1
2C02 + Hzo - H2C204 + 502 (27)

2.3.2 Oxalate Cements

Oxalate cements have emerged very recently as a subclass of AB cements. The idea
is to use OA or its salts (anion source) with metal oxides (cation source) to form

chemically bonded solids at ambient temperatures. The subject of oxalate cements



has not been studied well yet. Three studies were found regarding this topic in the
literature. Among the three, two used magnesium as the alkaline precursor, making
magnesium oxalate cement, while iron-rich copper slag was used in the other study

to make ferrous oxalate cement.

2.3.2.1 Magnesium Oxalate Cement

Erdogan et al. (2022) mixed dead-burned magnesia powder (calcined at 1500 °C,
MgO1500) with oxalate salt. They reported that the pastes made with OA self-heated
extremely and cracked upon setting due to vapor pressure. Therefore, OA was
neutralized with NaOH or with a sulfate-rich high-lime Class C coal fly ash. The
resulting OA salts were named as NaOx and FAOX, respectively. X-ray diffraction
(XRD) results indicated that the principal minerals in NaOx and FAOx were sodium
hydrogen oxalate monohydrate (NaHC,0,4-H,O) and whewellite (CaC,04-H,0),
respectively. The hydration mechanism to form the main reaction product
magnesium oxalate dihydrate (MgC,0,4:2H,0, glushinskite) was explained by the
reaction of Mg?" with HC,0; and C,0; dissolved from NaOx and FAOX,
respectively. (Equations 2.8 and 2.9).

Mg?" + HC,0; + 2H,0 — MgC,0,-2H,0 + H" (2.8)
Mgt + C,05 +2H,0 — MgC,0,-2H,0 (2.9)

The pH of magnesium oxalate (MgOXx) pastes made with OA-as-is was measured as
~4 beyond 1 day, while the pH of MgOx pastes with NaOx (MgNaOx) and FAOXx
(MgFAOX) are both ~10. MgNaOx mortars with a water-to-powder (W/P) ratio of
0.35 and a sand-to-powder (S/P) ratio of 2 reached 10 MPa of compressive strength
on day 3 and about 25 MPa on day 28. MgFAOx mortar using W/P=0.3 and S/P=2
resulted in a compressive strength above 30 MPa at 1d and nearly 45 MPa at 28d
(Figure 2.3a). They also tested the water resistance of these mortars. After being
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submerged in water for 28 days, MgNaOx mortar lost almost two-thirds of its

ultimate strength, whereas MgFAOX lost only 5 % of its ultimate strength.

50 70
a . MgFAOX 1 MgNaOx b

T 60
30 1
MgNaOx

50

40
MgFAOX

Temperature (°C)

Compressive Strength (MPa)

0 7 14 21 28 0 10 20 30 40 50 60
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Figure 2.3 (a) Strength development of MgOx mortars, and (b) temperature
evolution of MgOx pastes and PC. (Erdogan et al., 2022).

According to mercury intrusion porosimetry results, MgFAOX paste had a smaller
average pore size and porosity than MgNaOx. Thermal analyses showed that
glushinskite decomposes with 24.3 % mass loss at 160-240 °C and 48.5 % at 400-
500 °C. Calcium oxalate monohydrate decomposed in three steps: dehydrated at 150-
200 °C, lost carbon monoxide and carbon dioxide at 450-500 °C, and 650-850 °C,
respectively. The maximum temperature achieved during the magnesium oxalate
reaction was dramatically higher than PC (Figure 2.3b). They also analyzed
magnesium oxalate cement in terms of sustainability. As a result, it was concluded
that MgFAOX has the potential to be carbon-neutral if a FAOx/Mg0O1500 ratio of
3.1 or greater is employed, pointing out the dependency of this ratio on FA/OA and
oxide composition of the fly ash used. The estimated cost per m® of MgFAOXx cement

concrete was reported as 105-200 $, higher than that of PC concrete.

Icinsel (2020) prepared magnesium oxalate cement by neutralizing OA with
hydrated (HCP) and dehydrated (DCP) cement mortars. The resulting salts of OA,
named as HCPOx and DCPOx, were then mixed with quartz sand and dead-burned
magnesia (1500 °C) to obtain magnesium oxalate mortars. XRD patterns of HCPOXx

and DCPOx mainly suggested the presence of whewellite and quartz (from sand in
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crushed mortars) alongside some unreacted OA. Compressive strengths were
determined for varying binder proportions at several ages. Magnesium oxalate
mortars made with HCPOx outperformed the DCPOx mortars because the latter
suffered from workability issues at the same water content as the former. At 28d,
magnesium oxalate mortars of HCPOXx reached ~16 MPa, while those of DCPOXx had
~10 MPa. He also investigated the effect of boric acid as a retarder. Although setting
times did not notably increase, the ultimate strengths of mortars dropped
significantly, almost to half of the HCPOXx-containing mortar. Furthermore, the
effect of substituting silica fume or a Class F fly ash for a certain amount of sand
was investigated. As a result, adding pozzolans required higher water content, thus
leading to a decrease in strength. In the thermal analyses of magnesium oxalate
pastes with recycled cement pastes, the decomposition of magnesium oxalate hydrate

and calcium oxalate hydrate was observed.

2.3.2.2 Ferrous Oxalate Cement

Luo et al. (2021) developed ferrous oxalate cement by combining iron-rich copper
slag (CS) and OA. Dry powders of CS, OA, and borax (Na,B,0,-10H,0, or B) were
milled with different CS/OA and borax-to-cement ratios (B/C), then water was added
to dry powder mix with various water-to-cement ratios (W/C).
20 mm x 20 mm x 20 mm paste specimens with the CS/OA ratio of 3.6 gave the
highest strength, reaching ~53 MPa at 28d (Figure 2.4a). Setting time gets longer as
OA content lowers (Figure 2.4a). The pH of FOC paste with CS/OA=3.6 was
measured as ~4.5 three hours after the start of hydration.
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Figure 2.4 (a) Compressive strength and setting time of FOC paste specimens with
changing CS/OA, and (b) XRD patterns of FOC paste with CS/OA = 3.6 (Luo et
al., 2021).

As the B/C ratio increased from 0.00 to 0.04, the hardening of FOC mixtures was
delayed up to 44 minutes. However, using a B/C ratio higher than 0.03 significantly
decreased the strength. Higher B/C also led to lower heat evolution upon hydration
and higher pH for FOC suspensions. As a result of the study, optimal paste
proportions were proposed to achieve high strength and sufficiently long setting time
as follows: CS/OA=3.6, B/C=0.03, W/C=0.18. Moreover, they investigated the FOC
formation mechanism. Fe;O, and Fe,SiO, present in CS dissolved in the acidic
solution, giving up Fe** cations, which reacted with HC,0; and C,03 anions in the
solution to form iron oxalate hydrate (FeC,0,4:2H,0) as presented in Equations 2.10
and 2.11, respectively. Iron oxalate hydrate was the predominant mineral observed
in XRD analyses of hydrated FOC (Figure 2.4b).

Fe?* + HC,0; + 2H,0 — FeC,0,-2H,0 + H' (2.10)
Fe** + C,0; + 2H,0 — FeC,0,-2H,0 (2.11)
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2.4  Magnesia

24.1 General Information

Magnesium is the eighth most abundant element in the Earth’s crust (~2.3 % by
weight) and the third most abundant element in seawater solution with ~1300 ppm
or 1.3 g/L (Wagh, 2016; Nobre et al., 2020). Magnesium oxide (MgO or magnesia)
is the most commonly encountered magnesium compound. Global magnesia
production capacity by 2018 was 26.4 million tons per year. Turkey’s annual
magnesia production capacity is 975,000 tons, the third highest in the world after
China (16.9 million tons) and Russia (2.88 million tons) (USGS, 2022).

Today, magnesia is produced in two main ways, and both these methods are energy
intensive. The first way, which accounts for the more significant proportion of total
production, is by calcining magnesium carbonate (MgCO; or magnesite) until it
releases its CO2. The second is by calcining magnesium hydroxide (Mg(OH), or
brucite) precipitated from seawater or magnesium-bearing brines through either a
series of chemical processes or carbonation methods (Walling & Provis, 2016; Nobre
et al., 2020; Shand et al., 2020).

The first magnesia production method (dry method), which involves heating
magnesite to above 600 °C after crushing it (Walling & Provis, 2016), is formulated
in Equation 2.12. It is similar to the production of lime by calcining limestone.
Assuming molar masses of MgO and CO, as 40 and 44 g/mol, respectively, 1.08
tons of CO, is released to obtain 1 ton of MgO by calcining pure magnesite. From
an environmental point of view, this value is higher than CO, emitted per tonne of

cement, which is 0.8-0.9 tonnes on the global average (Jahren & Sui, 2013).

