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ABSTRACT

The experimental research focused on the influence of solutions containing chicken manure, pig slurry, and silage
on the hydration processes of cements and clinker minerals such as C,S, B-C,S, C,A, and C,AF. The results showed
that the hydration of C,S and B-C.S led to the formation of various phases, including Ca(OH),, CaCO,, and vari-
ous types of poorly crystalline C-S-H phases contaminated with Mg, S, P, Ti, K, and CI elements. The C,A phase
was the most susceptible to biological corrosion, while the C,AF phase was the most resistant. Studies on model
cement demonstrated a significant influence of solution pH on bacterial presence, where pH > 9 prevented their
occurrence, while pH < 4 and pH 6-7 favored their presence. The addition of y-C,S and C,,A, phases to the model
cement caused a modification of the sample’s microstructure and revealed exceptional density, where all spaces
were fully occupied by hydration products. Such a model of cement matrix construction prevents and limits the
penetration of the corrosive agent into the sample interior. The obtained research results suggest the possibility of
using such cement for bioreactor construction and employing additions of calcium aluminates and calcium ferrites
to further enhance cement resistance to biological corrosion.
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INTRODUCTION

The degradation of organic matter by micro-
organisms in oxygen-deprived environments is
referred to as anaerobic fermentation. As a result
of this process, the primary products are gases
in the form of methane and carbon dioxide. An
accompanying byproduct of this process is a
liquid, contributing to the obtained eco-energy,
while the residue contains a solid phase predom-
inantly composed of biodegradation-resistant
organic matter, notably lignin from plant waste.
These liquid and solid phases serve as valuable
fertilizers, enriched with nitrogen compounds,
thereby enhancing revenue streams. Anaerobic
fermentation plays a crucial role in the effective
management of bio-waste, reducing the volume
of waste generated by the agricultural, food, and
livestock sectors. The resultant biogas can be
utilized for heat generation or electricity produc-
tion. A prevalent method for harnessing energy

from biogas is cogeneration, combining heat
and power production by utilizing heat from
combustion to generate electricity [Fehrenbach
etal., 2008, Cole, 1988].Anacrobic fermentation
contributes significantly to reducing greenhouse
gas emissions, leading to increased profits for
biogas plant operators. This sustainable energy
production technique is recognized as one of
the most efficient and environmentally friendly
solutions in the energy sector. Given its myriad
advantages, biogas production via anaerobic fer-
mentation is actively encouraged by European
Union policies and should be expanded globally,
particularly in utilizing diverse organic waste
sources for eco-energy production [Evans et al.,
2003, Kothari et al., 2014].

Biogas represents the final product of four
consecutive chemical reactions in the anaerobic
fermentation process: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. Methane fer-
mentation occurs under mesophilic conditions,
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ideally at approximately 35 °C, minimizing en-
ergy consumption for heating. During the initial
hydrolysis stage, complex organic polymers like
proteins, lipids, and carbohydrates are broken
down into simpler soluble molecules such as ami-
no acids, long-chain fatty acids, and sugars. Sub-
sequently, during acidogenesis, these compounds
are further reduced to short-chain volatile fatty
acids [Gerardi, 2003, Kayhanian,1999, Li et al.,
2011]. Acetogenic bacteria convert organic acids
to acetate, hydrogen, and carbon dioxide, which
are then metabolized by methanogenic archaea to
produce methane and additional carbon dioxide.
Under optimal pH conditions for anaerobic fer-
mentation, nitrogen compounds like proteins and
urea undergo degradation, leading to the forma-
tion of ammonia, primarily as ammonium ions
in solution [Bertron, 2014; Bertron et al., 2017;
Voegel et al., 2016].

Concrete is of utmost importance in the con-
struction of biogas plants, agricultural, and agro-
industrial structures. Its selection is based not
only on cost-effectiveness and ease of construc-
tion but also on satisfactory air and water tight-
ness, as well as good thermal insulation. Concrete
fermentation reactors come into direct contact
with the liquid and gas phases of fermenting bio-
waste. Due to its chemical properties, this contact
can lead to concrete corrosion. Concrete exposed
to bio-waste at various stages of anaerobic fer-
mentation may suffer damage due to both chemi-
cal and biological factors [Koenig et al. 2016;
Bertron et. al., 2013; Koenig et al., 2017].

Chemicals encountered by concrete during
anaerobic fermentation include volatile fatty ac-
ids released by acidogenic bacteria, ammonia, and
dissolved carbon dioxide. These volatile fatty ac-
ids, being water-soluble calcium salts, gradually
degrade initial hydration products in the cement
paste due to their buffering effect and solubility
of organic salts [Escadeillas, 2013; Escadeillas, et
al., 2008; Carde et al., 1997; Lea, 1965].

Ammonium ions may react with the cement
matrix, leading to portlandite dissolution and po-
tential dehydration of CSH phases present in the
cement paste matrix. Additionally, carbonation of
the cement paste occurs in the presence of carbon
dioxide during methanogenic fermentation, alter-
ing the pH of the hydration reaction environment.
This can lead to the dissolution and recrystalliza-
tion of portlandite and CSH phases into calcium
carbonate. While local carbonation processes may
benefit concrete by reducing porosity, in systems
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exposed to fermentative fluids, bacteria may dis-
solve calcium compounds, including crystalline
carbonates [Baroghel-Bouny et al., 2008; Moran-
deau et al., 2014; Thiery, 2005].

Microorganisms can accumulate on material
surfaces, causing localized high concentrations of
aggressive factors, thereby accelerating degrada-
tion. Consequently, concrete undergoes gradual
deterioration, leading to increased porosity and a
heightened risk of reinforcement corrosion. Fail-
ure to implement adequate preventive measures
can result in concrete structure damage, incurring
significant costs and negative environmental im-
pacts, particularly in the case of bioreactor dam-
age [Voegel et al., 2019; Magniont et al., 2011].

EXPERIMENTAL

The research topic encompasses the analysis
of the impact of biological factors on the physi-
cochemical properties of cementitious binders
and individual synthetic clinker phases, as well as
their hydration products. The main goal of these
studies was to develop a concept of a new, in-
novative special binder for use in environmental
engineering. Achieving this goal relied on con-
ducting research on synthetic clinker phases and
creating conceptual models of special binders.

The experimental research primarily focused
on assessing the influence of biological corrosion
on cementitious pastes. The next stage involved
developing an optimal composition of special
binders, from the perspective of environmental
engineering, which could be used in the construc-
tion of reactors in biogas plants.

The study can be distinguished into two
main research areas. The first encompasses the
preliminary analysis of commercially available
general-purpose cements, which were exposed to
biological solutions. The second area focuses on
developing a model cement that enables estima-
tion of which component of general-purpose ce-
ment is responsible for the occurrence and forma-
tion of biological corrosion products, potentially
leading to the disintegration of the cement ma-
trix. Addressing this scientific problem involves
developing a modern special binder whose phase
composition can be adjusted to specific biological
exposure conditions. By eliminating or reducing
the most susceptible elements to biological corro-
sion in the binder’s phase composition, it will be
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possible to obtain a material resistant to biologi-
cal factors’ effects.

Materials

Cement

For the experiment, samples of seven Ordi-
nary Portland Cements (OPC) type CEM 1 were
selected initially. The chemical composition of
the Portland cements utilized in the investigation
is outlined in Table 1. As a reference (control) me-
dium for exposing the pastes, water with a speci-
fied chemical composition (pH = 7.3), detailed in
Table 2, was employed.

Biological aggression medium utilized was
swine slurry (Tuszyn, Poland) (pH = 4.6), ob-
tained from industrial pig farming. The chemi-
cal composition of the aqueous solution derived
from biological effluents is provided in Table 3.
The studied types of cement consisted predomi-
nantly of approximately 95% clinker, along with
approximately 5% CaSO,-2H,0O utilized as a reg-
ulator for setting time.

During the experiments, types of cement with
no additional components such as fly ash, blast
furnace slag, zeolite, or powdered calcium carbon-
ate, which have the potential to significantly im-
pact the corrosion process, were utilized. All types
of cement employed in the study were of identi-
cal strength class, namely 42.5 (this translates into
standard mortar reaching a strength of 42.5 MPa
after 28 days of hardening.). The cement under
examination demonstrated strong initial strength,
referred to as R (larger than 20 MPa after 2 days).
There was an exception for cement sourced from

cement plants in Chelm and Ozarow, designated
with the letter N indicating normal initial strength
(larger than 10 MPa in 2 days).

