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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate un problémas nostadne

Sarmu aktivizetas saistvielas (SAS) tiek izgatavotas no pulverveida kalcija
silikatu vai alumosilikatu saturo$am izejvielam, aktivizgjot tas augsti sarmaina
vide [26], [27]. Sarmu aktivizé$anas procesa, istabas vai paaugstinata temperati-
ra (Iidz 100 °C), veidojas jauni, fidens vide stabili alumosilikatu savienojumi
[28]. Par saistvielas izejmaterialiem var tikt izmantoti gan neatjaunojamie dabas
resursi, gan industrialie atkritumi, kas satur amorfo SiO, un AL O;. So izejmate-
rialu/atkritumu sarmu aktivizacijas procesa rodas salidzinosi neliels CO, izmesu
daudzums, salidzinot ar tradicionala portlandcementa (PC) razosanu.

Lai noteiktu un pamatotu SAS pielietojumu dazadas tautsaimniecibas noza-
res, ir nepiecieSami padzilinati p&tijumi par sarmu aktivizacijas procesu, izejvie-
lu un to proporciju ietekmi uz saistvielas Tpasibam. Tautsaimniecibas nozares —
biivnieciba, energétika, Gidens saimnieciba u. ¢. — ir ieinteresétas SAS un to ma-
terialu izmantoSana, lai atrisinatu specifiskas nozares problémas.

Iespgjama PC aizvietoSana ar alternativam saistvielam ir aktuals jautajums
pasaulg, tade] tiek raditi jauni cement&josiec materiali ar mérki samazinat indus-
triala piesarpojuma Ilimeni, saistvielu razosana izdalita CO, daudzumu un neat-
jaunojamo dabas resursu patérinu [1]. Balstoties uz pedgjo 25 gadu pétijumiem,
SAS tiek uzskatitas par progresivam saistvielam, kas var efektivi aizstat PC [1].
Atbilstosi literatlira pieejamajiem CO, izmeSu aprekiniem izdalitais CO, dau-
dzums SAS (izejvielas: elektrofiltru pelni un metakaolins) razoSanas procesa var
biit Iidz 80 % mazaks neka razojot PC [6]. Industrijas parstavjus galvenokart in-
teres€ SAS augsta stipriba un ilgmiziba [14], ka arT to minimala ietekme uz ap-
kartgjas vides kvalitati [15]. Zinatnieki un inzenieri uzskata, ka biivniecibas un
citas nozar€s pielietojamas saistvielas, kuru razosana netiek izmantots kalkak-
mens, nakotn@ ir perspektivi materiali vairaku prieksrocibu dél:

e netiek izmantoti vai mazaka apjoma tiek izmantoti neatjaunojamie dabas
resursi;

e var tikt izmantoti razoSanas un municipalie atkritumi;

e nav nepiecieSams apjomigs energoresursu, t. sk. fosila kurinama, paterins;

e zema raZoSanas temperatiira;

e nav nepiecieSamas sarezgitas, energoietilpigas raZzoSanas iekartas;

e piemit augstas inzeniertehniskas Tpasibas;

e ir potencials veidot biivelementus ilgtsp&jigai biivniecibai;

e var pilnigi vai dalgji aizvietot tradicionalo PC saistvielu.



Pieaugot primaro energoresursu pieprasijumam, aizvien izplatitaki klast
jaunu alternativu energijas resursu mekl&umi. Viens no perspektivakajiem al-
ternativajiem energijas avotiem ir piena parstrades industrijas blakusproduktu
(pieméram, piena siikalas) izmantoSana biogazes iegiiSanai ar anaerobo parstra-
di, tomer viena no galvenajam problémam ir vides paskabinaSanas razoSanas
procesa, jo siikalam piemit zems pH Itmenis (<6) [136]. SAS ir potenciali per-
spektivs materials alternativai pasivajai pH kontroles sisteémai, nodrosinot $ki-
duma buferkapacitates IpasSibas, jo SAS veidoSanas procesa ta struktira tiek ie-
slégts noteikts daudzums sarma poru $kiduma veida. P&c materiala sacietéSanas
sarmainie savienojumi izgulsn&jas un kristaliz€jas uz poru sieninu virsmam Kris-
talisku savienojumu veida, kuriem, nonakot idens vide, ar §kiSanas procesiem
tiek nodroginata vides buferkapacitate un pH limena paaugstinsanas. Sada pasi-
va pH regul€Sanas sist€ma pieejamaja zinatniskaja literatlira nav aprakstita, un,
lai veiksmigi izmantotu $adu pasivo pH regul€Sanas sist€ému ar porainiem SAS
materialiem, nepiecieSams veikt zinatniskus pétijumus par materiala strukttras
un kompozicijas ietekmi uz vides pH reguléSanas iesp&jam.

SAS materialiem ir potencials pielietojums Tidens attiriSanas tehnologijas,
kuras procesos janodrosina augsts pH Itmenis, pie kura notiek efektivs flokulaci-
jas process, kas nodroSina efektivu dalinu, koloidu un noteiktu izskidusu ele-
mentu atdaliSanu no notekiideniem. SAS tiek razotas, izmantojot aktivacijas Ski-
dumus ar augstu pH (pH 12,6-14,0, atkariba no izmantota aktivacijas Skiduma),
un dala sarmaino savienojumu kristaliz€jas uz poru virsmam, saglabajoties
strukttira Gident SkistoSu savienojumu veida, tapec SkiSanas procesu laika tiek
paaugstinats vides pH Iimenis. Sada SAS izmantoSanas pieeja nav aprakstita zi-
natniskaja literatiira.

Darba meérkis

Izstradat porainus materialus uz sarmu aktivizétu saistvielu bazes un pama-
tot to iesp&jamos pielietojumus:

1. buvniecibas nozaré — ieglit biivmaterialus, kas p&c 1pasibam ir analogi
vieglbetonam;

2. udenssaimnieciba — ieglit porainus materialus, kas nodrosina paaugstina-
tu vides pH (9,5-10,5) Tidens attiriSanas sist€mas mangana piemaisijumu
atdaliSanai;

3. energétika — iegit porainus materialus, kas nodroSina augstu substrata

buferkapacitati bioreaktoros un paaugstina biogazes razosanas efektivitati.



Darba uzdevumi

Lai sasniegtu petfjuma merki, ir izvirziti $adi uzdevumi.

1. Noteikt sarmu aktiviz&tu saistvielu izejmaterialu kTmisko un mineralogisko
sastavu, ka arf fizikalas un kimiskas 1pasibas.

2. Izpetit izejvielu parstrukturizéSanos augsti sarmaina videé un jaunu minera-
lu veidoSanas procesus, izmantojot instrumentalas metodes XRD, FTIR,
DTA, SEM.

3. Izpétit dazadu faktoru ietekmi (izejvielas kompozicijas, aktivizacijas $ki-
duma koncentracijas u. c.) uz ieglito materialu kimiskajam, mehaniskajam
un fizikalajam 1pasibam.

4. Izstradat porainus biivmateridlus ar tilpummasu no 550-675 kg/m’, spie-
des stipribu no 1,4-3,8 MPa, salturibas klasi F25, siltumvadamibu 0,1—
0,2 W/(m-K).

5. Izstradat porainus materialus Gidens attiriSanas sisttmam ar vienmerigu
sarmu izdaliSanos Gdens vidé 25 dienu perioda, nodrosinot paaugstinatu
vides pH no 9,5 lidz 10,5.

6. Izstradat porainus materialus ar sp&ju ilgstosi (70 dienas) nodro$inat pa-
augstinatu $kiduma buferkapacitati un vides pH no 6,0 Iidz 7,0 biogazes
reaktoros.

Pétijuma zinatniska novitate

Pirmo reizi ieglitas un izpétitas porainas sarmu aktiviz&tas saistvielas
(SAS), to veidosanas process no kalcinétiem mazkarbonata illita vai kaolina ma-
liem, metakaolinu saturoSiem atkritumproduktiem un aluminija metalliznu par-
strades atkritumiem. Pirmo reizi pieradits, ka metakaolinu var aizstat ar kalcing-
tiem Latvijas mazkarbonata illita maliem sarmu aktiviz&tu saistvielu izgatavosa-
nai. Pieradits, ka izejmaterialu proporcijas un kompozicijas kimiskais sastavs
ietekm& SAS ipaSibas un nosaka materiala pielietoSanu buvnieciba, energétika
un Gdenssaimnieciba.

Saistvielu fizikalas un mehaniskas Tpasibas var tik mainitas ar poru veido-
josas piedevas daudzumu saistvielas kompozicija. Pirmo reizi pieradits, ka par
poru veidojosam piedevam sarmu aktiviz&tam saistvielam var tikt izmantoti gan
aluminija metalliznu parstrades atkritumi (ASRW), gan komerciali pieejama
Al(OH); pasta.

Atkariba no izejvielu kimiska sastava un proporcijam (SiO,/Al,O; masas
attieciba no 0,7 lidz 7,5 un Na,O/Al,0; — no 0,2 Iidz 1,6) var tikt iegiiti materi-
ali, kas pieméroti izmantoSanai energétika un fidenssaimnieciba. Pieradits, ka,
pievienojot izejmaterialu kompozicijai stiklu ar augstu Na daudzumu (21 %) sa-



stava, tiek veicinata sarmo savienojumu izskalosanas no SAS struktiiras un tiek
nodroSinata augsta apkartgjas vides buferkapacitate lidz pat 30 dienu ilgam laika
periodam. L1dz ar to §is materials ir efektivi izmantojams pH ITmena paaugstina-
Sanai (pH 6,0-6,5) bioreaktoros, kur biogazes iegtiSanai tiek izmantoti skabi
substrati, pieméram, skabas piena siikalas.

Pirmo reizi ir pieradits, ka, termiski apstradajot SAS, iesp&jams nodrosinat
vienmerigu sarmaino savienojumu izdaliSanas intensitati no SAS strukttiras [1dz
pat 25 dienu ilgam periodam un tdens vides pH paaugstinasanu lidz 9,5-10,5.
Lidz ar to termiski apstradati SAS paaugstina mangana savienojumu izdalisanas

efektivitati Gidens attiriSanas sistémas.

Promocijas darba praktiskais nozimigums

Promocijas darba pieradits, ka porainas sarmu aktiviz&tas saistvielas (SAS)
var tikt izmantotas blivnieciba ka alternativa saistviela vieglbetona izgatavoSa-
nai, ka arT bioreaktoros un tidens attiriSanas sistémas vides pH korigésanai. Lidz
$im zinatniskaja literatiira pieejamie petijumi, kas saistiti ar SAS, tika orienteti
uz materialu izgatavo$anu biivniecibas sektora vajadzibam. Promocijas darba
raditie, izp&titie un aprakstitie materiali paplasina zinatnisko petijumu lauku par
SAS izmantosanu netradicionala veida dazadas tautsaimniecibas nozargs.

Tradicionali SAS uzskata par alternativu saistvielu portlandcementa aizsta-
Sanali, t. i., augstas stipribas betona un javu izgatavosSanai. Pirmo reizi tiek iegtti
praktiski pielietojami poraini buvmateriali, kas izgatavoti uz SAS bazes, un to
Tpasibas ir salidzinamas ar biivniecibas nozar€ zinamo gazbetona izstradajumu.

Pirmo reizi veikti pétijumi par SAS izmantoSanas iesp&jam energétikas un
tdenssaimniecibas nozar€s. Pieaugot primaro energoresursu pieprasijumam,
aizvien izplatitaki klast jaunu alternativu energijas resursu mekl&umi. Viens no
perspektivakajiem alternativajiem energijas avotiem ir biogaze, kas iegiita skabo
stikalu (pH < 6) anaerobaja parstrade [136]. SAS ir inovativs un perspektivs ma-
terials pasivajai pH kontrolei bioreaktoros un biogazes razoSanas efektivitates
paaugstinasanai. Pieejamaja zinatniskaja literatiira nav aprakstitas $ada veida pa-
sivas pH reguléSanas sist€mas, kas nodroSina nepiecie$amo vides pH bioreakto-
ru.

Termiski apstradats SAS nodroSina vienm@rigu sarmaino savienojumu iz-
dalisanas intensitati no SAS struktiiras 1idz pat 70 dienu ilgam periodam un
tdens vides pH paaugstinasanu Iidz 9,5-10,5. Flokulacijas process augstas vides
pH apstaklos nodrosina efekttvu dalinu, koloidu un noteiktu izskidusu elementu
atdaliSanu no notekiideniem, paaugstinot Gidens attirisanas efektivitati. Lidz ar to
termiski apstradati SAS ievérojami paaugstina mangana savienojumu izdaliSa-
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nas efektivitati Gidens atfirisanas sistémas. Sada SAS izmantosanas tidens attiri-
Sanas sistémas lidz §im nav aprakstita zinatniskaja literatiira.

Izpratne par SAS ieguvi un pielietojamibu dazadas tautsaimniecibas noza-
r€s papildina toposo biivspecialistu un materialzinatnieku zinasanas par jaunam
alternativam saistvielam. Padzilinata izpratne par jauno saistvielu izmantoSanas
iespgjam un iegiiSanas prieksrocibam var veicinat jauno materialu izmantoSanas
popularitates pieaugumu specialistu vidii. Promocijas darba veiktajos p&tijumos
aprakstiti rezultati par jaunu saistvielu un produktu ieguvi no vietgjiem izejmate-
rialiem, izmantojot sarmu aktivizé$anas tehnologiju, kas lauj efektivi utilizét at-
kritumproduktus. Promocijas darba iegiitie rezultati izmantojami tados pedago-
giskos noltikos, kas saistas ar biivniecibas, kimijas un biokimijas sferam.

PetiSanas metodika

Promocijas darba pétito sarmu aktiviz&tu materialu mineralogiskais sastavs
noteikts ar XRD (PAN analytical X’Pert PRO), elementu sadalijums materiala
noteikts ar EDX (EDS, Oxford instruments 7378). Funkcionalo grupu strukturala
analize SAS veikta ar FTIR (VARIAN 800 FT-IR). SAS termogravimetriska ana-
lize veikta ar augsttemperatiras DTA/DSC Baehr DTA 703. SEM (Tescan Mi-
ra/LMU) izmantots SAS mikrostruktiiras petfjumiem.

Iegtito sarmu aktiviz&to biivmaterialu fizikalas, mehaniskas un ilgmuzibas
Tpasibas pétitas saskana ar LVS EN 1015-11, LVS EN 1097-6, LVS EN 1097-7,
LVS 405, ASTM C188, SIA 262/1 pielikumu D. Siltumvadamiba noteikta, iz-
mantojot siltuma pliismas meritaju LaserComp FOX 660.

Hidroksidu jonu izskaloSanas tests veikts ar titréSanas metodi, izmantojot
0,01M HCI, un rezultata tika aprékinats OH" jonu daudzums ka mol/l/gsas. pH
Iimenis noteikts ar pH/mV meritaju HI 991003. Materiala sp&ja uzturet skidu-
mam buferkapacitati tika noteikta, titréjot tidens Skiduma izvilkumus, kuros SAS
tika turéts 24 h. Skiduma buferkapacitate izteikta ka CaCOs ekvivalents uz 1 g
SAS (CaCOs; ekv. mg/l/ggas).