>600 °C
MgCO; + Heat —— MgO + CO, (2.12)
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Besides, the amount of CO, emitted from magnesia production is also related to the
kiln temperature. Determined by the desired reactivity of MgO, there are four main
types of magnesia produced by adjusting kiln temperatures. Light-burned (caustic-
calcined) magnesia, calcined at 700-1000 °C, has the highest specific surface area
and reactivity. Light-burned magnesia is utilized in various industries, such as
agriculture, paper, and pharmaceutical. Hard-burned magnesia, calcined at 1000-
1500 °C, has a lower specific surface area and reactivity than light-burned magnesia.
Dead-burned magnesia, calcined at 1500-2000 °C, is even lower in surface area and
reactivity. Dead-burned magnesia, which will be encountered in this thesis, is used
in the refractory and cement industries. Fused magnesia, calcined at temperatures
above 2800 °C, has the lowest reactivity. The energy required and CO, emitted
increases with kiln temperature, as expected (Walling & Provis, 2016; Nobre et al.,
2020).

The second method for producing magnesia (wet method) is the precipitation of
Mg(OH), from a solution rich in magnesium through complex chemical processes.
The wet method yields the production of purer magnesia than the dry method, but
the energy requirement of the wet method is three times higher than that of the dry
method. In the wet method, Mg-rich solution (seawater or brine) is pre-treated with
sulfuric acid (H,SO,) to remove carbonates (Equation 2.13) and obtain a solution
rich in MgCl,. Then, the solution rich in MgCl, is reacted with slaked lime
(Ca(OH),) or dolime (CaMg(OH),) to precipitate Mg(OH), as illustrated in
Equations 2.14 and 2.15, respectively. After the precipitated Mg(OH), slurry is
filtered and washed, it is calcined at 350 °C (Walling & Provis, 2016; Devasahayam
& Strezov, 2018; Nobre et al., 2020; Shand et al., 2020). Figure 2.5 illustrates the

route for producing MgO through the wet process.

Ca(HCO3)2 + H2SO4 — CaSO4 + 2C02T + 2H20 (213)
MeCl, + Ca(OH), — Mg(OH), | + CaCl, (2.14)
MeCl, + CaMg(OH), — 2Mg(OH),| + CaCl, (2.15)
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Figure 2.5 Flow diagram of the wet method (Shand et al., 2020).

One other alternative for the wet method is the pyrohydrolysis of magnesium
chlorides in 1000 °C steam (Equation 2.16).

o,

~1000 °C
MgCl,-6H,0 —— MgO + 2HCI + 5H,0 (2.16)

2.4.2 Magnesium Phosphate Cement

Magnesium phosphate cement (MPC) is formed by mixing magnesia powder with
acid phosphate in an aqueous environment (Odler, 2000). The acid phosphate may
be ammonium dihydrogen phosphate (NHsH2PO4), ammonium hydrogen phosphate
((NH4)2HPOQOy4), sodium tripolyphosphate (NasP3O10), potassium dihydrogen
phosphate (KH2PO4), aluminum hydrogen phosphate, or magnesium dihydrogen
phosphate (Mg(H2POa4)2) (Shand et al., 2020). Among the given, ammonium
dihydrogen phosphate and potassium dihydrogen phosphate are the most widely
used. The system is called magnesium ammonium phosphate cement (MAPC) and
magnesium potassium phosphate cement (MKPC) when the former and latter are
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used as the acid source, respectively. MPCs have found various application fields,
such as quick repair of roads and floors, radioactive and hazardous waste

stabilization, and shielding against nuclear radiation (Wagh, 2016).

MgO is sparsely soluble in water, but its solubility becomes higher in a phosphoric
acid solution. The acid-base reaction between MgO powder and phosphoric acid is
fierce even when the acid solution is diluted, leading to noncoherent precipitates, as
described in Section 2.2.2. Therefore, acid phosphate salts, which are higher in pH
(less acidic) than phosphoric acid solution, are used to control the reaction rate when
manufacturing MPC (Odler, 2000; Shand, 2006). The reaction rate can also be
controlled by calcining MgO. Once MgO is burned at temperatures >1300 °C, the
individual MgO particles become bigger and denser. As the calcination temperature
and residence time increase, the specific surface area of the individual MgO grain
decreases, making MgO less soluble and hence less reactive (Wagh & Jeong, 2003).
Figure 2.6a presents the pH of the solution in which MgO and H3PO4 are mixed. It
can be inferred that the calcination reduces the solubility of MgO.
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Figure 2.6 (a) The change in pH with time after adding MgO to an HsPO4 solution
(Wagh & Jeong, 2003), and (b) the change in setting times of MPCs with M/P
(Shand et al., 2020).

The setting time of MAPC is slightly shorter than that of MKPC due to the higher
solubility of the acid phosphate used in MAPC. Figure 2.6b suggests that setting

times tend to decrease with increasing magnesium-to-phosphate molar ratio (M/P).
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Using less acidic phosphates can help produce MPC with longer setting times. For
example, the setting time of MKPC made with KH2POj4 increased from 5 minutes to
180 minutes after replacing KH2PO4 with K;HPO4 (Shand et al., 2020).

Another way to control the reaction rate is to use boric acid or borates. Boron
compounds cover the surface of MgO grains to retard the setting (Wagh, 2016).
However, Tan et al. (2016) point out that using boric retarders results in increased
costs. Gelli et al. (2022) demonstrated the effect of borax on the fluidity and setting
time of MPC pastes. Higher borax content resulted in a higher flow of MPC paste
(Figure 2.7a). As plotted in Figures 2.7b and 2.7¢, adding 10 % borax by mass of tri-
magnesium phosphate (TMP, the basic powder used in their study) led to delaying
the final setting time of MPC paste up to over 80 minutes. Even though adding borax
helps gain more time for workability, Yang & Qian (2010) found that using 7.5-10
% borax had a positive effect on the late strength, while the utilization of less than

7.5 % or more than 10 % of borax gave relatively lower strength (Figure 2.8).
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Figure 2.7 (a) Images of MPC pastes with increasing borax content from top to
bottom, and (b-c) initial and final setting times of MPC pastes. (Gelli et al., 2022).
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Figure 2.8 The effect of increasing the borax-to-magnesia ratio (from 2.5 % (mix 1)
to 12.5 % (mix 5) by 2.5 % increments) on the strength of MKPC pastes. (Yang &
Qian, 2010).

Hydration reactions of ammonium dihydrogen phosphate, diammonium hydrogen
phosphate, and potassium dihydrogen phosphate with dead-burned magnesia are
given in Equations 2.17, 2.18, and 2.19, respectively.

MgO + NH4H2PO4 + 5H20 — NH4MgPO46H20 (217)
MgO + (NH4)2HPO4 + 5H20 — NH4MgPO46H20 + NH3T (218)

In Figure 2.9, the pH of MAPC with changing M/P is compared to that of MKPC
with M/P=1. pH increases with increasing M/P. The pH of MAPC mixtures made
with ammonium dihydrogen phosphate was 5-6 for M/P=2 and M/P=3, while a pH
of 9-10 was achieved for M/P>5. On the other hand, the pH of the MKPC mixture
prepared with potassium dihydrogen phosphate was ~7.5 though its M/P ratio was
even smaller than that of MAPC mixtures. The pH development rate of the MKPC
mixture was also lower than those of MAPC mixtures, which may be why MKPC is

slower than MAPC in the setting.
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Figure 2.9 Comparison of the pH of MAPC (solid curves) and MKPC (dotted
curve) (Le Rouzic et al., 2017).

25 Calcium Sulfoaluminate Cement

251 General Information

Calcium sulfoaluminate (CSA) cement was designed and industrialized by the China
Building Materials Academy in the 1970s (Yuan et al., 2021). The main compounds
of its clinkers are ye’elimite (C4A3S), belite (C,S), ferrite phase (C,AF), and
anhydrite (CS). In CSA clinker, ye’elimite content varies between 35 and 70 wt. %,

while the belite and ferrite phases are present in considerable amounts, as well.

CSA cement is deemed a low-energy cement because of lower calcination
temperatures of 1250-1350 °C compared to PC, about 1450 °C. As can be inferred
from Table 2.1, its low energy requirement can be linked to the lower enthalpy of
ye’elimite formation than alite (C3S), the main compound of PC. Since the CO>
emitted upon the formation of ye’elimite is less than half of alite’s, CSA cement can

also be regarded as eco-friendly.
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Table 2.1 Energy requirement and CO: released during the formation of cement
compounds. Adapted from Sharp et al. (1999).

