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PRODUCTION AND CHARACTERIZATION OF
GEOPOLYMERS FROM DIATOMACEOUS EARTH

Abstract. The world has been facing an increase in the average surface temperature
of the earth due to the high release of carbon dioxide into the atmosphere. One of the main
responsible for this release of CO- is the manufacture of Portland Cement, associated with
an emission of carbon dioxide of around 7% of the world's total emissions. In this way,
there is a need to find alternatives to Portland cement. This work aims to contribute to this
endeavor, proposing the application of a solid waste used as a wine filtration agent in the
wine industry, diatomaceous earth, containing high amounts of silicon, to produce
geopolymers. A geopolymer is an inorganic polymer produced with an aluminosilicate
precursor reacted with an alkaline solution that has been studied as an alternative to cement.
Diatomaceous earth and alumina were employed in this work as aluminosilicate sources for
the geopolymer precursor, while sodium hydroxide and sodium silicate were used as the
alkaline solution. The production process involved mixing all these raw materials of the
geopolymers to create a fresh geopolymer. Following production, the geopolymers were
characterized using XRD, FTIR, SEM-EDS, and pore property analysis. The results
revealed that the most favorable geopolymer was produced considering a NaOH
concentration of 10 M and a Si/Al ratio of 3,5. This combination resulted in a higher
proportion of geopolymer phase, consequently improving mechanical properties.
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Introduction. Since the Industrial Revolution, the world has faced
consequences of industrial expansion and fossil fuel combustion, such as the
accumulation of greenhouse gases (GHGs) in the atmosphere [1]. The
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concentration of carbon dioxide (COz) has significantly increased in the
atmosphere by 30% since 1950 [2], caused most likely by human activities, such as
forestation for agriculture and forestry [2], industrialization [3], transportation [4]
and the building sector, which appears among the most responsible for this
situation, accounting for almost 38% of the total emissions of CO; [5,6].

Portland Cement (PC)-based materials are the second most used substances
in the world after water. Buildings, bridges, and roads would be impossible without
these materials. Because of this, cement is the most extensively manufactured
product worldwide, with a global annual production of about 4 billion tons. This
manufacturing process consumes a massive amount of energy and raw materials.
Besides, in 2021, the cement industry emitted nearly 2,9 billion tons of carbon
dioxide, which is more than 7% of the global carbon emissions [7-12].

Some of the alternatives to PC are (i) the partial replacement of this material,
(if) the production of alternative cement with low-energy, e.g., calcium
sulfoaluminates, or (iii) the formulation of new binders, such as geopolymeric
materials. Geopolymer is an alkali-activated binder made by alkali activation of
aluminosilicate source materials such as fly ash (FA), metakaolin (MK), and
Diatomaceous Earth (DE), among others. The emission of CO, by geopolymers is
said to be 80% lower compared to the production of ordinary Portland cement
[8,13].

Thus, this study aims to investigate the application of Spent Diatomaceous
Earth (SDE), a solid waste generated from beverage purification, such as wine, as a
source of aluminosilicate for the production of geopolymers.

Materials and methods Chemicals and apparatus. The following reactants
were used in this study: spent diatomaceous earth provided by Caves Campelo,
aluminum oxide (AlO3 — 99,7 % Thermo Scientific), sodium hydroxide (NaOH,
98.73%, Fisher Chemical, U.K.), sodium silicate solution (HioNa;OsSi—Na,O =
10.6% and SiO, = 26.5%, Fisher Scientific), standard sand (EN 196-1—Societe
Nouvelle du Littoral), and Portland Cement (32,5N—Secil). Potassium bromide
(>99 wt.%, Sigma Aldrich) was used to prepare pellets for Fourier-transform
infrared analysis.

Geopolymer production. The geopolymer composition was chosen after the
characterization of the SDE used as a precursor, identified elsewhere [14]. Finally,
the influence of the concentration of alkaline solution and the Si/Al ratio were
evaluated. The produced geopolymers used alkaline solutions based on sodium
hydroxide of 10 and 12 M and sodium silicate (SS). Si/Al ratios of 2,5 and 3,5
were chosen to follow the literature. The samples were cured for four days in oven
at 40 °C and then at room temperature. Finally, the geopolymers were identified as
GP1 (NaOH 10 M and Si/Al 2,5), GP2 (NaOH 10 M and Si/Al 3,5), GP3 (NaOH
12 M and Si/Al 2,5), and GP4 (NaOH 12 M and Si/Al 3,5).