Comprehensive details concerning the char-
acteristics of the cement pastes utilized within
this study are outlined in the PN-EN-196-1
standard. Rectangular prism samples measuring
4 cm x4 cm x 16 cm were fabricated for me-
chanical strength, XRD, thermal, and FT-IR mea-
surements, following the guidelines of standard
PN-EN 196-1:2016-07 [PN-EN 196-1:2016-07,
2018]. In accordance with the standard, a water-
to-cement ratio of 0.5 was maintained for prepar-
ing the cement pastes. The molds containing the
cement pastes were left undisturbed for 24 hours

Table 2. Content of selected components in water used
for testing the cement paste samples [Durczak et al.,

2019]

Parameter Value [mg/l]
Arsen < 0.001
Nitrates 1.60 £ 0.03
Cyanides < 0.005
Fluorides 0.41 +0.01
Magnesium 14.00 £ 0.11
Copper <0.003
Lead < 0.001
Mercury < 0.0001
Sulfate 175.0+12.1
Total hardness CaCO, 377.0+18.6
Calcium 87.0+1.9
Iron 0.20 £ 0.01
Total trihalomethanes (THM) 3.0£0.5
Total chlorates and chlorites 0.100 + 0.006

Table 1. The chemical compounds in examined Portland cements with sample symbol along with the location of
cement origin and the number assigned to all tests performed using cements. [Durczak et al., 2019]

Symbol
Oxido %] 1 2 3 4 5 6 7

SiO, 21.70 20.81 21.66 21.56 19.36 22.47 24.27
ALO, 3.30 4.69 5.14 4.76 5.75 6.05 4.29
Fe,O, 4.56 3.77 277 3.14 2.83 2.72 2.80
CaO 65.52 65.79 65.36 64.94 66.99 63.67 64.01
MgO 1.12 1.33 1.46 1.92 1.68 1.91 1.10
SO, 3.14 2.65 2.52 2.63 2.20 212 2.30
K,0 0.41 0.77 0.86 0.71 1.05 0.80 1.10
Na,O 0.20 0.14 0.15 0.30 0.1 0.20 0.10

Cl- 0.05 0.05 0.08 0.04 0.03 0.06 0.03
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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to attain initial strength and preserve the desired
beam shapes. After extraction from the molds, the
samples underwent an additional 24 — hour cur-
ing period in a control-climate chamber under hu-
midity of 100% (relative). Subsequently, the trial
specimens were immersed in air-tight containers
containing the biological substance, serving as
the aggressive medium. Parallel samples were
immersed in water to serve as controls. Following
a 12 — hour vacuum drying process, the samples
were ground using a vibratory mill until a granu-
lation was suitable for sieving through a 0.1 mm
sieve. Powdered measurement samples were vac-
uum-dried for only 1 hour before experiments.

Synthesis of clinker phases

To produce the clinker phases alite
— 3Ca0-SiO,, belite — 2CaO-SiO,, ftrical-
cium aluminate — 3CaO-AlO,, brownmil-
lerite — 4Ca0O-AlO,Fe,0,, and mayenite —
12Ca0-7A1,0,, we utilized high-purity (99.9%)
analytical grade reagents, namely calcium

carbonate, aluminum oxide, silicon dioxide, and
iron (III) oxide. The raw materials were prepared
through homogenization and blending of the
weighted portions (ranging from 1-2 kg, based on
stoichiometric proportions outlined in subsequent
research) in a Deval drum (rotating at 40 rpm) for
a duration of 36 hours, followed by drying at 110
°C for 24 hours. The prepared components were
securely enclosed in 10 — liter plastic containers
for subsequent procedures. Samples of each in-
gredient were subjected to thermal treatment at
1300 °C for 4 hours to assess losses during roast-
ing. The roasting losses were recorded as follows:
43.73% for CaCO,, 1.94% for Al,O,, 0.82% for
SiO,, and 2.34% for Fe,O,. Table 4 provides
the molar masses of clinker phases along with
the synthesis temperature. Weighed appropriate
amounts of individual components, in the corre-
sponding stoichiometric portions, were placed in
2 — liter containers. The homogenization process
was carried out for 72 hours. The sintering of the
samples took place at temperatures provided in

Table 3. Content of chemical components in pig slurry diluted in water [Durczak et al., 2019]

Parameter Standard Value [mg/l]
Kjeldahl total nitrogen PN-EN 25663:2001 1240.0 £ 60.4
Ammonium nitrogen PN-ISO 5664:2002 1050.0 + 51.1
Total nitrogen PN-73/C-04576/14 1350.0 £ 63.5
Nitrite nitrogen PN-EN 26777:1999 0.032 + 0.003
Nitrate nitrogen PN-82/C-04576/08 0.31£0.05
Chrome PN-EN 1233:2000 0.40 (-)*
Cadmium PN-ISO 8288:2002 0.05 £ 0.01
Nickel PN-ISO 8288:2002, PN-EN 13346:2002 0.09 £ 0.01
Lead PN-ISO 8288:2002 <05
Mercury EN 13346:2002 <0.003
Calcium PN-ISO 6058:1999 68 (-)*
Magnesium PN-C-04554-4:1999 4.37 £0.87
Total phosphorous PN-EN ISO 6878:2006 352 (-)
Potassium US EPA 200, 7, ISO 11885 684.0+15.4
Dry mass CSN ISO 11465 1.31+0.06

Table 4. The chemical composition of cement clinker phases expressed in wt% and the temperature of synthesis

of the obtained clinker phases

Phase CaO SiO, ALO, Fe,O, Synthesis temp. [°C]
(OXS] 73.69 26.31 - - 1500
C,S 65.12 34.88 - - 1450
CA 62.264 - 37.736 - 1513

CAF 46.16 - 20.98 32.86 1360

C,A, 48.53 - 51.47 - 1320
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the tables for a minimum of 5 hours. After tak-
ing the samples out from the furnace, the result-
ing sintered material was subjected to another
homogenisation by grinding in an agate to a grain
size corresponding to a sieve mesh size of 0.1
mm (agate mill). X-ray analysis on such prepared
powder was executed to assure the purity and
presence of the obtained sintered material. The
synthesis process was repeated until achieving
complete phase synthesis.

Preparation of clinker and cementitious
samples for hydration studies

5 g weighted samples were compressed in
a hydraulic press (PR-25R type, Metimex, Pys-
kowice, Poland) with a 15 mm matrix diameter
at a pressure of 1 bar to form cylindrical shapes
(height 6 mm). The prepared samples were then
submerged in liquid environments composed of
biological substances media with temperatures
ranging from 10 to 20 °C. As active media in the
biocorrosion process, pig slurry (Tuszyn farm,
Poland) (pH = 4.6) obtained from industrial pig
fattening, silage made from corn (Smolice farm,
Poland) (pH = 6.8), and chicken manure (Wozni-
ak - Fermy Drobiu, Sp. z o. 0., Rawicz, Poland)
(pH = 6.4) were used. The above-described bio-
logical media, weighting c.a. 10 kg, were dilut-
ed in 10 litres of distilled water. These prepared
aqueous solutions were allowed to mature for a
period of 14 days in a tightly closed plastic bar-
rel. Compressed samples of clinker and model
cement weighing 5 g were placed in sealed con-
tainers filled with water (control sample — W) or
corrosive media such as aqueous solutions of pig
slurry (G), corn silage (K), and chicken manure
(P), and subjected to hydration processes. Syn-
thetic clinker phases were numbered as follows:
1-C,S+B-C,S; 2-C,AF. Model cements were
marked as follows: 6 — model cement 8§ — mod-
el cement with the addition of y-C,S and C,A..
A reference (control) was made using a sample
exposed to tap water. The samples were kept in
water or in a biological corrosion environment at
a temperature of 10-20 °C for 10 months. After
this period, unbound water was removed from
samples using a vacuum pump [107 Tr] for 1 hour
prior to further examination.

Methods

X-ray diffraction

The X-ray diffraction (XRD) method was ap-
plied to assess the samples’ phase composition.
A stabilizing power supply for the X-ray tube
PW 1140/00/60 and a vertical goniometer PW
1050/50 (Philips Res., Eindhoven, Netherlands)
was provided. The device was equipped with a
vertical X-ray apparatus from Philips, with a Cu
anode tube (A = 1.54178 A). During the measure-
ments, the Ni filter was used. The XRD apparatus
was equipped with a PW 2216/20 “fine-focus”
X-ray tube with a power of 1.2 kW (the applied
tube power was 1 kW, corresponding to a 40 kV
tube voltage and a 25 mA cathode filament cur-
rent). Adjustment of the diffractometer settings
allowed for the narrow beam of radiation, im-
proving the precision of data.