Pétijuma diapazons un iegiito rezultatu pielietojuma robezas

Promocijas darba pétijumi veikti par porainam zema kalcija satura sarmu
aktivizétam saistvielam, kas izgatavotas uz kalcinétu illita un kaolina malu ba-
zes, kuriem kopgjais aktiva SiO, un R,0; saturs ir no 8 1idz 34 %. Malu kimisko
saiSu parstrukturizé$anos un jaunu saisu veidoSanos nodrosina sarmu aktivacijas
Skidums ar silikata moduli Ms no 1,47 Iidz 1,93. Poraini sarmu aktiviz&ti mate-
riali ar tilpummasu < 700 kg/m’ iegiiti, sastava ieklaujot poru veidojosos reagen-
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tus — aluminija parstrades atkritumus no 5 1idz 50 % vai komercialu aluminija
hidroksida pastu no 0,2 Iidz 0,4 % no sauso izejvielu masas.

legiita poraina materiala pielietojums izmantojams blivmaterialu razoSanas,
tdens attiriSanas un energétikas nozargs.

Aizstaveésanai izvirzitas tézes

1. Izejmaterialu proporcijas un kompozicijas kimiskais sastavs (aktiva Al,Os
un SiO, saturs termiski apstradatos malos, aluminija parstrades atkritumu
un stikla piedevu daudzums kompozicija, aktivacijas Skiduma silikata
modulis) nosaka sarmu aktivizacijas procesa efektivitati un sarmu aktivi-
z&tu saistvielu Ipasibas.

2. Sarmu aktivizétas saistvielas var izmantot blivmaterialu razoSana, tdens
attiriSanas sist€émas un biogazes reaktoros:

a) porainas sarmu aktivizetas saistvielas (tilpummasa no 320 Iidz
550 kg/m?®) var iegiit, izmantojot gan aluminija metalliizou parstra-
des atkritumus (ASRW), gan komerciali pieejamu Al(OH); pastu;

b) izmantojot stikla piedevu saistvielas kompozicija, tiek paaugstinata
sarmu aktivizétu saistvielu sp&ja tdens videé izdalit sarmainus sa-
vienojumus un nodro§inat paaugstinatu tidens vides pH un augstu
apkart&jas vides buferkapacitati;

c) termiski apstradajot sarmu aktivizetas saistvielas, iesp&jams ieglt
materialus, kas ilgstosa laika perioda nodroSina paaugstinatu un
konstantu tidens pH limeni.

Promocijas darba sastavs un apjoms

Promocijas darba ir anotacija, ievads, seSas galvenas nodalas, kas sadalitas
apaksnodalas, secinajumi un literatiiras saraksts. Pirmaja nodala ir veikts litera-
tiras apskats, uz ka pamata formuléts disertacijas mérkis un izvirziti uzdevumi
ta sasniegSanai, 2. nodala ir izklastitas p&tjjuma metodes un izmantotie materiali,
3.—6. nodala izklastits uzdevumu izpildes un mérka sasnieg$anas process.

Darba ir 139 lappuses, 76 atteli, 24 tabulas un literatiiras saraksts ar
166 nosaukumiem. Promocijas darbs uzrakstits latviesu valoda.

Darba iegiito rezultatu aprobacija starptautiskas konferences

1. Rugele, K., Bumanis, G., Bajare, D., Mezule, L., Pitk, P., Effect of glass
additive in alkaline granules in anaerobic treatment of whey, Fifth
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International Symposium on Energy from Biomass and Waste, Venécija,
Italija, 17-20.11.2014.

. Bimanis, G., Bajare, D. Porainie geopoliméri biivniecibai, Latvijas
Betona savienibas XXIII zinatniski tehniska konference, Riga, Latvija,
06.11.2014.

. Bumanis, G., Bajare, D. The Effect of Porous Alkali Activated Material
Composition on Buffer Capacity in Bioreactors, ICWRRED 2014 :XII
International Conference on Water Resources and Renewable Energy
Development, Parize, Francija. 30.—31. oktobris 2014.

. Bumanis, G., Bajare, D. The Effect of Alkaline Material Particle Size on
Adjustment Ability of Buffer Capacity, 23" International Baltic
Conference Materials Engineering 2014, Kauna, Lietuva. 23.-24.oktobris,
2014.

. Bumanis, G., Bajare, D. «Obtaining Porous Construction Material Using
Alkali Activation Technology» Riga Technical University 55
International Scientific Conference, Section «Construction Sciencey,
Riga, Latvija, 17. oktobris, 2014.

. Bajare, D., Bumanis, G. Alkali Diffusion in Porous Alkali Activated
Materials. In: Non-Traditional Cement & Concrete V: Proceedings of the
International Conference organized by Brno University of Technology &
ZPSV, a. s., Lithuania, Brno, 16-19 June, 2014. Brno: 2014.

. Bumanis, G., Bajare, D., Lo¢s J. The Effect of Activator on the Properties
of Low-Calcium Alkali-Activated Mortars, The 22nd International Baltic
Conference of Engineering Materials & Tribology, BALTMATTRIB
2013, Riga, 14.-15.11.2013.

. Bajare, D., Sahmenko, G., Justs, J., Bimanis, (. Obtaining Composition
of Geopolymers from Local Industrial Wastes. In: Civil Engineering '11:
International Scientific Conference: Proceedings, Latvia, Jelgava, 12—13
May, 2011. Jelgava: Latvia University of Agriculture, Faculty of Rural
Engineering, 2011, pp. 50-56. ISSN 2255-7776.

Publikaciju saraksts

1. Bajare, D., Bumanis, . Porous Alkali Activated Materials with Slow Al-
kali Release Kinetics — Part 1: Role of Composition. Environmental Engi-
neering and Management Journal, 2015 (Akceptets publicsanai).

2. Bumanis, G., Rugele, K., Bajare, D. The Effect of Alkaline Material Partic-

le Size on Adjustment Ability of Buffer Capacity. Materials Science
(Medziagotyra), 2015 (Akceptéts publicsanai).
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3. Bajare, D., Bimanis, G., Korjakins, A., New porous material made from
industrial and municipal waste for building application, 2014,
Medziagotyra 20 (3), pp. 333-338.

4. Rugele, K., Bumanis, G., Bajare, D., Lakevic¢s, V., Rubulis, J., Alkaline ac-
tivated material for pH Control in Biotechnologies, Key Engineering Mate-
rials Vol. 604, 2014, pp. 223-226.

5. Biimanis, ., Bajare, D.,Locs, J. The Effect of Activator on the Properties
of Low-Calcium Alkali-Activated Mortars, Key Engineering Materials
Vol. 604, 2014, pp. 169-172.

6. Rugele, K., Bumanis, G., Erina, L., Erdmane, D. Composite Material for Ef-
fective Cheese Whey Anaerobic Digestion. Key Engineering Materials,
Vol. 604, 2014, pp. 236-239.

7. Bimanis, G., Bajare, D., The Effect of Porous Alkali Activated Material
Composition on Buffer Capacity in Bioreactors, World Academy of Scien-
ce, Engineering and Technology, International Journal of Chemical, Nucle-
ar, Metallurgical and Materials Engineering Vol:8 No:10, 2014. pp. 1040—
1046.

8. Bajare, D., Bimanis, G. Alkali Diffusion in Porous Alkali Activated Mate-
rials, Non-Traditional Cement & Concrete V: Proceedings of the Internati-
onal Conference organized by Brno University of Technology & ZPSV,
a. s., Lietuva, Brno, 16.—19. junijs, 2014. Brno: 2014, pp. 9—12.

9. Bajare, D., Bumanis, (., Korjakins, A., Séle, L. Reuse of Non-metallic Re-
sidues from Aluminium Recycling Industry in Production of Porous Buil-
ding Materials, Proceedings of the First International Conference on Cons-
truction Materials and Structures, Dienvidafrikas Republika, Johannesburg,
24.-26. novembris, 2014, pp. 136-144.

10.Bajare, D., Bumanis, G., Sahmenko, G., Justs, J., Obtaining composition
of geopolymers (alkali activated binders) from local industrial wastes, Civil
Engineering '11 — 3™ International Scientific Conference, 2011, Proce-
edings 3, 2011, pp. 50-56.
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PROMOCIJAS DARBA SATURS

Promocijas darba ievada dala ir formuléta pétfjuma probléma, izvirzitais
merkis un galvenie uzdevumi ta sasniegSanai, ka arT izcelta p&tijuma zinatniska
novitate un praktiska nozime, definétas pétijuma robezas, petijuma teorctiska un
metodologiska baze.

1. Literaturas apskats/petijuma teorétiskais un eksperimentalais
pamatojums

Misdienas neorganiskas saistvielas tiek iedalitas vairakas principiali atSki-
rigas grupas atkariba no to kmiska sastava. Galvenie noteicosie parametri ir Ca,
Al un Na oksidu daudzums sistéma. Portlandcementam (PC) raksturigs augsts
Ca saturs un zems Na daudzums, bet augsts Al saturs raksturigs karstumizturi-
giem kalcija aluminata cementiem. Sarmu aktivizétam saistvielam (SAS) kimis-
kais sastavs biitiski atSkiras no tradicionalajam cementa saistvielam. Tas var biit
zema vai augsta kalcija (Ca) satura saistvielas, ko noteiks izejvielu kimiskais sa-
stavs. Augsta Ca satura SAS noteicosas fazes ir C-S-H (kalcija silikatu hidrati)
un C-A-S-H (kalcija aluminatu silikatu hidrati), savukart zema Ca sistémas vei-
dojas N-A-S-H (natrija aluminatu silikatu hidratu) fazes. Zema Ca satura siste-
mu izejvielas (piem., elektrofiltru pelni vai kalcin&ti mali) tiek aktiviz&tas ar
stipri bazisku $§kidumu (Na vai K hidroksida skidumu (610 M) vai silikatu $ki-
dumiem) [14], [17].

SAS 1pasibas galvenokart ietekme izejmaterialu kimiskais sastavs un pro-
porcijas kompozicija, ka arT izmantotais aktivizacijas Skidums. Public@tie dati
liecina, ka ir iesp&jams izgatavot SAS no izejvielam, kuru galveno komponensu
attieciba (SiO,/Al,O; (Si/Al)) ir plasa diapazona: no 0,5 < Si/Al <300 [18]. To-
mér, lai ieglitu saistvielu ar augstiem mehaniskajiem un ilgmuzibas raditajiem,
nepieciesams kompozicijas kimisko sastavu veidot ta, lai elementu attieciba biitu
robezas 1 < Si/Al <5 un Na/Al ~1 [14]. SAS, kas izgatavoti no izejvielu kom-
pozicijas ar zemu Si saturu (Si/Al < 1) vai ar loti augstu Si saturu (Si/Al > 5),
parasti ir ar zemam mehaniskajam Tpasibam un zemu kimisko noturibu, ka arT
tas ir iidenT nestabilas. Ja Na/Al attieciba kompozicija ir augsta, atseviskos gadi-
jumos sarmu aktivizéta materiala strukttira var veidoties karbonatu kristali, kas
norada uz brivo sarmu savienojumiem materiala. Tad€jadi, mainot kompozicijas
kimisko sastavu, iesp&jams ieglit SAS ar atskirigam ipasibam. Tomér péc kom-
pozicijas vien nav iesp&jams viennozimigi prognoz&t materialu Ipasibam, tade]
SAS 1pasibas un pielietojumu nepiecieSams noteikt eksperimentali.
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Saistvielu veidosanas atkariba no izejvielu sastava shematiski dota 1. attela.
PC klinkers tiek raksturots ar augstu Ca un zemu Na saturu, savukart SAS sis-
témas pieaug Na saturs, bet Ca saturs nosaka, vai ta ir augsta vai zema Ca SAS.

C-S-Hun C-A-H
fazu veidosanas Na;O daudzums
aktivizacijas

fkiduma Pl

iy

{Na, K,[-(8i-0,).-A1-0]
n-wH;0} fazes veidodanas

Na un Ca daudzums saistviel

g Q@{g s"} &10_@ § Tzejvielas
S X & »
R Ry &R N
\& \Qb z@
< -

Att. 1. Saistvielu kTmiskais sastavs atkariba no to razo$anas izejvielam [19]

SAS kompozicijas sastavam ir nozimiga ietekme uz sarmaino savienojumu
izskaloSanas intensitati no SAS struktiiras. Samazinot Al saturu saistviela, poru
Skiduma palielinas ktmiski nesaistita sarma apjoms [84]. Ir pieradits, ka pazemi-
nats Al un paaugstinats Si daudzums SAS sastava var ietekm@t sarmu SkiSanu,
savukart izS§kidusa sarma daudzums ir noteicosais faktors vides buferkapacitates
paaugstinasanai. Udens vides buferkapacitati var aprakstit ar brivo sarmu difiizi-
ju no materiala struktiiras. Na', K joni veido stipri bazisku vidi, kas veicina
amorfas fazes SkiSanu sarmu aktivacijas procesa, tomer Sie joni ir vaji saistiti
(N,K)-A-S-H fazg, un tie viegli var pariet idens vidé. (Na,K)OH diftizijas cela
viegli sp&j nokliit uz SAS virsmas un reaggt ar atmosféras CO,, veidojot krista-
liskus salus: Na,CO;-nH,O, NaHCO;, K,CO;, KHCO; [85]. Sarma daudzums
poru $kiduma palielinas, ja sarma koncentracija aktivacijas skiduma tiek palieli-
nata [84]. Ali ir konstatg&jis, ka poru skiduma pareja uz apkartgjo vidi istabas
temperatiira nebis liela un ta notiks tikai kontaktzona starp materiala robezvir-
smu un apkartgjo vidi. Tadgjadi var secinat, ka no augsti poraina materiala sar-
ma izdaliSanas biis intensivaka, jo Tpatn&jas virsmas laukums ir lielaks [87].

Sarmaino savienojumu izskiSana no SAS materiala struktiiras fidens vide ir
negativa pasiba bivmaterialiem, tomér biotehnologiskos procesos ilglaiciga
sarmu $kiSana no materiala struktiiras ir prieksrociba, jo ilgstosi tiek nodrosinats
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augsts pH Itmenis Gdens vide. Tadgjadi, lai radttu materialu ar merki paaugstinat
pH Iimeni Gidens vide un nodros$inat augstu vides buferkapacitati, ieteicams izve-
leties zema Ca satura SAS, kam ir pazeminats Al un paaugstinats Si daudzums
sastava. Savukart SAS, kas izmantotas buvmaterialu razoSanai, ieteicams izvelé-
ties izejvielas ar maksimali augstu Al saturu.

Promocijas darba pirmo reizi tiks pétitas porainas zema Ca sistémas SAS
un noteikti izejmaterialu izvéles pamatprincipi, kas balstiti uz kimiska sastava
ietekmi uz materialu Ipasibam: mehaniskam, fizikalajam un ilgmiiZibas 1pasi-
bam, ka arT sarmu izdali$anas ipasibam, $kiduma pH reguléSanas sp&jam un spé-
ju nodro$inat augstu vides buferkapacitati.

2. Izejmaterialu un sarmu aktivizétu saistvielu izpetes metodes

Mineralogiskais sastavs izejvielam un SAS noteikts ar rentgenstaru difrak-
cijas metodi (XRD) (PAN analytical X Pert PRO) un kimiskais sastavs izejvie-
lam noteikts saskana ar LVS EN 196-2 ar precizitati + 0,5 %. Rentgena fluores-
cences analize (EDX — energy dispersive X-ray spectrometry — EDS, Oxford
instruments 7378) veikta elementu sadalfjuma noteikSanai. Elementu analize Al
un Si daudzuma noteikSanai aluminija metalliznu parstrades atkritumiem
(ASRW) veikta ar induktivi saparoto plazmas emisijas optisko spektrometru, bet
atomu absorbcijas spektrometrs izmantots Na, Mg, K, Ca, Fe,Cu, Zn, Pb ele-
mentu daudzuma noteikSanai. Potenciometriska titréSanas analize izmantota, lai
noteiktu Cl saturu, bet termogravimetriska analize — lai noteiktu S daudzumu.

