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Abstract: The paper presents the results of research on the properties of fly ashes from the process of
flue gas denitrification by selective non-catalytic reduction (SNCR), consisting of dosing urea into the
coal combustion chamber. The research was carried out on two types of fly ash: Silica fly ash from
flue gas denitrification and ash from a traditional boiler without the flue gas denitrification process.
The scope of comparative studies included physicochemical and structural features of ashes, as well
as slurries and mortars with the addition of ashes. Fly ash from denitrification, whose ammonia
content at the time of sampling was 75 mg/kg at the maximum, was examined. Our own research has
shown that fly ash from flue gas denitrification is characterized by a higher value of losses on ignition
and ammonia content in comparison to ashes without denitrification. It was shown that the ammonia
content in the analyzed range does not limit the use of fly ash as an additive to cement and concrete.

Keywords: siliceous fly ashes; ammonia slip; selective non-catalytic reduction (SNCR); selective
catalytic reduction (SCR); denitrification process

1. Introduction

The management of fly ash—the byproducts of coal combustion—has long been a major issue
in all countries that have based their energy mix on solid fuels. The system for the disposal of fly
ash in the building materials industry has been well developed for many years. Nowadays, thanks
to its properties and competitive price, siliceous fly ash is no longer a waste from coal combustion
processes, but, above all, a valuable mineral additive used in the construction industry, which matches
the definition of a sustainable building material. In concrete technology, fly ash is used as the main
component of common cements and as an additive to concrete. Siliceous fly ash enters the so-called
pozzolanic reaction with cement components to form a durable calcium silicate hydrate (CSH) phase
responsible for the strength of cement composites [1-3]. In addition, the spherical shape of fly ash
results in better workability of concrete products. It is also possible to use fly ash as an additive
in the process of production of pre-cast concrete flooring items (vibropressed paving stones, etc.),
bricks, hollow bricks, as a bulk and filling material, and as a material for improving building soils.
The properties of fly ashes are determined by many factors, the most important of which include: Type
of coal burnt; type of installation in which coal is burnt, i.e., boiler type; method of fuel preparation and
technological conditions of combustion; method of ash capture, removal, and storage; and technology
for removing harmful SO, and NOx oxides emitted from flue gases to the atmosphere [4-8].

The principles of sustainable development, based on environmental protection and public
safety [9,10], introduce and oblige the European Union countries to comply with increasingly stringent
environmental requirements. Directive 2010/75/EU of the European Parliament and of the Council of

Buildings 2019, 9, 225; doi:10.3390/buildings9110225 www.mdpi.com/journal/buildings


http://www.mdpi.com/journal/buildings
http://www.mdpi.com
https://orcid.org/0000-0003-0988-4511
http://www.mdpi.com/2075-5309/9/11/225?type=check_update&version=1
http://dx.doi.org/10.3390/buildings9110225
http://www.mdpi.com/journal/buildings

Buildings 2019, 9, 225 2 of 15

24 November 2010 on industrial emissions (integrated pollution prevention and control)}—commonly
referred to as the IED Directive [11]—imposes new, more restrictive requirements on power plants and
combined heat and power plants with respect to industrial gas emissions, including carbon oxides,
sulphur oxides, and nitrogen oxides. Meeting these new standards, especially with regard to nitrogen
oxides, entails the need to modify coal combustion installations in power plants and combined heat
and power plants.

Currently, the methods of nitrogen oxide reduction, which allow to meet the requirements
concerning NOy emissions, include methods based on the injection of ammonium compounds [12-14].
This process is usually carried out in one of two ways: Selective catalytic reduction (SCR) and
selective non-catalytic reduction (SNCR). In this study, the tested fly ashes originate from flue gas
denitrification by the SNCR method, in which ammonium compounds (e.g., urea) are injected into the
combustion chamber.

More and more often, it is reported that the processes of flue gas denitrification, apart from the
beneficial effect of removing nitrogen oxides from flue gases, also result in the presence of ammonia or
ammonium compounds in fly ashes (so-called ammonia slip) [13-18]. These changes may significantly
affect the quality of volatile siliceous ashes, widely used in concrete technology as the main component
of common cements and as an additive to concrete [19-21]. There is a concern that ammonia present
in fly ash after denitrification may impair the properties of fly ash and thus affect the performance
characteristics of cement and ash products. Deterioration in the performance of fly ash relevant to
construction may result in a reduction in demand for ash in this market area.