Thermal analysis

DTA-TG thermal analysis method with EGA
gas analysis was used for samples’ thermal char-
acteristics combined with STA 449F3 Jupiter
instrument (Netzsch, Krakow, Poland) coupled
with the QMS 403 C Aéolos quadrupole mass
spectrometer (Netzsch, Krakow, Poland). Meas-
urements were performed on samples weigh-
ing approximately 75 mg, on aluminum oxide
(ALQO,). During the experiment, a flow rate of 40
ml/min and a heating rate of 15 °C/min synthetic
air atmosphere was provided. The measurements
were obtained in the temperature range from
30 °C to 1000 °C. Based on the TGA mass loss
measurements in characteristic temperature rang-
es, the content of individual components in the
tested samples was estimated. The Ca(OH), and
CaCO, content in the original samples were cal-
culated from TG curves using the below formula:

X=AM,, xS (1)

where: X — % (m/m) content of the component in
the sample, AM, . — the mass loss based
on the 7G curve in the temperature range
characteristic for a given component,
expressed in % (m/m), S — stoichiomet-
ric coefficient resulting from the chemi-
cal composition of a given component.
S value of 4.12 was used to calculate the
content of Ca(OH), while the content of
CaCO, was assessed using § = 2.2.
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FT-IR measurements

Fourier-transform infrared (FT-IR) spectros-
copy was utilized to determine the samples’ trans-
formation upon storage in biological media. The
structure of cementitious paste during storage in
liquid pig slurry for 10 months was examined us-
ing a Nicolet iS50 FTIR spectrometer (Thermo
Scientific, Madison, WI, USA) with an attenuated
total reflectance (ATR) diamond accessory (Glad-
iATR attachment, PIKE Technologies, Madison,
WI, USA). Spectra in the range between 4000
cm™! and 500 cm!, with a 4 cm™ nominal resolu-
tion were collected. Sixty-four scans were collect-
ed in the “atmospheric correction” mode. Baseline
correction was executed with OMNIC software
(version 8.2, Thermo Fischer Scientific Inc., Mad-
ison, WI, USA). Three documented collections of
spectra were averaged. Spectral analysis was con-
ducted using the GRAMS AI Spectral Notebase
(Thermo Fisher Scientific, Madison, WI, USA).
Plots were drawn with Grapher 4 software (Gold-
en Software, LLC, Golden, CO, USA).

The compressive strength tests

After 10 months of conditioning in H,O (ref-
erence) or an aqueous solution of pig slurry tests
of the mechanical strength were done on rectan-
gular prism-shaped cement blocks with dimen-
sions of 40 mm x 40 mm x 160 mm. Samples
used as controls were labelled from 1 1 to 7 1
(water), while samples subjected to pig slurry
were labelled from 1 _3 to 7 3 (pig slurry).

RESULTS

Research on the interaction of biological
media with cementitious binders

The study presented the results of phase com-
position analysis (Fig. 1) and demonstrated that
besides the presence of characteristic diffraction
peaks indicating the presence of crystalline phas-
es, the elevated background in the range of 25-40
degrees 20 indicates the presence of a non-crys-
talline (amorphous) phase. The elevation of the
diffraction background may also be caused by the
increasing content of pseudo-crystalline hydrat-
ed calcium silicates (C-S-H); however, the influ-
ence of living matter on the overall XRD patterns
cannot be excluded. The diffraction peaks that
are first noticeable originate from the crystalline
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portlandite Ca(OH), and calcite CaCO,, and occur
in both reference samples and samples subjected
to biological degradation. However, based on the
conditions of the surrounding environment of the
cementitious binders, distinct changes in the rel-
ative intensities of reflections from these phases
are also observed in the XRD patterns, confirming
the variable mass portlandite/calcite fraction ratio.
In samples taken out from pig slurry, an apparent
reflection intensity decrease of peaks attributed to
the portlandite phase is observed. Additionally, an
accompanying increase in the intensity of peaks
characteristic of calcite is noticed. These trends in
intensity changes indicate an interaction (reaction)
between calcium hydroxide and carbon dioxide,
produced by bacteria during oxygen-deprived
(anaerobic) respiration. The visible higher back-
ground level on the diffraction patterns in sam-
ples exposed to biological suspension conditions
shows a slight flattening in the range of reflection
angles 2540 20. This can be associated with the
process of progressive corrosion, during which the
breakdown of the C-S-H phase occurs, creating
ettringite in environments with surplus carbonate
ions and decreased temperatures of reaction. This
was also confirmed in all ettringite-containing
samples subjected to biological corrosion. Addi-
tionally to C-S-H phase - a hydration product of
calcium silicate, the presence of unreacted crys-
talline phases such as tricalcium aluminate and di-
hydrate gypsum is observed. In all tested samples,
the presence of unreacted B-C,S clinker phase,
undergoing slow hydration, was also confirmed.
The comparison of all tested binders revealed
slight but significant phase composition differ-
ences between the tested samples. In addition to
ettringite, the presence of a secondary phase of
ettringite was detected in all samples, which the-
oretically should not be present in the phase com-
position of cementitious binders hydrated for 10
months. This phenomenon indicates that the for-
mation of subsequent corrosion products, such as
ettringite, is possible in the later stages. Compar-
ing H O — treated samples with samples interact-
ing with living matter, i.e., bacteria, indicates an
increase in the concentration of calcium carbonate
phase as a product of carbonation during the ox-
ygen-deprived bacterial respiration. The findings
of the phase composition analysis of cementitious
binders are confirmed by thermal analysis, where
all samples showed similar courses of thermal
curves. The observed variations pertained to the
concentrations of individual components [Sujak



Journal of Ecological Engineering 2024, 25(7), 115-136

(a)
4500 1~
4000 A
3500 A
3000 A
~
:2 2500 A
S,
2000 -
>
=
7
& 1500 -
O
+~
E 1000 ~
500 -+
0
3500 - P ——
c v —
3000 - — 51
E P, 6_1
N E C s ¢ P —7_1
2500 - P
E G s P P
—n E c c s PP
= 2000 4 s P
s E G 3
S E sC lc shcsy® PeS s Pop
E
%’ 1500 e c s P b
7 s P b
o E P
O
e 1000 E c S s P p
P— E e P
E C S s P
500 S
E P
E Cs ¢ s P P
) . ; . . ; ,
5 15 25 35 45 55 65

20

Figure 1. Cement pastes X-ray diffractograms obtained posterior 10 months of exposure to distilled water (panel
b, samples from 1 1 to 7 1) and pig slurry (panel a, samples from 1 3 to 7 3); Description of crystal phases:
T -C,S8-CO,SO,-15H,0, E-C,A-3CaS0O,-32H,0, P —Ca(OH),, C -CaCO,, S -C,S and G —CaSO,*2H,0

et al., 2021; Durczak et al., 2021]. Further obser-
vations involving comprehensive thermal anal-
ysis drew attention to thermal transformations
specific to this material type happen across three
distinct temperature intervals (Table 5, Table 6).
The first of them (from room temperature (RT)
to about 300 °C) characterizes the release water
not bonding chemically, followed by gypsum,
ettringite as well as C-S-H phase dehydration,
evident by mass loss on the TG curve, accompa-
nied by an endothermic effect as visible on the
DTA curve. The next temperature interval starts

from about 450 °C and finishes at about 550 °C.
Two phenomena, mass loss on the TG curve and
an endothermic effect on the DTA curve indicat-
ing processes related to the thermal breakdown
of portlandite during dihydroxylation are visi-
ble. The abovementioned changes are associated
with H,O release into the atmosphere. The third
temperature interval (from about 650 °C to about
1000 °C) coinciding with the mass loss visible on
TG curve accompanied by the endothermic effect
on the DTA curve is associated with the thermal
decomposition of carbonate and resulting with
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Table 5. The reduction in mass of the examined samples and the distinctive temperature intervals observed during

heating according to the TG curve [Sujak et al., 2021]