Izejvielu un SAS funkcionalo grupu strukturala analize veikta ar infrasar-
kano Furjé spektroskopijas metodi (FTIR) (VARIAN 800 FT-IR) spektra interva-
1a no 400-4000 cm . Dalinu izmérs izejmaterialiem noteikts ar lazergranulo-
metrijas iekartu Analysette 22 Nano Tec. BET metode (QuadraSorb) tika izman-
tota, lai noteiktu Tpatn&jas virsmas laukumu, kopg&jo poru tilpumu un poru vidgjo
radiusu pulverveida SAS izejmaterialiem. SAS termogravimetriska analize veik-
ta ar augsttemperatiras DTA/DSC Baehr DTA 703. SEM (Tescan Mira/LMU)
izmantots SAS mikrostruktiiras p&tijumiem. XRD, FTIR, SEM, DTA pétijumi
veikti 28 dienas veciem paraugiem. Skengjosais elektronu mikroskops (SEM)
(Tescan Mira/LMU) izmantots materialu struktiiras p&tiSanai.

Lieces un spiedes stipriba noteikta saskana ar LVS EN 1015-11, izmantojot
prizmas formas paraugus ar izmeriem 40x40x160 mm. Blivums noteikts saskana
ar EN 1097-7, Gdensuzsiice — saskana ar EN 1097-6. Atverta porainiba noteikta
saskana ar LVS EN 1097-6, paraugus iem&rcot fidenT uz 72 h. Kopgja porainiba
aprékinata péc ipatngja blivuma noteik3anas, izmantojot Le Sateljé trauku
(ASTM C188). Siltumvadamiba noteikta, izmantojot siltuma plismas méritaju
LaserComp FOX 660, parbaudot gaissausus paraugus ar dimensijam
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300x300x50 mm. Temperatiiras starpiba starp platném — 20 °C (0 °C augsgja
un 20 °C apaksgja).

Salturiba SAS tika noteikta atbilstoSi LVS 405:2002 Betona sienu bloki:
Udens uzsiices un salturibas noteik$ana. Parbaudém izmantoti prizmas paraugi
ar izmeru 40x40x160 mm. Paraugi parbauditi dejonizéta iideni. Pretestiba sulfa-
tu iedarbibai veikta atbilstosi standarta SIA 262/1 pielikumam D: Sulfatu noturi-
ba. Prizmas paraugi (40x40x160 mm) tika parbauditi Na,SO4 Skiduma. Parau-
giem noteiktas masas un spiedes stipribas izmainas.

Hidroksidu jonu izskaloSanas tests jeb sarmainibas tests tika veikts
28 dienas veciem SAS, iemércot kubiskas formas paraugus (masa 3,5 +0,2 g)
dejonizeta tident un mérot izskiduso OH™ jonu koncentraciju laika. Paraugi tika
parvietoti jauna trauka ar dejoniz€tu tideni (100 ml) ar intervalu 24 h 20 Iidz
50 dienu perioda. Titrésana ar 0,01 M HCI tika veikta paraugu Skidumam Iidz
pH 7,0. pH limenis noteikts ar pH/mV meritaju HI 991003, un rezultata tika ap-
rékinats OH jonu daudzums ka mol/I/gSAS.

Materiala sp&ja uzturét Skidumam buferkapacitati tika noteikta 3 dienas ve-
ciem paraugiem, kas izturéti dejonizeta iident (100 ml), paraugus ik pec 24 h ie-
vietojot jauna Gidens tilpuma. Parbauditi kubiski paraugi ar masu 3,5 + 0,2 g. P&c
paraugu iznemsanas no tdens Skidumam noteikts pH Itmenis un izrékinata Ski-
duma buferkapacitate, kas izteikta ka CaCO; ekvivalents uz 1 g sarmaina mate-
riala (CaCOj; eq. mg/l/gAAM). Lai noteiktu Skiduma buferkapacitati, 50 ml ski-
dums tika titr€ts ar 0,01 M salsskabi. TitréSana veikta I1dz noteiktam pH Iime-
nim — pH 8,3 pH, 7,0 un pH 4,5 kopgjas sarmainibas, karbonatu sarmainibas un
bikarbonatu sarmainibas noteikSanai. SEM tika izmantots mikrostruktiiras peti-
jumiem un BET metode — materiala virsmas laukuma noteikSanai pirms un péc
izskaloSanas testa veiksanas.

3. Pétijumos izmantoto izejmaterialu apraksts

Promocijas darba izstrades laika ieglitos materialus var uzskatit par tipis-
kiem zema kalcija satura SAS, kas veidoti uz kalcingtu malu bazes. P&tjjumos
izmantoti trTs veidu mali: 2 veidu kalcingti kaolina mali (komerciali pieejami
kaolina mali (MK), kas termiski apstradati laboratorija rotacijas krasni 800 °C
temperatiira, un metakaolinu saturosi atkritumprodukti no «JSC Stikloporas»
(Lietuva) (MKw)), un mazkarbonatu illita mali (IC) no SIA «Lode» (Latvija)
Liepas atradnes, kas termiski apstradati analogiski ka MK.

Lai ieglitu porainu SAS, izmantoti aluminija parstrades atkritumi (ASRW)
no aluminija metalliizou parstrades uznémuma SIA «Dilers» (Latvija) un alumi-
nija pasta DEG 4507 (T), kas ir komerciali pieejams produkts. PEtfjumos izman-
totas 2 veidu stikla piedevas: stikla atkritumi (G) iegiiti no fluorescento lampu
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demerkurizacijas parstrades ripnicas SIA «Lampu Demerkurizacijas Centrs»
(Latvija) un natrija silikata stikls (SG) no AS «Valmieras stikla Skiedra» rupni-
cas (Latvija). Stikla piedevas izmantotas, lai korigétu sarma izdaliSanas intensi-
tati tdens vide. Izejvielu kimiskais sastavs dots 1. tabula. Lai nodroSinatu izej-
vielu homogenitati un nepiecieSamo dalinu smalkumu, tas tika maltas 20 vai 30
mintites (atkariba no veikto p&tijumu mérka) planetarajas bumbu dzirnavas
Retch PM440 ar 300 apgr./min.

1. tabula
SAS izejvielu Kimiskais sastavs (masas %)

Kimiskais sastavs ASRW | IC | MK | G SG Q D
AlLOs 63,2 146 | 342 | 1,0 | 28 | 1.4 | 0,6

SiO, 79 73,8 | 51,8 | 68,1 | 76,0 | 96,8 | 4,5
CaO 2,6 09 | 0,1 1,4 - - |286

SO; 0,4 - - - - - -

TiO, 0,5 0,6 | 0,6 - - - -
MgO 44 L1 | o1 | — - ~ 1202
Fe,0; 4,5 41105 1] 02| 01 | 03 | 06

PbO - - - ]20.0 - -

Na,O 3.8 0,1 | 0,6 | 80 | 21,0 | - 0.4

K,O0 3,8 2,8 - 1,2 - - 0,2
CaCO3*MgCO; - - - - - 97,0

Citi 2,6 L1 | 05 | 0,1 0,5 -
Karsésanas zudumi, 1000 °C 6,21 0,98 | 0,2 - - - 45,5

Atbilstosi XRD analizei kalcin&tos IC malos parsvara doming kristaliskas
fazes (kvarcs (Si0,), illita minerali (K(AlFe),AlSiO;0,o(OH), H,0) un laukspa-
ti (KAISiOg)), kaut gan ir konstatgjams arT neliels daudzums amorfas fazes.

Kalcinétiem kaolina maliem jeb metakaolinam (MK) piemit amorfa struk-
tara, ko raksturo XRD spektra konstat€jamais pac€lums 26 regiona no 18-33°.
Metakaolins (MKw), kas izmantots vairakos promocijas darba pétijumos, ir ra-
zoSanas blakusprodukts no stikla granulu razosanas procesa. Izgatavojot putu
stikla granulas, kaoltna mali tiek izmantoti ka pretsalipsanas viela stikla granu-
lam to veidoSanas procesa laika, rezultata kaoltna mali tiek apdedzinati aptuveni
800-850 °C temperattra 40—-50 miniites, kas atbilst stikla granulu razosanas teh-
nologijai.

Aluminija metalliznu parstrades atkritumi (ASRW) ir gala atkritumpro-
dukts, kas rodas, parstradajot aluminija metalliznus. ICP-OES elementu analize
ASRW uzrada $adus elementus: Al — 34,4 %, Si — 4,4 %, Mg — 2.4 %, Ca —
1,3 %, Na— 1,7 %, K — 2,3 %, S — 0,1 %, C1 — 4,2 %, Fe — 3,6 %, Cu —
1,0 %, Pb — 0,1 %, Zn — 0,6 %. Saskana ar XRD analizém ASRW satur meta-
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lisko aluminiju (Al), dzelzs sulfitu (FeSO;), aluminija nitridu (AIN), korundu
(ALLOs), aluminija dzelzs oksidu (FeAlOs), magnija dialuminiju (MgAl,O,),
kvarcu (Si0,), aluminija hloridu (AICl;), aluminija hidroksidu (Al(OH);). AIN
savienojums izskaidro Tpatng€jo smaku, kas jiitama SAS saistiSanas laika, kad,
veidojoties poru sistémai, izdalas gaze.

Aluminija pasta DEG 4507 (T) ir komerciali pieejams materials. Saskana
ar razotaja noradito informaciju negaistosais vielu saturs — 69,0-69,4 masas %,
vidgjais dalinu izmérs (d50) — 57,4-64,2 um, kas atbilst SEM rezultatiem. H,
cijas laiks — 1:28-1:40 min; H, tilpums lidz 16. minitei: no 643—682 ml.

Samalta stikla piedeva izmantota SAS Tpasibu modific€Sanai atbilstosi ie-
cer@tajam SAS izmantoSanas virzienam. Stikla (G) virsmas Tpatn&jais laukums ir
1,126 m*/g. Stikla dalinu vidgjais diametrs atbilstosi SEM neparsniedz 26 pm,
dalinu izméra diapazons ir no 8§ um Iidz 30 pm. Stikla sietu analizu rezultati uz-
rada dalinas ar izm&riem diapazona no 0,063—0,180 mm. P&tjjumos izmantots
arT natrija silikata stikls (SG), kas ir komerciali pieejams produkts. Stikla piede-
vu (G un SG) kimiskie sastavi doti 1. tabula.

Sarmu aktivizacijas skidums ieglits modificgjot komerciali pieejamu natrija
silikata Skidumu (razots SIA «Vincents Polyline», Latvija) ar silikata moduli
Ms 3,22, pievienojot tam komercialas natrija hidroksida parslas (razots «Tianye
Chemicals», Kina) ar 99 % tiribu. Mainot izejvielu attiecibu, iesp&jams iegiit
natrija silikata aktivizacijas skidumu ar silikata moduli Ms no 1,3 (ar 15 % Na-
OH saturu) 1idz 3,22 (ar 0 % NaOH). Natrija silikata Skidumam ar Ms 3,22 pH ir
10,7-11,23, pieaugot NaOH daudzumam, samazinas Skiduma Ms un pH Iimenis
pieaug Iidz pH 13,5 (Ms 1,3). Izejvielu aktivizSanai, lai ieglitu zema Ca satura
SAS, piemerotakie ir aktivizacijas Skidumi ar pH >13.

Promocijas darba porainu biivmaterialu iegiiSanai izmantotas smalki samal-
tas kvarca (Q) un dolomita (D) mineralas pildvielas (razots SIA «Saulkalne-Sy,
Latvija). Mineralas piedevas izmantotas, lai uzlabotu materiala iestradajamibu,
samazinatu deformativos procesus cietéSanas laika. Kvarca pildviela iegiita ma-
lot kvarca smiltis ar frakciju 0/1 mm 30 miniites planetarajas bumbu dzirnavas
(Q). Par dolomtta pildvielam izmantots gatavs komercials produkts — dolomita
milti (D).

SAS izgatavotas, izmantojot iepriek$ aprakstitas izejvielas dazadas attieci-
bas un sarmu aktivizacijas skidumus ar dazadiem silikata moduliem. Mainot
ASRW vai aluminija pastas daudzumu, tiek iegtitas SAS ar dazadu tilpummasu.
lTegiitais maistjums forméts 40x40x160 mm veidnos un iepilditais apjoms apré-
kinats ta, lai péc uzptsanas paraugs aiznemtu visu formas tilpumu, vienlaikus
saglabajot maksimali zemu tilpummasu. Paraugi cietinati veidnos 24 h 80 °C
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temperatiird. P&c cietinaSanas paraugi atveidnoti un uzglabati istabas temperatii-
ra I1dz parbaudes dienai.

4. Sarmu aktivizétu saistvielu izpétes rezultati

Lai konstat€tu jaunu mineralu veidoSanos sarmu aktivizacijas procesa laika,
tika izmantotas XRD, FTIR un DTA instrumentalas metodes. Paraugi izgatavoti
no MK vai IC un ASRW ar vai bez stikla (G) piedevas. Izmantota aktivizacijas
Skiduma silikata modulis Ms 1,63. Aktivizacijas Skiduma un cieto izejvielu at-
tieciba visiem saistvielu sastaviem ir konstanta — 0,75. Izejmaterialu kompozici-
jas dotas 2. tabula.

2. tabula
Sarmu aktivizétu materialu izejmaterialu attiectbas XRD un FTIR pétiju-
miem

Aktivizacijas $kiduma un

Sastavs MK IC | ASRW | G cieto izejvielu attieciba

MK-A1-GO 1 - 1 -

MK-A1-G1 1 — 1 1
IC-A1-GO - 1 1 — 0,75
IC-A1-G1 - 1 1 1

Saskana ar XRD difraktogrammam SAS ir amorfi materiali, un tas atbilst
zinatniskaja literatira publictajiem pétijumiem [66]. XRD difraktogramma var
konstatét pacélumu 20 skala 15-40° regiona, kas raksturigs amorfiem savieno-
jumiem (att. 2). Plasais XRD difraktogrammas pac€lums regiona 20 skala pie
20-30°, kas ir raksturigs MK (att. 2a), péc sarmu aktivizacijas tiek parvirzits uz
2040° (MK-A1-GO un MK-A1-G1). Paceluma parvirziSanas norada uz jaunu
amorfu savienojumu veidoSanos, kurus bieZi apzimé ar terminu «geopoliméra
g€ls» [156—158]. Pac€lums rodas sarmu alumosilikatu saistvielas formé&Sanas
procesa ka primarais reakcijas produkts, aktiviz€§jot MK. Vieniga kristaliska fa-
ze, ko var konstatét saistviela, ir kristaliskais kvarcs SiO,.

XRD difraktogrammas SAS, veidotiem no IC, uzrada mazak izteiktu amor-
fas fazes pacélumu regiona 26 15°-40°, salidzinot ar SAS, kas izgatavoti uz MK
bazes (Att. 2.b). Tas ir izskaidrojams ar kalcinétu IC mineralogisko un kimisko
sastavu, kura ir konstatéts zemaks Al,Os saturs un mazaks amorfo savienojumu
daudzums, kas varetu piedalities sarmu aktivizacijas reakcija. Vieniga kristaliska
faze, kas tika konstat&ta p&c sarmu aktivizacijas, ir kvarcs.
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Att. 2. SAS difraktogrammas 28 dienas veciem paraugiem. a) SAS, veidota no MK, b) SAS,
kas veidotas no IC

Salidzinot ieglitos rezultatus, var secinat, ka SAS, kas izgatavoti uz MK
bazes, ir geopolimériem raksturigaka XRD difraktogramma ar izteiktaku amor-
fam fazém raksturigu pac€lumu definéta regiona, savukart IC aktivizacijas rezul-
tata veido vaji amorfu struktiiru, kas noteiks materiala mehaniskas 1pasibas. To-
mér var secinat, ka ar1 IC ir piem&rots SAS izgatavosanai.