Cement compound Enthalpy of formation COz released
(kJ/kg-clinker) (kg/kg-clinker)
GsS 1848.1 0.578
p-C,S 1336.8 0.511
C4A3S ~800 0.216

CSA clinkers can be produced by combining limestone, clay, bauxite, and
gypsum/anhydrite (Yuan et al., 2021). During clinkering of CSA systems, C2AS
forms first at 900 °C and reacts with CS at 1000 °C to form C,A;S and o -C,S, finally
disappearing at 1200 °C. Contingent upon the A/F ratio, ferrite phases form with
variable composition (Sharp et al., 1999).

2.5.2 Hydration Mechanism

Ettringite (C4AS;Hj,) is the main hydration product of CSA cement. It contributes
to the early strength development of CSA cement. It is formed by the hydration of
ye’elimite in the presence of anhydrite (Equation 2.20) or gypsum (Equation 2.21).
In the absence of a sulfate source such as gypsum, ye’elimite hydrates to form
monosulfate (C,ASH,,) as described in Equation 2.22. Monosulfate becomes
ettringite when sufficient sulfate and water are available in the pore solution
(Equation 2.23). The hydration of ye’elimite also yields amorphous AHs (Brien et
al., 2013; Canbek et al., 2020; Odler, 2000; Yuan et al., 2021).

C4A;S +2CS +38H — C4AS;H;, + 2AH; (2.20)
C4A;S +2CSH, + 34H — C¢AS;H;, + 2AH; (2.21)
C4A;S + 18H — C,ASH,, + 2AH; (2.22)

2C4ASH;, +2CS + 52H — C4AS;H;, + C4ASH, +4AH;  (2.23)
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Belite in CSA clinker hydrates to produce C-S-H and portlandite (Equation 2.24), as
it does in PC (Yuan et al., 2021).

C,S + (x+2-y)H — C,SH, + (2-y)CH (2.24)

According to Fukuhara et al. (1981), C4AF and gypsum react in an aqueous
environment to form some amorphous ferrite hydrates and ettringite (Equation 2.25).

— 1 4 — 2
C4AF + 3CSH2 + 35 §H — §C3 (A0.75,F0.25)'3CS'H31 + gFH3 (225)

Sharp et al. (1999) presented XRD patterns for CSA cement. Ferrite, ye’elimite, and
belite phases were found in CSA clinker. Ettringite was the main crystal observed
after hydration, while the belite that was present at the early ages of hydration
disappeared upon late activation. Canbek (2018) also investigated XRD patterns of
a CSA cement (~50 % ye’elimite, ~30 % brownmillerite, ~15 % belite, clinker-to-
gypsum ratio of 81:19) at 1, 3, and 28 days of hydration (Figure 2.10). Unreacted
ye’elimite, brownmillerite, and gypsum were observed together with ettringite even

at 28d of hydration.
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Figure 2.10 XRD patterns of CSA clinker and hydrated CSA cement at 1, 3, and 28
days of hydration (Canbek, 2018).
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CHAPTER 3

EXPERIMENTAL PROCEDURE

The experimental procedure followed and the materials used in this study are

introduced in this chapter.

3.1 Materials

3.11 Oxalic Acid

Technical-grade oxalic acid dihydrate (C,H,0,4-2H,0, OA in short) in powder form
was used as the source of anions in acid-base mixtures. The pH of OA was measured
as 1.00 at 0.00119 molality. OA was not used “as is” in mixtures and was partially

neutralized with the addition of clay.

3.1.2 Clay

Clay procured from Votorantim Hasanoglan Cement Plant in Ankara, Turkey was
used to produce clay oxalate. To calculate its loss on ignition (LOI), after being
preheated at 110 °C for 24 hours, the clay was calcined at 1050 °C for two hours.
The oxide composition determined by X-ray fluorescence (XRF) spectrometry and
the LOI of the clay are given in Table 3.1.

Table 3.1 The oxide composition and the LOI of the clay used.

Oxide Mass (%0)
Si0, 56.20

Al,O; 19.10

Fe,05 8.39
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Table 3.1 continued.

Ca0 7.16
MgO 251
K,0 2.60
TiO, 1.15
SO, 1.08
LOI (%) 8

Nevertheless, the so-called clay used in this study might not be clay but only a silicon
source utilized in cement production. Figure 3.1 shows that quartz is the main
mineral in this clay. Also, the XRD analysis did not detect clay minerals like
kaolinite or illite except for some montmorillonite peaks. On the other hand, some

peaks could not be identified. Still, the material was treated as clay.
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Figure 3.1 XRD pattern of the clay used. (Q: quartz, Mt: montmorillonite)
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3.1.3 Dead-burned Magnesia

Magnesia (MgO) powder was dead-burned at 1500 °C for one hour inside alumina
crucibles, as described by Bilginer (2018). Upon cooling after calcination, the
powder inside the crucible turned into a hard mass. The hard mass was ground and
sieved until 95 % of it passed through the 150-um sieve to obtain dead-burned
magnesia (DBM).

The effect of the calcination on the specific gravity of the ground and sieved
magnesia was also analyzed by Bilginer (2018). As shown in Figure 3.2, the specific
gravity increases with the calcination temperature. At 1500 °C, the specific gravity

of magnesia is around 3.48.
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Figure 3.2 The effect of calcination on the specific gravity of magnesia (Bilginer,
2018).
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3.14 Raw Materials Used in CSA Clinker Production

Limestone, gypsum, and bauxite were used as raw materials while producing CSA
clinker. Limestone and gypsum were procured from Votorantim Hasanoglan Cement
Plant, while bauxite was supplied by Demireller Mining Inc. Raw materials were air-
dried and ground in a ball mill until 95 % passed through the 150-um sieve. The raw
materials were calcined at 1050 °C with a residence time of two hours after
preheating at 110 °C for 24 hours, as done for the clay, to find their LOI. Table 3.2

shows the oxide compositions of these raw materials.

Table 3.2 The oxide compositions of raw materials used in CSA clinker

production.

Oxide Limestone (%) Gypsum (%) Bauxite (%0)
Si0, 2.96 455 13.40
Al,O4 1.44 1.64 50.00
Fe, 05 0.61 1.07 27.90
CaO 49.86 34.86 2.15
MgO 0.73 0.33 0.45
K,0 0.17 0.26 1.27
TiO, 0.00 0.13 341

SO; 0.16 42.18 0.07

LOI (%) 42 15 15

In Figure 3.3, the XRD pattern of the CSA clinker produced is shown. The main
compound in the CSA clinker was ye’elimite (peaks at ~24, ~34, and ~42 °20).
Brownmillerite (peaks at ~12, ~32, ~34, and ~47 °20) and belite (peak at ~32 °26)

were other compounds found in the clinker.
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Figure 3.3 XRD pattern of CSA clinker prepared. (Br: brownmillerite, Y:
ye’elimite, Be: belite)

3.2 Methods

3.2.1 Production of Clay Oxalate

Experiences from preliminary laboratory research showed that mixtures made with
OA-as-is reached remarkably high reaction rates; hence a noncoherent precipitate
forms upon mixing with metal oxides. Nevertheless, it is known that if the reaction
rate between acid and base is controlled, the development of coherent bonds between
reacting particles can be developed (Wagh, 2016).

Clay was selected in this study to partially neutralize oxalic acid and slow down the
acid-base reaction. The final product is called “clay oxalate” (CO). The main reason
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clay was selected for the neutralization and replacement of OA is that it is abundant

and inexpensive.

Small preliminary batches of CO batches were prepared preliminarily to determine
an optimal ratio. Three different clay-to-oxalic-acid ratios (C/OA), 0.67, 1.00, and
1.50, by mass, were selected for paste trials (Table 3.3).

Table 3.3 C/OA used in the preliminary works to produce CO.

ID C OA
CO-0.67 1 1.5
CO-1.00 1 1
CO-1.50 1.5 1

While preparing magnesium clay oxalate (MCO) cement pastes, reaction rates of
mixtures decreased with decreasing OA content, as one can expect. Observations
also proved the difficulty of making MCO pastes when CO-0.67 is used due to its
fast setting (high reactivity). Moreover, pastes made using CO-1.50 were cooler than
those made with CO-0.67 and CO-1.00, so it was presumed that its clay content was
more than required and hence not reactive enough. As a result of this preliminary
work, CO-1.00 was selected for the remainder of the study. From this point on, CO
refers to the clay-to-oxalic-acid ratio of 1.00.