Temperature range [°C]
Sample
Dehydration Dehydroxylation Decarbonatization
30 + 360 430 + 580 580 + 695 695 + 1000
1.1 12.64 4.40 0.82 1.96
21 13.41 4.21 0.76 0.94
3.1 12.64 4.24 0.83 2.23
4 1 12.90 4.61 0.71 1.76
51 11.51 3.36 0.75 2.30
6_1 13.27 4.59 0.75 1.83
71 12.44 3.56 0.93 2.50
1.3 13.20 4.41 0.88 2.30
2.3 13.96 4.18 0.83 1.46
3.3 14.09 4.06 0.94 2.75
4.3 12.60 4.49 0.93 2.49
53 11.63 3.07 0.99 3.51
6_3 13.71 4.14 1.04 2.94
7.3 13.47 3.42 1.38 2.80

Table 6. The quantitative composition of portlandite —
Ca(OH): and calcium carbonate CaCOs [% (m/m)] in
the examined cement pastes determined based on the
mass reduction (loss) in the respective temperature ranges
[Sujak et al., 2021]

XCa(OH), XCaCO,
Sample

% (m/m) % (m/m)
1.1 18.13 6.31
21 17.35 3.86
3_1 17.47 6.95
4.1 18.99 5.61
5_1 13.84 6.92
6_1 18.91 5.86
71 14.67 7.79
13 18.17 7.22
23 17.22 5.20
3.3 16.73 8.38
4.3 18.50 7.76
53 12.65 10.22
6_3 17.06 9.03
7_3 14.09 9.49

the CO, release. The temperature-induced break-
down of carbonates occurs in the temperature in-
terval between 650 °C and ¢.a.1000 °C. Two stag-
es can be observed, indicating the presence of two
forms of carbonates. The first occurs within the
temperature range of 580-695 °C, with a lower
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mass loss value, and the second in the range of
695-1000 °C. A decrease in the amount of port-
landite and an increase in the amount of calcite in
samples exposed to pig slurry compared to sam-
ples stored in aqueous solutions were demonstrat-
ed. The probable cause of this phenomenon is the
secondary carbonation of calcium hydroxide by
carbon dioxide released during the anaerobic res-
piration process of bacteria present in pig slurry
[Sujak et al., 2021; Durczak et al., 2021].

The above studies were complemented by infra-
red spectroscopy analysis, performed for each sam-
ple in the range 0f 4000 cm! to 500 cm! (Fig. 2). The
analyses of cementitious binders exhibited similar
spectroscopic profiles. However, detailed analysis
revealed visible trends indicating the destruction of
the cementitious binder structure depending on the
conditions of its exposure. The absorption spectra of
cementitious binders stored in water were compared
with the spectra of cementitious binders exposed to
aqueous suspensions of pig slurry. For most sam-
ples, the effects occurring in the absorption range of
1500-1300 cm!, which can be assigned to the C-O
group asymmetric stretching mode characteristic
for calcium carbonates (CaCO,), were accompanied
by a decrease in maxima in the range of 1100-800
cm’!, characteristic of the primary phase of Portland
cement binding — C-S-H. Another spectroscop-
ic region indicating structural damage was found
at wavenumbers higher than 3640 cm’, showing
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Figure 2. Surface-normalized FT-IR spectra of the examined cement pastes in the range
0f 4000500 cm-1. Cement pastes subjected to water (Panel A: references, series 1)
and samples kept in a pig slurry for a period of 10 months (Panel B, series 3)

vibrations of surface OH groups and low-intensity
vibrations of interlayer H,O molecules bound by
hydrogen bonds [Sujak et al., 2021].

The samples’ exposure to pig slurry caused al-
terations in the O-H groups, likely resulting from
the formation or disruption of hydrogen bonds.
Studies indicating structural damage found confir-
mation in the results of compressive strength tests
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for samples of cementitious binders subjected to
compression tests (Fig. 3). Binders stored in wa-
ter achieved values of 100 MPa or higher. Sam-
ples stored under biological corrosion conditions
achieved compressive strength values lower by 10
to 16% compared to reference (stored in water).
The compressive strength concerning pig slurry-
exposed samples ranged from 80 to 99 MPa. The
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Fig. 3. Mean compressive strength (n = 6) after 10 months [ MPa] of cement pastes 1-7 +S.D. Samples
exposed to water (reference) — blue, samples exposed to biological corrosion — orange. X axis — cement
pastes (1-7) subjected to compressive strength tests. Y axis — values of compressive strength [MPa]
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mechanical strength decrease in samples subjected
to biological corrosion was linked to the surface
corrosion as a result of biological aggression, lead-
ing to a reduction in the cohesion of the cementi-
tious matrix consisting of hydrated calcium silicates
(C-S-H). Additionally, in samples seasoned in the
corrosion medium, both phase composition thermal
studies indicate an increased content of calcium
carbonate and secondary ettringite. The formation
of calcium carbonate, on one hand, seals the sur-
face of cementitious binder samples, but it can also
contribute to a decrease in the strength parameters
of the tested samples. One might infer that the pres-
ence of exposed pores on the sample surface, where
the corrosive medium penetrates deeper, may result
in the creation of hydration products that reduce the
samples’ mechanical characteristics [Pyzalski et al.,
2021; Pyzalski et al., 2023].

The research on the impact of biological
media on synthetic clinker phases

The results of the research including the degree
of reaction of C.S and BC.S clinker (symbol 1),
as well as the content of newly formed phases

In typical Portland cements, besides alite (C,S),
there is usually belite (B-C,S) present in amounts
ranging from 10 to 25% by weight. The formation
of these phases occurs during the high-temperature
synthesis process of calcium oxide and silica. It is
also known that these phases differ in their activi-
ty towards water, and the products of their reaction
with water form C-S-H type compounds, character-
ized by different structure and chemical composition

[Sujak et al., 2021; Durczak et al., 2021; Pyzalski et
al., 2021; M. Pyzalski et al. 2023].

In the context of the above, it was assumed that
to maintain analogy in later hydration processes,
preparations of C,S and C,S phases would be syn-
thesized together, analogous to classical Portland
cements. By properly preparing the raw material
set and synthesizing it under high-temperature
conditions (1500 °C/5h), the intended goal was
achieved, obtaining a preparation with a composi-
tion of 75.5% C,S and 24.5% C,S. Subsequently,
this preparation was crushed and formed into pel-
lets, and subjected to the described research proce-
dures regarding the influence of biological factors
and other chemical factors. In the case of clinkers
and samples of model cement, the samples were
subjected to studies in a water environment (W),
pig slurry (G), corn silage (K), and poultry manure
(P). The research results are presented in Table 7
and Figure 4 [Sujak et al., 2021; Durczak et al.,
2021; Pyzalski et al., 2021; Pyzalski et al. 2023].

Analyzing the results of the degree of reaction of
the C,S and B-C_S phases, it was found that this de-
gree varies depending on the reaction environment
from 56.5% to 73.0% for the C,S phase and from
47.0% to 18.5% of the mass of the phase for B-C,S.
The observed trends are consistent with the results
of studies found in the scientific literature [Sujak et
al., 2021; Durczak et al., 2021; Pyzalski et al., 2021;
Pyzalski et al. 2023]. It is worth noting that in ad-
dition to the hydration reaction in a water environ-
ment, there is an increasing tendency in the degree
of reaction of the tested phases in the G, K, P prepa-
rations for the C3S phase (G > K > P), while for
B-C,S, there is a decreasing tendency (P> K> G).
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Figure 4. X-ray diffraction pattern of the sample with symbol 1. Sample composition: 75.5% C,S
and 24.5% C,S%. Description of crystal phases: C2- C,S; C3- C,S ; P— Ca(OH),; C — CaCO,
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Table 7. Quantitative analysis of crystalline phases in C,S and C,S sample expressed in wt%

Newly formed phases

Content in % by weight phases resulting from reactions with aqueous solutions

Sample designation 1w 1P 1K 1G
Reaction environment Water Chicken litter Corn silage Pig slurry

Ca(OH), 15.0 9.0 11.0 12.5

CaCoO, 25 11.0 7.0 5.5

Amorphous phases (CSH)

Amorphous phases visible in the background are hydrated ca

such as; K, Na, Al, Fe, P

Icium silicates, poorly

crystalline CSH compounds, contaminated with chemical compounds containing elements

35.5 47.0 44.0 40.5
GOF 4.62 5.41 5.03 4.17
pH 12.81 10.64 10.21 6.87

The same trends were also observed in the
assessment of the influence of the pH of the re-
action environment (with the exception of results
for H,0), where an increase in the alkalinity of the
reaction environment accompanied an increase in
the degree of reaction of the C,S phase, while in
the case of the B-C.S phase, the opposite trend was
observed. The only crystalline products, besides the
unreacted portions of C.S and B-C.S, formed dur-
ing hydration processes, are portlandite (Ca(OH),)
and calcite (CaCO,). The increase in the amount of
crystalline products correlates with the increase in
the alkalinity of the solutions, including the con-
tent of portlandite Ca(OH), (G > K > P; from 13
to 9.5%). At the same time, quantitative results of
calcite content in the samples indicate a clear rela-
tionship between an increase in pH and the level of
calcite content (G > K > P; from 4.5 to 5.5%).

