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Abstract: In the last decades, gypsum-bearing industrial wastes become one of the common globally
produced industrial and domestic wastes that are currently recycled and further utilized. In this study,
the gypsum-bearing waste citrogypsum was used as a Ca*-containing component to modify the
properties of alkali-activated cement (AAC) based on granulated blast-furnace slag (GBFS). Citrogyp-
sum was used in different AAC mixes activated with three different alkaline components: Na,CO3,
NaOH, and Naj;SiOs3. Laser granulometry was applied to assess the granulometric characteristics of
citrogypsum and GBFS. Specific gravity (SG), compressive strength, and water resistance were tested
to evaluate the effect of citrogypsum on the physical and strength performance of AAC. Experimental
results obtained over 4-day to 28-day time periods for the studied AACs showed that the addition of
citrogypsum had a detrimental effect on the properties of AAC mixes, where decreases in compressive
strength between 1 and 100%, decreases in specific gravity between 4 and 30%, and decreases in
water resistance between 12 and 100% were observed. It was determined that AAC mixes modified
with citrogypsum cured in ambient conditions had compressive strength values 61% to 90% lower
than those cured in hydrothermal conditions. In terms of strength performance, specific gravity and
water resistance, citrogypsum showed the greatest effect on AAC mixes activated with NaOH, and
to a lesser extent, on mixes activated with NapyCOj3. The highest water resistance value of 0.77 was
observed for the AAC mixes activated with Na,CO3 cured in ambient conditions, and when cured in
hydrothermal conditions, the highest water resistance reached up to 0.84 for the AAC mixes activated
with NaOH. It was observed that the type of alkaline activator and curing conditions are both crucial
factors that govern the response of citrogypsum as a supplementary mineral additive in GBFS-based
AAC mixes in regard to compressive strength, specific gravity and water resistance.

Keywords: alkali-activated cement (AAC); granulated blast furnace slag (GBFS); citrogypsum
supplementary mineral additive; compressive strength; specific gravity; water resistance
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1. Introduction

With the development of civilization and the growth of the world’s population, one of
the biggest environmental problems is the constantly increasing consumption of natural
mineral and energy resources. The construction industry is now one of the leading con-
sumers as it requires a large number of natural resources for building and production of
construction materials [1-3].

At the same time, there are large reserves of underutilized industrial and municipal
waste products that require recycling. The annual production volume of these materials is
constantly growing.

Since most of the pollutants such as heavy metals and toxic polymers are prone to
leaching from solid wastes into soils and aquatic ecosystems, the harmful effects of these
pollutants can adversely affect aquatic biota [4-8]. However, there are no standardized
tests to assess the environmental viability of solid waste treatment processes.

To date, a number of studies investigating useful, efficient, and safe approaches for
recycling of solid-phase waste in various industries, including construction have been
carried out [9-14].

It is noted that, after clay materials, gypsum is the second largest source of construction
and demolition waste that is successfully recycled [15,16].

In past research [17], comparative studies were performed with a focus on assessing
the economic and environmental benefits of using natural gypsum and gypsum waste in
building materials. The outcomes of this study demonstrate that recycled gypsum (RG) has
environmental benefits in all assessed environmental impact categories when industrial
gypsum waste (GW) was transported up to 50 km to the processing plant. The study
shows that the processing of RG and GW consumes less than 65% of the energy required to
produce natural gypsum (NG) and emits less than 65% of the greenhouse gases generated
in the NG manufacturing process. In addition, a reduction in carcinogenic exposure of up
to 35% has been observed during the production and use of RG and GW.

There are some industrial gypsum-bearing wastes such as by-products from citric acid
production, phosphate fertilizers, the coal combustion flue gas desulfurization process,
etc. that can be recycled and used as a substitute for natural gypsum [11,15-17]. Very little
research has been conducted to analyze the environmental impact of using RG produced
from recycled drywall. At the same time, it was found that 65-80% of energy reduction
can be achieved by using RG instead of a natural analogue. Research works [18,19] have
proposed the use of gypsum raw materials processed from the drywall as an alternative to
natural gypsum in the production of Ordinary Portland Cement (OPC). The results showed
that the properties of OPC using both types of gypsum raw materials were similar.

Another study [17] explored the potential of using ceramic blocks produced from
various proportions of clay, OPC, and GW. The results show that adding 20% GW to ceramic
blocks can provide an effective replacement for clay in ceramic industry.