Characterization techniques. The characterization techniques, such as
inductively coupled plasma-optical emission spectrometry (ICP-OES), and X-ray
diffraction (XRD), were performed as reported in previous studies [14]. Fourier-
transform infrared spectroscopy (FT-IR) was conducted on pellets of samples
prepared with KBr using a Perkin Elmer FT-IR spectrophotometer UATR Two to
study the functionalities present in the samples. N, adsorption-desorption isotherms
at 77 K were obtained using a Quantachrome NOVATOUCH LX [4] adsorption
analyzer to determine the textural properties of the nanoparticles. Scanning
Electron Microscopy with energy-dispersive X-ray Spectroscopy (SEM/EDS)
analysis is a highly versatile tool that can examine and analyze the microstructural
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properties of solid objects. The samples analyzed in this study were collected in
powder form and were examined at scales of 100, 20, and 10 pm.

These characterization techniques provided valuable insights into the
geopolymer’s structural and chemical properties.

Research results and discussion. Geopolymer characterization. The XRD
analysis of geopolymers in contrast to diatomaceous earth reveals distinct
crystalline peaks. Fig. 1 illustrates the diffractogram of diatomaceous earth
alongside geopolymers formulated with various compositions.
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Fig. 1. XRD results for GPs

The major peaks are associated with the aluminum oxide phase at 25,57°,
35,14°, 37,77°, 43,35°, 52,54°, 57,48°, 66,51, and 68,20° in all four GPs [15,16].
These peaks originate from the alumina added to the precursor, some of which are
repeated in the diffractogram of the geopolymers. The alumina pattern is shown in
Fig. 2, and it can be seen that the resulting geopolymers do not have all the peaks
present in the raw material, as those at 41,61°, 46,18°, 59,77°, 70,36°, 74,27°, 85,19°
and 90,66°, confirming a certain degree of consumption of this alumina in the
geopolymerization reaction [17].
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Fig. 2. XRD for alumina pattern
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However, the prominent peaks persisted, although with significantly reduced
intensity, indicating the presence of partially unreacted crystalline material. When
comparing geopolymers based on their Si/Al ratio, it can be observed that GP1 and
GP3 exhibit more pronounced peaks of aluminum oxide compared to GP2 and
GP4. This can be attributed to the fact that GP1 and GP3 have Si/Al ratios of 2,5,
which indicates a higher amount of alumina present in the geopolymer, in contrast
to GP2 and GP4, which have Si/Al ratios of 3,5. The higher alumina concentration
in GP1 and GP3 likely contributes to the observed differences in the peaks of
aluminum oxide between these materials and GP2 and GP4.

The geopolymerization process was described by four mechanisms. They are
influenced by the amount of alkaline solution and its concentration once the
amount of OH" and Na* needs to be sufficient to dissolve the aluminum from the
precursor and to balance the negative charge of the AI(OH)-, respectively. If there
is more aluminum than the maximum for the reaction, less NASH gel is generated,
and more unreacted Al is presented [18]. This is a possible explanation why the
amorphous halos of GP1 and GP3 are less intense than GP2. The first and the third
samples have a Si/Al ratio of 2,5, so the amount of aluminum oxide powder added
to the precursor was higher, causing an excess of Al. This also goes according to
the conclusion of unreacted aluminum described by the intensity of the crystalline
peaks.

Fig. 3 presents the FTIR results of SDE and all the geopolymers produced.
The peak with the highest intensity corresponding to the adsorption band at 1020
cm? can be related to the vibration of the asymmetric stretching of the Si-O-Si
bond, which can be seen in SDE and GP samples.
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Fig. 3. FTIR results for GPs

Studies in the literature examining the correlation between the Si/Al ratio
caused by geopolymerization and the frequency (cm™) at which peaks occur
concluded that an increase in the quantity of Al components results in a gradual
shift of the peaks generated through geopolymerization to lower frequencies [19].
However, the results of this work show that the peak with highest intensity
observed in GPs did not exhibit any significant dislocation. This observation can be
attributed to the findings of the XRD analysis, which revealed that not all of the
alumina was involved in the geopolymerization process. As a result, there was a
deficiency in forming a strong Si-O-Al bond, which was expected to occur in
frequencies close to 990 cm™, according to the literature.