The issue is all the more difficult because in the current standard requirements for fly ash used in
construction (in cement and concrete), there are no requirements for the content of ammonia in ash.
Another important aspect is the emission of gaseous ammonia from construction products [22-25]
containing fly ash from denitrification, which is important for buildings and other enclosed spaces
(risk of poisoning).

Widely used siliceous fly ash is a sustainable material in the building industry through the use of
waste material and simultaneous improvement of the properties of cement composites. Identifying the
changes that will occur in the new fly ash after the process of denitrification of flue gases, which may
affect their further use, makes this study justified.

The paper presents the results of investigations of ammonia content in fly ash from the process of
denitrification by SNCR, consisting of injection of urea solution into the combustion chamber and the
necessity of lowering the combustion temperature. The results of investigations of physicochemical
properties of fly ash and selected features of cement slurries and mortars containing fly ash are
also presented.

2. Materials and Methods

2.1. Materials

In this study;, siliceous fly ash from combustion of hard coal in one of the Polish power plants
was used. Material for the study was collected in five batches at two-month intervals. Samples of
fly ash were taken from the power plant simultaneously from two power units—one with a flue gas
denitrification installation using the method of SNCR (these samples were marked as ODA—fly ash
from denitrification), and the other (reference) which did not have a denitrification installation and
had a similar load (unit active power) as the boiler with denitrification (these samples were marked as
WZ—reference fly ash without denitrification). Fly ash for tests came from combustion of hard coal
only, except for the reference sample from the fourth sampling (4 WZ), which came from co-combustion
of coal and biomass (biomass mass share 1.8%).

Samples from electrostatic precipitators were taken every two hours during one day, then averaged,
and thus a daily sample for laboratory tests weighing about 50 kg was created. Power plant lab
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personnel determined the ammonia content in ash in daily samples. After delivery to the laboratory,
the material was homogenized again and then stored for testing in sealed containers at 20 °C.

Samples taken in pairs at four different dates were marked as 1 WZ, 1 ODA, 2 WZ, 2 ODA, 3
WZ, 3 ODA, 4 WZ, and 4 ODA, respectively, and were subjected to the tests described herein. In
addition, three samples labeled as 5 ODA, 6 ODA, and 7 ODA were taken to investigate the changes in
ammonia content.

2.2. Methods

Almost all tests (except for tests for ammonia content) were carried out in a comparative manner
for each batch of fly ash—fly ash from SNCR denitrification (ODA) and reference ash (WZ) without
denitrification were simultaneously tested. In addition to testing the properties of fly ash, tests were
carried out on cement slurry and mortar with the addition of fly ash. The slurry was characterized by
its composition: 30% fly ash (WZ or ODA), 70% CEM 142.5 R cement, and water-binding index w/s =
0.28. The amount of fly ash (30%) was selected due to the fact that, according to current standards of
production of cement/ash composites, this amount is usually added to cement and ash concretes as
maximum. The amount of water was selected from the standard consistency in the ash setting time
study. For structural tests, beams of 40 x 40 x 160 mm from slurry were formed in accordance with
the PN-EN 196-1 [26] standard and tested after 7 days of curing in temperature 20 + 2 °C and relative
humidity >95%. The mortars studied consisted of 450 g of binder (30% mass of WZ or ODA ash, 70%
mass of CEM 142.5 R cement), 1350 g of CEN standard sand, and 225 g of tap water.

Ash tests included: Ammonia content tests, chemical tests, physicochemical tests according to
PN-EN 450-1 [27] standard requirements, granulometric composition, phase composition tests, and
microscopic structural tests. Mortars were tested for phase composition by thermal analysis and X-ray
diffraction, as well as the structure under a scanning microscope. For cement and ash mortars, the
following measurements were made: Consistency, air content, bulk density of fresh mortar, flexural
and compressive strength, shrinkage, and absorbability.

Tests of ammonia content were performed on water leachate at a weight ratio of 1:10, in accordance
with PN-EN 12457-4 [28]. The ammonia content was evaluated by spectrophotometric method.
The result obtained from the ammonia concentration in the solution was then converted into ammonia
content in ash. The research was carried out in different time intervals: Short-term measurements
(about one month—two months from the moment of collecting from the power plant) and long-term
measurements (after about two years) were made. Ashes were stored in laboratory conditions in
tightly closed plastic containers. During the first 100 days, the containers were opened, the samples
were mixed for sampling for other tests, and afterwards the containers were not opened until the
ammonia test.