The main impact of GW use relates to conserving natural resources since the recycling
of RG requires the same technological operations as for natural gypsum manufacturing
(i.e., crushing, grinding, firing) [20]. One such alternative source of natural gypsum can be
phosphogypsum (PG), which is a by-product of phosphate fertilizer production in the form
of calcium sulfate [11].

A new and promising binding system based on gypsum has been proposed, consisting
of three components: gypsum, OPC, and pozzolan [21], in which PG is used as the main
binding component (up to 75 wt.%) instead of OPC. According to the authors’ report, the
production of this binder using PG can reduce energy costs by up to 30%, as well as reduce
CO; emissions by 57% while maintaining the same characteristics of the final material.

The work [22] describes technological options for the recycling of PG as a combined
system blended with OPC and fly ash for soil stabilization or as blended cements.

One of the most common types of GW is Flue Gas Desulphurization (FGD) gypsum,
which is a product of the flue gas desulphurization process at coal-fired power plants [23].
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This product is characterized by improved insulating properties and fire resistance of panels
vs. panels based on NG and shows improved thermal conductivity of gypsum plasters [24].

The opportunities for recycling and utilization of citrogypsum in several industries
were highlighted in a number of research studies [25-28]. Voropaev V. et al. [25] investigated
the possibility to use citrogypsum in agriculture as an effective fertilizer, soil amendment
and in composting of animal manure.

Kosti¢-Pulek A et al. [26] proposed a method to synthesize a-hemihydrate of CaSO4
from citrogypsum using a suspending process.

Ozkul M.H. [27] demonstrated that citrogypsum can be successfully utilized as a set
retarder in portland cement systems without negative effects on strength characteristics.

In the study [28], the authors investigated the effect of citrogypsum on rheological
properties when used in electrometallurgical slag-based alkali activated binders.

A number of studies show that gypsum-bearing industrial wastes are currently used in
a wide range of applications in the construction industry, agriculture and other industries,
which supports the efficiency of these materials from the view of recyclability and further
utilization as raw components and precursors.

The production of alkali-activated cement (AAC) is among the emerging promising
applications for gypsum-bearing waste products in the construction industry. Such a great
interest in this class of cementitious systems is explained by the possibility of using a
wide range of by-products and industrial waste as the main reactive aluminosilicate raw
material.

Thus, fly ash from coal power plants with a high and low content of calcium oxide
CaO (fly ash class C and F, respectively) is actively used in AAC. Type F fly ash is more
accessible than type C. However, one of the main obstacles associated with the use of
alkali-activated fly ash as a binder component is that a high temperature from at least 50 °C
to 85 °C is required for curing [29,30].

Metallurgical slags are more popular and efficient raw materials for production of
AAC because they contain a large amount of Ca?* cations, which allows saving on alkaline
activators due to their content in aluminosilicate raw materials. The most commonly used
slag activator is sodium silicate Na;SiO3, which provides fast hardening of the binder
system, even at low temperatures [31].

In addition to industrial wastes, natural and synthetic aluminosilicates are used for
AAC production. Therefore, when using metakaolin, the highest strength is observed when
a complex of activators consisting of sodium silicate Na,;SiO3, and sodium hydroxide NaOH
is used. Alkaline activation using only NaOH provides lower strength characteristics [32].
However, under heat treatment up to 80 °C, the combination “metakaolin-NaOH” demon-
strates more intensive structure formation vs. the combination “metakaolin-Na,SiO3”.

The results obtained in the studies [33-35] showed that the use of Na,COs as a basic
alkaline activator or as a component in the composition of a complex alkaline activators
has a positive effect on the development of mechanical characteristics of AAC.

Collins E. et al. [34] presented results indicating that when slag is activated by a
complex of alkaline components consisting of NaOH and Na,CO3, the synthesized AAC
develops early compressive strength comparable to that of OPC. A higher NaOH content in
the “NaOH-Na;CO3” complex, also leads to an intensification of the chemical reaction and,
as a result, a more complete activation of slag in the early stages of hardening. However,
this effect is practically absent at a later curing age.

According to the literature, the properties of AAC systems are fundamentally de-
pendent on four main parameters: type of aluminosilicate component, type of activator
(usually alkaline), curing conditions, and presence and type of modifying agent or modifier.

For example, GBFS-based AACs are classified a binders with mixed type of hardening,
hydration and polymerization-polycondensation due to the chemical and mineral com-
position of raw materials. As for a hydraulic binder, such as portland cement, the most
preferred hardening conditions are a high humidity of ~95% and a room temperature of
22 + 3 °C, i.e., moist curing. On the other hand, for a binding system with a polymerization-
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polycondensation type of hardening, such as geopolymer, the preferred curing conditions
would be elevated temperature and low humidity, i.e., heat drying conditions. In addition,
the type of alkaline activator also plays a significant role in the effectiveness of hardening.