339



Ana P. Ferreira da Silva,
Julia Ferreira Murta,
Débora Rodrigues de Sousa Macanjo
Ferreira, Helder T. Gomes

Chemical Technologies P.336-345

In the FTIR analysis of geopolymer samples, the emergence of new bands
near frequencies of 883 and 1460 cm™ can be observed when compared to the raw
material. The band at 1460 cm™ corresponds to the antisymmetric vibrations of
COZ®, indicating the presence of sodium carbonate in the geopolymer's structure.
Additionally, the absorption band at 883 cm™ is associated with the Si-O-Al
stretching vibration following XRD analysis, a specific part of alumina reacted in
the geopolymerization process.

Fig. 4 presents the SEM images of the produced GPs. GP1 and GP3 samples,
which have the same Si/Al ratio of 2,5, exhibited the irregular shapes and sizes of a
flocculent morphology covered with fine powder spheres [20]. These attached
spheres can be due to the higher quantity of alumina powder added to these
samples to achieve the desired Si/Al ratio [21], but they didn’t react, reinforcing
the XRD analysis. These images also exhibited smaller pores and more compact
structures.

Meanwhile, GP2 and GP4 samples presented mainly a flocculent
morphology with more prominent pores and a less compact structure. Needle-like
structures were also detected in GP4. This type of structure is similar to zeolitic-
fibrous phases, which can propose a small amount of a poor crystalline phase of
zeolite in the sample [20,22], going according to what was analyzed in XRD.
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Fig. 4. SEM Images of GPs
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The elemental analysis of the geopolymers by energy dispersion X-ray, as
depicted in F.

Fig. 5, showed the presence of silicon, aluminum, and oxygen, which was
consistent with the expected results of a polysialate material [23]. Compared to the
EDS result of SDE, it was observed that the intensity of Si, Al, O, and Na had
increased. The presence of sodium was intensified using NaOH solution, which
served as the alkaline solution to prepare geopolymers. The silicon and aluminum
content increase can be attributed to adding SS solution and alumina powder,
respectively. These results align with the findings of the FTIR analysis, which
indicated the formation of a Si-O-Al bond at the absorption band of 883 cm™.

The graphics also indicate that the intensity of the silicon peak is higher in
GP2 and GP4 compared to GP1 and GP3, which confirms the higher Si/Al ratio
desired in GP2 and GP4 formulations. Furthermore, this composition helps assume
that there was a NASH formation [22], as described in the XRD analysis.
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Fig. 5. EDS results for GPs

The N2 adsorption-desorption isotherms of GPs are illustrated in

Fig.. According to the classification of physisorption isotherms suggested by
IUPAC [24], it should be noted that GP1, GP3, and GP4 seem to exhibit an
isotherm of type I11, typical of materials with low porosity [25], following the exact
characteristics of the precursor SDE.

GP2, as described before, is the sample with more NASH or geopolymeric
phase, so this analysis follows the literature, which indicates that the more
geopolymeric phase, the more the material will have mesoporous characteristics,
once this is the most common type of pores in the geopolymer gel [26]. GP2,
however, presents an isotherm of type IV, indicating that the sample may be a
mesoporous material.
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Fig. 6. Geopolymers Isotherms

Fig. 6 also shows the difference between the volume adsorbed by GP2 and
the other GPs, indicating an elevated specific surface area on the sample, as shown
in Table 1 through BET methodology. GP2 and GP4 present a specific surface area
more extensive than GP1 and GP3, especially GP2, with an Sger four times higher
than the SDE sample. It brings a positive property to the sample once a higher
surface area represents higher reactivity, resulting in higher compressive strength
[27]. Also, GP1 and GP3 may have a small Sger due to the particles of the
unreacted aluminum shown in SEM images, which can occupy space on the
surface, reducing its area and the material's reactivity.