Sarmu aktiviz€Sanas procesa notiek izejmaterialos esoSo mineralu parstruk-
turiz€$anas un jaunu savienojumu veidoSanas, ko var konstatét, izmantojot FT/R
analizi. Lai giitu parliecinoSu prieksstatu par jaunu kimisko saiSu rasanos augsti
sarmaina vide, FTIR spektralas liknes uznemtas gan izejmaterialiem, gan SAS
(att. 3). Visiem SAS sastaviem, kas izgatavoti gan uz MK bazes, gan uz IC ba-
zes, ir konstatéta absorbcijas josla ar maksimumu pie 446 cm ', kas raksturiga
Si-O-Si vai Al-O-Si saiu svarstibam [158], [159]. STs saites nav raksturigas iz-
ejmaterialiem un norada uz jaunu savienojumu veidoSanos. Vilpu absorbcijas
maksimums pie 540 cm™ ir raksturigs MK un vaji izteikts IC. Tas ir saistits ar
Si-O-Al saiSu deformacijam, kur Al ir ieklauts oktaedrala koordinatu sist€ma.
Sis saites péc izejmaterialu kompozicijas aktivizé$anas augsti sarmaina izzid.
Absorbcijas josla ar maksimumu pie 688 cm ' ir attiecindma uz simetrisku Si-O-
Si vai Al-O-Si saiSu deformacijam (Att. 3.a) [159], ta ir raksturiga kalcingtiem
maliem, bet mazak izteiktas deformacijas kltst peéc malu aktivizacijas sarmaina
vide.
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Att. 3. FTIR spektralas analizes liknes izejmaterialiem un SAS, izgatavotam
no MK (a) un IC (b).

Absorbcijas josla ar maksimumu 1085 ¢cm ', kas raksturiga MK un IC izej-
vielam, SAS paraugiem parvietojas uz augstakam frekvencém, savukart absor-
beijas spektrs pie 770 cm ! ir izzudis péc sarmu aktivizacijas. Absorbcijas spek-
tru parbide un jaunu saiSu absorbcijas spektru paradiSanas liecina par materiala
struktiiras izmainam aktivizacijas Skiduma iedarbibas rezultata. Absorbcijas in-
tervals 1100—1200 cm! ir attiecinams uz amorfo SiO,, kas liecina, ka struktiiras
veidoSanas process jeb polimerizacija nav pilniba notikusi un noteikts daudzums
amorfa SiO; ir saglabajies neizreaggjis SAS struktiira. Sis amorfas grupas vilpu
absorbcijas liknes plecs ir 1pasi izteikts MK-A1-G1 un IC-A1-G1 jeb kompozi-
cijam ar stiklu (G) piedevu, kas nodroSina sakotngji lielaku amorfa SiO, dau-
dzumu materiala.

Paraugu DTA parbaudes rada prieksstatu par mineralogiska sastava izmai-
nam temperattras ietekmé un sniedz papildu informaciju par SAS mineralogisko
sastavu. DTA analizes noteiktas SAS, kas izgatavotas uz IC vai MK bazes un
ASRW ar un bez stikla piedevas (att. 4) un aktivizacijas skidumu ar Ms 1,68.
DTA TIiknes uzrada endotermisku efektu intervala 110—-150 °C (att. 4), kas tiek
saistits ar briva udens iztvaikoSanu un raksturojas ar paraugu masas samazina-
jumu [162], [163]. 250-300 °C diapazona noverojams otrs endoefekts, kas tiek
saistits ar natrija hidroksida un natrija hidrogénkarbonata maistjuma (poru ski-
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duma) sadaliSanos [164]. SAS kars€Sanas laika kristali zaud€ kimiski saistito
tdeni, bet SAS Tpatngjas virsmas laukums samazinas. Stikla piedeva jaunus en-
do vai eksotermiskos efektus materiala struktiira neveido, bet endoefektu inten-
sitate ieverojami pieaug, kas liecina par lielu idens daudzuma atdaliSanos no po-
ru Skiduma.
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Att. 4. DTA analizes rezultati SAS, izgatavotiem no IC un MK ar un bez stikla piedevas, ar
aktivizacijas Skiduma silikata moduli Ms 1,68.

5. Poraini biivmateriali no sarmu aktivizetas saistvielas

Izmantojot sarmu aktivizacijas tehnologiju, pirmo reizi ir izstradati sastavi
porainu biivmaterialu (BM) izgatavosanai no kalcingtiem illtta maliem (IC) vai
metakaolina atkritumprodukta (MKw), izmantojot aluminija metalltiznu parstra-
des atkritumus (ASRW) ka poru veidojoSo reagentu dazadas attiecibas. Izejvielas
aktivizetas ar natrija silikata aktivizacijas Skidumu (Ms 1,68). BM iegiits, izman-
tojot 2 veidu pildvielas — kvarcu (Q) un dolomittu (D). Maisijuma sastavs dots
3. tabula. Paraugi cietinati veidnos 24 h 80 °C temperatlira. P&c cietinasanas
paraugi atveidnoti un uzglabati istabas temperatiira [idz parbaudes dienai.

Izgatavoto poraino materialu raksturigas makrostrukttiras fotografijas para-
ditas 5. attela. Aplukojot iegiito materialu mikrostruktiiras, var secinat, ka BM ir
augsti poraina makrostruktiira un nav novérojamas bitiskas atskiribas starp pa-
raugiem, kuru izgatavosanai izmantoti IC vai MKw.
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3. tabula
Sarmu aktivizéta biivmateriala maisijuma sastava proporcijas

Maisijuma sa- Izejvicla (masas vienibas) Pildvielas-pastas attieciba SSJF::;ETIZ[:S]?_
stavs Ic MEw ASRW Pildviela Q | Pildviela D | pastas attieciba
1C-0.1A-Q 1,0 0,1 - 1,0
1C-0.5A-Q 1,0 0,5 - 1,0
IC-1.0A-Q 1,0 1,0 - 1,0
1C-0.1A-D 1,0 — 0,1 1,0 —
1C-0.5A-D 1,0 — 0,5 1,0 —
IC-1.0A-D 1,0 — 1,0 1,0 — 075
MKw-0.1A-Q - 1,0 0,1 - 1,0 ’
MKw -0.5A-Q - 1,0 0,5 - 1,0
MKw -1.0A-Q - 1,0 1,0 - 1,0
MKw -0.1A-D - 1,0 0,1 1,0 —
MKw -0.5A-D - 1,0 0,5 1,0 —
MKw -1.0A-D - 1,0 1,0 1,0 —

a)
Att. 5. legtita buvmateriala (BM) virsmas mikrofotografija: a) IC-0.1A-Q, b) MKw-0.1A-Q

BM fizikalas Tpasibas ir atkarigas no izmantota ASRIW daudzuma sastava,
ka arT izmantoto malu un pildvielas veida (4. tabula). Zemaka tilpummasa iegiita
paraugiem, kas izgatavoti uz IC malu bazes ar augstako ASRW masas vienibas
dalu neatkarigi no pievienotas pildvielas veida — 540-550 kg/m’ (IC-1.0A-Q,
IC-1.0A-D). Samazinot ASRW daudzumu lidz 0,1 masas vienibas dalai (IC-
0.1A-Q un IC-0.1A-D), tilpummasa palielinas, sasniedzot 655-675 kg/m’. At-
verto porainibu ASRW daudzums un izmantotas pildvielas veids neietekmg.

No MKw izejvielas izgatavotiem BM raksturiga augstaka tilpummasa, sali-
dzinot ar BM, kas izgatavoti no IC. Paraugiem ar maksimalo poru veidojosas
piedevas ASRW masas dalu (MKw-1.0A-D un MKw-1.0A-Q) tilpummasa ir ro-
bezas no 580 lidz 600 kg/m’. Samazinot ASRW masas dalu 1idz 0,1 (MKw-0.1A-
D un MKw-0.1A-Q), tilpummasa pieaug un sasniedz 670-675 kg/m’ (MKw-
0.1A-D un MKw-0.1A-Q). Pétitajiem BM raksturiga augsta kopgja porainiba —
71,4-76,0 %. Atverta porainitba BM uz MKw bazes ir no 21,2-33,4 %, bet

25




fidensuzsiice no 31,7 Iidz 56,3 %. BM fizikalas 1pasibas (tilpummasa, Gidensuz-
siice, porainiba) nav biitiski atkarigas no pildvielas veida, kas izmantota BM iz-
gatavoSanai. Daudz nozimigaka ir BM sauso izejmaterialu attieciba — ASRW
daudzums kompozicija un izveleta kalcinéta mala veids.

4. tabula
Sarmu aktivizétu porainu materialu fizikalas un mehaniskas ipasibas

. Tilpum- | - _ Atverta Kopgja Spiedes Lieces

MaisTjuma sa- Udensuzsiice, . - — -
stavs masa3 W% porainiba, | porainiba, | pretestiba | pretestiba
kg/m m % % f., MPa i, MPa

IC-0.1A-Q 655+ 16 41,5£25 334+£08 [73,6+1,2] 1,9+0,1 | 1,0£0,08

IC-0.5A-Q 585+12 49,0 £3,7 31,0£28 | 768+1,5| 1,5+0,1 | 0,7+0,03

IC-1.0A-Q 540 £27 52,827 29,716 |786+1,8| 1,7+0,1 | 0,6 £0,05

IC01AD | 675+17 | 41,5+1,7 | 303+1,3 |73,0£13| 2,0+0,1 | 0,9+0,02

IC-0.5AD | 555+16 | 552+32 | 33,0+0,7 | 78,020 1,4£0,1 | 0,6 +0,03

IC-1.0A-D 550+ 16 544+47 29,4+£0,8 | 784+1,5| 1,7+0,1 | 0,6 +£0,02

MKw-0.1A-Q | 675+13 31,9+£23 21,7£1,2 | 71,4+0,5] 3,8+£0,2 | 2,1 £0,16

MKw -0.5A-Q | 610£13 41,1 £2,1 250+1,1 [749+0,5] 3,1£0,2 | 1,7+0,06

MKw -1.0A-Q | 600 + 14 52,5+28 30,7+£2,1 [759+0,6|2,0£0,1 | 1,4+0,14

MKw -0.1AD | 67012 | 31,7+1,2 | 21,2+0,6 | 72,0+0,5 | 3,8+0,3 | 2,1 0,11

MKw -0.5A-D | 620+ 14 473+£19 29,5+£1,0 |745+0,6| 3,1£0,2 | 1,5+0,13

MKw -1.0A-D | 580+ 10 56,3+29 334+£24 [760+1,0] 24+0,2 | 1,4£0,07

Materialu mehaniskas Tpasibas butiski ietekm& materiala augsta porainiba.
Spiedes pretestiba BM, kas izgatavoti uz IC bazes, ir robezas no 1,4 lidz
2,0 MPa (att. 6.a). Lieces stipriba ir no 0.6-0.9 (4. tabula). Spiedes pretestiba
BM, kas izgatavoti uz MKw bazes, ir no 2,0 lidz 3,8 MPa, lieces pretestiba no
1,4 1idz 2,1 MPa (att. 6.b).

Izvéletais pildvielas veids bitiski neietekmé BM stipribu. Sis secinajums
attiecas uz BM, kas izgatavoti gan uz IC, gan uz MKw bazes. Galvenais faktors,
kas ietekmé& BM mehaniskas 1pasibas, ir izmantotais malu veids un ASRW dau-
dzums kompozicija, kas ietekme ar1 porainibu — jo lielaka ASRW masas vieni-
bas dala ir izmantota sastava izveide, jo zemakas ir BM mehaniskas Ipasibas.

legita BM siltumvaditspgjas koeficients ir robezas no 0,14 Iidz
0,15 W/m-K, un tas nav atkarigs ne no izmantota mala veida (MKw vai IC) vai
pildvielas veida (Q vai D), ne no ASRW daudzuma sastava, ja tas ir robezas no
0,5 Iidz 1,0 masas vienibas dalai. Galvenais parametrs, kas nosaka siltumvadit-
sp&jas koeficientu, ir materiala augsta porainiba, kas ir lidzvertiga visiem sasta-
viem (4. tabula).
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Att. 6. a) uz kalcinétu illita malu (IC) un b) uz metakaolina blakusprodukta MKw malu bazes
veidota poraina BM tilpummasa un spiedes pretestiba atkartba no ASRW masas dalas BM.

BM salturibu butiski ietekmé izmantota mala (IC vai MKw) un pildvielas
(Q vai D) veids. Paraugi, kas izgatavoti no IC, uzrada iev€rojamus masas zudu-
mus (6,9 11dz 39,7 %) p&c 25 sasalSanas-atkusanas cikliem, kas liecina par bitis-
kiem struktiiras izdrupumiem. Uz MKw bazes veidotiem BM pretestiba sasalSa-
nas-atkusanas ciklu graujoSajai iedarbibai ir ieveérojami augstaka, salidzinot ar
BM, kas izgatavoti no IC. P&c 25 cikliem paraugiem masas zudumi ir 3,3-6,5 %,
bet pec 50 cikliem — 6,2—15,5 %.

Paraugiem tika noteikti spiedes stipribas zudumi p&c 25 un 50 sasalSanas-
atkuSanas cikliem (5. tabula). Uz IC bazes izgatavotiem BM péc 25 sasalSanas-
atkusanas cikliem spiedes stipriba samazinajas par 13,3—45,0 % un var secinat,
ka uz IC bazes veidotic BM nav salizturigi. Uz MKw bazes izgatavotiem BM
stipribas zudumi p&c 25 cikliem bija 3,3-6,5 %, bet pec 50 sasalSanas atkusanas
cikliem — 22,6-65,8 % no sakotngjas stipribas.

Sulfatu noturiba noteikta 28 dienas veciem BM paraugiem. P&c paraugu iz-
turéSanas sulfatu skiduma paraugu masa sakotngji samazinas, kas izskaidrojams
ar poru Skiduma izskaloSanos no materiala strukturas, cikliski to piesticinot ar
sulfata Skidumu un izzavgjot. Peéc poru skiduma izskaloSanas sulfata Skiduma
esosie sali ieklust dzilakos materiala slanos, kristaliz€jas uz materiala poru sie-
ninam un veicina paraugu masas pieaugumu. Sada tendence novérojama BM,
kas izgatavoti gan no IC, gan no MKw. Lidz 21. dienai samazinas materiala ma-
sa, bet pec tam noveérojama masas palielinasanas visiem paraugiem.
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5. tabula

Porainu biivmaterialu salturibas rezultati

Am, % Sakotngja Stlp_riba pee Stipribas izmainas, %
Sastavs - - stipriba saltl.lrlbas, MPa - -
Ciklu skaits MPa ? Ciklu skaits Ciklu skaits
25 50 25 50 25 50
1C-0.1A-Q -8,0 - 1,9+0,1 1,2+0,2 — 36,8 -
1C-0.5A-Q -6,9 - 1,5+0,1 | 1,3+0,2 - 13,3 -
IC-1.0A-Q -14,4 — 1,7+0,1 | 1,1£0,2 - 35,3 -
IC0.1AD | 93 - 20+0,1 | 1,1+0,1 - 45,0 -
IC-0.5A-D -39,7 - 1,4+£0,1 | 1,0£0,2 - 28,6 -
IC-1.0A-D -11,6 - 1,7+0,1 | 1,1+0,2 - 353 -
MKw-0.1A-Q | -6,5 -15,5 | 3,8+0,2 | 1,7+0,2 | 1.34+0.1 55,3 65,8
MKw -0.5A-Q | -3,5 -6,2 3,1£0,2 | 24+0,2 | 22+04 22,6 29,0
MKw -1.0A-Q | -3,3 -8,4 20+0,1 | 1,8£0,2 | 1.5+0.2 10,0 25,0
MKw -0.1A-D | -3,6 -8,8 38+0,3 [2,6+0,3|1.9+£02 31,6 50,0
MKw -0.5A-D | -3,7 -6,6 3,1+0,2 | 2,6+£02 | 24+03 16,1 22,6
MKw -1.0A-D | -3,6 -9,9 24+£02 | 20=+0,1 | 1.1+£0.1 16,7 54,2
Spiedes pretestibas izmainas paraugiem péc sulfatu iedarbibas dotas
6. tabula. No IC veidotiem BM testa laika novérojami butiski izdrupumi, kas

veicina paraugu spiedes pretestibas samazinasanos — spiedes pretestiba samazi-
nas no 21,4 1idz 57,9 %.