Thus, GBFS-based AACs involve structure formation mechanisms requiring com-
pletely opposite curing conditions, that is, moist curing and heat drying conditions.

There are a number of research studies focused on the utilization of gypsum-bearing
industrial waste in AAC mixes.

The work by Guo X. et al. [36] studied AAC multicomponent systems containing fly
ash products and other Ca-containing additives such as portland cement and FGD gypsum.
In this study, FGD gypsum was used as a Ca-containing additive, while NaOH and Na;S5iO3
were used as alkaline activators. The resulting binder demonstrated a compressive strength
of up to 80 MPa.

In the study by Maierdan Y. et al. [37], hemihydrate PG was used as part of the multi-
component mix together with portland cement, sodium metasilicate, ground granulated
blast-furnace slag and waste river sludge for bricks production. In this case PG was used to
dehydrate the waste river sludge.

Liu Z. et al. [38] in their study used gypsum-bearing sludge from a dyestuff-making
plant in the manufacturing of unfired bricks based on slag cement.

Rashad A.M. in the work [39] explored the possibility of recycling calcined PG as a
partial replacement of fly ash in AAC up to 15%. The authors observed that incorporation of
PG in the fly ash-based AAC binder in the range of 5-10% can increase its thermal resistance.

The research work by Vai¢iukyniené D. et al. [40] stated that the addition of PG in
slag-based AAC binder shortened setting time when cured at room temperature.

The number of the reviewed research studies [36—40] reveals the level of research
interest in finding opportunities for recycling and efficient utilization of gypsum bearing
industrial waste products in AAC binders. However, the research is focused predominantly
on utilization of PG, whereas the studies devoted to the use of other types of gypsum-
bearing industrial waste materials in AAC binders are very limited.

The objective of this study is to observe the effect of hardening conditions and types
of alkaline activators in GBFS-based AAC binders using recycled citrogypsum as a sup-
plementary mineral additive and to evaluate its response to specific gravity, compressive
strength as well as water resistance performance of the binders over time.

2. Results and Discussion
2.1. Compressive Strength and Specific Gravity of AAC

In this study, the values of SG and compressive strength were determined for all
experimental mixes at the ages of 4, 7, and 28 days.

Citrogypsum was used in this study as a supplementary mineral additive with the
aim to intensify formation structure and so accelerate strength development. To do so,
the tendency of compressive strength development and change in values of SG for the
experimental mixes of AAC over time were observed. The results are presented in Table 1
and Figure 1.

The rate of strength development, as depicted in Table 2, shows that the mixes M5, M6,
and M8 cured in both Regimes 1 and 2, as well as M3 cured in Regime 1, and M4 and M7
cured in Regime 2 had gradual strength development throughout the 28 days study period.

However, the M4 and M7 specimens activated with NaOH, regardless of the curing
regime, and the M3 specimen cured in Regime 2 gained at least 70% of the 28-day strength
after 4 days of curing.

As depicted on Figure 1, the SG values for the mixes M4, M6, and M8 varied signifi-
cantly as different curing regimes were applied. In the case of curing in Regime 1, a drastic
drop in density was observed in the time interval from 4 to 7 days, followed by a gradual
densification of the mixes M4 and M6, whereas mix M8 demonstrated a further reduction
in specific gravity.



Recycling 2023, 8,22

50f16

Table 1. Compressive strength of AAC mixes cured in different regimes.

Compressive Strength, MPa

Sample ID Regime 1 Regime 2
4d 7d 28d 4d 7d 28d
M1 0 0 0 0 0 0
M2 0 0 0 0 0 0.257
M3 1.19 1.87 4.64 34.2 47.3 484
M4 234 28 32.19 29.9 29.2 375
M>5 0.45 0.87 1.83 0.5 0.62 2.56
M6 0.55 0.39 0.55 0.1 0 0.1
M7 22 26.2 29.2 27.5 30 37
M8 0.13 0.44 0.83 0.1 0.25 0.81
Regime 1 04 days Regime 2 04 days
25 B 7 days 2.5 4 @7 days
W 28 days | 28 days
2 24
g 15 % 15 4
% 1 % b
7 0.5 ” 0.5
0 0+
MI M2 M3 M4 M5 M6 M7 M8 MI M2 M3 M4 M5 M6 M7 M8
(a) (b)

Figure 1. Specific gravity of the AAC over time after curing under: (a) Regime 1 and (b) Regime 2.