Table 1
Pore Structure Parameters of SDE and GPs
S Specific Pore Volume | Average pore
ample surface area (cm/g) radius (nm)
BET (m%gq) g
SDE 15 0.0156 1.81
GP1 12 0.0127 1.81
GP2 60 0.1104 2.30
GP3 12 0.0135 1.81
GP4 23 0.0219 1.81

Conclusion. Based on the comprehensive analysis, it can be concluded that
SDE is a viable aluminosilicate source for geopolymer precursors. This
demonstrates that it is possible to produce geopolymers from SDE. Remarkably,
being a solid waste, its use significantly reduces the need for extracting natural
resources. Chemical analysis revealed higher geopolymerization in GP2,
highlighting the material's potential. Moreover, the incorporation of this
geopolymer as a partial or complete binder in mortar formulations, is promising to
obtain materials with the potential for future applications in civil construction.
Further enhancements can be achieved by combining it with other aluminosilicates.
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This approach promises a more sustainable trajectory for the construction industry,
promoting sustainable development and circular economy principles.
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AUATOMAbI XKEPAEH TEONMOJIMMEPNEPAI ANY KOHE CUMNATTAY

AHpaTna. 91em aTmocdepara KOMIPKbILWKbII ra3bliHbIH, Ken 6eiHyiHe 6aitnaHbICTbI
ep 6eTiHiH, opTala TemnepaTypacbiHbliH KOfapblnaybiHa Tan 6ongbl. byn CO2
WbIFapbIHAbINAPbIHbIH, Herisri cebenTepiHiH, Gipi-anemaeri *Kannbl LWbIFAPbIHAbINAPAbLIH,
WwamameH 7 % KypaWTblH KOMIPKbIWKbIN rasblHblH, LIbIFApbIHAbINAPbIMEH 6aNaHbICTbI
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nopTaaHAuemeHT eHgipici. Ocblnaliwa, noptnaHauemeHTke 6anama i3gey KaxkeTTiri
TyblHAaAbl. Byn Kymbic Wwapan eHepkacibiHoe wapanTbl cy3y Kypanabl peTiHae
nalganaHblaTbiH KATTbl KaAAbIKTapAbl — KYPamblHAA reonofvmepaepai any ywiH Kaxkert
Ken meswepne KpemuHuii 6ap, guaTomabl Kepai nanhganaHygbl YCblHA OTbIPbIf, OCHI
6actamara ynec Kocyfa bafbiTTanfaH. leononnmep-uemeHTKe 6anama peTiHae 3epTTenreH
CinTini  epiTiHAIMEH  9peKeTTecKeH  aJlOMOCUJIMKATTbl  MPEeKypcopAaH  asiblHFaH
6enopraHuKanblk, nonumep. bByn KymbiCTa reonosiMMep MNPEeKYpPCcopbiH any YLWiH
ANNIOMOCUJIMKAT Ke3i peTiHAe AMATOMAbI Xep MeH FMUHO3eM, an CinTini epiTiHai peTiHae
HaTPU TUAPOKCUAI MEH HaTpuW CUAMKaTbl NanhganaHbingbl. OHAipic npoueci aHa
reonosiMmep any YWwiH reonoaumepnepdid  6apablk  WKKI3aT  KOMMOHEHTTepiH
apanacTbipyabl KaMTblgbl. OHAIpiCTEH KeliiH reononumepsiep peHtreHorpadus, FTIR, SEM-
EDS ’KoHe KeyeK KacueTTepiH Tangay apKblibl cunatrangpl. HaTuxKenep eH OHTanbl
reonosiumep NaOH 10 M KoHueHTpauuacbiHaa aHe Si/Al 3,5 KaTblHacbiHAA a/iblHFAHbIH
KepceTTi. byn KombuHauua reonosvmep ¢asacbiHblH, YAECiHIH apTyblHa dKenaj,
COHAbIKTAH MEXaHUKaNbIK KaCUETTEPIH KaKCcapTTbl.

Tipek ce3gep: AvaTomMAabl  Kep, reonoaumepnep,  MNOPTAAHALEMEHTTI
ANIMACTbIPFbILL.