CO is produced in four main stages: material mixing, oven drying, grinding, and

sieving. A sample production guide for CO-1.00 is as follows:

1) 6 kg of OA is combined with 6 kg of deionized water and mixed for 5
minutes. Then, 6 kg clay is added gradually, and the mixing is continued for
another 15 minutes until the frothing stops.

2) After the material mixing stage, the mixture is cast into shallow containers
(Figure 3.4a) and allowed to dry at 105 £ 5 °C for three days to ensure

complete water evaporation (Figure 3.4b).
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3) CO is put into a laboratory ball mill and ground for around 20 minutes

following the drying stage.
4) Ground CO is sieved through ASTM No. 100 sieve.

Figure 3.4 (a) CO after mixing and (b) CO after oven drying. The container in the
pictures is 30 cm in length, 25 cm in width, and 5 cm in depth.

3.2.2 Production of CSA Clinker

CSA clinker was produced in the laboratory by combining raw materials and
calcining them in a muffle furnace. Raw materials in powder form were initially dry-
mixed in a mixing bowl until a homogeneous display was obtained, and deionized
water was added with a water-to-powder ratio (W/P) of 0.25. Then, the mixture was
mixed into a plastic clinker paste (like play dough) with a benchtop mixer following
the procedure described in ASTM C305 (2020). The obtained paste was rolled into
slender sticks approximately 1 cm in diameter and placed on refractory plates in a
grid pattern (Figure 3.5) to ensure even calcination of clinker paste. The paste was
heated up to 1300 °C at a rate of 10 °C/min and resided for 2 hours at 1300 °C in a
PROTHERM MoS-B 160/8 laboratory kiln.
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Figure 3.5 CSA clinker paste shaped as slender sticks and ordered in a grid pattern.

The raw material proportion for CSA clinker production is the same as the reference
clinker (N2) defined in Canbek (2018): 40 % limestone, 40 % bauxite, and 20 %
gypsum. LOI of a material is taken into account in calculating the amount of that
material used in the clinker mixture—a sample calculation of a 1-kg batch of CSA

clinker is presented in Table 3.4.

Table 3.4 Sample calculation of raw materials proportion to produce 1 kg of CSA

clinker.
Limestone Bauxite Gypsum Total
Weight after 400 400 200 1000
calcination (g)
LOI (%) 42 15 15 -

Weight before 400 400 200

gt - - = = = 1395
calcination (9) | 1-0.42 690 1-0.15 470 1-0.15 235

3.2.3 Preparation of Clay Oxalate Cement with DBM and CSA

A mixing method was developed after several trials for making magnesium clay
oxalate (MCQ), CSA clay oxalate (CSACO), and hybrid clay oxalate (HYBCO)
mixtures. HYBCO is made by combining DBM and CSA clinker in equal parts.
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MCO, CSACO, and HYBCO cements can all be referred to as “clay oxalate cement”
(CO0).

A benchtop laboratory cement mixer could not be employed in this study since
setting times were too short for mixing and subsequent cleaning. Therefore, mixtures

were prepared by hand mixing using a metal spoon.

1) CO is put into the mixing bowl.

2) Around 85 % of the total water is added and mixed with CO. The paste is
sticky and likely to flocculate; hence, detected flocculations are squashed to
avoid a drop in consistency later in the mixture.

3) Sand is mixed with the paste in halves. Since the paste is dense, adding all
sand at once makes mixing harder at this step. If a paste is being prepared,
this step is skipped.

4) After the remaining water is added, the DBM, CSA, or an even blend of both
is supplemented. The mixing is finalized when a homogeneous-looking paste
or mortar is ensured. As the mixture tends to set quickly, this stage should

not take more than 30 seconds.

Silica sand that conforms to EN 196-1 (2016) was used. Sand-to-binder ratio (S/B)
used to prepare mortars was determined based on how the change in the ratio affected
workability and mechanical properties. Mortar specimens with S/B of 2.50, 2.75, and
3.00 were visually inspected and tested at 1d for compressive strength. S/B=2.50 was
employed instead of 2.75 in ASTM C109 (2020) because the workability of the
mixture was already low due to CO’s being sticky and visibly reduced with
increasing S/B. Furthermore, since this is a new type of cement and no plasticizer is
known to work in this system, no admixture was utilized in this study despite the

issues with workability.
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3.24 Calculation of Carbon-Neutral COC Mix Proportions

Carbon footprint (CF) analyses were made for three separate pastes; MCO, HYBCO,
and CSACO pastes. Optimal mix proportions for carbon neutrality of each type of
oxalate cement were calculated. The overall logic is to use more OA to enable CCUS
and less DBM to lower carbon emissions. Using more OA and less DBM than
calculated makes the mixture carbon-negative, yet, increasing OA dosage makes the
mix costlier, as mentioned in Section 2.3.2.1. Moreover, the CO, equivalent of
energy requirement for producing CO, involving processes such as OA production,
mixing, heating, and grinding, was neglected. It should be noted that producing OA
via the direct conversion of CO2 may be so energy-intensive that it can be carbon-
positive unless renewable energy sources are employed. The reader is encouraged to
repeat the calculations with distinct approaches and emission values.

3.3  Experiments

3.3.1 Compressive Strength

Compressive strength is one of the most prominent features to evaluate the
performance of a cementitious system. Table 3.5 shows the CO/DBM/CSA mass
ratios used to investigate the compressive strength development of COC mortars.
These ratios were selected such that the effect of CO dosage and replacing DBM

with CSA on the mechanical properties of COC mortars could be seen.

For example, to cast two cube mortar specimens of the mixture CO7-DBM, with a

W/B of 0.35 and S/B of 2.50, the following amounts were used as ingredients:

e 140 g of CO
e 60gof DBM
e 500 g of sand

e 70 g of deionized water
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Table 3.5 Mixture proportions used in compressive strength tests.

ID CO DBM CSA
CO3-DBM 3 7 0
CO4-DBM 4 6 0
CO5-DBM 5 5 0
CO6-DBM 6 4 0
CO6-HYB 6 2 2
CO6-CSA 6 0 4
CO7-DBM 7 3 0
CO7-HYB 7 1.5 1.5
CO7-CSA 7 0 3
CO8-DBM 8 2 0
CO8-HYB 8 1 1
CO8-CSA 8 0 2

Mortars were cast into 5-cm cube plexiglass molds in two layers and hand-tamped
and shaken. Metal molds were not used since COC paste tends to stick to metal
surfaces and disturb the smoothness of the sample surface. The cube specimens were
demolded two hours after casting, which is possible due to COC’s fast setting and
high early strength. The samples were air-cured at ambient temperature and tested in
compression at 6 hours, 1 day, 7 days, and 28 days with a Universal Testing Machine
at a loading rate of 1.5 kN/s. Two cube specimens were used to determine

compressive strength at the specified ages.

3.3.2 X-ray Diffraction Analysis

X-ray diffraction (XRD) is an analytical technique commonly used for characterizing
cement (Scrivener et al., 2016). In this study, a series of qualitative XRD analyses
were carried out for phase identification. A benchtop Olympus BTX-11 device was

used for scanning XRD powder samples between 5 and 55 °26 with a resolution of

33



0.05 °20 via CuKa radiation. The analyses of powder diffraction data were done

using Crystallography Open Database (Grazulis et al., 2009, 2012).

C0-0.67, CO-1.00, and CO-1.50 powders were scanned and analyzed. Additionally,
CO3-DBM, CO5-DBM, CO7-DBM, CO7-HYB, and CO7-CSA pastes were used in
XRD analyses, all with a W/B of 0.30. The pastes were selected so that the effect of
CO dosage and replacing DBM with CSA clinker on the mineral structures could be
observed. Paste samples were kept under room conditions and inside separate
containers, which were sealed via plastic foil to prevent the carbonation of samples.

All samples were ground and passed through ASTM No. 100 sieve.

3.3.3 pH Measurement

CO7-DBM, CO7-HYB, and CO7-CSA pastes were prepared using a W/B of 0.30.
Paste samples were cured as described in Section 3.3.2. The pH of paste samples was
tested at 1h, 3h, 6h, 1d, 7d, and 28d. At testing ages, hardened paste samples were
ground using a mortar and pestle into powder and sieved through ASTM No. 100
sieve. 10 g of COC paste in powder form was added to 30 g of deionized water and
mixed for 20 minutes with a magnetic stirrer. After stirring and obtaining a
concentrated solution of COC paste, pH was measured using a pH meter, OAKTON
PC 300. The pH meter was calibrated at three points (pH of 4.01, 7.01, and 10.01)

before each measurement age. pH for each mixture was measured once.