Table 2. Mix design of the AAC compositions.

Mix Design, % wt. W/S Ratio *
Alkaline Activator
Na2C03 NaOH Na28i03

Sample ID GBFS Citrogypsum

M1 100 - - - - 0.21
M2 95 5 - - - 0.21
M3 95 - 5 - - 0.2
M4 95 - - 5 - 0.2
M5 95 - - - 5 0.21
M6 90 5 5 - - 0.2
M7 90 5 5 0.2
M8 90 5 - - 5 0.27

* The W/S ratio was calculated as the ratio of amount of water to the amount of the remaining solid components,
including alkaline activator.

When curing Regime 2 was applied, the reverse effect was observed for the same
mixes. In this case, in the time interval from 4 to 7 days of curing, mix M4 had a sharp
increase in SG of 5%, followed by a gradual drop in the value until it almost reached the
initial value by 28 days of curing. At the same time, M6, exhibited a slight drop in SG of
less than 1% followed by an increase to 3% in the time interval from 4 to 7 days.

The incorporation of the citrogypsum component leads to reduction in SG for M8
under both curing regimes.

The compressive strength and SG results for experimental mixes at 28 days of curing
(Table 2) show that curing conditions, type of activating agent, and addition of citrogypsum
had a dramatic effect on compressive strength and, to a lesser extent, on specific gravity.

At the same time, the zero compressive strength values for the reference mixes M1
and M2 show that the absence of any alkaline activator in AAC leads to weak chemical
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interaction between water and GBFS, even in the presence of citrogypsum, which contains
the alkaline cations Ca*. This could be associated with the low reactivity of the GBFS used.

The results show that all the experimental AAC mixes cured in hydrothermal con-
ditions revealed improved compressive strength vs. those cured in ambient conditions.
The compressive strength was increased for the mixes M3, M4 and M7 by up to 10 times,
whereas the strength for the mixes M5, M6, and M8 stayed practically unchanged, as shown
in Table 2.

At the same time, the curing conditions had almost no effect on the SG for all experi-
mental mixes (Figure 2), with the exception of mixes M3 and M6 activated with Nay,COs.
Specifically, for M3 without citrogypsum, the hydrothermal curing conditions contributed
to the structure densification by 11%, which is consistent with an apparent increase in the
compressive strength of this mix.

Regime 1 . Regime 2

45 4
40 4
35
30 A
25 A
20 A
15 4
10 4

50 -
45

1
35
30
25
20

1

10 1

Compressivestrength, MPa

Compressivestrength, MPa

P

0 = - — o

M1 M2 M3 M4 M5 M6 M7 M8 M1 M2 M3 M4 M5 M6 M7 M8

before exposure Bafter exposure O before exposure © after exposure

(a) (b)

Figure 2. Compressive strength of AAC, before and after 24-h exposure in water cured in different
regimes: (a) Regime 1; and (b) Regime 2.

M3 consists of GBFS activated with Na,COs5. Na,COjs is a source of the Na* cation.
When dissolved in water, NayCOj creates alkaline media similar to that created by an
NaOH alkaline activator. In fact, the alkaline media prompts mineral phases of GBES,
such as akermanite, helenite, anorthite and others, to react with Na* cations, resulting
in formation of hydrates such as C-S5-H, N-C-5-H and N-A-5-H. These hydrates form the
structure of the cementitious matrix.

However, for M6 modified with citrogypsum, the opposite effect was observed, where
curing in hydrothermal conditions, led to a loosening of the structure by about 8%.

The introduction of citrogypsum negatively affected the strength, initiating a drastic
drop from 56% and almost to 0 for M6 and MS, regardless of curing conditions. For the M7
sample, the strength values remained unchanged when cured under either regime.

The influence of citrogypsum on AAC was manifested in a uniform decrease in SG for
all experimental mixes, from 6 to 13% cured in Regime 1 and from 4% to 30% for the mixes
cured in Regime 2.

The highest value of compressive strength was demonstrated by the mix M3 when
cured in hydrothermal conditions (Regime 2). However, the mixes activated with Na,COj3,
such as M3 cured under Regime 1 and M6 cured under Regimes 1 and 2, showed sig-
nificantly lower strength values from 0.1 to 5 MPa. Mixes M5 and M8 activated with
NaySiO3 showed extremely low strength values in the range of 2.5-0.8 MPa when sub-
ject to curing under both Regimes 1 and 2 and regardless of the presence/absence of the
citrogypsum component.