The analysis of the particle size distribution was performed with the use of the Mastersizer 2000
particle size analyzer.

The chemical composition was studied using fluorescent X-ray spectrometry with wavelength
dispersion (WD-XFR), Philips PW 2400 spectrometer (melted samples).

Phase composition by X-ray diffraction analysis was examined on VEB Freiberger
Pragisionsmechanik TUR-M-62 X-ray apparatus. The diffractograms were performed in the range of
20 6-66°, the source of radiation was CuK X-ray tube with monochromator, working parameters 40
kV/20 mA, step 0.05 s, time constant 5 s. The tests were carried out on samples sieved entirely through
a 0.063 mm sieve. For phase identification, the X-Rayan program and PDF-2 database were used.

Tests using the TG/DTA/DTG thermal differential analysis method were performed on the STD
Q600 temogravimetric analyzer manufactured by TA Instruments. The measurements were made in
the air atmosphere in the temperature range of 20-1000 °C. The temperature was increased 10 °C /min.
Platinum crucibles were used to test the samples. The weighted amount of each sample was about
20 mg. TG, DTA, and DTG curves were recorded in the temperature range of 20-1000 °C.
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Structural microscopic examinations were carried out with a Jeol 35C microscope and with a LEO
1430 scanning electron microscope equipped with an Oxford ISIS 300 energy dispersion detector (EDS).
Both fresh fractures and polished sections of selected samples were examined. The image was recorded
both in the spectrum of back scattered electrons (BSE) and secondary electrons (SE). The samples were
vapor deposited with gold (fractions) and carbon (polished sections).

Tests of fly ash properties according to PN-EN 450-1 [27] standard included: Chemical composition
(content of chlorides, sulphates, calcium, magnesium, phosphates, alkali, free calcium oxide, reactive
calcium oxide CaO, reactive silicon dioxide, content of sum of S5iO;, Al,O3, Fe;O3, loss on ignition),
fineness, (pozzolanic) activity index, soundness, grain density, initial setting time, water requirement.

Tests of performance characteristics of cement and ash mortars were performed in accordance with
the following standards: Consistency (with the method of flow table according to PN-EN 1015-3 [29]),
air content (with pressure method according to PN-EN 1015-7 [30]), volume density of fresh mortar
(according to PN-EN 1015-6 [31]), flexural and compressive strength (according to PN-EN 1015-11 [32]),
shrinkage and water absorption (according to PN-B-04500 [33]).

3. Results
3.1. Fly Ash Tests

3.1.1. Ammonia Content in Fly Ash

The results of analysis of the ammonia content in fly ash from denitrification with the SNCR
method (ODA samples) at different time intervals are shown in Table 1 and Figure 1. Ammonia was
found in all fly ash samples from the denitrification process. At the time of collection (at ty time), its
amount oscillated between 25-75 mg/kg and quickly decreased due to laboratory operations (in the
first 20 days, it decreased to 20 to 60% of the initial value). Further storage in tightly closed containers
did not cause any drastic change: The ammonia content decreased slowly and the difference did not
exceed approximately 10 mg/kg for 2 years.

Table 1. Results of analyses of ammonia content in fly ash at different intervals.

. NH3 (tl) Time (tz) NH3 (tz)

Sample * NH; (to) (g/kg)  Time't; (days) (mg/kg) (days) (mg/kg)
1 ODA 61 29 16 797 11
2 ODA 26 12 17 733 10
3 ODA 75 17 39 660 31
4 ODA 63 14 49 597 40
5 ODA 58 55 40 526 30

*—ODA—fly ash from denitrification.
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Figure 1. Concentration of ammonia in fly ashes from flue gas denitrification ODA as a function of time.
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In order to determine the effect of homogenization and frequent opening of containers upon
significant ammonia loss during the first 100 days, two additional samples (6 ODA and 7 ODA) were
used for short-term ammonia testing. Contrary to the previous samples, the containers with these
samples were only opened for testing ammonia content (Figure 2).
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Figure 2. Concentration of ammonia in fly ash from flue gas denitrification as a function of time (short
term studies).