6. tabula
Spiedes pretestibas izmainas péc sulfatu iedarbibas
Sastavs Masas iz- | Sakotngja spiedes | Spiedes pretestiba | Spiedes pretestibas
mainas, % | pretestiba, MPa | p&c parbaudes, MPa izmainas, %
IC-0.1A-Q =5,5 1,9+0,1 0,8+0,1 =579
IC-0.5A-Q 0,9 1,5+0,1 1,0+0,1 —33,3
IC-1.0A-Q -1,6 1,7+£0,1 1,1+0,1 —353
IC-0.1A-D 2,9 2,0+0,1 1,8+04 -10,0
IC-0.5A-D 0,6 1,4+0,1 1,1+£0,2 214
IC-1.0A-D -9,3 1,7+0,1 1,2+0,1 —29,4
MKw-0.1A-Q 2,1 3,8+0,2 2,1£0,2 —44,7
MKw -0.5A-Q 42 3,1£0,2 2,6+0,2 -16,1
MKw -1.0A-Q 2,2 2,0+0,1 1,9+0,3 5,0
MKw -0.1A-D 1,2 3,8+£0,3 2,8+0,3 —26,3
MKw -0.5A-D 0,1 3,1£0,2 2,7+0,3 -12,9
MKw -1.0A-D 0,2 2,4+0,2 2,4+0,2 0,0

Uz MKw bazes izgatavotiem BM masa testa laika nemainijas (MKw —
0,5A-D un MKw —1,0A-D) vai pieauga par 1,2-4,2 %. Sastavam MKw-1,0A-D
spiedes stipriba péc testa nemainijas, bet pargjiem sastaviem ta samazindjas no
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5,0 1idz 44,7 %. No rezultatiem var secinat, ka augstaka pretestiba sulfatu iedar-
bibai ir no MKw izgatavotam BM ar ASRW masas vienibas dalu no 0,5 lidz 1,0.

6. Sarmu aktivizétas saistvielas izmantoSana idens attiri§anas sistémas

P&dgjo gadu laika RTU Udens inZenierijas un tehnologijas katedra veikti
petijumi par kalcija, magnija un mangana izdaliSanos un @idens attirisanu. Floku-
lacijas process augstas vides pH (10,0-10,5) apstaklos nodrosina efektivu dali-
nu, koloidu un mangana atdaliSanu no notekideniem, paaugstinot Gidens attirisa-
nas efektivitati.

Udens vides pH regulésanas spéjas noteiktas SAS, kas izgatavoti uz IC un
MK bazes. IC raksturigs zems Al un augsts Si saturs, kas nosaka paaugstinatu
Si/Al attiecibu, ka rezultata prognozg&jama paaugstinata poru $kiduma jeb sar-
maino savienojumu (OH" jonu) izskaloSanas no materiala strukttras. MK ir ar
augstaku Al saturu neka IC, tadgjadi prognozgjams, ka OH" jonu izskaloSanas no
SAS bus zemaka. Atkariba no SAS izgatavosanai izveleta mala veida, iespgjams
iegtt filtrveida materialu ar dazadu OH" izdaliSanas intensitati. SAS sastavi doti
7. tabula.

7. tabula
Izejvielu attiecibas un SAS fizikalas ipasibas
Sastavs Masas attieciba Tilpummasa Porainiba, %
MK [ IC [ ASRW | G (kg/m®) Atverta | Kopgja
IC-A1-GO - 1 1 0 319 26 84
1C-A0.5-G0 - 1 0,5 0 317 26 77
1C-A0.1-GO — 1 0,1 0 516 23 69
1C-A1-G1 — 1 1 1 382 24 87
1C-A0.5-G1 — 1 0,5 1 498 18 87
IC-A0.1-G1 — 1 0,1 1 683 16 78
MK-A1-GO 1 - 1 0 357 29 84
MK-A0.5-GO 1 - 0,5 0 358 25 83
MK-A0.1-GO 1 - 0,1 0 385 26 83
MK-A1-G1 1 — 1 1 355 16 84
MK-A0.5-G1 1 — 0,5 1 393 19 81
MK-A0.1-G1 1 — 0,1 1 437 21 79

legiita materiala SEM mikrofotografijas pirms un péc sarmainibas noteik-
Sanas testa veikSanas doti 7. attéla. Attélos ir redzams, ka pirms sarmainibas tes-
ta veikSanas uz parauga MK-A1-G1 poru sieninam ir kristalizgjusies dazadu
formu kristali, kas ir idenT $kTstoSie sarmainie savienojumi, jo p&c 20 dienu ilga
sarmainibas testa veikSanas uz SAS poru virsmam kristali vairs netika konstate-
ti. L1dziga tendence poru struktiiras izmainam p&c sarmainibas testa veikSanas ir
verojama ari pargjiem sastaviem.
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Att. 7. Mikrofotografijas MK-A1-G1 28 dienas veciem paraugiem: pirms sarmainibas testa
veiksanas (a) pec izskaloSanas testa (b)

OH' izskaloSanas intensitate no SAS struktiras teorétiski var tikt mainita,
mainot kadu no Eetriem galvenajiem parametriem: SAS izgatavosana izmantoto
mala veidu (i), ASRW daudzumu materiala kompozicija (ii), stikla (G) daudzu-
mu materiala kompozicija (iii), SAS porainibu (iv). Katra no $im izvirzitajam
hipotéz€m ir parbaudita.

Palielinot ASRW daudzumu sastava, pieaug materiala porainiba, bet kopg-
jais izskalotais OH" jonu daudzums samazinas. Lidziga tendence tika noverota
arT SAS sastaviem bez stikla piedevas. SAS, kas izgatavoti uz MK malu bazes
bez stikla piedevas, uzskatami parada, ka materiala porainibai nav biitiskas ie-
tekmes uz sarmu izdaliSanas intensitati no materiala struktiiras (att. 8). Lidzigi
rezultati iegliti, petot SAS, kas izgatavots uz MK bazes ar stikla piedevu.

Palielinot ASRW masas dalu SAS kompozicija, picaug Al daudzums. Sa-
mazinot ASRW daudzumu sastava ar stiklu (IC-0.1A-G1), OH" jonu izskaloSanas
intensitate pieaug no 0,0268 Iidz 0,0371 mol/l/gsas. Savukart SAS, kas izgata-
vots no MK, pievienota ASRW daudzums bitiski neietekm& OH" jonu izskaloSa-
nos no SAS, kas izskaidrojams ar jau sakotngji augsto Al daudzumu MK izejvie-
la.
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Att. 8. OH" jonu izskaloSanas dinamika no sarmu aktiviz&tajam saistvielam, kas izgatavotas uz
kalcingtu illita (IC) un metakaolina (MK) bazes

Pievienojot stikla piedevu (G) SAS kompozicijai, tiek ievérojami palielina-
ta OH" jonu izskaloSanas intensitate visiem SAS sastaviem. Lai veicinatu OH
jonu izskalo$anos no materiala struktiiras, ir ievérojami japalielina SiO, un ja-
samazina Al,O; daudzums sastava (japaaugstina SiO,/Al,O; attieciba), to var iz-
dartt, izv€loties IC malus un izmantojot stikla (G) piedevu, bet ASRW ieteicams
pievienot p&c iesp&jas mazaka apjoma.

8. tabula
Si0,/Al,O; masas attieciba un kopgjais izskalota OH™ jonu daudzums

Maistjuma ) Kopéjaiuis iz§kidusais pH limen.is $kidumam
sastavs Si0,/AL O3 OH  daudzums (dienas)
(mol/l/gsas) 1 5 20
IC-A1-GO 1,4 0,0123 11,6 10,2 3,1
1C-A0.5-GO 2,0 0,0135 11,6 9,9 7,3
IC-A0.1-GO 3,9 0,0172 11,8 9,2 6,2
IC-A1-G1 2,5 0,0268 11,8 10,4 8,6
IC-A0.5-G1 3,8 0,0323 11,9 10,2 8,0
IC-A0.1-G1 7,6 0,0371 11,8 9,8 7.8
MK-A1-GO 0,9 0,0077 11,1 9,8 7.8
MK-A0.5-GO 1,2 0,0061 10,6 9,4 7,6
MK-A0.1-GO 1,6 0,0052 10,8 9,4 7.4
MK-A1-G1 1,8 0,0110 11,2 10,1 8,4
MK-A0.5-G1 2,4 0,0095 11,1 10,0 8,4
MK-A0.1-G1 3,4 0,0090 11,2 9,9 8,5

31



legtitais SAS materials raksturojas ar augstu OH™ jonu izdaliSanos 1sa laika
perioda, bet, lai izveidotu efektivu materialu mangana atdaliSanai Gidens attiriSa-
nas sist€mas, janodrosina materiala ilglaicigu sp&ju paaugstinat fidens vides pH.
DTA analizes uzrada struktiiras parmainas materiala, kas var ietekmé&t sarmaino
savienojumu izdaliSanos no materiala struktiiras tidens vide. Lai noverstu poten-
cialo risku, kas saistits ar iesp&jamo kaitigo savienojumu izdaliSanos no SAS
fidens attiriSanas sist€mas, atsevisku paraugu izgatavoSanai [idz §im promocijas
darba izmantotais ASRW aizvietots ar komerciali pieejamu aluminija pastu (T).
Izejmateriali tika sagatavoti atbilstosi izveletajiem sastaviem, kas doti 9. tabula.
Natrija silikata aktivacijas skiduma (Ms 1,47) attieciba pret sauso izejmaterialu
maistjumu visiem sastaviem — 0,75.

9. tabula
Sarmu aktivizétu saistvielu maisijuma sastavs
Sastavs ic |lasrw!| G _T (% no cietas Termi_skﬁ
izejvielu masas) apstrade
IC-A-SGO 1 1 - - -
IC-A-SGl1 1 1 1 — -
1C-A-SG1-200 1 1 1 - 200°C
1C-A-SG1-400 1 1 1 - 400°C
IC-T-SGO 1 - - 0,35 -
IC-T-SG1 1 - 1 0,35 —
IC-T-SG1-200 1 - 1 0,35 200°C
IC-T-SG1-400 1 - 1 0,35 400°C

P&c atveidnosanas 3 dienas veci paraugi ar stikla piedevu termiski apstrada-
ti 200 un 400 °C 1 h. Piecas dienas veciem paraugiem noteikta OH" jonu izska-
losanas dinamika laika posmam lidz 25 dienam. Visiem SAS ipatng&jas virsmas
laukums pirms termiskas apstrades ir robezas no 4-6 m*/g + 1,3 m*/g. Péc ter-
miskas apstrades Tpatngjas virsmas laukums samazinajas lidz 0,7 + 0,2 m*/g SAS
paraugiem, kas izgatavoti ar T poru veidojosos reagentu, bet paraugiem, kas iz-
gatavoti ar ASRW, Tpatngjas virsmas laukums nemainijas. P&c iegiitajiem rezul-
tatiem var secinat, ka OH" jonu izskaloSanas tidens vidg ir atkariga no SAS izga-
tavoSanai izmantotas poru veidojosas piedevas, termiskas apstrades, virsmas
laukuma un SAS sastava (10. tabula).

Izskalotais sarmu daudzums pirmaja diena (% no kopgja) dots 10. tabula.
SAS, kas izgatavoti ar ASRW (ar un bez stikla piedevas), izdala 57-59 % no ko-
peja izdalita sarmu daudzuma, savukart SAS, kas izgatavoti ar T, izdala 91,2 %
(bez stikla), bet SAS ar stiklu sastava — 72,2 %.

Termiski apstradatiem paraugiem, izgatavotiem ar T, pH Itmenis ir stabils
lidz pat 25. parbaudes dienai. pH Itmenis samazinas no pH 10,9 lidz pH 10,4 pH
(IC-T-SG1-200) un no 0,8 Iidz pH 10,0 (IC-T-SG1-400) (att. 9).
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10. tabula

Izskalotais OH™ jonu daudzums un SAS virsmas laukums péc 25 dienu
ilga sarmainibas testa veikSanas

pH péc H péc izska- Izskalotais Izskalotais Ipatngjais
- izskaloga- | PP PeC 125Ka OH dau- OH daudzums | virsma p&c
Sastavs loSanas testa _ . . .
nas testa 25 dienas dzums péc 1 dienas 1zskalosz;nas
1.dienas (mol/(I-gsas)) (%) testa (m”/g)
1C-A-SGO0 12,6 8,4 0,0162 42,9 43,02
IC-A-SGl1 12,7 8,0 0,0213 44,0 82,23
IC-A-SG1-200 11,8 7,7 0,0072 80,6 7,36
IC-A-SG1-400 10,4 7,1 0,0038 72,7 1,02
IC-T-SGO 13,1 7,8 0,0252 79,5 86,12
IC-T-SG1 11,7 8,7 0,0270 56,9 118,09
IC-T-SG1-200 10,9 10,4 0,0097 8,4 10,12
IC-T-SG1-400 10,8 10,0 0,0091 11,2 10,16
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Att. 9. Vides pH limenis péc SAS izturéSanas dejonizéta Gideni 25 dienas: a) izgatavoti ar T un
b) izgatavoti ar ASRW

Visi paraugi ar stikla piedevu sastava izskalo lielaku OH" jonu daudzumu
25 dienu perioda (

10. tabula). Kopgjais OH™ jonu daudzums, kas izskalojies no SAS 25 dienu
perioda, ir atkarigs no izmantota poru veidojo$a reagenta veida (T vai ARSW).

Materialam péc termiskas apstrades OH’ $kidiba samazinajas; ta ir vienme-
riga un ilgstosa (10. tabula). Kopgjais iz8kidusais OH™ jonu daudzums termiski
apstradatiem paraugiem sasniedza 25 % no kopgja iesp&jama, kas noverojams
paraugiem bez termiskas apstrades. Ka redzams attéla 10., Skisanas process ilgst
lidz pat 25 dienam, un tas picaug lineari.
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Att. 10. OH" jonu $kidiba no sarmu aktivizétam saistvielam

pH limenis visa sarmainibas testa veikSanas perioda (25 dienas) Gidens $ki-
dumiem, kuros 24 h tika izturéti termiski apstradati paraugi ar T piedevu, sagla-
bajas nemainigas robezas pH 9,5-10,5 ar nelielu tendenci samazinaties (att. 9).
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Att. 11. Mikrostruktiira [C-T-SG1-200 p&c sarmainibas testa veik$anas 25 dienu garuma. Pa-
lielinajums: a) 5 000 reizes, b)10 000 reizes

P&c sarmainibas testa veikSanas SAS Tpatngjas virsmas laukums ir butiski
palielinajies. Palielinoties izSkiduSsajam OH" daudzumam no SAS, pieaug ari

materiala Tpatn&jais virsmas laukums (att. 10 un
10. tabula). Tas ir izskaidrojams ar materiala struktiiras noardisanos fidens

ietekm@. BET rezultati apliecina, ka paraugiem pieaug Ipatngjas virsmas lau-
kums no 4-6 m*/g lidz 82 m*/g (IC-A-SG1) un 118 m*/g (IC-T-SG1) péc 25
dienas ilga sarmainibas testa veikSanas.