3.34 Setting Time

COC mortars of the following mixtures were prepared for setting time measurement:
CO3-DBM, CO4-DBM, CO5-DBM, CO6-DBM, CO7-DBM, CO7-HYB, CO7-
CSA, and CO8-DBM. Setting times of COC mortars with different mixture ratios
were measured using a Vicat needle apparatus. The experimental setup was modified
from ASTM C807 (2021). Cylinder molds of 25 mm diameter and 50 mm height
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were used as molds. While making the mortars, a W/B of 0.35 was used. Setting time

for each mixture was measured once.

3.35 Thermogravimetric Analysis — Differential Scanning Calorimetry

Thermogravimetric analysis (TGA) and simultaneous differential scanning
calorimetry (DSC) were carried out in the Central Laboratory of Middle East
Technical University. The experiments were performed using an SDT650
simultaneous thermal analyzer in a nitrogen atmosphere by heating the samples to
800 °C at arate of 15 °C per minute. Paste samples were prepared (CO7-DBM, CO7-
HYB, CO7-CSA) and cured similarly to the ones used for pH measurement and
tested at 1 and 28 days.

3.3.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) analyses were performed in the Central
Laboratory of Middle East Technical University to investigate the microstructure of
COC pastes. The paste samples used in SEM were made of CO7-DBM, CO7-HYB,
and CO7-CSA mixtures and were cured similarly to the ones used for pH
measurement. Images were taken at several magnifications at 1 and 28 days.

3.3.7 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) was used to characterize the pore structure of
COC. In this technique, a non-wetting fluid (e.g., mercury) intrudes into the porous
sample by applying increasing pressure (Scrivener et al., 2016). Cylinder-shaped
pellet samples with approximately 0.7 cm diameter and 1 cm height were prepared
and sent to METU Central Laboratory for testing. Similar to TGA and SEM
experiments, the pastes of CO7-DBM, CO7-HYB, and CO7-CSA were used when
preparing COC pellets and were tested only at 28 days. Specimens prepared for MIP
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were carefully cured by halting their contact with air and avoiding possible
carbonation. Preventing carbonation on the sample surface is more critical in the case
of MIP since carbonation might directly affect permeation and lead to misleading

results.

The contact angle between mercury and porous surface (6) and surface tension of
mercury (y) were taken as 140 ° and 0.48 N/m, respectively. The pressure (P) was
applied up to 30,000 psi, a generic number for MIP applications in cementitious
materials. This pressure theoretically enables measuring pore diameter (d) as small
as 1.8 nm according to the Washburn equation (Equation 3.1), which is sufficient to
demonstrate the distribution of capillary pores whose diameter is at least 10 nm
(Dong et al., 2017).

4y cos
P

(3.1)

3.3.8 Coffee Cup Temperature Measurement

Pastes made with CO3-DBM, CO5-DBM, CO7-DBM, CO7-HYB, and CO7-CSA
mixtures were used. The pastes were mixed inside polystyrene coffee cups while the
data logger recorded the temperature per second with type T thermocouples. W/B
0.3 was used in the preparation of paste samples. Each paste was prepared so that the
total weight in a coffee cup was 26 g. For example, 14 g of CO, 6 g of DBM, and 6
g of water were mixed to prepare the temperature measurement paste of CO7-DBM.
First, water was added to CO powder and mixed for 60-80 seconds; then, the other

powder (DBM, CSA, or their blend) was put in the mixture.

Figure 3.6a shows the experimental setup. The styrofoam cups used in the
experiment (Figure 3.6b) were 4 and 7 cm in diameter at the bottom and top,
respectively. To ensure insulation, coffee cups were closed with polystyrene lids
with small holes that make room for mixing. Mixing holes were plugged with corks
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to limit the amount of heat escaping after mixing was complete. Agilent 34972A data

acquisition device was used in the experiment.

Figure 3.6 (a) The experimental setup for temperature measurement. The data
logger is in the middle, and the cups with the COC pastes inside. (b) Close-up of a
measurement cup showing the thermocouple wire and mixing hole plug.

3.3.9 Water Resistance

Cube mortar specimens with an edge length of 5 cm were air cured at room
temperature for 28 days. Afterward, the specimens were immersed in containers
filled with deionized water. The water inside the containers was not refreshed
throughout the experiment. The containers were sealed with plastic foil to prevent
the dissolution of CO, into the water and subsequent carbonation of the samples.
The specimens were kept under water for 1, 7, and 28 days and their compressive
strengths were measured immediately after removing from the water and drying their

surfaces. An image of the setup can be seen in Figure 3.7 below.
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Figure 3.7 The experimental setup for water resistance testing. 5-cm COC mortar
cube specimens are underwater.
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CHAPTER 4

RESULTS AND DISCUSSION

The results of the experiments explained in Chapter 3 are presented and discussed in
this chapter.

4.1 Determination of S/B in COC Mortars

As S/B increased, the workability of the mortar decreased. Poor workability led to
defects in the surface texture of 5-cm cube mortar specimens due to difficulties
during compaction. Figure 4.1 shows that the surface of the specimen of S/B=2.50
is smoother than those with S/B of 2.75 and 3.00. 1-day compressive strengths of
mortars with an S/B ratio of 2.50, 2.75, and 3.00 were measured to evaluate the effect
of the S/B ratio on strength. The results were 24.0, 23.5, and 24.4 MPa, respectively.
S/B=2.50 was selected for mortars because the strengths did not differ much from

one another, and the mortar with the S/B of 2.50 was the most workable one.

Figure 4.1 Visual change in the surface texture of 5-cm cubic mortar specimens for
S/B of (a) 2.50, (b) 2.75, and (c) 3.00.
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4.2  Compressive Strength

4.2.1 Influence of W/B on the Compressive Strength of MCO Mortars

The effect of the W/B on the compressive strength of CO7-DBM is shown in Figure
4.2. The compressive strength drops with increasing W/B, as expected. Due to
workability problems, experiments did not cover a W/B lower than 0.35. From 7d to
28d, strengths decreased in mortar specimens with W/B of 0.40 and 0.45, probably
due to the cement matrix being highly porous after excess water escaped.

35 1
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30 1d
—4— 7d
—— 28d
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S 9] [} (]
1 1 1
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1

0.35 0.40 0.45
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Figure 4.2 The change in compressive strength of CO7-DBM for changing W/B.
Error bars show the standard deviation in strength.
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4.2.2 Influence of CO/DBM on the Compressive Strength of MCO
Mortars

Figure 4.3 depicts the change in compressive strength of the MCO mortars with
changing CO/DBM. The MCO mortars of CO3-DBM, CO4-DBM, and CO5-DBM
mixtures underperformed both in early and late strength compared to CO6-DBM,
CO7-DBM, and CO8-DBM mortars due to insufficient formation of strength-giving
magnesium oxalate compounds. Although having comparable compressive strength
with CO8-DBM mixture at 28d and CO6-DBM mixture at 7d, CO7-DBM mixture
gave the highest compressive strength at all ages, which is why CO7-DBM, CO7-
HYB, and CO7-CSA mixtures were primarily investigated in this study.
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Figure 4.3 The change in the compressive strength of MCO specimens with
varying CO/DBM. Error bars show the standard deviation in strength.
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423 Influence of CO/CSA on the Compressive Strength of CSACO
Mortars

In Figure 4.4, the changes in compressive strength of the CO6-CSA, CO7-CSA, and
CO8-CSA mortars with varying CO/CSA ratio are shown. Although 6h and 1d
strengths tended to decrease with increasing CO/CSA, this trend was not valid for

strengths at 7d and 28d. Comparable 28d strengths around 25-30 MPa were achieved.
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Figure 4.4 The change in the compressive strength of CSACO specimens with
varying CO/CSA. Error bars show the standard deviation in strength.

4.2.4 Influence of CSA Clinker Replacement on the Compressive Strength
of COC Mortars

In Figure 4.5, the strength development of the COC mortars prepared with CO6-
DBM, CO6-HYB, and CO6-CSA is shown. It can be observed that CO6-HYB
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mortar gave higher strength than CO6-DBM and CO6-CSA mortars at all ages.
Although the other two are stronger at early ages, CO6-CSA mixture reaches a
comparable 28-day compressive strength, which might be a result of late activation
of belite (C,S) inside the incorporated CSA clinker. As will be discussed in Section
4.3.4, ettringite (C4ASH;,) formation in the early ages does not occur; thus, COC
mixtures could not benefit from the reaction mechanism giving early strength to CSA

cement.
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Figure 4.5 The strength development of the COC mortars of CO6-DBM, CO6-
HYB, and CO6-CSA. Error bars show the standard deviation in strength.