In the analysis of the presence of the amorphous
phase, the obtained quantities of its content do not
provide grounds for seeking correlations with other
results. This is due, on the one hand, to qualitative
and quantitative issues linked to the C-S-H phases
formation along with concurrently occurring pro-
cesses of calcite formation resulting from carbon-
ation processes, as well as simultaneous formation
of portlandite. CO, reaction processes resulting
from biochemical reactions may affect the speed
and amount of CaCO, formation. The obtained re-
search results, within the sensitivity of X-ray detec-
tion methods, showed that apart from the mentioned
hydration products, no other crystalline compounds
were found. Considering the fact of high pH values
exceeding 9 in samples 1P and 1K, the influence of
biocorrosion processes significantly slowed down
due to the absence of active biological matter.

Besides the mentioned main crystalline phas-
es Ca(OH), and CaCO,, the remaining part of the
preparations consists of amorphous C-S-H phases

and unreacted remnants of initial phases. Taking
into account the need for a somewhat more precise
definition of the amorphous phase, the assumptions
of Taylor and Diamond were adopted, suggesting
that there are four variants of it, namely C-S-H I,
C-S-H 11, C-S-H III, and C-S-H IV. The first two
differ from each other in the molar ratios of C/S. In
the C-S-H I phase, this ratio is less than 1.5, where-
as in the case of the C-S-H II phase, the ratio C/S
> 1.5. Additionally, these variants can be distin-
guished based on their morphological appearance.
The C-S-H I phase occurs in fibrous form, C-S-H
II has a reticular structure called “honeycomb,”
while C-S-H III forms isometric grains, and C-S-H
IV forms agglomerates (clusters) recognized under
an electron microscope as a dense gel. It should be
noted that all types of C-S-H phases are difficult to
identify and distinguish solely by X-ray methods be-
cause they are usually poorly crystallized, and their
presence, in the case of X-ray studies, is effectively
revealed by raising the background of the diffraction
pattern in the range of angles 15 + 40 20. An addi-
tional difficulty in identifying the discussed phases
is that in aqueous solutions of poultry manure, si-
lage, and slurry, there are elevated contents of chem-
ical compounds containing elements such as K, Na,
Al, Fe, P, and other organic impurities contami-
nating and modifying the structures of amorphous
C-S-H phases. It is worth emphasizing that despite
the difficulties, relatively low goodness of fit (GOF)
coefficients were obtained in X-ray studies, which
provides grounds for assessing the reliability of the
presented analysis results. It was also noted that all
samples (in pellet form) of the tested preparations
removed from their maturation environments re-
tained their original shape and showed no signs
of corrosion despite their relatively high hardness.
Only depending on the nature of the environment in
which they matured, they changed their color.
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The results of the research including the degree of
reaction of the C AF phase (symbol 2),
as well as the content of newly formed phases

In traditional Portland cements, alongside al-
ite (C,S) and belite (B-C,S), there is typically also
the phase C,AF, whose content varies from about
5 to 25% by weight. This phase belongs to a series
of solid solutions starting from C,F up to the hy-
pothetical “C A”, occupying a middle position in
this series. In Portland clinkers and cements, it is
known as brownmillerite. Due to its place in this
series, the chemical composition of the C,AF phase

can vary significantly. This compositional diversity
has serious consequences for the hydraulic activity
of different samples of such compounds. General-
ly, phases richer in Fe,O, exhibit lower activity to-
wards H,O, emitting small amounts of heat during
the hydration process and showing greater resist-
ance to aggressive environments [Pyzalski et al.,
2023; Durczak et al., 2023]. The C,AF phase was
subjected to X-ray radiation analysis, which con-
firmed the achievement of the intended goal, name-
ly obtaining a preparation corresponding to the pa-
rameters of the C,AF phase, with a small amount
of mayenite admixture — C A_. The analysis of

Table 8. The degree of hydration in the sample with symbol 2 (C,AF and C ,A.) expressed in wt%

Phases Reaction degrees in %
Sample designation 2W 2P 2K 2G
Reaction environment Water Chicken litter Corn silage Pig slurry
C,AF 29.0 255 28.0 31.0
C.A, 100 100 100 100

Table 9. Quantitative analysis of crystalline phases in sample with symbol 2 (C,AF and C,A.) expressed in wt%

Newly formed phases

Content in % by weight phases resulting from reactions with aqueous solutions

Sample designation 2W 2P 2K 2G
Reaction environment Water Chicken litter Corn silage Pig slurry
Ca(OH), 0 0 0 0
CaCo, 1.5 55 6.5 2.0
C,.,(ALFe)H,, o 18.5 3.0 6.0 10.5

Other crystalline phases

Hydroxy-AFm phases, monocarboaluminate C,ACH,,, hemicarboaluminate C,AC,.H,, and
amorphous iron hydroxides visible in the background

Amorphous phases 16.5 21.5 26.0 20.0
GOF 3.81 5.34 3.94 4.25
pH 12.32 10.86 9.06 7.12
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Figure 5. X-ray diffraction pattern of the sample with symbol 2. Sample composition: C,AF

and C ,A.. Description of crystal phases: F - ferrite; M - C ,A; H - C,_ (Al Fe)H
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research results (Tables 8, 9, and Figure 5) suggests
that the examined samples contain small amounts
of hydration reaction products, consisting of vari-
ous calcium aluminate hydrates, hydrogarnet-type
phases, hydroxyl-AFm (OH-AFm), monocar-
boah}minate C 4A(AJH12 (Mc), hexacarboaluminate
C,AC H,, as well as amorphous phases of iron
and aluminum hydroxides, often contaminated
with other elements. Such presence of amorphous
phases significantly complicates their unambiguous
identification. Analysis of the degree of reaction
of the synthetic C,AF phase in contact with water
and aqueous solutions of biological waste confirms
the highest resistance of this phase to their action
among all mineral components of cements.

Regardless of the pH level, type of reagents,
and solutions, the degree of reaction varies within
the range of 25% to 31%, leading to a low level of
amorphous phase content. This phase includes ac-
cessory phases, but visible in the background, such
as AFm phases, monoca{boaluminate C 4ACH12,
hemicarboaluminate C,AC _H ,, and amorphous
iron hydroxides. The presence of amorphous phas-
es was assessed at levels ranging from 15% to
23%. In the case of a small amount of hydration
products, equally difficult to identify crystalline
hydration products are phases of C4AF compounds
resembling compositions of C,AH +~C,AH ,, C,F-
H~CFH,,, or C(AF)H+C,(AF)H,, contami-
nated with other additives. Similar to the hydration
processes of calcium silicate phases, elevated con-
tents of chemical compounds containing elements
such as K, Na, Al, Fe, P, and other organic impu-
rities contaminating and modifying the structures
in the used reaction media (poultry manure, silage,
slurry) lead to difficulties in identifying hydrate
phases [Pyzalski et al., 2023; Durczak et al., 2023].

It was also noted that all samples in pellet form
of the tested preparations, removed from their
maturation environments, retained their original
shape and showed no signs of corrosion with high
hardness. The level of goodness of fit (GOF) coef-
ficients in quantitative X-ray studies ranging from
3.8 to 5.3 indicates the high reliability of the pre-
sented research results

Test results of the degree of reaction
of the model cement (symbol 6)
and the content of newly formed phases

Classical Portland cements mainly contain
the following mineral phases: alite (C,S), belite
(B-C,S), C,A, and brownmillerite (C,AF), with
the addition of about 4% gypsum. In this study,

it was decided to develop a model cement, desig-
nated as number 6, based on synthetic and already
possessed minerals. It was assumed that the min-
eral composition of this synthetic cement should
approach the following percentage shares of phas-
es: approximately 55% C,S, approximately 20%
B-C,S, approximately 10% C,A, approximately
10% C,AF, and about 5% gypsum. The synthetic
minerals, which were owned and crushed, were
measured in appropriate weight proportions, then
mixed and homogenized for a period of 5 hours.
As a result of these actions, a two-kilogram sam-
ple of model cement “6” was obtained. Its miner-
al composition was determined by X-ray methods
without using an internal standard and is as fol-
lows (wt.%): C,S —49.5%; B-C,S —24.7%; C,A —
7.8%; C,AF —10.0%; Gypsum — 8.0%. [Pyzalski
et al., 2023; Durczak et al., 2023].