Sample 6 ODA was characterized by an abnormally high (as for the examined ashes) concentration
of ammonia, —171 mg/kg, while sample 7 ODA was typical (46 mg/kg). Short-term studies have
shown that fly ash, regardless of its initial concentration and frequency of opening, similarly to fly
ash studied in long-term studies, shows a large loss of ammonia during the first 20 days, and then its
content stabilizes.

3.1.2. Comparative Ash Testing

The chemical composition (by WD-XFR method) of the samples taken is presented in Table 2.
The variability in the composition of ODA and WZ ashes was not significant. No clear correlation was
found between the type of ash and the chemical composition. The exception was the loss on ignition
(LQOI), which was significantly higher in the ashes from denitrification than in the reference ashes
(higher by 1.3 to 2.6 times). The grain size of both types of ash was similar. The maximum grain size
did not exceed 500 um. According to the results, fly ashes from the ODA flue gas denitrification process
usually have a slightly higher percentage of grains, with a diameter of about 100 um and a lower
percentage of grains in the range of 10 pm, than WZ ashes. Figure 3 shows the grain size distribution
by laser diffraction for 1 WZ and 1 ODA ash. The other samples show a similar grain distribution.
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Figure 3. Grain size distribution in fly ashes by laser diffraction for 1 WZ and 1 ODA samples.
(ODA—Afly ash from denitrification, WZ—reference fly ash without denitrification)
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Table 2. Chemical composition of fly ash.

Designation 1WzZ 10DA 2WZ 2 0DA 3WZ 3 0DA 4WZ 4 ODA 5WZ 5 ODA
SiO; [%] 49.87 49.52 51.51 50.97 49.89 49.90 51.58 50.01 50.10 49.36
TiO; [%] 1.162 1.115 1.086 1.063 1.106 1.079 1.084 1.117 1.116 1.124

A1,03 [%] 27.02 25.93 25.71 25.23 26.34 25.96 24.98 25.05 27.82 28.12
Fe,03 [%] 8.84 8.35 8.51 8.70 8.68 8.98 8.67 8.99 7.50 7.55
MnO [%] 0.069 0.080 0.096 0.093 0.082 0.085 0.088 0.085 0.083 0.082
MgO [%] 2.39 2.45 2.53 243 2.48 2.32 2.36 2.25 2.50 242
CaO [%] 3.50 3.51 3.82 3.78 3.94 3.73 4.34 4.57 3.56 3.44
NayO [%] 1.61 1.33 1.37 1.39 1.72 141 1.48 1.45 1.30 1.50
K50 [%]} 2.59 2.56 2.73 2.55 2.52 243 2.72 2.53 2.85 2.76
P05 [%] 0.296 0.290 0.312 0.270 0.296 0.279 0.268 0.269 0.520 0.457
(SO3) [%] 0.50 0.29 0.48 0.39 0.55 0.49 0.46 0.63 0.29 0.22
(C) [%] 0.015 0.016 0.015 0.017 0.033 0.021 0.020 0.022 0.020 0.019
(F) [%] <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI [%] V 1.72 4.08 1.37 2.72 1.96 291 153 2.52 2.0 2.6
SUM [%] 99.58 99.52 99.54 99.60 99.60 99.59 99.58 99.49 99.66 99.65

1) Properties for which changes between ODA and WZ ash have been observed.

The results of the above tests were confirmed by microscopic observations under the scanning
microscope, presented in Figure 4. Microscopic observations were made at a magnification of 400X
and 1000x, for both WZ and ODA ashes. Both types of ash were dominated by regular, round grains
of different sizes, typical of fly ashes. However, ODA samples were characterized by a remarkably
higher amount of large, irregular grains, which were unburnt parts of coal (loss on ignition).

(d)

Figure 4. SEM pictures of the fly ashes: (a) WZ ash, magnification 1000x, (b) ODA ash, magnification
1000x%, (c¢) WZ ash, magnification 400x, (d) ODA ash, magnification 400x.