ArT termiski apstradatiem SAS, kas izgatavoti ar T (IC-T-SG1-200), ipatné-
jais virsmas laukums p&c testu veikSanas pieaug no 0,7 lidz 10,0 m*/g.
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legtitie rezultati paradija, ka (1) zema kalcija SAS sastava palielinatais
Si0, daudzums veicina sarmu difuziju; (2) izejvielu aktivizacija augsti sarmaina
vide tiek ierobezota ar stikla piedevu, kas nozime palielinatu OH jonu difuziju
no SAS struktiiras; (3) materiala termiska apstrade uzlabo materiala spgjas efek-
tivi uzturét pH limeni konstantu, kas palielina materiala darbibas efektivitati
iidens attTriSanas sistémas.

P&tijumi apstiprina to, ka ir iespgjams izmantot termiski apstradatus SAS
ka pasivo sisttmu pH Iimena stabiliz€Sanai, nodro§inot Gidens attiriSanas siste-
mas vides pH robezas no 9,5 lidz 10,5. Lidz ar to var uzskatit, ka zema kalcija
satura SAS ar augstu sarmu izdaliSanas sp&ju ir potenciali efektivs materials ilg-
stoSai paaugstinata pH nodrosSinasanai un mangana efektivai atdaliSanai Gidens
attiriSanas sistémas.

7. Porainu sarmu aktivizétu saistvielu izmantoSana biogazes reaktoros

SAS struktiira jau materiala veidosanas procesa tiek ieslégts noteikts dau-
dzums sarma, kas netiek pateréts materiala sintézes (aktivéSanas) procesa laika.
P&c struktiiras izveides sarmainie savienojumi izgulsn&jas uz poru virsmam ma-
teriala strukttra, bet tidens iedarbibas rezultata tie $kist un parvietojas uz apkar-
tgjo vidi. Pateicoties materiala dal&ji slégtajai poru struktiirai, sarmu izdaliSanas
notiek pakapeniski. Sadu materialu var definét ka alternativu un perspektivu pa-
sivas pH stabiliz$anas sistému biotehnologiskajos procesos. Izejvielu masas at-
tieciba, kas ir atkariga no SAS izgatavos$anai izmantoto izejvielu kompozicijas,
nosaka oksidu SiO,/Na,O, SiO,/AL,O; attiecibas, tadgjadi ir iesp&jams mainit
materiala sarmu izdaliSanas intensitati un pH regulésanas spgju.

P&tTjuma izmantots metakaolins MKw, aluminija metalliznu parstrades at-
kritumi (ASRW) un stikla atkritumi (G), ka arT aktivacijas Skidums ar Ms 1,68.
Katram no sauso izejvielu sastaviem tika pievienots sarmu aktivizacijas skidums
4 dazados apjomos attieciba pret sauso izejvielu maisijumu (R) — 0,30; 0,45;
0,60 un 0,75. Mainot aktivacijas Skiduma attiecibu, sastava izmainas SiO, un
Na,O daudzums. Visiem sastaviem tika aprékinata SiO,/AL,O; un SiO,/Na,O
attieciba, un ta ir dota 11. tabula.

Materiala fizikalas Tpasibas dotas 12. tabula. Materialiem, kuru izgatavosa-
nai izmantotais aktivatora apjoms ir vislielakais (0,75), ir vismazaka tilpummasa
(no 346 + 17 lidz 410 + 15 kg/m’). Samazinoties aktivatora §kiduma apjomam
(R) no 0,75 Tidz 0,30, materiala tilpummasa palielinas no 9 Iidz 21 %. Udensuz-
slice visiem paraugiem samazinas, palielinoties izmantota aktivatora apjomam
R. Atvérta porainiba ir robezas no 21-31 %, bet kopgja porainiba no 73 lidz
86 %.
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Sarmu aktivizétu saistvielu sastavi

11. tabula

Sastavs SAS kompozicijas proporcijas
MKw | ASRW | G R
MKw-A1-G0-0.30 1 1 0 0,30
MKw-A1-G0-0.45 1 1 0 0,45
MKw-A1-G0-0.60 1 1 0 0,60
MKw-A1-G0-0.75 1 1 0 0,75
MKw-A2-G1-0.30 1 2 1 0,30
MKw-A2-G1-0.45 1 2 1 0,45
MKw-A2-G1-0.60 1 2 1 0,60
MKw-A2-G1-0.75 1 2 1 0,75
MKw-A1-G1-0.30 1 1 1 0,30
MKw-A1-G1-0.45 1 1 1 0,45
MKw-A1-G1-0.60 1 1 1 0,60
MKw-A1-G1-0.75 1 1 1 0,75
12. tabula
SAS fizikalas ipasibas un sarmainibas testa rezultati
Rezultati
Tpasibas MKw-A1-GO-R MKw-A1-G1-R MKw-A2-G1-R
03 [045]0,6]075]03045] 06 ]075]03]045[ 06 [0,75
T‘lpﬁg‘n“l}“a’ 700 | 418 | 408 | 346 | 797 | 453 | 433 | 410 | 675 | 484 | 404 | 383
Udensuzstice, | 45 | 7 | 67 | 77 | 58 | 58 | 52 | 51 |42 | 58 | 66 | 69
masas %
Averta gyl og 1 og [ 27 |20 | 26 | 23 | 21 |28 | 27 | 27 | 27
porainiba, %
Kop&ja | 23 | g4 |84 | 86 | 80 | 82 | 83 | 84 | 74 | 81 | 84 | 85
porainiba, %
Karbonatu
sarmainiba, |3y | 500 1371 | 56 | 182 | 532 | 761 | 932 | 178 | 477 | 819 | 899
CaCOs eq
ml/L/g
Bikarbonatu
sarmainiba, | o0 | 311|315 | 270 329 | 219 | 210 | 200 | 276 | 227 | 237 | 218
CaCOs eq
ml/L/g
Kopgja sar-
mainiba, | 433 618 | 686 | 796 | 511 | 751 | 971 | 1132 | 454 | 704 | 1056 | 1117
CaCOs eq
ml/L/g
Masas zudu-
mipectesta | 13,7 | 1.4 | 81| 56 |79 ] 9,5 [ 14,1203 | 71| 8 | 1,3 | 127
(30 d), %
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Katru dienu ik p&c 24 h ilgas paraugu izturéSanas dejonizeta tident 30 dienu
perioda tika noteikta materialu sarma izdaliSanas atrums un daudzums (kinéti-
ka), ka arT izrékinata Skiduma buferkapacitate.

Lielaks SAS izgatavosanai izmantota aktivatora apjoms nodroSina augstaku
pH Iimeni @idens vid€ p&c paraugu izturé$anas 24 h laika. Udens maksimalais pH
Iimenis tiek sasniegts, ja SAS izgatavosanai izmantota aktivatora apjoms attiecl-
ba pret sauso izejmaterialu maisjjumu ir 0,45, bet, palielinot to 1idz 0,75, tdens
vides pH Iimenis biitiski nemainas. Udens vides pH Iimenis p&c 30 dienu ilga
buferkapacitates testa veik$anas samazinajas lidz pH 7,1 un 7,4 (att. 12).

XMKw-A1-G0-0.30
©MKw-A1-G0-0.45
BMKw-A1-G0-0.60
AMKw-A1-G0-0.75

XMKw-A1-G1-0.30
& MKw-A1-G1-0.45
BMKw-A1-G1-0.60
AMKw-A1-G1-0.75

. 0 5 10 15 20 25 30
a) Dienas b) Dienas

:E. & XMKw-A2-G1-0.30
1 ©MKw-A2-G1-0.45
BMKw-A2-G1-0.60
AMKw-A2-G1-0.75

0 5 10 15 20 25 30
C) Dienas

Att. 12. pH Iimena izmainas tidens videi péc buferkapacitates testa veik$anas laika

Kopgja sarma Skiduma buferkapacitates kingtika 30 dienu ilgam testa peri-
odam dota 13. attela. Liknes uzrada nepartrauktu sarmu izdalisanos laika. Kopé-
jo skiduma buferkapacitati butiski ietekm& SAS izejvielu kompozicija un izman-
tota aktivacijas Skiduma apjoms. Intensivaka sarmu izdaliSanas konstatgta pa-
raugiem, kuru izgatavoSanai izmantots aktivators ar apjomu R =0,75. Parau-
giem MKw-A1-GO-R pirmaja diena izdalijas 23-35 % no kopgja iesp&jama bu-
ferkapacitates skiduma esos$a sarma daudzuma, kas noteikts 30 dienas ilga testa.

37



Otraja un turpmakajas eksperimenta dienas sarmu izdaliSanas stabiliz€jas vien-
meériga ar tendenci samazinaties laika (att. 13.a). Paraugi ar stikla piedevu
(MKw-A1-G1-R un MKw-A2-G1-R) uzrada lielaku izdalita sarma daudzumu,
kas var izdaltties 30 dienu laika, salidzinot ar paraugiem bez stikla — MKw-A1-
GO-R.
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Att. 13. Kopgja SAS spgja veidot skiduma buferkapacitati

Pieaugot stikla daudzumam, palielinas SiO, un Na,O daudzums sastava, un
ta rezultata pieaug izSkidusa sarma daudzums atkariba no pievienota aktivatora
daudzuma. P&c 30 dienu parbaudes izskidusais OH™ jonu daudzums no MKw-
A1-GI1-R struktiiras ir par 118142 % lielaks neka no MKw-A1-GO-R izskidu-
Sais sarma daudzums un tikai par 1 I1dz 12 % lielaks, salidzinot ar MKw-A2-G1-
R. Tas nozimg, ka ASRW ietekme uz sarma izdaliSanos ir nieciga un nav nepie-
cieSams paaugstinat ASRW daudzumu SAS sastava. Tadgjadi var secinat, ka gal-
vena ietekme uz sarma izdaliSanos ir stikla piedevai un aktivatora un cietas ma-
sas attiecibai jeb apjomam R.

legiito materialu mikrostruktiira dota 14. att€la. Uz poru virsmam ir nove-
rojamas gaiSas krasas kristaliskas vielas. Pec buferkapacitates testa veikSanas
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kristali uz poru virsmas vairs netika novéroti (att. 14.b un d). Tadgjadi var uz-
skatit, ka S§1s kristaliskas vielas nosaka materiala sarma izdaliSanas kin&tiku un
iidens skiduma buferkapacitati.

SEMMAG: 500k Vac. HVac SEM MAG: 500k Vac: HVac
a) SEMHV: 1500kV WD 11.2270 mm 20pm MIRA\ TESCAN g b)semw 1500KV  WD: 10.7250 mm MIRA\ TESCAN gy’

SEM MAG: 5,00 kx  Vac. HiVac SEM MAG: 500 kx  Vac: Hivac
C)ssm HV: 500KV WD: 100950 mm 20 pm MIRA\ TESCAN g d)sEM HV-1500kV  WD: 11.4680 mm 20pm

MIRA\ TESCAN !

Att. 14. SAS materiala MKw-A1-SGO (a) un MKw-A1-SG1 (b) struktiira pirms izskaloSanas
testa un péc izskaloSanas testa (c, d). Palielinajums 5 000 reizes

Paraugi, kas izmantoti termiskai materiala struktiiras parveidei, ir izgatavoti
no MKw, ASRW, stikla ar paaugstinatu Na saturu (SG) un aktivatoriem ar Ms
1,47, 1,68 un 1,93. Aktivatora attieciba pret sausajam izejvielam ir 0,60
(13. tabula). Pamatojoties uz DTA parbauzu rezultatiem, kur tika konstatéti en-
doefekti, SAS paraugi tika karseti temperatiiras 200 un 400 °C. SAS tika veikts
buferkapacitates tests pec materiala izkars€Sanas Sajas temperatiiras. Pec bufer-
kapacitates testa veikSanas tika secinats, ka sarmu izdaliSanas no modific€ta
SAS var turpinaties 1idz pat 70 dienas ilga perioda, iegtita Skiduma pH no ta bi-
tiski nemainas.

Udens 3kiduma pH limena izmainu rezultati parbaudes perioda doti
15. attela. Termiski neapstradatiem paraugiem pH Iimenis pakapeniski samazi-
najas no pH 11,4-11,8 lidz 6,2-7,9 (Att. 15.a). Paraugi MKw-A1-SG1-1.47 ar
augstako sarmu saturu aktivatora uztur augstaku pH Itmeni ilgaka laika perioda
(Iidz 45 dienam). Palielinoties aktivatora Ms un samazinoties sarma saturam ak-
tivatora, fidens skiduma pH péc buferkapacitates testa veiksanas péc 18 dienam
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pazeminas zem pH 8§ paraugiem MKw-A1-SG1-1.68 un p&c 13 dienam — pa-
raugiem MKw-A1-SG1-1.93.

13. tabula
SAS sastavs un termiskas apstrades temperatiira
Sastavs MKw | ASRW | SG | Ms | Apstrades temperatiira, °C
MKw-A1-SG1-1.47 1 1 | 1,47 -
MKw-A1-SG1-1.47-200 1 1 1 1,47 200
MKw-A1-SG1-1.47-400 1 1 1 1,47 400
MKw-A1-SG1-1.68 1 1 1 1,68 -
MKw-A1-SG1-1.68-200 1 1 | 1,68 200
MKw-A1-SG1-1.68-400 1 1 | 1,68 400
MKw-A1-SG1-1.93 1 1 1 1,93 -
MKw-A1-SG1-1.93-200 1 1 1 1,93 200
MKw-A1-SG1-1.93-400 1 1 1 1,93 400
12
QA * MKw-A1-SG1-1.93 12
11 ® MKw-A1-SG1-1.68 -
4 MKw-A1-SG1-1.47
10 -
E9
8 1 8
* MKw-A1-SG1-1.93-200
74 7 4+ ®MKw-A1-SG1-1.68-200
6 ‘ ~ ‘ ‘ ‘ . 4 MKw-A1-SG1-1.47-200
0 10 20 30 40 50 0 20 40 60
a) Dienas b) Dienas
12
11
10 -
29

¢ MKw-A1-SG1-1.93-400
71 ® MKw-A1-SG1-1.68-400
A MKw-A1-SG1-1.47-400

0 20 .40 60
C) Dienas

Att. 15. pH Iimena parbaudes tidens $kiduma izvilkumiem no sarmu aktivizétiem materialiem:
a) nemodificétam b) modificetam 200 °C un ¢) modificétam 400 °C
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Modificétiem materialiem 200 un 400 °C pH Itmenis saglabajas stabils visu
eksperimenta laiku — Iidz pat 70 dienam. P&c termiskas apstrades sakotngjais
tdens skiduma pH Itmenis samazinas lidz pH 10,1-10,5 paraugiem, kas apstra-
dati 200 °C, un Iidz pH 9,0-9,7 — paraugiem, kas termiski apstradati 400 °C.
Eksperimenta beigas, p&c 70. dienas, pH Iimenis 200 °C apstradatam paraugiem
ir pH 9,2-9,7, savukart 400 °C apstradatam paraugiem tas ir pH 9,6—10,0 neat-
karigi no SAS izgatavoSanai izmantota aktivatora Ms.