From the obtained sample of model cement,
pellets were prepared, which were then placed in
containers with water and water mixtures with
biological additives. After 10 months of curing,
the samples were dried, crushed, and subjected to
planned examinations. It is widely accepted that
the processes occurring during the hydration of in-
dividual phases of the model cement significantly
differ from the process occurring in the natural
mixture, which is industrial Portland cement. Af-
ter mixing the cement with water, the pH reaches
a level above 12.0 in a short time and remains
at this level for a longer period. As a result, hy-
dration processes of cement minerals occur under
constant pH conditions. However, other factors
such as mutual interaction of chemical processes,
amount of heat released during hydration, degree
of cement grinding, purity and amount of added
water, presence of additives, significantly affect
the hydration processes.

Changing the environment from water to
aqueous solutions with biological additives should
influence both qualitatively and quantitatively the
course of hydration processes. The results of the
conducted research confirm the existence of dis-
tinct differences in the degree of reaction, quality
and quantity of newly formed hydration products,
and in the area of formation of amorphous phases.
Analyzing the phase of alite C,S and belite -C,S
and their hydration processes, issues regarding
the qualitative presence of two crystalline phases:
Ca(OH), and CaCO, have already been discussed.
In addition to the main crystalline phases, some
preparations contain amorphous CSH phases and
unreacted parts of starting phases. For precise
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identification of the amorphous phase, four va-
rieties are used according to the assumptions of
Taylor and Diamond: CSH I, CSH II, CSH III,
and CSH IV. Phase CSH I is characterized by a
molar ratio of C/S less than 1.5, while phase CSH
II has a C/S ratio greater than 1.5. Additionally,
SEM methods are used for the identification of
these hydrates, allowing them to be distinguished
based on morphology. Phase CSH I occurs in a

fibrous form, CSH II in a honeycomb-like struc-
ture called “honeycomb,” CSH III forms isomet-
ric grains, and CSH IV forms spherical aggre-
gates. The results of the research, obtained using
qualitative-quantitative techniques such as X-ray
diffraction (XRD) method, are presented in Ta-
bles 10, 11, and in Figure 6.

Analysis of the research results presented in
tables 11 showed that the main hydration products
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Figure 6. X-ray diffraction pattern of the sample with symbol marked with the
symbol 6 of model cement. Description of crystal phases: 3- C,A; F-ferrite; S, —
calcium sulfate; E-ettringite; C2- C,S; C3- C,S; P — Ca(OH),; C — CaCO,

Table 10. The degree of hydration in the sample model cement with symbol 6 expressed in wt%

Phases Reaction degrees in %

Sample designation 2W 2P 2K 2G
Reaction environment Water Chicken litter Corn silage Pig slurry

(OXS 56.8 65.6 54.5 71.5
B-C,S 44.8 40.1 50.0 42.8
CA 100 100 100 100
C,AF 9.0 25 14.2 12.8
Gypsum 100 100 100 100

Table 11. Quantitative analysis of phase hydration products in model cement sample 6 expressed in wt%

Newly formed phases

Content in % by weight phases resulting from reactions with aqueous solutions

Sample designation 6W 6P 6K 6G
Reaction environment Water Chicken litter Corn silage Pig slurry

Ca(OH), 9.5 55 0 9.0

CaCo, 3.5 10.0 6.3 6.0

Remaining phases

The phases of weakly crystalline CSH compounds, hydroxy-AFm, hydrated calcium

aluminates, ettringite, C,ACH,, monocarboaluminate, C,AC

amorphous iron hydroxides are visible in the background.

05 12

H,, hemicarboaluminate and

and amorphous
211 14.7 214 384
GOF 2.33 2.02 217 2.38
pH 12.52 11.15 7.56 6.98
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of the synthetic cement samples “6” are phases
Ca(OH),, CaCO,, and amorphous CSH phases,
along with residues of unreacted parts of starting
phases. Additionally, low contents of poorly crys-
talline phases such as hydroxy-AFm, hydrated
calcium aluminates, ettringite, monocarboalumi-
nate C4ACH12, hemicarboaluminate C 4ACO‘5H12,
and amorphous iron hydroxides can be observed.
Due to their low crystallinity level and difficul-
ties in interpreting results caused by reflex coin-
cidence, their content was included in the content
of amorphous phases. Evaluation of the results
presented in table 11 shows similarity in the lev-
els and trends of degrees of reaction compared
to pure phases C;S, B-C,S, and CAF after 10
months of hydration, whereas phases C,A and
gypsum reacted completely during this period. It
was also confirmed that brownmillerite - C,AF is
the least reactive phase, resistant to the effects of
biological corrosion, with the degree of reaction
of this phase ranging from only 2.5% to about
14%, and the content of amorphous phases in the
tested preparations ranged from 15% to 38%. It is
worth noting the differences in the levels of de-
grees of reaction and content, both crystalline and
newly formed phases, depending on the pH of
the maturation environment of the preparations.
Pellet samples, taken from their maturation envi-
ronments, retained their original shape and were
characterized by a lack of clear corrosion traces
with high hardness. The high level of goodness-
of-fit coefficients GOF in X-ray diffraction stud-
ies, ranging from 3.8 to 5.3, indicates the high
reliability of the presented research results.

Results of the degree of reaction of model
cement (symbol 8) with the addition
ofthey-C,Sand C A phase

It was decided that the mineral composition
of the synthetic cement model (symbol 8) and
v-C,S should approximately contain the follow-
ing components: C.S around 35%; B-C,S around
16%; y-C,S+C A, (including 17.5% C,S and
7.5% C,,A) totaling about 25%; C.A about 2%;
C,AF about 9%, and about 6% gypsum. Synthet-
ic calcium silicate y-C,S was obtained in larger
quantities during research on self-disintegration
processes of self-decomposing compacts, using
the comprehensive method of Prof. J. Grzymek,
simultaneously with obtaining aluminum hydrox-
ide (oxide) and Portland cements. In our case, the
preparation is characterized by the participation

of approximately 30% by weight of the may-
enite phase C A in its synthesis process. This
is a condition used in the method of J. Grzymek,
which allows lowering the synthesis tempera-
ture and shortening the time, while ensuring the
proper course of the self-decomposition process.
The y-calcium orthosilicate obtained in this way
is almost inactive in hydration processes, char-
acterized by a very high degree of comminution
exceeding 10000 cm?g, which was determined
by the Blaine method. A detailed description of
the synthesis and self-decomposition process is
available in the literature.

Analysis of the results of previous studies
allows for a preliminary assessment of the use-
fulness of additives of the y-C,S phase together
with the presence of the C ,A_ phase to increase
the resistance of mortars and concrete mixes to
corrosion. It also appears that the close chemi-
cal composition relationship between the p-C,S
and y-C,S phases may additionally influence the
course of hydration processes and increase the
consistency of the investigated mixes.

The synthetic minerals were weighed and
crushed in appropriate weight proportions, then
mixed and homogenized for a period of 5 hours.
As a result of these actions, an approximately
three-kilogram sample of model cement named
“8 + y-C,S” was obtained, whose mineral com-
position was determined by X-ray methods, pre-
senting as follows (in % by weight): C,S —37.2%;
B-C,S — 17.8%; y-C,S — 19.0%; C A, — 8.1%;
C,A—-2.0%; C,AF —9.5%; Gypsum — 6.4%.

From the sample of model cement, prepara-
tions in the form of pellets were obtained, which
were then placed in containers containing water
and mixtures of water with biological additives.
After 30 days of curing, the samples were dried,
crushed, and subjected to further analysis. The
results of these studies, obtained using the pre-
viously discussed qualitative-quantitative tech-
niques, X-ray diffraction method, were presented
in Tables 12 and 13, and in Figure 7.