Depending on the type of activating agent, the SG of experimental mixes was increased
after curing under Regimes 1 and 2. The positive effect of the activating agents used in the
AAC were ranked in the following sequence: Na;SiO3 — NapyCO3 — NaOH. At the same
time, the difference between lowest and highest values of SG varied between 40 and 50%.
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2.2. Water Resistance of AAC

It is known that gypsum binder has significant drawbacks for structural performance,
among which is the low water resistance of the final product. In this regard, it seems
important to study the effect of citrogypsum supplementation on the water resistance
characteristics of AAC systems. To evaluate water resistance of the studied AAC, two sets
of experimental mixes were prepared, each set included six cube samples of eight mixes.
After molding, the first set of samples was placed in a hydrothermal curing chamber with an
RH of ~95% and a temperature of 23 & 3 °C until the water resistance test was performed.
After molding, the second set of samples was cured in ambient conditions at RH ~ 42%
and temperature 23 & 3 °C for 4 h, then placed in a chamber to allow a heat treatment
in the following regime: temperature rise in the chamber to 70 °C for 1-1.5 h — thermal
conditioning at temperature of 70 °C and humidity of ~95% for 24 h — cooling in the
chamber to ambient temperature for 1 h — curing in ambient conditions with RH ~ 42%
and temperature 23 £ 3 °C until the water resistance test was performed. The experimental
mixes were cured for 10 days before the test.

The water resistance test protocol involved the following steps:

- Three samples of each mix were placed in a container with water, where they were
completely immersed in water to saturate for 24 h;

- Concurrently, the other set of the specimens were place in an oven to dry at a tempera-
ture of 50 & 5 °C for 24 h.

After a 24-h exposure, the first set of the samples were removed from the water
container and wiped with a damp cloth. And the other set was removed from the oven. The
dried samples were then cooled in a desiccator for 30—40 min. Then both sets of samples
were tested for compressive strength (Figure 2).

Figure 2 demonstrates the most noticeable changes in compressive strength for the
mixes M3, M4, and M7, especially for the mixes cured under Regime 2 (Figure 2b). However,
24-h exposure of M3 and M7 to an aqueous medium resulted in a drop in compressive
strength, and for M4 the same exposure conditions enabled an increase in strength. For
M3 and M7 cured under Regime 1, the drop in compressive strength was 57% and 31%,
respectively (Figure 2a), whereas the same mixes cured under Regime 2 showed reductions
in compressive strength of 38% and 16%, respectively (Figure 2b). Thus, hydrothermal
curing conditions (Regime 2) promote improved water resistance of these mixes. In turn,
for Mix 4, 24-h exposure to an aqueous medium promoted strengthening of the structure
under application of both Regime 1 and Regime 2. This was confirmed by the increase
in compressive strength for M4 by 74% and 43% when cured under Regime 1 and 2,
respectively. Additionally, for M5 and M6, despite their low compressive strength (not
higher than 0.7 MPa), the 24-h exposure to an aqueous medium negatively affected the
compressive strength results. For M5, cured under Regime 1, 24-h exposure to an aqueous
environment resulted in complete destruction of the samples. For M5 when cured under
Regime 2, there was a 3.8% reduction in compressive strength. For M6, cured under Regime
1, the drop in compressive strength after 24-h exposure to an aqueous medium was 23%.
However, the same mix, cured under Regime 2 showed zero strength, even without aging in
a water environment. Thus, hydrothermal curing conditions (Regime 2) favorably affected
the structure formation of mix M5 and negatively affected the structure formation of M6.
In this paper, water resistance is expressed as the water resistance coefficient or fluxing
coefficient K, which is the ratio of the compressive strength of samples saturated with
water (Rp) to the compressive strength of the samples in a dry state (R;). The fluxing
coefficient/water resistance K is calculated by Equation (1):

_ R

K= 22
Ry

M

where R; is the average compressive strength of water-saturated specimens, MPa; and R,
is the average compressive strength of oven-dried specimens, MPa.



Recycling 2023, 8,22

8 of 16

The analysis of water resistance data (Figure 3) shows that among the mixes cured
under Regime 1, the mixes M1, M2 and M8 had zero water resistance (i.e., complete
destruction in an aqueous medium). However, when the same mixes were subject to
hydrothermal curing conditions (Regime 2), the water resistance values were increased
significantly, except for mix M8. At the same time, curing under Regime 2 for M4 and M6
resulted in a decrease in water resistance and led to a complete failure in case of M6.