Udens $kidumiem, kuros 24 h tika izturéti SAS paraugi, tika aprékinatas
buferkapacitates sp&jas. Rezultati doti 16. attéla. NemodificEtiem materialiem
(MKw-A1-SG1-1.93 un MKw-A1-SG1-1.68), kuru izgatavosanai izmantoti ak-
tivatori ar augstakajiem Ms (1,93 un 1,68) sarma izskaloSanas pirmajas dienas
notiek loti intensivi, bet strauji samazinas laika. Savukart MKw-A1-SG1-1.47
sarmu izskaloSanas salidzinos$i notiek vienmerigak ilgstosaku laika perioda, sali-
dzinot ar pargjiem sastaviem.

Modificéti materiali nodroSinaja konstantu buferkapacitati tidens videi laika
11dz pat 70. dienai. 200 °C temperatiira apstradati materiali nodrosinaja augstaku
sarmu izskaloSanas intensitati salidzinajuma ar 400 °C apstradatiem paraugiem.
Termiski apstradati paraugi (200 °C) eksperimenta beigas, péc 70 dienam, uzra-
dija praktiski tadu paSu kopgjo izskalota sarma daudzumu ka nemodificts mate-
rials. 400 °C apstradats materials uzradija viszemako izskalota sarma daudzumu
laika, bet $kiduma buferkapacitate turpinaja pieaugt lidz pat 70. dienai. Sadam
materialam ir potencials nodrosinat idens vides buferkapacitati vél ilgaka laika
perioda.
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Att. 16. Buferkapacitates ipasibas tidens $kidumiem, kuros izturéti modificéti SAS
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Balstoties uz buferkapacitates testa rezultatiem, tika sagatavotas vadlinijas,
pec kuram ir iesp&jams noteikt materiala sp&ju nodrosinat augstas buferkapacita-
tes Tpasibas bioreaktoros esoSajam Skidumam. Galvenie parametri sarmu aktivi-
z&ta materiala iegliSanai ir ta Kkimiska sastava attiecibas: SiO,/Al,O; un
Na,O/Al,05. Sis attiecibas var varigt plasa intervala. Materialu buferkapacitate
atkariba no izmantota SAS SiO,/Al,0O; dota 17. attela. Pieaugot SiO, daudzu-
mam sastava, ieveérojami palielinas sarmu $kidiba, un vides buferkapacitate pie-
aug. Pirmaja diena starp SAS kompozicijas izejvielu attiecibam un Skiduma bu-
ferkapacitati ir laba korelacija, bet 30. diena izkliede ir lielaka, jo janem véra
materiala fizikalas 1pasibas (porainiba, Gidensuzsiice utt.). 17. att€la ir uzradita
materiala sp€ja ietekmét skiduma buferkapacitati atkariba no Na,O/Al,O; attie-
cibas. Pieaugot Na,O attiecibai pret Al,Os, palielinas materiala sarma $kidiba un
picaug tidens skiduma buferkapacitate.
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Att. 17. Sarmu aktiviz&ta materiala buferkapacitate atkariba no Na,O/Al,O; attiecibas
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8. Secinajumi

1. Ja poraini sarmu aktiviz&ti materiali izgatavoti no 700—800 °C temperatii-
ra kalcin€tiem illita vai kaolina maliem, aluminija parstrades atkritumiem,
stikla un natrija silikata skiduma, tad:

a. sarmu aktiviz&tam saistvielam, kas izgatavotas uz metakaolina ba-
zes (aktivais Al,O5 32.4 % péc kalcinésanas 800 °C), piemit izteikti
amorfa struktiira, kas raksturo mineralu parveidoSanos (parstruktu-
riz€8anos) augsti sarmaina vide, savukart uz illita malu bazes (akti-
vais Al,O3 5.55 % péc kalcingSanas 800 °C) veidotam saistvielam
konstatgta vaji amorfa struktiira, ko apliecina XRD rezultati;

b. kalcinétiem kaolina un illita maliem augsti sarmaina vid€é notiek
ktmisko saiSu parstrukturiz€$anas un jaunu saiSu veidosanas, kas
liecina par jaunu saistvielas struktiiras veidosanos. Stikla piedeva
sarmu aktiviz€tas saistvielas kompozicija palielina amorfo vai dale-
ji kristalisko natrija karbonatu un natrija bikarbonatu klatbatni poru
Skiduma. Tas liecina, ka stikla piedevas ieklausana kompozicija ie-
robezo reakciju starp aktivizacijas Skidumu un kalcingtiem maliem,
ko apliecina FTIR spektrala analize;

c. natrija silikata aktivizacijas skidums ar silikata moduli no Ms 1,47
lidz 1,93 ir piem@rots porainu sarmu aktivizetas saistvielas izgata-
voSanai.

2. Pirmo reizi ir ieglita augsti poraina sarmu aktivizétu saistvielu grupa (ko-
p&ja porainiba no 69 lidz 87 %, tilpummasa no 317 lidz 797 kg/m’), kuru
porainiba ir atkariga no izejvielu kompozicijai pievienota aluminija metal-
luznu parstrades atkritumu (ASRW) vai komerciali pieejamas aluminija
hidroksida pastas (T) daudzuma.

3. Pieraditi trs jauni pielietojumi porainiem sarmu aktiviz&tiem materialiem
dazadas tautsaimniecibas nozares:

a. ieglts porains buvmaterials uz kalcinétu kaolina vai illita malu ba-
zes bez stikla piedevas. Mainot ASRW daudzumu kompozicija, ie-
giito biivmaterialu tilpummasa mainas no 550 lidz 675 kg/m’, at-
veérta poraintba — no 21 Iidz 33 %, tdensuzsiice — no 32 Iidz
56 %, bet kopgja materiala porainiba ir no 71 Iidz 79 %. legiito
buvmaterialu spiedes pretestiba ir no 1,4 lidz 3,8 MPa. legtta biiv-
materiala siltumvadamiba ir 0,14-0,15 W/m-K. Atbilstosi LVS
405:2002 standartam iegiitic bivmateriali neatbilst salturibas prasi-
bam péc 25 ciklu veikSanas (masas zudumi 3,3—40,0 % un spiedes
pretestibas zudumi no 10 Iidz 55 %). P&c sulfatu iedarbibas testa
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(SIA 262/1, pielikums D) veikSanas biivmaterialam konstatéti spie-
des pretestibas zudumi no 0 lidz 45 % sastaviem, kas izgatavoti no
kalcingtiem kaolina maliem un 10 Iidz 58 % — uz illita malu bazes
veidotiem biivmaterialiem. Neatbilstiba min€to standartu kriteri-
jiem norada uz to, ka iegiitajiem biivmaterialiem japieméro ipasi
lietoSanas nosacTjumi;

. no kalcinétiem illtta maliem (IC) un stikla (G), izmantojot poru

veidojosas piedevas (ASRW) (daudzums — 0,1 masas vienibas da-
la), iegtits materials (SiO,/Al,O; masas attieciba 7,9) ar kop&jo OH"
jonu izskalosanas intensitati 0,0371 mol/l/gSAS tdens vidg, pie tam
95 % no kopgja izskalota OH" jonu daudzuma izskalojas pirmajas
5 dienas. Materialu termiski apstradajot 200 °C temperatiira, tiek
panakta vienme&riga un ilgstosa OH" jonu izskaloSanas no materiala
strukttras, un tidens vides pH limenis 25 dienu laika tiek saglabats
robezas no pH 9,5 lidz 10,5. Sads termiski apstradats materials ir
piemérots izmantoSanai idens attiriSanas sistemas;

. sarmu aktiviz&tu saistvielu izejvielu ktmiskais sastavs un to propor-

cijas kompozicija nosaka SiO,/Al,O; un SiO,/Na,O attiecibu mate-
riala, tadgjadi ir iesp&jams prognozet sarmu izdaliSanas intensitati
no materiala. Augsta sarma satura savienojumu izdali$anas intensi-
tate no sarmu aktivizeta materiala struktiiras sakotng&ja perioda (1—
5 dienas) nodro$ina skaba substrata pH limena paaugstinasanos lidz
pH 6-7, kas nepiecieSams biotehnisko procesu uzsakSanai. Zinot
sarmu izdaliSanas intensitati, iesp&jams noteikt sarmu aktiviz&ta
materiala masu, kas nepiecieSama optimalas vides pH nodrosinasa-
nai bioreaktoros. Turpmako biotehnologisko procesu laika materi-
als uztur stabilu substrata pH Itmeni, kas nodrosSina optimalus vides
apstaklus metanogéno bakteriju attistibai un paaugstinatu reaktora
raZigumu.



GENERAL DESCRIPTION OF THE DOCTORAL THESIS

Topicality of the Research and Formulation of the Problem

Alkali activated binders (AABs) are made by activating ingredients consist-
ing of silicate or aluminosilicate powders in a highly alkaline environment [26],
[27]. In the process of alkali activation at a room temperature or a slightly in-
creased temperature (up to 100 °C), new aluminosilicate compounds are formed,
which are stable in the water environment [28]. Unrenewable natural resources
as well as industrial waste consisting of amorphous SiO, and Al,O5 can be used
as raw materials for obtaining AABs. The amount of CO, emissions generated
during the alkali activation process of the raw materials (or secondary raw mate-
rials coming from waste) is relatively low compared to the production of ordi-
nary Portland cement (OPC).

To determine and justify the use of the AAB in different sectors of econo-
my, it is necessary to conduct in-depth studies about the alkali activation process
and the impact that raw materials and their proportions have on the properties of
AAM. Such economy sectors as civil engineering, energetics, water manage-
ment etc. are interested in the use of AABs and their materials for finding solu-
tions to certain problems specific to each economic sector.

Possible replacement of the OPC with alternative binders is on the agenda
in the world; therefore, new cementitious materials are created aimed at decreas-
ing the levels of industrial pollution, CO, emissions from the binder production
as well as use of the unrenewable natural resources [1]. Based on the research
conducted during the last 25 years, AABs are regarded as progressive binders
which can be used as OPC substitutes effectively [1]. According to the infor-
mation found in the literature about the CO, emission calculations, levels of CO,
emissions generated in the production process of AABs (based on fly ash and
metakaolin) can be up to 80 % lower compared to the production of the OPC
[6]. Industry representatives are mainly interested in the high strength and dura-
bility of AABs [14] as well as its minimal impact on the environment quality
[15]. According to the scientists and engineers, the binders used in the construc-
tion and other sectors of economy, which are produced without use of limestone
as a raw material, are promising materials for the future use having several ad-
vantages:

e Unrenewable natural resources are used less or are not used at all;

e Industrial and municipal waste can be used;

e Significant consumption of energy resources, including fossil fuels, is not
necessary;

e Low production temperature;
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e Complicated and energy-intensive production equipment is not necessary;
e High technical properties;

e Potential to create building elements for the sustainable construction;

e Full or partial substitution of binder of the traditional OPC.

With the increasing demand for energy resources, search of new alternative
energy resources becomes more widespread. One of the most perspective
sources of the alternative energy is use of the milk processing industry by-
products (for example, whey) for the biogas production with anaerobic treat-
ment; however, one of the main problems is the acidification of the reactor envi-
ronment due to the low whey pH (< 6) [136]. AAB has a potential of becoming
a perspective material for the alternative passive pH control system by ensuring
the buffer capacity properties of the solution because in the formation process of
the AAB certain amount of alkali is enclosed in its structure as pore solution.
After hardening of the material, alkaline compounds precipitate and crystallise
on the surfaces of pore walls in the form of crystalline compounds; consequent-
ly, in the water environment their leaching processes ensure buffer capacity of
the environment as an increase of the pH level. Such a passive pH regulation
system is not described in the scientific literature; therefore, for the successful
use of this passive pH regulation system it is necessary to conduct a scientific
research on the impact of the structure and composition of the material on the
possible environment pH regulation.

AAB materials have a potential of application in the water treatment tech-
nologies, where it is necessary to maintain a high pH level ensuring effective
flocculation process that leads to effective separation of particles, colloids and
certain dissolved elements from the waste water. As AABs are produced by us-
ing activating solutions with high pH (pH 12.6 — 14.0 depending on the activat-
ing solution used) and part of the alkaline compounds precipitates and crystallis-
es on the surfaces of pore walls remaining in the structure in the form of water-
soluble compounds, the pH level of the environment increases in the solution
process. This approach to the use of AAM is not described in the scientific liter-
ature.

The Aim of the Doctoral Thesis

The objective of the research is to develop porous materials on the basis of
alkali activated binders and to justify their possible application in:
1. Construction sector — to obtain construction materials with the prop-
erties analogue to those of lightweight concrete;
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2. Water management — to obtain porous materials which ensure higher
pH (9.5-10.5) of the environment in water treatment systems for the
separation of manganese impurities;

3. Energetics — to obtain porous materials which ensure high buffer ca-
pacity of the substrate and raise biogas production efficiency.

The Tasks of the Doctoral Thesis

The following tasks have been set in order to achieve the aim of the Doc-

toral Thesis:

1.

To determine chemical and mineralogical composition of the raw materials
used in AABs as well as their physical and chemical properties;

To examine restructuration of the raw materials in highly alkaline envi-
ronment and the formation processes of new minerals by using instrumen-
tal methods XRD, FTIR, DTA, SEM;

To examine the impact of various factors (raw material composition, con-
centration of activation solution, etc.) on the chemical, mechanical and
physical properties of the obtained materials;

To develop porous building materials with the density from 540-
675 kg/m’, compressive strength from 1.4-3.8 MPa, freeze-thaw resistance
class F25, thermal conductivity 0.1-0.2 W/(m-K);

To develop porous materials for the water treatment systems with balanced
alkali release in the water environment during a period of 25 days by en-
suring high pH of the environment ranging from 9.5 to 10.5;

To develop porous materials with the long-term (70 days) capacity to en-
sure high buffer capacity of the solution and pH of the environment from
6.0 to 7.0 in the biogas reactors.

Scientific Novelty of the Research

As a result of experimental investigations, the porous alkali activated bind-

ers (AABs) have been obtained and studied for the first time, as well as the pro-
cess of their formation from the calcined low carbonate illite or kaolinite clay,
waste products consisting of metakaolin and aluminium scrap recycling waste
(ASRW). For the first time, it has been proven that metakaolin can be replaced
with calcined low carbonate illite clay from Latvia for the production of AABs.
It has also been proven that the raw material proportions and the chemical com-
position have an impact on the AAB properties and determine the application of
the material in construction, energetics and water management.

Physical and mechanical properties of the binders can be changed along

with the amount of pore forming additive in the composition. For the first time it
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has been proven that ASRW and commercially available AI(OH); paste can be
used as pore forming additives.

Depending on the chemical composition and proportions of the raw materi-
al (SiO,/Al,0; mass proportion from 0.7 to 7.5 and Na,O/Al,0; — from 0.2 to
1.6), it is possible to obtain materials which are suitable for use in energetics and
water management. It has also been proven that by adding glass with high Na
content (21 %) to the composition, alkali leaching from the AAB structure is fa-
cilitated and high buffer capacity of the environment is ensured for the period of
up to 30 days. Therefore, this material can be used as an efficient solution for
the increase of pH level (pH 6.0-6.5) in bioreactors, where acidic medium, such
as acidic wheys, is used for the production of biogas.