The first significant conclusion drawn from the
analysis of the obtained pH results of the solutions
is the fact of minimal differences in their levels,
ranging from 11.85 to 12.72. Such values exclude
potential effects of the presence of “gram-negative”
and “gram-positive” bacteria. Such uniformity is
atypical for samples containing phases C.S, B-C,S,
C,AF, especially in the case of model cement (sym-
bol 6). This is likely due to the addition of the y-C,S
phase along with the presence of the C,A, phase.
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Figure 7. X-ray diffraction pattern of the sample marked with model cement symbol 8
with the addition of y-C,S and C,,A_. Description of crystal phases: 3 — C,A; F-ferrite;

S, — calcium sulfate; E-ettringite; C2 — C,S; C3 — C;S; P~ Ca(OH),; y —y-C,S

Table 12. The degree of hydration in the sample model cement with symbol 8 with the addition y-C,S and C ,A,

expressed in wt%

Phases Reaction degrees in %
Sample designation 8W 8P 8K 8G
Reaction environment Water Chicken litter Corn silage Pig slurry

(OXS 68.0 42.0 345 30.0

B-C,S 28.0 36.5 41.5 325

v-C,S 10.5 14.0 15.5 9.0
CA 100.0 100.0 100.0 100.0
C.A, 100.0 100.0 100.0 100.0

C,AF 5.0 0.0 13.0 11.0
Gypsum 100.0 100.0 100.0 100.0

Table 13. Quantitative analysis of phase hydration products in model cement sample 8 with the addition of y-C,S
and C A, expressed in wt%o

Newly formed phases

Content in % by weight phases resulting from reactions with agueous solutions

Sample designation 8W 8P 8K 8G
Reaction environment Water Chicken litter Corn silage Pig slurry
Ca(OH), 12.5 0.0 4.5 6.5
CaCoO, 8.0 11.0 12.0 11.0
Ettryngite 5.0 8.5 9.0 11.0

Remaining phases
and amorphous

Phases of weakly crystalline CSH compounds, hydrated calcium aluminates, ettringite,

hydroxy-AFm, monocarboaluminate C,ACH
amorphous iron hydroxides visible in the background.
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hemicarboaluminate C4AC H, and

0.5 12

37 51 45 43
GOF 2.184 2.636 2.625 2.290
pH 12.72 11.95 11.86 12.21

The observed high pH levels, especially for the
model cement with the addition of y-C S and C A,
exclude the presence of live bacterial organisms and
their potential corrosive actions.
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Interesting results concern the sample of ce-
ment (symbol 8) hydrating in a water solution of
pomace, where there is no reaction of the C, AF
phase and no presence of the Ca(OH), phase



Journal of Ecological Engineering 2024, 25(7), 115-136

observed. It is noteworthy the high level of cal-
cium carbonate content in all hydrating prepara-
tions in the tested environments. It is also worth
considering the possibility of the presence of oth-
er crystalline forms of calcium carbonate and its
presence in the form of poorly crystalline phase.
The results of the degree of reaction analysis of
the y-C,S phase show the lowest level in the case
of cement 8. Probably, the weak hydraulic activity
of the y-C,S phase affects the relatively low con-
tent of amorphous phases, considering the pres-
ence of the planned special additive. The presence
of ettringite phase is associated with complete re-
action of the C A, C ,A_, and gypsum phases.

In summary, X-ray analysis reveals crystal-
line or amorphous phases listed in table 12, in the
“remaining phases” section, suggesting the pos-
sibility of phase diversity in the tested samples.
[Pyzalski et al., 2023; Durczak et al., 2023].

Biological studies of the reaction environment

Biological studies of suspensions in contact
with phases C.S, B-C,S (1); C,AF (2), as well as
with model cements (6 and 8), were initially con-
ducted by directly measuring their pH and per-
forming bacterial cultures on agar (PCA, plate
count agar, Biomaxima) under standard incuba-
tion conditions (37 °C/24h). In the second part
of the study, agar surfaces were examined for

the presence of bacteria after 24 hours of incu-
bation. Swabs were taken from materials show-
ing a positive bacterial response and stained us-
ing the Gram method (showing the presence of
Gram-negative and Gram-positive bacteria). Sub-
sequently, to obtain microscopic images, cultures
obtained from agar cultures were stained with
crystal violet and safranin to determine the pres-
ence of “Gram-negative” and “Gram-positive”
bacteria. The obtained results were presented in
the form of microscopic images of preparations
and photographs of the preparations themselves
(Fig. 8-10). The pH results of the suspensions
are presented in Table 14. The obtained results of
the bacterial cultures correlate with the pH data.
Where the pH was around neutral or slightly acid-
ic values, bacterial growth after 24 hours of in-
cubation was visible in the macroscopic images
obtained (Fig. 8-10).

The obtained microscopic images of all exam-
ined specimens, in which the presence of Gram-neg-
ative and Gram-positive bacteria was detected, were
analyzed. Staining with crystal violet and fuchsin
was performed on agar cultures obtained from sus-
pensions P, G, and K, as well as 1G, 6G, 2K, and
6K, to determine the presence of Gram-negative and
Gram-positive bacteria. The resulting microscopic
images are presented in Figure 12.

Table 14. Results of pH tests for suspensions of aqueous solutions of biological media

Sample W pH Sample G pH Sample K pH Sample P pH
H,0 7.61 G 4.65 K 6.88 P 6.41
1w 12.81 1G 6.87 1K 10.21 1P 10.64
2W 12.32 2G 7.12 2K 9.06 2P 10.85
6w 12.52 6G 6.98 6K 7.56 6P 11.15
8W 12.72 8G 12.21 8K 11.86 8P 11.95

Figure 8. Bacterial culture for suspensions marked with the symbol W and G after 24 hours of culture
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Figure 10. Bacterial inoculation for suspensions marked with the symbol G, P, K after 24 hours of culture

The execution of this type of research aimed
at finding answers to intriguing and original ques-
tions concerning the assessment of the existence
and lifespan of bacteria over a period of 30 days
in the presence of water environments and envi-
ronments strongly dependent on pH in biological
suspensions. The obtained results demonstrate
the influence of environmental pH on the pres-
ence of bacteria and their lifespan. It was found
that in cases where the pH exceeds 9, the prepa-
rations do not contain any living bacterial organ-
isms, whereas in acidic pH (~ pH 4) and neutral
(pH 6-7) environments, both “Gram-negative”
and “Gram-positive” bacteria are present in sus-
pensions. It can be assumed that a pH level above
9 in the sample storage environment leads to rel-
atively rapid bacterial death. Taking into account
the relationship between the presence of bacteria
and the pH of the environment, in the subsequent
part of the study, efforts were made to organize
the results of the remaining research according
to the decreasing order of the pH values, ranging
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from approximately 12.72 to 4.65. To confirm
the above conclusions, microscopic images doc-
umenting the presence of bacteria in aqueous en-
vironments with pH values lower than 9 were ad-
ditionally included and labeled as follows: G, 1G,
6G, K, 2K, 6K, and P. The originality of the results
presented above lies in the fact that despite dili-
gent efforts, it was not possible to compare them
with other scientific and published studies [Bagga
et al., 2023; Ying et al., 2024].

Summary

The experimental work focused on investigat-
ing the influence of aqueous solutions of manure,
slurry, and silage on the hydration processes of
individual clinker minerals such as; C.S (allite),
B-C,S (belite), C,A, and C,AF (brownmillerite).
The primary objectives of these studies were to
determine the degree of advancement of hydra-
tion reactions, qualitative and quantitative anal-
ysis of newly formed hydration products, and to



Journal of Ecological Engineering 2024, 25(7), 115-136

assess the impact of biological corrosion in vari-
ous cementitious mixes. The hydration processes
of the silicate minerals C.S and B-C,S proceeded
with the precipitation of phases such as Ca(OH),,
CaCO, along with various weakly crystalline
C-S-H phases, which were also contaminated
with elements Mg, S, P, Ti, K, and CI present in
the aqueous solutions of biological media. Be-
sides the above-mentioned phases, amorphous
hydration products of synthetic clinkers were also
observed. It was also noted that in cases involv-
ing biological additives, phases such as Ca(OH),
and CaCO, could occur in amorphous form,
with the latter also occurring in its polymorphic
forms such as aragonite and vaterite. During the
course of the study, it was found that the phase
C,A, forming various types of defective, easily
soluble, hydrated calcium aluminates, was the
least resistant to the effects of biological corro-
sion. Undoubtedly, the presence of this mineral
in cement reacting with aqueous waste solutions
is undesirable and poses a fundamental threat to
the durability of mixes and concretes. Calcium
ferrite (C,AF) proved to be the most resistant to
the influences of biological factors among all the
minerals examined. The results of the hydration
studies showed the highest hardness among all
macroscopically examined clinker minerals.