4 -
S 3.5 O Regime 1
G 3 A E Regime 2
Q
S 25 -
%)
D,
o
o 15 -
g
© 1 A
; Fl_l 1
" i
O J P Y
M1 M2 M3 M4 M5 M6 M7 M8

Figure 3. Water resistance of AAC cured in different regimes.

In terms of the effect of citrogypsum on water resistance performance of the AAC
mixes, the following is observed:

- For the “GBFS-NaOH” system, the addition of citrogypsum (M7) cured under both
Regimes: 1 and 2, resulted in a decrease in water resistance by 60% and 40%,
respectively.

- For the “GBFS-NayCO3” system, the addition of citrogypsum (M6) promoted an
increase in water resistance up to 83%, when cured under Regime 1. However, when
cured under Regime 2, the addition of citrogypsum caused a drastic drop in water
resistance up to a complete failure of the samples.

- For the “GBFS-Na;SiO3” system, the incorporation of citrogypsum (M8) resulted in a
reduction in water resistance from 0.96 to zero when cured under Regime 2.

3. Materials and Methods
3.1. Materials

GBFS derived from a Russian metallurgic plant was used as the main aluminosilicate
component in the study. Citrogypsum was used in the work as a gypsum-bearing supple-
mentary mineral additive. Citrogypsum is a waste product of the biochemical production
of citric acid, and formed as a result of the microbiological synthesis of chalk mass using
a culture of Aspergillus niger, i.e., industrial gypsum waste (GW). Citrogypsum consists
mainly of a hydrated form of calcium sulphate CaSO4-2H,O with the traces of citric acid
not exceeding 1%. The choice of citrogypsum as a recycled mineral additive in AAC is
justified by the following reasons:

- The absence of P,O5 and F components in citrogypsum, which are typically present in
PG. These components negatively affect hardening processes in binding systems;

- The need to alienate large areas to build new landfills. Underutilized reserves of
citrogypsum in Russia today account for 351 K m®, which occupy an area of about
58.5 Km?;

- The undesirability of storing citrogypsum in open landfills due to elevated volumes
of such toxic metals as Al, P, SO3, Zr, Ce, etc., which can easily leach into soils and
groundwater or be emitted to the atmosphere (in the case of volatile compounds),
causing serious environmental problems;
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- Theincorporation of citrogypsum in the GBFS-based AACs as a supplementary source
of alkaline elements, mainly CaZ* cations, which enable chemical activation and
further hydration reaction of GBFS.

The natural appearance and SEM-images of GBFS and citrogypsum in their original

state are shown in Figure 4.

(b)

GBFS citrogypsum
Figure 4. Natural appearance (a) and SEM-images (b) of GBFS and citrogypsum.

Several alkaline activators used in the study are listed below:

- Sodium alkali metal salts in form of sodium carbonate Na,CO3; and sodium liquid
glass NaSiOs;
- Sodium alkali metal hydroxide in form of caustic soda NaOH (98% purity).

3.2. Methods

The chemical compositions of the studied industrial by-products citrogypsum and
GBFS were determined by X-ray fluorescence analysis (XRF) using an X-ray workstation
WorkStation ARL 9900 (Thermo Scientific, Waltham, MA, USA), with Co-anode radiation.

Based on the determined chemical composition (Table 3), GBFS is characterized by a
rather high content of oxides of alkaline earth metals (CaO + MgO > 48%). At the same
time, the presence of alkali metal oxides Na,O+ KO does not exceed 1%. The content
of S5iO, and Al,O3 oxides reaches 39.7% and 9.48%, respectively. Thus, the ratio of basic
oxides in GBFS makes it possible to draw an analogy with the chemical composition of
OPC. Therefore, for the studied GBFS, the manifestation of hydraulic activity is likely, and
there is a possibility for its use as an independent binding component.



Recycling 2023, 8,22

10 of 16

Table 3. Chemical composition of GBFS and citrogypsum.

Oxides Content, (wt.%)

o}
v
c & ¢ 9% % 9o & £ 2 o 5 & & &
Component S = EN = :ch 2 = O: S A @) o A &
i
GBFS 407 397 948 758 056 054 035 022 055 014 0.05 - 0.01 002 -
Citrogypsum 433 054 013 006 555 004 0.03 - 0.15 - 0.14 - 0.08 - -

Chemical composition of the citrogypsum, to a greater extent, is represented by
CaO and SOj3 oxides, which in total make up ~99%. In other words, citrogypsum fully
corresponds to NG and consists of hydrated form of calcium sulfate CaSO4 with traces
of Fe;O3/FeO, SiO,, and Al,O3, which together do not exceed 1%. With this chemical
composition, citrogypsum compares favorably with its closest analogue phosphogypsum
(PG), which is a waste product of sulfuric acid production of mineral fertilizers (double
superphosphate, ammonium phosphate precipitate, etc.), formed in the process of sulfuric
acid processing of natural apatites and phosphorites into phosphoric acid. Due to the
peculiarities of the production technology, PG contains P,Os and F, which contribute to
lower reactivity in the binder system during hardening [28].