The strength development of the COC mortars prepared with CO7-DBM, CO7-
HYB, and CO7-CSA is shown in Figure 4.6. Unlike CO6-HYB, CO7-HYB does not
show the highest compressive strength. Instead, CO7-DBM mortar gives the highest

strength. Furthermore, although CO7-HYB mortar has higher compressive strength
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than CO7-CSA at 6h and 1d, they develop similar compressive strengths at later

ages.

Compressive strength (MPa)

—$— CO7-DBM
CO7-HYB
—— CO7-CSA

28
Age (day)

Figure 4.6 The strength development of the COC mortars of CO7-DBM, CO7-
HYB, and CO7-CSA. Error bars show the standard deviation in strength.

In Figure 4.7, the strength development of CO8-DBM, CO8-HYB, and CO8-CSA
specimens is displayed. CO8-DBM mortar cannot grow as strong as CO7-DBM in
the early ages; however, 28-day strengths are comparable, CO7-DBM mixture
having 34.0 MPa, and CO8-DBM mixture having 32.6 MPa. Additionally, CO8-
CSA mortar has significantly lower early strength than CO6-CSA and CO7-CSA

mortars.
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Figure 4.7 The strength development of the COC mortars of CO8-DBM, CO8-
HYB, and CO8-CSA. Error bars show the standard deviation in strength.

4.3  X-ray Diffraction Analysis

43.1 Influence of C/OA on the Crystal Structure of CO

Figure 4.8 presents the qualitative XRD analysis results for the CO powders with
varying C/OA ratios. Many peaks of OA crystals (marked X on the figure) appear in
the XRD pattern of CO-0.67 powder, which means that the intended partial
neutralization of oxalic acid with clay was insufficient. The displayed OA peaks also
match the observations in the preliminary trials made in the laboratory. The mixtures
prepared with CO-0.67 were too warm and set too rapidly to handle, resulting from
the OA left unreacted. On the other hand, CO-1.50 had low reactivity and did not get

as warm as other mixtures while making a paste out of it.
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Figure 4.8 The XRD patterns observed in CO-1.50, CO-1.00, and CO-0.67. (Q:
quartz, Wd: weddellite, X: oxalic acid)

Interestingly, although oxalate phases of metals (e.g., calcium, iron), such as
whewellite (CaC,04-H,0), weddellite (CaC,04(2+x)H,0) or humboldtine
(FeC,04-2H,0) were expected, there appears to be no sign of the formation of metal
oxalate phases in the figure above, other than a little weddellite peak at around 15
°20 in CO-1.00 sample. However, the pastes and mortars made with CO-1.00
warmed up and gained strength. From these findings, it can be said that the clay
compounds react with OA to form amorphous products that cannot be seen by the
XRD technique.

4.3.2 Influence of Calcination on the Crystal Structure of Magnesia

The XRD patterns before and after the calcination of magnesia at 1500 °C are plotted
in Figure 4.9. The periclase (MgO) peaks remain unchanged after the dead-burning
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process. The magnesite (MgCO5) peaks, on the other hand, disappeared due to the

decomposition of CO,. Simultaneously, the formation of the forsterite (Mg, SiO4)

crystals are observed due to SiO. impurities in the magnesia.
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Figure 4.9 The XRD patterns observed in uncalcined MgO and DBM. (P: periclase,
M: magnesite, F: forsterite)

4.3.3 Influence of the Change in CO/DBM Ratio on the Crystal Structure
of MCO Pastes with Age

The diffraction patterns of MCO pastes from XRD analysis are shown in Figure 4.10.
The formation of the magnesium oxalate phase, glushinskite (Mg(C,0,4)-2H,0) is
observed in all mixtures at all ages. It can be noticed that as the periclase peak at
around 43 °20 becomes less intense with decreasing DBM proportion, the
glushinskite peak at around 18 °20 gets sharper. Glushinskite peaks could not grow

more intense in the mixtures with lower DBM proportions because the oxalate ions
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in the solution were insufficient. The inert quartz peaks also become more intense
with increasing CO proportion. It should also be noted that despite the shortage of
oxalate ions compared to magnesium cations in CO3-DBM and CO5-DBM pastes,
glushinskite peaks could have been sharper if less calcined and more reactive
magnesia had been used. However, the reaction rate would have been higher in such

a case, hence would have led to lower setting times.
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Figure 4.10 The XRD patterns of CO3-DBM, CO5-DBM, and CO7-DBM pastes at
1d, 7d, and 28d. (G: glushinskite, Q: quartz, P: periclase)

4.3.4 Influence of Replacing DBM with CSA Clinker on the Crystal
Structure of COC Pastes

Figure 4.11 below presents the XRD patterns of CO7-DBM, CO7-HYB, and CO7-
CSA pastes on the 1%, 7" and 28" days of hydration. Glushinskite, quartz, and
unreacted periclase are observed in CO7-DBM sample, as discussed in Section 4.3.3.
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Glushinskite peaks get more intense as periclase peaks become less. Trace amounts
of ettringite (peaks at ~9 and ~16 °20) are observed in mixtures including CSA
clinker beyond 7 days of hydration. It can be noticed that ettringite does not form in
appreciable amounts and ye’elimite, which is consumed in the early stages of its

hydration to form ettringite, remains on the 28" day of hydration.

G Q

-_*-F—J\-LM Q
1d - CO/-DBM v N v - N
1d - CO7-HYB l T

A
Nt/ ”~

1d - CO7-CSA
Bl
S [T .
oy E E
2 7Ja-corAve™ T e ‘
E D SN WS W, A ~ -~
7d - CO7-CSA o

28d - CO7-DBM n o

28d - CO7-HYB ‘* ~ 0

Neneet e A

T T T T T T T TT —T T T T T T T —T T T T T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55
°20

Figure 4.11 The XRD patterns of CO7-DBM, CO7-HYB, and CO7-CSA pastes at
the ages of 1, 7, and 28 days. (G: glushinskite, Q: quartz, P: periclase, Y:
ye’elimite, E: ettringite)

4.4  Setting Time

The penetration depths of the Vicat needle recorded every two minutes for COC
mortars with different CO/DBM ratios are visualized in Figure 4.12. The figure can

be used to illustrate the initial and final setting times of COC. For an individual curve,
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the first sharp drop in penetration depth may be regarded as the indicator of the initial

set, while the final set is observed during the second drop in that curve’s slope.
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Figure 4.12 Penetration depth of Vicat needle for various COC mortars.

In ASTM C807 (2021), the following equation (Equation 4.1) for calculating setting
time is recommended:

H-E
( C_DX(C—10)>+E (4.1)

where E is the time in minutes of the last penetration larger than 10 mm, H is the
time in minutes of the first penetration less than 10 mm, C is the penetration reading
at time E, and D is the penetration reading at time H. Although ASTM C807 (2021)
standard was modified during the experiments in this study, the suggested equation

for calculating setting time yields the values listed in Table 4.1.
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Table 4.1 Setting times of COC mortars.

Mixture Setting time (min)
CO3-DBM 29
CO4-DBM 28
CO5-DBM 19
CO6-DBM 17
CO7-DBM 15
CO7-HYB 10
CO7-CSA 4
CO8-DBM 17

CO3-DBM and CO4-DBM mortars set in noticeably longer times than the others.
Setting times get shorter as the CO dosage increases up to 70 wt. % of the total
powder in the mixture. CO8-DBM mortar set 2 minutes later than CO7-DBM mortar,
probably because DBM was not adequate to react with all oxalate ions. Moreover,
substituting DBM with CSA led to a more rapid setting. CO7-HYB and CO7-CSA
mortars set in 10 and 4 minutes, respectively, while the setting time of CO7-DBM

mortar was 15 minutes.

4.5 pH Measurement

pH measurement results for COC pastes prepared with CO7-DBM, CO7-HYB, and
CO7-CSA are presented in Figure 4.13. It can be noticed that CO7-DBM mixture
displays a more alkaline behavior than CO7-HYB, whereas CO7-CSA remains in
the acidic range at all ages. Aligned with the XRD analysis results, it can be inferred
that glushinskite (magnesium oxalate dihydrate, MgC,0,4-2H,0) forms in CO7-
DBM, while glushinskite is not observed for CO7-CSA paste, which suggests that
the formation of glushinskite consumes oxalate ions and leads to an alkaline
cementitious matrix. Moreover, CSA hydration products, which normally lead to an
alkaline matrix with a pH of at least 11.5 (Odler, 2000), did not form; thus pH of the
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solution of CO7-CSA paste does not go above 6. This may be explained by the
absence of gypsum/anhydrite in the system to form ettringite. C-S-H products may
not also be forming in such an acidic medium because C-S-H is unstable at pH < 9.5
(Bernard et al., 2017).
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Figure 4.13 pH measurement results for COC pastes prepared with CO7-DBM,
CO7-HYB, and CO7-CSA.