Ana P. Ferreira da Silva?, Jalia Ferreira Murta?,
Débora Rodrigues de Sousa Macanjo Ferreira®, Helder T. Gomes?

MonumexHuyeckuli uHcmumym BpazaHca, 2. BpazaHca, Mopmyaanus
2edepansHbiii obpasosamensHbiii yeHmp Tecnologica de Minas Gerais,
2. beny-Opu3soHmu, bpaszunus
3YHusepcumem Beira Interior (UBI), KosusnbsH, Mopmyaanus

MONYYEHUE U XAPAKTEPUCTUKA
rEONO/IMMEPOB U3 AUATOMOBOM 3EM/IN

AHHOTaumA. Mup CTONIKHYACA C NOBbILWEHWEM CPeAHEelN TemnepaTypbl MOBEPXHOCTH
3emMnn n3-3a 6onbLIOro Bblibpoca yraekucnoro rasa B atmocdepy. OQHOM M3 OCHOBHbIX
NPUYMH Takoro Bblibpoca CO: ABNAETCA NMPOM3BOACTBO NOPTIAAHALEMEHTA, CBA3AHHOE C
BbIBpOCaMu YrNEKUCNOrO rasa, CoOCTaBAALWUMM OKoNo 7 % OT oblero obbema Bbibpocos
B Mupe. Takmm ob6pasom, cywectsyeT HeobxoAMMOCTb B MNOWUCKE afnbTepHaTuB
nopTnaHauemeHTy. [laHHasa paboTa HanpasieHa Ha To, YTOObl BHECTM CBOW BKNAZA B 3TO
HauMHaHMe, TNpPeasioXMB  WUCMNONb30BaTb  TBeEpAble  OTXOAbl, WCMNO/Ab3yemble B
BMHOAENbYECKOW MNPOMbIWNEHHOCTM B KayecTBe cpeactBa gna OGUAbTpauMu BUHA, -
ANAaTOMOBYIO 3EMJIt0, COZEPKaLLylo 6ONbLIOe KOMMYECTBO KPEMHMSA, - ANA MOAyYeHUn
reononMmepos. [eonosivmep - 3TO HEOPraHWYECKUN MOAMMEP, MONYYEHHbId U3
ANIOMOCU/IMKATHOTO  MpefwecTBEHHUKA, BCTYNUBLUENO B PEaKUMI0 CO  LLEeNOYHbIM
pacTBOPOM, KOTOPbIM Bbla1 U3yUeH B KauecTBe afibTepHaTMBbI LeMeHTY. B gaHHOM paboTe B
KayeCcTBe WCTOYHWKOB a/lOMOCWIMKATa [ANA NOJly4eHUA MpeKypcopa reonosmmepa
MCNONb30BaNCL AMATOMOBAA 3eMIA U FIMHO3EM, @ B KayecTBe LLesI0YHOro pacTteopa -
rMAPOKCUA HaTpMA M CUAMKAT HaTpua. [pouecc nNpousBoACTBA BKAOYaN B cebs
CMeLLMBaHWe BCeX 3TUX CbiPbeBbIX KOMMNOHEHTOB reonoaMMepPOoB ANA NONYYeHUA CBeXKero
reonosnmmepa. lNocne Npom3BoACTBa reonoaMmepbl OblIv 0XapaKTepmU30BaHbl C MOMOLLbIO
peHtreHorpadpum, FTIR, SEM-EDS u aHanusa cBoMCTB nop. Pe3ynbTaTbl NOKasanu, 4To
Hanbosee onNTMMasbHbIA reonosMmep 6bia NosyyeH Npu KoHueHTpauum NaOH 10 M u
cooTHoweHuu Si/Al 3,5. Takoe coyeTaHMe NPUBENO K YBEANYEHUIO A0M reonoAMMepHON
dasbl, 4TO, CiefoBaTeNbHO, YAYULIMAO MEXaHUYECKUE CBOMCTBA.

KnioueBble cnosa: pguatomoBaa  3emMaA,  reonoaMmepbl,  3aMeHUTenb
nopTiaHAuemMeHTa.
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