Sieve analysis. For a more accurate and quantitative assessment of the granulometry,
citrogypsum and GBFS were subject to sieve analysis according to the method presented in
the Russian Standard GOST 8735-88 “Sand for construction work. Test Methods”.

Partial residues (a;) were determined by Equation (2):

_ 100 - m,
R

a; (2)
where my is the sample weight, g; and m; is the weight of the residue on the i-th sieve, g.
The total residue on each sieve (Ai) in percent was determined by Equation (3):

Aj=ays5+ajos+- - +a; 3)

where a; 5, a1 25, . . . , a; are partial residues on the corresponding sieves.

Fineness modulus (M}) without grains larger than 5 mm was calculated according to

Equation (4):
_ Axs+ A1os5 + Ages + Apsis + Aoe
B 100 @
where A; 5, A1 25, Ag 3, Ag315, Ap.1e are total residues on the sieves with mesh diameters of
2.5,1.25,0.63, 0315, and 0.16 mm, respectively, %.

Based the analysis, the grain size composition and fineness modulus Mk of the GBFS
and citrogypsum were obtained and are presented in Table 4 and Figure 6.

A comparison of the sieve analysis results for GBFS and citrogypsum showed that
more than 95% of GBFS particles were in the size range of 0.315-1.25 mm. At the same time,
~40% of the citrogypsum particles fell into the range of less than 0.16 mm. The remaining
60% were evenly distributed in the range of 0.1-5 mm, i.e., they had a much wider spread
in size vs. GBFS particles. However, particle size of GBFS, in general, was significantly
shifted to the zone of larger particles vs. citrogypsum, with characteristic values of My, of
3.46 and 2.15 for GBFS and citrogypsum, respectively.

Mg
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Table 4. Granulometry and fineness modulus of the GBFS and citrogypsum.
Residue Type Sieve Residue, wt.%, Molzlilrllleli;e(sli/[k)
GBFS
Mesh, mm 5 2.5 1.25 0.63 0.315 0.16 0.08 <0.08
Partial residue, wt.% 0.3 1.7 68.6 10.5 14.1 3 0.9 0.1 3.46
Total residue, wt.% 0.3 2 70.6 81.1 95.2 98.2 99.1 99.2
Citrogypsum
Mesh, mm 5 2.5 1.25 0.63 0.315 0.16 0.08 <0.08
Partial residue, wt.% 16.5 8.9 74 10.5 9.2 8.9 38.56 0 2.15
Total residue, wt.% 16.5 254 32.8 43.3 52.5 61.4 100 100

In this regard, to further study GBFS, it was ground in a ball mill RMSH-200, 50 1
(Figure 5). The grinding process was carried out in a dry environment for 2.5 h.

Figure 5. Ball mill and grinding bodies used to grind GBFS.

Uralite cylinders 35 x 35 mm in size were used as grinding bodies. They exclude
undesirable yield from milling into the crushed material. The ratio of grinding media to
ground material was 5:1.

Granulometry. Granulometric analysis of GBFS ground in a ball mill and citrogypsum
was carried out by laser granulometry using an ANALYSETTE 22 NanoTec plus laser
particle analyzer (Fritsch, Markt Einersheim, Germany), which estimated the particle size
in the range from 0.2 to 600 um for 40 fractions (Figure 6).

The granulometric analysis showed that particles of the ground GBFS product are
generally distributed within the range from 5 to 80 um, and for citrogypsum, two peaks
were revealed in the ranges from 20 to 200 um and from 500 to 700 pm.

According to the results obtained with the Blaine machine PSH-12, ground GBFS and
citrogypsum products had a specific surface area of 4.5 cm?/g and 2.9 cm? /g, respectively.
The specific gravity (SG) of ground GBFS and citrogypsum was 3 and 2.4, respectively.

The milling of GBFS product made it possible to ensure similar granular characteristics
of both GBFS and citrogypsum product.

The SG is the ratio of a material’s density (0,4teriq1) With that of water (owater) at 4 °C
(where it is most dense and is taken to have the value 999.974 kg / m?). It is, therefore, a
relative quantity with no units.