Figure 5 shows the phase composition of 1 WZ and 1 ODA samples; the other batches showed
similar phase composition. The samples did not show any significant quality differences, either between
individual batches or between ODA and WZ reference samples. The phase composition analyzed
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by X-ray diffraction of WZ and ODA ashes was dominated by the phases typical for silica ashes:
Mullite (3A1,03-25i0;), quartz (3-5iO;), hematite (x-Fe,Os3), and trace amounts of magnetite (Fe3Oy),
hercynite (FeAl,Oy4), and periclase (MgO). The reflections of the latter were usually superimposed by
the reflections of stronger phases. Elevated background in the range 15-40 26 indicated the presence of
significant amounts of amorphous phase.
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Figure 5. 1 WZ and 1 ODA ash diffractogram. Markings: M, mullite; Q, quartz; H, hercynite; Mt,
magnetite; Ht, hematite; P, periclase.

Figure 6 shows thermogravimetric curves of fly ash samples with denitrification and without
denitrification for an exemplary batch 1 (1 WZ and 1 ODA). During heating of the samples in air
atmosphere to 1000 °C, in both samples, exothermic effect with maximum at temperature of about 600
°C was observed due to the presence of unburnt coal in the ashes. Mass loss in the temperature range
of 400-800 °C confirms previous studies on higher value of losses on ignition (unburnt coal) in fly ashes
from flue gas denitrification. Fly ashes from the other batches showed a similar phase composition.
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Figure 6. Thermograms of fly ash samples 1 WZ and 1 ODA.

For samples numbered from 1 to 4, full tests were additionally performed according to PN-EN
450-1 [27] standard—fly ash for concrete, part 1: Definitions, specifications and conformity criteria
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(Table 3). The results of chemical tests confirmed the XRF tests—no significant differences were found
in the chemical composition, including the content of free calcium oxide, reactive calcium oxide, or
reactive silicon dioxide. No correlation was found between the type of ash and such features as:
Density, soundness, and the initial setting time. The case looked slightly different in respect to fineness,
pozzolanic activity index, and water demand. As expected, the fineness of ODA ashes was significantly
higher than that of WZ samples (with the exception of ash from co-combustion, 4 WZ, which was
characterized by greater fineness and greater pozzolanic activity than the ash from the boiler with
denitrification). ODA ashes were also characterized by significantly higher water requirement and
lower pozzolanic activity index (both after 28 and 90 days).

Table 3. Fly ash test results (according to PN-EN 450-1 [27]).

Feature 1WZ 10DA 2WZ 2 ODA 3WZ 3 ODA 4WZ 4 ODA
Loss on ignition [%]1) 1.85 4.05 1.27 2.88 1.92 3.02 143 2.28
Chloride [%] 0.01 0.01 0.01 0.01 0 0.01 0.01 0.01
Sulphates (SO3) [%] 1.07 0.87 0.72 0.66 0.69 0.67 0.64 0.77
Free calcium oxide CaO [%] 0.1 0.1 0 0.1 0.1 0.1 0.1 0.1
Total calcium [%] 3.60 3.64 4.32 423 4.57 4.16 4.14 5.02
Reactive calcium oxide CaO [%] 6.44 6.51 7.01 6.88 7.19 6.64 6.83 7.48
Reactive silicon dioxide SiO; [%] 35.25 34.37 38 36.88 37.32 35.76 35.55 34.26
Sum of SiO,, Al,O3, Fe; O3 [%] 81.67 79.32 80.27 81.49 82.63 82.99 81.29 80.94
Total content of alkalis (as NazOeq) [%] 3.97 3.85 3.54 3.44 3.44 3.26 3.47 3.32
Magnesium oxide MgO [%] 2.50 2.55 2.83 2.70 217 2.57 2.53 2.53
Total phosphates (P2Os) [%] 0.3 0.29 0.31 0.27 0.3 0.28 0.27 0.27
Fineness (sieved on 0,045 mm) [%] V) 314 38.2 34.5 37.0 32.0 37.6 36.4 30.5
Activity index [%] after 28 days D 83.5 80.5 80.3 79.0 84.4 77.8 77.4 82.8
Activity index [%)] after 90 days V) 99.0 85.6 98.5 97.3 96.7 86.5 93.3 100.7
Soundness [mm)] 0 0 0 0 1 0 0 0
Particle density [g/cm?] 2.15 2.15 2.29 2.24 2.20 2.17 2.20 2.23
Initial setting time [%] 124 103 127 130 112 115 112 136
Water requirement [%]") 95 98 95 97 95 97 94 96

D Properties for which changes between ODA and WZ ash have been observed.