4.6  Thermogravimetric Analysis

The thermogravimetric analyses of CO7-DBM, CO7-HYB, and CO7-CSA pastes at
1 and 28 days after hydration are presented in Figure 4.14 and Figure 4.15,
respectively. In Figure 4.14a, there are two main mass losses for the 1-day CO7-
DBM and CO7-HYB pastes. According to Mastuli et al. (2014), the dehydration of
magnesium oxalate dihydrate (MgC,0,-2H,0, glushinskite) occurs between 160 °C
and 240 °C, causing two endothermic peaks at 180 °C and 210 °C. The first main
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mass loss around 200 °C can be affiliated with the dehydration of glushinskite.
Moreover, Mastuli et al. (2014) also mention that between 400 °C and 510°C, the
decomposition of remaining magnesium oxalate to magnesite (MgCOs) and carbon
monoxide, and the decomposition of magnesite to magnesium oxide and carbon
dioxide take place, respectively. Thus, the second main step between 400 °C and 500

°C accounts for the decomposition of magnesium oxalate.

Some endothermic peaks in Figure 4.14b could not be identified precisely. The
curves of CO7-CSA and CO7-HYB pastes have two endothermic peaks at around
60 °C and 160 °C, which might have been attributed to the presence of ettringite if
it was detected in XRD analyses. Moreover, Curetti et al. (2022) state that the
thermal decomposition of calcium oxalate hydrates (e.g., whewellite or weddellite)
occurs in three temperature ranges. The first is observed at 70 - 200 °C, with the
maximum weight loss rate at 136 °C, while the second is at 390 - 550 °C with a
maximum weight loss rate at 490 °C, and the third is at 550 - 800 °C with the
maximum rate at 767 °C. In Figure 4.14b, the three endothermic peaks of CO7-DBM
and CO7-HYB pastes at 160 °C, 390 °C, and 690 °C might be of the gradual
decomposition of calcium oxalate hydrate (CaC,04-H,0) to first calcium oxalate
anhydrite (CaC,0,), then to calcium carbonate (CaCOs, calcite), and finally to
calcium oxide and carbon dioxide, respectively. The temperature ranges that these
mass losses observed comply with Curetti et al. (2022); however, calcium oxalate
compounds were not found in XRD analyses. Furthermore, the temperatures at
which the weight loss rates peak are not exactly the same. Therefore, these results
cannot prove the existence of calcium oxalates. Nevertheless, the weight losses near
700 °C probably indicate that calcium carbonates exist in the pastes made with CSA.
Finally, although CO7-CSA paste goes through weight loss between 420 °C and 500
°C, it remains unknown, and undoubtedly not due to the presence of magnesium

oxalates.
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Figure 4.14 Thermogravimetric analysis of CO7-DBM, CO7-HYB, and CO7-CSA
pastes at 1d.
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In Figure 4.15a, the thermal analyses of 28-day COC samples show similar results
to the 1-day samples. Two major steps in weight loss are observed at the same
temperatures as the 1-day sample. Hence, the presence of magnesium oxalates is
noticeable. Different than what was observed in the 1-day sample, another
endothermic peak can be seen at around 450 °C on the 28" day of hydration of CO7-
CSA paste. Scrivener et al. (2016) say that the decomposition of portlandite
(Ca(OH),) occurs at 450 °C. On that account, the newly-emerged weight loss at 450
°C is an indication of late C,S hydration, which produces amorphous reaction
products, C-S-H, and portlandite. Scrivener et al. (2016) also mention that below 600
°C, amorphous reaction products and C-S-H undergo thermal decomposition

continuously.

To summarize this section, magnesium oxalate compounds are observed in the
presence of magnesium. Although ettringite formation was expected due to the
hydration of ye’elimite coming from CSA clinker, it was not observed in CO7-CSA
and CO7-HYB pastes. Besides, late hydration of belite coming from CSA clinker

provides amorphous reaction products and C-S-H to the matrix.
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Figure 4.15 Thermogravimetric analysis of CO7-DBM, CO7-HYB, and CO7-CSA
pastes at 28d.
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4.7  Scanning Electron Microscopy

SEM images of CO7-DBM paste samples at 1d and 28d are presented in Figure 4.16.
The particle tagged as “lal” is unreacted magnesia. Although the zoom is not
sufficient, small cube-shaped early hydration products of MCO paste (“1b1”) may
be glushinskite. The hardened paste medium of 28-day MCO paste (“1¢1” and “1d2”
areas) looks denser than that of the 1-day paste (“1b1” area). Smaller unreacted
magnesia particles like the one tagged as “1d1” may indicate the magnesia
consumption by magnesium oxalate reactions. Overall, the hardened paste medium
is amorphous both in early and late ages, and not much crystal growth can be

observed.
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Figure 4.16 SEM images of CO7-DBM pastes at (a-b) 1d and (c-d) 28d.
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SEM images of CO7-HYB paste samples at 1d and 28d are presented in Figure 4.17.
The amorphous reaction products of 1-day CO7-HYB paste can be seen in the areas
tagged as “2al” and “2b1”. The amorphous reaction products of 28-day CO7-HYB
paste are displayed inside “2¢1” and “2d1”.

Figure 4.17 SEM images of CO7-HYB pastes at (a-b) 1 day and (c-d) 28 days.

SEM images of CO7-CSA paste samples at 1d and 28d are presented in Figure 4.18a-
b and Figure 4.18c-d, respectively. Ettringite occurrence may be observed inside the
“3b1” area, zoomed-in image of the “3al” area, which is the most explicit image of
crystal growth in COC pastes obtained from SEM. The amorphous reaction products
of 28-day CO7-CSA paste are seen inside “3c1” and “3d1” circles.
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Figure 4.18 SEM images of CO7-CSA pastes at (a-b) 1 day, and (c-d) 28 day.

4.8  Mercury Intrusion Porosimetry

Pore volume vs. pore diameter (cumulative porosity) and differential pore volume
vs. pore diameter (pore size distribution) graphs are plotted in Figure 4.19a and
Figure 4.19b, respectively. The difference between total pore volumes of COC pastes
is relatively small. CO7-DBM and CO7-HYB pastes showed similar total pore
volumes. The total pore volume of CO7-DBM paste was 10.3 %, and that of CO7-
HYB paste was 10.5 %. The total pore volume of CO7-CSA was found as 11.4 %.
All these total porosity values are slightly lower than that of MgFAOX in the study
of Erdogan et al. (2022) and slightly higher than that of MKPC (M/P=8 and M/P=4.5)
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in the study of Xu et al. (2017). In addition, the total porosity of COC pastes is nearly
twice as low as OPC paste, three times as low as OPC incorporating ground steel

slag or fly ash (Yong-xin et al., 2003; Zeng et al., 2012).
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Figure 4.19 (a) Cumulative porosity and (b) pore size distribution of CO7-DBM,
CO7-HYB, and CO7-CSA pastes.

Although CO7-CSA paste has a slightly higher total pore volume than the other two,
it has a lower critical pore entry diameter (60 nm). The green dotted curves indicate
that the majority of pores inside CO7-CSA matrix are between 10 nm and 100 nm
with an average pore entry diameter of 55 nm. The critical pore entry diameter of
CO7-DBM was measured as 200 nm, whereas the critical pore entry diameter of
CO7-HYB paste was about 150 nm. Different from what was observed in CO7-CSA,
CO7-DBM, and CO7-HYB display cumulative porosity curves with double
inflection points. For CO7-DBM paste, a concentration of pore size distribution

occurs in the ranges of 50-400 nm and 7-20 nm with an average pore entry diameter
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of 110 nm, while such a concentration is observed between 60 and 300 nm and
between 7 and 30 nm for CO7-HYB paste with average pore entry diameter of 76
nm. It should be noted that the minimum pore diameter measured by the instrument

was 7 nm.

MIP has limitations due to the theoretical assumptions it is based on. The resulting
pore size information is not a direct indicator of durability because the connectivity
of pores cannot be measured. Kumar and Bhattacharjee (2004) investigated the
correlation between the initial surface absorption rate and pore entry size of concrete
matrix. They conclude that the permeability of concrete may be evaluated if pore
structure characteristics are known. In that regard, MIP results presented above
indicate that CO7-CSA and CO7-HYB are expected to have lower permeation, thus,
better durability than CO7-DBM due to smaller average pore entry size.