The SG of the raw materials was calculated with Equation (5):

SG = Omaterial (5)

Pwater
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Figure 6. Granulometry of citrogypsum and ground GBFS.

3.3. Sample Preparation

Two sets of AAC cube specimens with different mix compositions were prepared.
Each mix had three replicates. Experimental mixes differed by type of activating agent,
as well as by the presence/absence of citrogypsum. The systems “GBFS-water” and
“GBFS-citrogypsum-water” were considered as reference mixes. The compositions of the
experimental AAC mixes are shown in Table 2. In the compositions with citrogypsum (M2,
M6-8), GBFS was replaced with 5% of citrogypsum. Alkaline activators were use at the rate
of 5% of total weight of solid content (GBFS + citrogypsum+ alkaline activator) of AAC.

Two sets of experimental mixes were prepared then cured under different regimes, as
depicted in Figure 7.
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Figure 7. Scheme of the curing regimes.

Regime 1: Curing in ambient conditions with relative humidity (RH) ~ 42% and
temperature 23 £ 3 °C for 4 days — demolding and further curing in ambient conditions
until testing at the ages of 4, 7, and 28 days were performed.

Regime 2: Curing in ambient conditions with RH =~ 42% and temperature 23 &= 3 °C
for 4 h, followed by placement in a steaming chamber — gradual temperature rise in the
chamber to 70 °C for 1-1.5 h — isothermal conditioning at 70 °C for 24 h — cooling in
the chamber to ambient temperature for 1 h — demolding — further curing in ambient
conditions with RH ~ 42% and temperature 23 & 3 °C until testing at the ages of 4, 7 and
28 days was performed.

The samples cured under Regime 1 reached the demolding strength on the 4th day,
whereas the samples cured in Regime 2 reached demolding strength after 31 h. After
demolding, the samples were further tested at 4, 7 and 28 days of curing.

4. Conclusions

It was found that hydrothermal curing (Regime 2) provides more favorable conditions
than ambient curing (Regime 1) for the formation of a strong cementitious structure in
GBFS-based AACs activated with Na,CO3, NaOH and Na;SiO3. A similar effect was
also observed for the reference mix M2, which contained citrogypsum and did not have
alkaline activation.

For the mixes activated with Na,;SiO3, hydrothermal curing (Regime 2) and the addi-
tion of citrogypsum to AAC did not show any significant effect on compressive strength.
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In this case, all the experimental mixes which were subject to either of the curing regimes
the compressive strength values did not exceed 2 MPa.

The addition of citrogypsum led to a negative effect on the strength properties of all
the experimental AAC mixes after either of the curing regimes was applied, except for the
mix activated with NaOH (M?7).

The mixes with citrogypsum were characterized by a looser framework structure,
and demonstrated a significant drop in strength and SG in comparison with mixes free
of citrogypsum.

The mixes M4 and M7 activated with NaOH demonstrate the highest strength, SG and
water resistance, regardless of the curing conditions and curing time.

A study on the effect of citrogypsum through 28 days for the AAC mixes showed
that the incorporation of citrogypsum resulted in a drop in SG from 4% to 30%, and the
reduction in compressive strength was from 1.3 MPa to a complete failure.

The addition of citrogypsum affected the water-resistant properties of the
AACs differently:

- NaOH-activated AAC systems with citrogypsum cured under both Regime 1 and
Regime 2 resulted in a decrease in water resistance by 60% and 40%, respectively;

- Citrogypsum in Nay;COs-activated AAC systems promoted an improvement in water
resistance by up to 83% when cured under Regime 1. However, with Regime 2, the ad-
dition of citrogypsum caused a drastic drop in water resistance up to complete failure;

- The addition of citrogypsum in Na;SiOs-activated AAC systems resulted in a reduc-
tion in water resistance from 0.96 to zero when Regime 2 was applied.

When citrogypsum was added, the highest water resistance (0.77) was observed for
the mix M6 activated with Na,CO3 cured in ambient conditions (Regime 1). When cured
under Regime 2, M7 activated with NaOH had the highest water resistance (0.84). However,
for M6 activated with NapCO3 and cured under Regime 1, the presence of citrogypsum
had a positive effect on water resistance. In this case, water resistance showed an 83%
improvement for the mix M6 activated with Na,COj in comparison with the mix M3 which
did not contain citrogypsum.

Overall, the alkaline activator and curing regime are both crucial factors that govern
the response of citrogypsum as a supplementary mineral additive in GBFS-based AAC
compositions in regards to compressive strength, specific gravity and water resistance.
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