3.2. Testing of Cement and Ash Slurries and Mortars

3.2.1. Comparative Testing of Slurries Made from Denitrification Ash and Reference Ash

After 7 days of hydration, cement slurries with 30% addition of WZ showed the same phase
composition as slurries with 30% addition of ODA ashes (Figure 7). The main phases were cement
hydration products: Alite 3CaO-5iO; (tricalcium silicate), belite 2CaO-5i0O; (dicalcium silicate),
tricalcium aluminate 3CaO-Al, O3, portlandite Ca(OH),, calcite (CaCO3), and fly ash phases such as
mullite 3A1,03-2Si0; and quartz 3-Si0,. A diffractogram of cement slurries with 30% of 1 ODA and 1
WZ ashes after 28 days had the same characteristics and the same crystalline phases.

The thermal analysis of the phase composition of cement slurries with the addition of fly ash from
the third sampling (3 WZ and 3 ODA) after 28 days of curing are presented in Figures 8 and 9. The
tests showed small quantitative differences between the samples of WZ and ODA ashes. The same
thermal effects, characteristic of typical cement slurries, related to the dehydration of C-5-H and
C-A-5-H gel phase (endothermal effect in the temperature range 50-300 °C), portlandite dehydration
(endothermal effect in the range 400-500 °C), and carbonate decarboxylation (endothermal effect in
the range 500-700 °C) could be identified on all thermograms. The differences concerned mainly the
loss of weight associated with the decomposition of portlandite and carbonates. ODA samples were
usually characterized by slightly lower portlandite content and higher carbonate content. Mass losses
in other temperature ranges were similar.
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Figure 7. Diffractogram of cement slurries with 30% of 1 ODA and 1 WZ ashes. Markings: A, alite; B,
belite; CA, tricalcium aluminate; Br, brownmillerite; P, portlandite; Ca, calcite, E, ettringite; M, mullite;

Q, quartz.
105 0.04
] 437°C [
,‘ 85.°C
|21.°¢ | ) 0.08
1004 : 002 _
4 L j=2
1 687.°C _ E
N G 008 <
g 2 0.00 g
= z 5
Z > 004 £
g = 18.0%][ ®
E F 002 5
5 1 ]
714°C a_ 0023 ]
N 4.3% 08% 04 h:
\ \ L——" 1 i
440.°C
80 - - : : 0.06
0 200 400 600 800 1000

Temperature (°C)

Figure 8. Thermogram of a cement slurry sample with the addition of 3 WZ ash after 28 days of curing.
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Figure 9. Thermogram of a cement slurry sample with the addition of 3 ODA ash after 28 days of curing.

Figure 10 depicts selected photographs of fracture surfaces of analyzed cement slurry samples
with the addition of 30% of traditional silica ash without denitrification (WZ), taken with the use of
a scanning electron microscope after 7 days of hydration. Figure 11 presents the microstructure of
slurries with 30% of fly ash from flue gas denitrification (ODA). In Figure 12, the structures of both
slurries in the BSE image were compared. No significant changes in microstructure were observed.
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(d)

Figure 10. Photographs from scanning microscope for cement slurries with the addition of WZ ashes;
(a) magnification 1000x%, (b) magnification 2000x%, (c) magnification 2000x%, (d) magnification 6600x.

Figure 11. Photographs from scanning microscope for cement slurry with ODA ash addition; (a)

magnification 1000, (b) magnification 7900X, (c) magnification 2000x, (d) magnification 7300x.
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Figure 12. Comparison of back scattered electrons (BSE) images of the slurries with ash, magnification
1000x (a) slurry with ODA ash and (b) slurry with WZ ash.

In both types of samples (Figures 10-12), the structure is comparable, typical for cement slurry
with fly ash, compact, with the C-S-H gel phase. In some places, the fibers of the C-S5-H phase,
occasionally ettryngite or portlandite plates, are visible.

3.2.2. Comparative Tests of the Performance Characteristics of Cement and Ash Mortars

Table 4 presents a summary of the results of tests of selected performance characteristics of mortars
with the addition of the tested fly ashes. No clear correlation between ash origin and consistency, air
content, volume density, or shrinkage was found. Small dependencies were observed in the case of
absorbability (mortars with ashes from the denitrification showed slightly higher absorbability) and
strength (compression strength of mortars with ashes from the denitrification was slightly lower than
of mortars with WZ ashes). The exception was a pair of ashes number 4, where ODA ashes showed
higher strength.