4.9 Coffee Cup Temperature Measurement

Figure 4.20 displays the coffee cup temperature measurements performed on COC
pastes. CO3-DBM and CO5-DBM do not get as warm as others, staying just below
40 °C. While this means more workable mixtures than the higher-CO-containing
ones, because temperature increase is an outcome of hydration reactions, the
compressive strength development of the lower-CO mixtures is limited, according
to the results in Section 4.2.2.

On the other hand, CO7-DBM and CO7-HYB pastes reach similar temperatures,
around 40 °C upon hydrating CO and about 50 °C upon adding alkaline precursors,
indicating that analogous hydration reactions occur in comparable amounts in these
mixtures. Moreover, CO7-CSA paste is clearly the hottest mixture of all, warming
up to nearly 58 °C, which proves that the hydration mechanism of CO7-HYB paste
is dominated by magnesium-based reactions, as otherwise would result in the
temperature of CO7-HYB paste being closer to that of CO7-CSA paste.
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Figure 4.20 Coffee cup temperature measurement for COC pastes.

410 Water Resistance

The changes in the compressive strength of CO7-DBM, CO7-HYB, and CO7-CSA
after immersing them in water for 1, 7, and 28 days are shown in Figure 4.21.

1d after immersion, all mortar samples displayed a sharp decrease in compressive
strength. CO7-DBM, CO7-HYB, and CO7-CSA mortars lost 38 %, 29 %, and 28 %
of their 28-day compressive strengths, respectively. The compressive strength of
CO7-CSA mortar did not significantly decrease further at the later ages of
immersion. On the other hand, CO7-DBM and CO7-HYB mortars recovered their
compressive strength in time. 28d after immersion, CO7-DBM and CO7-HYB

mortars gave even higher compressive strength than measured before the immersion.
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Figure 4.21 The change in compressive strength of CO7-DBM, CO7-HYB, and
CO7-CSA mortar specimens after immersed in water for 1, 7, and 28 days.

According to the results, the drop in compressive strengths of all mortar specimens
1d after being immersed might be due to the dissolution of high-solubility
compounds in the matrix, as well as the presence of excess water in pores. Hydration
of the space-filling solids that remained unhydrated could also be contributing to the
decrease in strength. At 7 and 28d after immersion, the reaction between magnesium
and oxalate ions continued in the pore solution of CO7-DBM and CO7-HYB
mixtures. Consequently, CO7-DBM and CO7-HYB mortar specimens regained the
compressive strength lost at the early ages of immersion. Besides, CO7-CSA mortar

specimens could not recover the negative change in their compressive strength.
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411 Carbon Footprint Analysis for Optimal COC Mix Proportions

CF analysis of COC was made by relying on the data provided in Table 4.2 to suggest
an optimal mix proportion. The emission data were retrieved from various life-cycle
COz studies (Hanein et al., 2018; Pefialoza Isidro et al., 2018; Zhao et al., 2022).

Table 4.2 CO; emission data of the materials used in the preparation of COC

mixtures.
) CF (kgCO2/t)
Material Process — Reference
CO2 emission Total
Dead- . i
burned Magr_1e5|te mining and ~2200 9900 (Zhao et
.| roasting al., 2022)
magnesia
Extraction ~3 (Pefialoza
Clay Transportation ~2 55 Isidro et
Storage and grinding ~0.5 al., 2018)
Oxalic Direct conversion from * Equation
acid CO; (theoretical) 978 978 2.7
Raw material supply ~50
CIA Limestone calcination ~350 sgo | (Hanein et
Natural gas al., 2018)
: ~180
combustion

“Carbon capture feature of oxalic acid is counted as negative emission.

411.1 Optimal Mix Proportion Calculation for MCO Paste

Assuming CO is made with a Clay/OA ratio of 1, the weight of clay and OA are
equal and half the weight of CO (Wco). CF of CO (CFco) can be calculated as in
Equation 4.2.

W
CFep = 5.5% —2

W
- 978x % = -486W o (4.2)
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CF of DBM (CFpem) is 2200Wpgewm, according to Table 4.2. For a carbon-neutral
mixture, CFco and CFpem should be equal. The Wco/Wpewm ratio to achieve a carbon-
neutral MCO paste was calculated as 2200/486=4.52. Thus, a CO/DBM/CSA ratio
0f 8.19/1.81/0.00 (close to the proportions of CO8-DBM) would make a zero-carbon
paste. Increasing CO dosage would make a carbon-negative paste, but one can expect

to observe lower strength and higher costs in such a case.

4.11.2 Optimal Mix Proportion Calculation for HYBCO Paste

CFco was calculated as -486Wco in Equation 4.2. Assuming a 50 % CSA clinker
substitution ratio, the weight of DBM and CSA are equal and half the weight of total
alkaline powder (Wwyg). CF of the alkaline powder (CFnyg) can be calculated as in

Equation 4.3.

Whys Whys

CFHYB = 2200x - 580x

For a carbon-neutral HYBCO mixture, CFco and CFuye should be equal. A carbon-
neutral mixture can be obtained by employing a Wco/Whys ratio of 1390/486=2.86,
which is equivalent to a CO/DBM/CSA ratio of 7.40/1.30/1.30. This ratio is close to
the proportions of CO7-HYB mixtures (7/1.5/1.5).

4.11.3 Optimal Mix Proportion Calculation for CSACO Paste

Similar to the previous calculations, CFco and CFcsa were calculated as -486Wco
and 580Wcsa, respectively. For CSACO mixture to provide zero carbon emission,
the difference between CFco and CFcsa was set to zero. The calculations yield a
Wco/Wcsa ratio of 580/486=1.19 (CO/DBM/CSA=5.44/0.00/4.56). Using more
than 54.4 wt. % CO in CSACO pastes would lead to carbon-negative mixtures.
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5.1

CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

An attempt was made to produce magnesium oxalate cement by combining clay

oxalate and dead-burned magnesia. Then, dead-burned magnesia was substituted

with CSA clinker to reduce the environmental impact of the mixtures. The following

conclusions were drawn:

A method to produce CO was developed. The reactivity of COC pastes
increased with decreasing C/OA.

A recipe to prepare COC with DBM or CSA clinker (or with a combination
of both) was developed. Making COC mortars with W/B=0.35 and S/B=2.5
resulted in workable mixtures, while W/B=0.30 works fine for paste making.
Strength increased with increasing CO dosage up to 70 wt. % of the total
powder content. CO7-DBM mixture gave the highest compressive strength
at early and late ages, reaching 20 MPa only 6h after mixing and ~35 MPa at
28d. Increasing W/B caused a drop in strength. Furthermore, replacing DBM
with CSA clinker resulted in an overall decrease in strength. The decrease in
the early strength was more significant than the late strength in the mixtures
where DBM was substituted with CSA. 28d strength of ~30 MPa was
achieved for CO7-HYB and CO7-CSA mortar specimens.

Higher pH values are achieved in COC mixtures made with DBM.

The setting takes longer with decreasing CO dosage. Incorporating CSA
clinker results in a warmer mixture and speeds up the setting significantly.
Quartz coming from the clay was observed in XRD patterns of CO and COC
pastes. Glushinskite was detected in COC paste powders incorporating DBM.

Trace amounts of ettringite were found in COC pastes with CSA clinker. The
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5.2

hardened media of COC pastes are primarily composed of amorphous
reaction products.

The MIP results showed that the total porosity of COC pastes is less than that
of Portland cement pastes and comparable to magnesium phosphate cement
pastes.

COC mortars lost ~30-40 % of their strength on the first day of water
immersion. MCO and HYBCO mortars regained the lost strength in 28 days
underwater, whereas CSACO mortar could not do so.

Simple carbon footprint calculations yielded CO/DBM/CSA ratios of
8.19/1.81/0.00, 7.40/1.30/1.30, and 5.44/0.00/4.56 to make carbon-neutral
MCO, HYBCO, and CSACO pastes, respectively.

The findings of this study suggest that COC mixtures made with
CO/DBM/CSA=7.40/1.30/1.30 can give medium strength, show sufficient

resistance to water, and be carbon-neutral.

Recommendations for Future Studies

The subjects listed below could be potential research topics for developing clay

oxalate cement:

Investigation of the effect of the type of clay used and C/OA on the
microstructure and performance of clay oxalate cement

Investigation of the effect of retarder chemicals (e.g., borax) on setting time
and fluidity of COC

Investigation of the water resistance of COC mineralogically to understand
the mechanism behind the strength regain of MCO and HYBCO mortar

specimens
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