In addition to the aforementioned assump-
tions, research was also conducted on samples
of model cement (composed of synthetic clinker
minerals) with the following mineral composi-
tion: C,S —49.5%, B-C,S - 24.7%, C,A — 7.8%,
C,AF — 10.0%, Gypsum — 8.0%. The results of
the studies allowed for finding answers to ques-
tions regarding the assessment of the existence
and lifespan of bacteria in the presence of the
aforementioned model cement over a period of 30
days, in an aqueous environment and in aqueous
solutions with varying pH strongly dependent on
the applied biological suspensions. The obtained
results demonstrate the influence of the environ-
mental pH on the presence of bacteria and their
lifespan. It was found that at a pH value of 9,
the samples did not contain any living bacterial
organisms; however, at acidic pH (~ pH 4) and
neutral (pH 6-7) environments, both “gram-neg-
ative” and “gram-positive” bacteria were present
in suspensions. A pH value above 9 leads to rela-
tively rapid bacterial death and thus likely inhibits
biocorrosion processes. The analysis of the results
of the corrosion of the model cement confirmed
a significant similarity with the results obtained

for individual cement minerals. The evaluation of
the obtained results confirms that the pH level of
the used solutions had a significant influence on
the degree of changes in the phase composition of
the samples, and consequently on the presence or
lack of active biological matter producing, along-
side biogas, carbon dioxide responsible for addi-
tional and strong carbonation effects. Based on the
results of the aforementioned stages and the con-
ducted research on the processes and properties of
the y-C,S phase, it was concluded that despite its
lack of hydraulic activity, this compound exhibits
interesting anti-corrosive properties, particularly
in the presence of the C ,A_ phase. Subsequently,
further research was conducted on the impact of
biological factors on the physicochemical prop-
erties of model cement with the addition of the
y-C,S phase. The initial mineral composition of
the synthetic cement was as follows: C,S — 35%;
B-C,S - 16%;v-C,S+C A, (including 17.5% C,S
and 7.5% C ,A.); C,A—2%; C,AF — 9%; and ap-
proximately 6% gypsum. The addition of approx-
imately 18% y-C,S, including 7% mayenite, was
specially designed as a reinforcing additive to en-
hance the anti-corrosive properties of Portland ce-
ment binders. Calcium orthosilicate was obtained
through a special technology involving controlled
synthesis and cooling of self-disintegrating clink-
er, resulting in a finely grained powder with a spe-
cific surface area of approximately 10,000 cm?*/g
and an average grain size below 15 pum.

It was observed that in the case of all cement
preparations with the addition of the y-C,S and
C,,A, phases, the aqueous solutions, along with
additives, exhibited a pH level > 11.86, thus ex-
cluding the presence of active bacteria. It should
be emphasized the uniformity and complete seal-
ing of the microstructure of the sample fractures
associated with the presence of the y-C,S and
C,,A, additives (Kluska et al. 2003). The applied
additive acts as a protective barrier between the
corrosive environment and the cement matrix.
Additionally, the presence of phases formed dur-
ing the hydration process —most likely amorphous
calcium hydroxide and carbonate compounds,
along with crystals resembling C-S-H morphol-
ogy — was detected. Atomic analysis results ruled
out the possibility of identifying this phase as a
hydrated calcium silicate variety. The presence of
the Ca(OH), phase was also noted, which differed
drastically from the morphology of known calci-
um hydroxide forms. SEM analyses of hydrated
synthetic cement preparations with the addition
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Figure 11. Microstructure of cement paste
with the addition of C,A_ and y-C,S

of y-C,S and C,A, always revealed a nearly uni-
form surface of the fracture preparations, regular-
ly filled with white reaction products. Few larg-
er clusters of hydrates and calcium orthosilicate
grains were also observed in the samples.

The bound cement preparations, in all exam-
ined corrosive media, exhibited the highest hard-
ness. The microstructure of the sample revealed
its exceptional density, where all spaces were
fully occupied by hydration products of C A,
and y-CS (Fig. 11). Such a model of cement
matrix construction prevents and limits the pen-
etration of the corrosive agent into the sample
interior. In summary, it can be concluded that the
cycle of publications resulting from a series of
research works represents a scientific achieve-
ment and contributes to the development of the
environmental engineering discipline, particu-
larly regarding research on the impact of biolog-
ical aggression on the composition of synthetic
clinker minerals and phases of cementitious and
model cement systems. Simultaneously, the un-
derstanding of the possibilities of obtaining and
modeling the properties of the y-CS and C A,
phases has enabled the determination of the ap-
propriate additive to enhance the resistance of
cementitious materials used in the construction
of potential bioreactors against biological cor-
rosion. This finely ground additive, thoroughly
homogenized with Portland cement, allows for
the achievement of high density during hydra-
tion processes, thereby blocking potential pro-
gress of biological corrosion while increasing
the strength of the bound material.
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In addition to issues related to the addition of the
y-C,S phase, efforts have been made to further en-
hance the corrosion resistance of cementitious mate-
rials by using additives of specified phases of alumi-
nates and calcium ferrites. Since both of the additives
used and investigated represent, in a sense, an exten-
sion of the typical mineral composition of Portland
cements, it is certainly possible to combine their use,
which will be the subject of further research.

CONCLUSIONS

Based on the presented results of phase com-
position analysis and thermal analysis of cement
pastes, as well as the conducted research on the in-
fluence of aqueous solutions such as manure, slur-
ry, and silage on the hydration processes of indi-
vidual clinker minerals and the properties of model
cement, the following conclusions can be drawn:
1. Presence of amorphous phase: The elevation of

the background in the range of 25-40 degrees
20 suggests the presence of an amorphous phase
in the samples. This is significant as it indicates
the possibility of biological corrosion, but also
reactions between cement components such as
calcium hydroxide and carbon dioxide, released
during oxygen-deprived respiration by bacteria.

2. Changes in phase composition: Observed
changes in the intensity of diffraction reflexes
indicate changes in the mass ratio of portlan-
dite to calcite, confirming the variable impact
of biological corrosion processes on the phase
composition of cement samples.

3. Impact of biological corrosion on strength: Sam-
ples subjected to biological corrosion showed
reduced compressive strength compared to con-
trol samples stored in water. This suggests that
biological aggression can lead to the destruction
of the cement sample structure, which may neg-
atively affect their mechanical parameters.

4. Changes in sample structure: Infrared spectros-
copy analysis showed changes in the structure
of cement pastes subjected to biological corro-
sion, which may result from the formation or
breaking of hydrogen bonds, leading to degra-
dation of the cement matrix.

5. Increase in calcium carbonate content: The
presence of increased calcium carbonate con-
tent in samples subjected to biological corro-
sion may lead to sealing of surface pores of the
samples but may also affect the reduction of
their strength parameters.
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6. It was found that the presence of different types
of biological solutions affects the hydration
process of clinker minerals, leading to the for-
mation of phases such as Ca(OH),, CaCO,, and
weakly crystalline C-S-H phases. Additional-
ly, contamination with elements present in the
solutions was observed, which may influence
the properties of the final hydration products.

7. The C,A phase proved to be the least resistant
to biological factors, posing a threat to the du-
rability of pastes and concretes. Meanwhile, the
C,AF phase showed the highest resistance to bi-
ological influences, confirming its importance
in ensuring the durability of cement structures.

8. Research has shown that the pH of the envi-
ronment has a significant impact on the pres-
ence of bacteria. A pH value above 9 results in
the inhibition of biocorrosion processes, which
may be crucial for ensuring the durability of
cement structures.

9. Addition of y-C,S and C ,A, phases proved to
be an effective way to improve the resistance
of cement to biological corrosion. Addition-
ally, the microstructure of cement with these
additives exhibited high density, limiting the
penetration of corrosive agents.

10. The research results open perspectives for
further work on optimizing the composition
of cement to increase its resistance to biolog-
ical factors. The use of anti-corrosion addi-
tives such as y-C,S and C,A, phases, as well
as experiments with other phases of alumi-
nates and calcium ferrites, may lead to fur-
ther improvements in the durability of cement
structures.

In summary, the research results indicate a
comprehensive impact of biological corrosion on
the phase composition, structure, and mechanical
parameters of cement pastes. This is important for
assessing the durability and stability of structures,
especially in the context of their exposure to envi-
ronments containing organic matter.
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