Table 4. Results of tests of performance characteristics of fly ash mortars.

Feature 1WZ 10DA 2WZ 20DA 3WZ 30DA 4WZ 4O0DA  Uncertainty ?
Consistency (flow table) [mm] 223 200 213 205 223 224 216 218 +10
Air content [%] 3.0 3.0 25 3.0 3.0 3.0 3.0 25 +05
Fresh m"“ﬁfg‘j’;’i;‘]me density 5195 2180 2215 2210 2195 2220 2220 2210 +15
3 days 0.009 0.011 0012 0007 0006 0006 0008  0.008
7 days 0.030 0.028 0.029 0024 0023 0023 0024  0.024
Shrinkage [%] 14 days 0.041 0.041 0042 0037 0035 0035 0039  0.039 +0.003
28 days 0.048 0047 0048  0.045 0044 0044 0047  0.047
90 days 0054 0054 0053 0053 0.055 0055 0056  0.056
Water absorption [%] 8.8 9.0 8.8 9.1 8.7 89 89 89 +0.2
7 days 54 54 54 53 57 49 6.6 6.0
Flexural 28 days 72 7.3 7.4 7.9 8.1 75 8.0 8.6 105
strength [MPal 90 days 94 9.1 8.8 8.4 10.1 9.1 10.1 104 :
180 days 108 104 9.0 95 10.6 10.1 103 10.1
7 days 305 29.7 29.5 29.8 30.5 30.0 401 400
Compressive 28 days 440 427 429 136 162 421 50.3 52.8 420
strength [MPal 90 days 56.3 55.7 56.9 60.1 64.1 58.6 69.3 67.7 *e
180 days 67.9 66.8 67.9 67.3 703 67.5 74.8 76.3

2) The reported uncertainty of test method is based on a standard uncertainty multiplied by a coverage factor k = 2,
providing a level of confidence of approximately 95%.

4. Discussion

Ammonia was found in fly ash from SNCR denitrification. Figure 1 shows that the concentration
of ammonia in fly ash from the moment of collecting in a power plant decreases quite quickly through
homogenization, reduction, quartering, and frequent sampling for other tests in a laboratory. The
results of the study show that the initial rapid decrease in ammonia concentration ceased after 20
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days and then the concentration remained at a similar level, without any tendency for a regular,
steady decrease.

The analysis of the microstructural and phase composition test results allows to state that the
process of urea injection into the coal combustion chamber did not cause the formation of new crystalline
phases in ash, and the WZ and ODA ashes were characterized by a similar phase composition. Also,
cement slurry with 30% WZ fly ash addition after 7 days of hydration showed the same phase
composition as slurry with 30% ODA ash addition. Thermal analysis tests lead to a statement that
slurry with 30% ODA ash is usually characterized by a slightly lower amount of portlandite and a
slightly higher amount of calcite than slurries with 30% WZ ash. However, these differences are not
large enough to allow to consider, at this stage, a different course of the hydration process. Different
contents of portlandite and calcite may have been caused by different porosity of the samples, which
resulted in a different degree of carbonization of the slurries during drying. After converting the calcite
content into the original content of the portlandite it originated from, it can be concluded that there are
no significant differences between slurries containing the ODA and WZ ashes.

Microscopic images of slurries with 30% ODA ash after 7 days of hydration show no significant
differences in comparison to slurries with WZ ash. In both cases, the hydration of cement resulted in
the formation of C-S-H gel phase form, shallow forms of portlandite, and needle forms of ettringite.
Spherical grains of unreacted fly ash are seen (Figure 11b) and grains whose surface has been modified
by hydration (Figure 11c,d). The structure of the 7-day cement and ash slurries (ODA) is typical.

All tested samples met the requirements of PN-EN 450-1 [27] for fly ash of ignition loss category
A and fineness N. No significant differences were observed in the chemical composition of ashes
from boilers with flue gas denitrification installation (ODA) compared to reference ashes from boilers
without such a system (WZ).

When analyzing the effect of denitrification on the change in physical properties of fly ash (Table 3),
small differences in the fineness and activity index (pozzolan) were observed. ODA samples from
batches 1 to 3 were slightly finer, while 4 ODA samples were smaller than WZ samples from the same
batch. The activity of ODA ashes was also lower than that of WZ ashes, with the exception of samples
from the fourth batch. Differing results of some tests for sample 4 WZ may be caused by the fact that it
was the only one created in the process of co-combustion of coal dust with biomass.

A significant influence of the denitrification process on the increase of the value of ignition losses
in ashes from ODA denitrification was found (Table 3), which ranged from 160 to 220% of the value
of the reference WZ ashes. It should be noted, however, that in no case did the increase in ignition
losses result in a change in the category of ash assessed in accordance with the requirements of PN-
EN 450-1 [27]. The higher content of ignition losses in ODA ashes may have been the cause for the
observed increased water requirement of ODA ashes and may have had an impact on some of the
tested performance characteristics of slurries and mortars.

Differences between the results of mortar tests (Table 4) were compared to the uncertainties of test
methods, and if they were in the range of double value of uncertainty, they were classified as “not
significant”. The value of uncertainty for each method was calculated using the knowledge about used
instruments for analyses and standard variations of results received in series of tests

Analyzing the characteristics of fresh cement mortar with 30% ash addition, no significant
differences were found between ashes derived from ODA flue gas denitrification and WZ standard
ashes. Shrinkage tests after 3, 7, 14, 28, and 90 days of hardening did not show any significant
differences in the values of linear changes in mortars containing ODA ashes compared to ones with
WZ reference ashes. Mortar bending and compressive strength tests were also carried out in various
hardening periods (after 7, 28, 90, and 180 days). Mortars with the addition of ODA and WZ ashes
were characterized by similar values of flexural and compressive strength. However, a slight increase
in water absorption of mortars containing 30% of ODA ashes was observed in comparison to mortars
containing 30% of WZ ashes. However, these differences are not large enough to be relevant for concrete
technology. The results of the above investigations show that there were no significant differences in
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selected properties of fresh and hardened cement mortars containing ODA ashes compared to mortars
with WZ ashes (Table 4).

5. Conclusions

e  The studies conducted so far to analyze the influence of the selective non-catalytic reduction
denitrification process on the quality of fly ashes have shown that differences in the properties of
fly ashes from the flue gas denitrification by SNCR as compared to traditional ashes are mainly
limited to the increase of loss on ignition of ash and to the ammonia content in the ashes. The
observed changes appear to be reasonable, taking into account the modification of the combustion
process itself.

e In the tested samples, however, the changes in losses on ignition were not so drastic as to
demonstrate any differences in performance characteristics of ash-containing cement mortars,
which would be of significance for concrete technology. A completely new issue for fly ash is the
presence of ammonia in it. The PN-EN 450-1 [27] standard does not contain any requirements
regarding the content of this compound. The tests of change of ammonia content in ash over time
showed that in the initial period up to about 20 days, the compound is relatively easily released
during activities such as homogenization and periodic mixing. After a long period of passive
storage (up to 2 years), the concentration of ammonia decreases slowly and is still around 20-30%
of the initial value.

e In this study, volatile ashes from denitrification were investigated, whose ammonia content at
the time of sampling was maximum 75 mg/kg. Conclusions can be drawn that the threshold
value does not restrict the use of fly ash in cement and concrete, given its physical and chemical
properties. Another issue is the emission of ammonia from the finished product [6,16], but
such research will be carried out in the topic follow up studies. In some countries, a voluntary
system of labeling emissions from construction products, including ammonia emissions, has been
introduced [14].

e It should be noted that the tests were carried out on a laboratory scale and that the results
were assessed against the relevant requirements. Micro-scale ammonia release studies may not
necessarily translate into macro-scale results. The process of releasing ammonia from a large
volume of ash may have different dynamics. Also, the results of tests of large-scale use of fly ash
from denitrification in construction works (product emissions) may differ.

e  Further investigations are currently underway into the properties of fly ash from denitrification,
but with a much higher ammonia content (at the level of 200 mg/kg and above). Apart from
the impact on the physical and chemical properties of cement and ash mortars, the studies will
also be carried out with respect to ammonia emission from cement products containing fly ash
from denitrification.

e  The assessment of the possibility of using fly ash containing ammonia is very important as its
outcome will affect the possibility of further safe use of fly ash as a component of construction
products in sustainable construction [1,8].
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