For the first time, it has been proven that by thermal treatment of AABs it
is possible to ensure smooth release of the alkali compounds from the AAB
structure in the period of up to 25 days and pH increase of the water environ-
ment to 10.0-10.5. Therefore, it can be concluded that thermally treated AABs
increase the efficiency of manganese impurity release in the water treatment sys-
tems.

Practical Application of the Research Results

Within the framework of the Doctoral Thesis, it has been proven that AAB
can be used in the construction sector as an alternative binder for the production
of lightweight concrete as well as in bioreactors and water treatment systems for
the pH stabilization in water environment.

The studies described in the scientific literature that are related to the AAB
have been oriented to the production of the materials for the needs of construc-
tion sector so far. The materials that are created, investigated and described in
the present Doctoral Thesis expand the field of scientific research with regard to
the application of AABs in various sectors of economy in an unconventional
way.

AABs are conventionally regarded as alternative binders to substitute OPC,
namely, for production of high strength concrete and mortar. Porous building
materials have been obtained for the first time, which are produced on the basis
of AABs and their properties are comparable with those of the aerated light-
weight concrete products that are well-known in the construction sector.

Research on the possible application of AABs in energetics and water man-
agement has been conducted for the first time.

With the increasing demand for primary energy resources, search of new
alternative energy resources becomes more widespread. One of the most per-
spective sources of alternative energy is biogas production with anaerobic treat-
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ment of the acidic whey pH (< 6) [136]. AAB is an innovative and perspective
material for the passive pH control in bioreactors as well as for the increase of
the biogas production efficiency. In the available scientific literature this meth-
od, which can be used in the pH control systems to ensure the necessary envi-
ronment pH in bioreactors, is not described.

Thermally treated AAB ensures smooth alkali compound leaching rate in
the period of up to 70 days and the increase of the environment pH to 10.0—
10.5. Flocculation process in the environment with high pH ensures efficient
separation of the colloids and certain dissolved elements from the waste water.
Accordingly, thermally treated AABs significantly increase the efficiency of
manganese compound separation in the water treatment systems. The above-
mentioned application in the water treatment systems has not been described in
the scientific literature so far.

Understanding of the production and application of AABs in various eco-
nomic sectors contributes to the knowledge of the future construction specialists
and materials scientists about new alternative binders. Profound understanding
of the possible application of new binders and their production advantages can
promote the use of new materials among the specialists. Results of the research
conducted within the framework of the present Doctoral Thesis describe the
production of new binders and products from local raw materials by using an al-
kali activation technology allowing recycling waste in an efficient way. These
research results can be used for the pedagogical purposes in the fields of con-
struction, chemistry and biochemistry.

The Methodology of the Research

The mineralogical composition of AABs used for the research was deter-
mined with XRD (PANanalytical X Pert PRO), and the distribution of elements
in the material was determined with EDX (EDS, Oxford Instruments 7378).
Structural analysis of functional groups was performed with FTIR (VARIAN
800 FT-IR). Thermogravimetric analysis of AABs was performed with high
temperature DTA/DSC Bachr DTA 703. SEM (Tescan Mira/LMU) was used for
microstructural research.

Research on the physical, mechanical and durability properties of the ob-
tained alkali activated construction materials was conducted according to LVS
EN 1015-11, LVS EN 1097-6, LVS EN 1097-7, LVS 405, ASTM C188, SIA
262/1 Appendix D. Thermal conductivity was determined with heat flow meter
instrument LaserComp FOX 660.

Hydroxide ion leaching test was performed with a titration method by using
0.01M HCI that resulted in calculation of the amount of OH" ions as mol/l/gsas.
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The pH level was detected with pH/mV meter HI 991003. Capability of the ma-
terial to maintain the buffer capacity of the solution was expressed as CaCO;
equivalent on 1 g SAS (CaCOs; eq. mg/1/gsas)-

The Scope of the Research and Research Limitations

With regard to the aim of the present Doctoral Thesis, research was con-
ducted on the porous low calcium system alkali activated binders which were
based on calcined illite clay or kaolinite clay with total active SiO, and R,0;
content from 8 to 34 %. Chemical restructurisation of sodium silicate activation
solution with 1.47 to 1.93 was used in research. The Doctoral Thesis focuses on
porous alkali activated materials by including in the composition pore forming
agents — aluminium scrap recycling waste and commercially available AI(OH);
paste.

Research on the application of the obtained material in the sectors of con-
struction, water treatment and energetics was conducted. Within the framework
of the Doctoral Thesis, properties of the porous alkali activated material were
covered, while suitability for the chosen application in the respective sector of
economy was justified in the scientific projects, where the author of the Doctoral
Thesis cooperated with experts of the respective sector.

Thesis Statements to Be Defended

1. Efficiency of the alkali activation process and properties of alkali activat-
ed binders are determined by the proportion of raw materials and the
chemical composition (content of active Al,O; and SiO, in thermally
treated clay, amount of aluminium scrap recycling waste and glass addi-
tives in the composition, silicate modulus of activation solution).

2. Alkali activated binders can be used in construction material production,
water treatment systems and biogas reactors:

d) Porous alkali activated binders (density from 320 to 550 kg/m’) can
be obtained by using aluminium scrap recycling waste (ASRW) as
well as commercially available AI(OH)j; paste;

e) By using glass additive in the composition of binder, the ability of
alkali activated binders to leach alkali compounds and to ensure
higher pH of the water environment as well as high buffer capacity
of the environment is raised.

f) By thermally treating alkali activated binders it is possible to obtain
materials which are capable to ensure an increased pH level in the
water environment in the long term.
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The Structure and Volume of the Doctoral Thesis

The Doctoral Thesis consists of an Abstract, Introduction, six main chap-
ters divided into sub-chapters, Conclusions and Bibliography with 166 reference
sources. Chapter 1 presents a literature review, Chapters 2 to 6 cover the aim
and tasks of the Doctoral Thesis.

The total volume of the Doctoral Thesis is 139 pages; it has been illustrated
by 76 figures and 24 tables. The Doctoral Thesis has been written in Latvian.
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CONTENTS OF THE DOCTORAL THESIS

The introductory part of the Doctoral Thesis contains the formulation of the
problem, the aim and tasks, the methodology to reach the aim, scientific novelty
and practical application of the research results as well as the limitations of the
research and the theoretical and methodological foundation of the research.

1. Literature Review

Inorganic binders can be divided into fundamentally different groups accord-
ing to the properties of chemical composition of binders. Main parameters that
identify mineral binders are the content of Ca, Al and Na oxides in the chemical
composition of binder. The ordinary Portland cement (OPC) is characterized by
high Ca and low Na content, while a high amount of Al is characteristic of fire
resistant calcium aluminate cement. The chemical composition of alkali activat-
ed binders (AABs) is substantially different compared to the traditional cementi-
tious binders. AABs could be divided into high Calcium (Ca) binder systems,
which are characterised by high Ca content in raw materials of AABs, and low
Ca AAB systems. For high Ca AAB systems, primary binding phase is C-S-H
(Calcium Silicate Hydrate) and C-A-S-H (Calcium Aluminate Silicate Hydrate),
while for low Ca AAM systems N-A-S-H (Sodium Aluminate Silicate Hydrate)
is the predominantly binding phase. The raw materials, including fly ash or cal-
cined kaolin clay, together with highly alkaline base (Na or K base from 6 to 10
M) or sodium silicate solutions could be used to create low calcium AAB [14],
[17].

The properties of AABs are defined with the chemical composition of raw
materials and the proportion of raw materials in the mixture composition of
AABs. Important parameter is the properties of alkali activation solutions. Ac-
cording to the scientific literature, a wide range of AABs could be obtained.
Main parameter describing AAM is SiO,/Al,O; (Si/Al) ratio, which could vary
from 0.5 < Si/Al <300 [18]. However, in order to obtain AAB with high dura-
bility and good mechanical property performance it is recommended to define
the chemical composition in the following range: 1 < Si/Al <5 and Na,O/AL,O4
(Na/Al) ~1 [14]. AAB created outside this range is described with low strength
and chemical stability (durability) and such a binder could be unstable in the wa-
ter environment. If Na/Al ratio is high in the mixture composition, free alkalis
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can remain in the structure of AAB and form carbonate crystals and efflo-
rescence could be observed. Therefore, by combining different raw materials
AAB with a wide range of properties can be obtained. There is also no common
guidance on how to predict the properties of AAB only from defining chemical
compound ratio in the mixture composition; therefore, potential properties and
application should be tested experimentally.

The overall inorganic binder characteristics depending on raw materials and
mineralogical composition are given in Fig. 1. OPC is characterised by high Ca
and low Na content, while in AAB the content of Na increases but the amount of
Ca determines whether low or high calcium AAB will be obtained.

Content of Na,O
in activator -~

Content ...
of Ca Content of phase
{Na, K [-(Si-O),-Al-0]
n-wH,0}

Content C-S-H
“.2\and C-A-H phase

clinker slag fly ash metakaoline raw materials

Fig. 1. Composition of various alkali activated materials compared to traditional mineral bin-
der materials [19].

The mixture composition of AAM determines main compound ratios; there-
fore, it has an essential effect on leaching of alkalis from the structure of AAM.
By reducing Al content in the mixture composition, the amount of free alkalis
increases in material pore solution [84]. It is concluded that low Al and high Si
content in the mixture composition of AAM determines alkali leaching from the
material structure and this could be the main factor that affects potential buffer
capacity of water solution provided by AAM. The buffer capacity could be de-
scribed as diffusion of free alkalis from material structure to the water environ-
ment. Na” and K" ions ensure highly alkaline environment, which enhances the
dissolution of amorphous phase being an essential part of alkali activation pro-
cess and binding phase development; however, these alkali ions are weakly
bonded to the (N,K)-A-S-H phase and are available for leaching. Alkali ions can
diffuse to AAM surface and react with CO, available in air forming crystalline
salts like Na,COs;-nH,0, NaHCO;, K,CO3;, KHCO; [85]. The content of alkalis
in pore solution increases if highly alkaline activation solution is used in alkali
activation processes [84]. Aly et al. have reported that pore solution transfer to
the surrounding environment will occur only in direct surface contact between
the material surface and environment (i. e., water). Therefore, the leaching rate
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of alkalis in highly porous AAM will be more intense because of high specific
surface available for leaching [87].

The leaching of alkalis from material structure in the water environment is a
negative property if AAB is designed for application in the construction industry
for creation of AAM. In biotechnologies, where continuous ensuring of stable
pH or buffer capacity is vital, this leaching effect from structure of AAM could
be regarded as a positive factor for passive pH or buffer capacity controlling
systems. To enhance the leaching from AAM structure, low calcium AAM with
low Al and high Si content would be an advantage, while for AAM designed for
the construction industry it would be an advantage to use raw materials with
high amount of Al.

Research on porous low Ca AAB system has been conducted for the first time
within the framework of the Doctoral Thesis as well as basic principles of raw
material choice have been defined based on the impact the chemical composi-
tion has on the properties of material: mechanical, physical and durability prop-
erties as well as alkali leaching properties, pH controlling capacity in the solu-
tion and ability to ensure high buffer capacity.

2. Testing Methods of Raw Materials and Alkali Activated Materials

Mineralogical composition for raw materials and AAM was determined by
X-ray diffraction (XRD) (PANanalytical X’Pert PRO), and chemical composi-
tion for raw materials was determined according to LVS EN-196-2 with sensi-
bility = 0.5w%. Elements were analyzed with EDX (energy dispersive X-ray
spectrometry — EDS, Oxford Instruments 7378). Analysis of the elements in
ASRW was carried out with the help of inductive coupled plasma optical emis-
sion spectrometry (ICP-OES), atomic absorption spectroscopy (AAS) and po-
tentiometer titration technique.

Structural characterization of the different functional groups for raw mate-
rials and AAM was performed by using Fourier transform infrared (FTIR) spec-
trometer (VARIAN 800 FT-IR) between 400 and 4000 cm'. Instrumental inves-
tigations were carried out at Riga Biomaterial Innovation and Development Cen-
tre of RTU. The particle size distribution for powdered raw material was deter-
mined by laser granulometer Analysette 22 Nano Tec. Specific surface area was
detected by BET method (“Nova 1200 E-Series, Quantachrome Instruments”).
Effective diameter was detected by Zeta potential (“90 Plus” and “MAS
ZetaPALS Brookhaven Instr”). The thermoanalysis of AAM was performed
with DTA/DSC Baehr DTA 703. Scanning electron microscope (SEM) (Tescan
Mira/LMU) was used for microstructural investigation of AAM and for descrip-
tion of raw materials. The XRD, FTIR, SEM and DTA analyses were performed
for 28-day-old AAM specimens.

55



The flexural strength and compressive strength of AAM were tested ac-
cording to LVS EN 1015-11 using specimens with dimensions of 40x40x160
mm. The density of AAM was measured in accordance with EN 1097-7, but wa-
ter absorption was determined according to EN 1097-6. Open porosity was de-
termined by water absorption against the volume of prepared samples. Samples
were immersed in water for 72 h. Total porosity was obtained from specific
gravity obtained by Le Chatelier flask (ASTM C188). The thermal conductivity
was measured with heat flow meter instrument LaserComp FOX 660 using air-
dry A10 sample with dimensions of 300x300x50mm. The upper and lower plate
temperatures were 0°C and 20°C.

Freeze-thaw resistance of AAM was performed according to LVS
405:2002 for specimens with dimensions of 40x40x160 mm, and resistance to
sulphate attack was performed according to SIA 262/1 annex D. Prismatic spec-
imens with dimensions of 40x40x160 mm were tested in Na,SO, solution, and
mass and strength changes were detected.

Leaching of OH ions on water media in time was determined by using ti-
tration method for 28day-old AAM cubical samples (mass 3.5+ 0.2 g). pH of
water solution after 24 h immersion of AAM in the 100 ml of deionised water
was determined with portable pH/mV meter HI 991003. Titration with 0.01 M
HCI was performed to pH 7.0 and leaching of OH" ions was calculated as
mol/l/gAAM.

Alkalinity is defined as a measure of the buffer capacity of water to neutral-
ize acid. This capacity is attributed to bases that are present in natural waters in-
cluding OH’, HCO5, and CO;”. High alkalinity in water indicates increased
buffer capacity. The buffer capacity was tested for 3-day-old AAM by immers-
ing cubical specimens (weight 3.5 + 0.5g) in the deionized water and measuring
the alkalinity dynamics within 30 days. Samples were moved to a new bath with
deionized water (100 ml) with the interval of 24 h. pH of water solution was de-
termined, and alkalinity as CaCOs; equivalent mg/l/gAAM was calculated. To
determine alkalinity, the samples were titrated with HCl acid 0.01M to a certain
pH end point (pH 8.3 for carbonate and pH 4.5 for bicarbonate and total alkalini-

ty.
3. Raw Materials
The novel materials are typically low calcium alkali activated materials
(AAMs) based on calcined clay. Three types of clay were used: metakaolin
(MK) obtained from kaolin clay from “Surin-Kaolin” Ltd. (Poland), calcined lo-

cal illite clay (IC) obtained from raw illite clay from “Lode” Ltd. (Latvia) or me-
takaolin containing waste material from “JSC Stikloporas” Ltd. (Lithuania)
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(MKw). The additional secondary raw materials used in the present research
were aluminium scrap recycling waste (ASRW) received from aluminium scrap
recycling industry facility “Dilers” Ltd. (Latvia), glass waste (G) received from
the glass recycling factory “Lampu Demerkurizacijas Centrs” Ltd. (Latvia) and
sodium silicate glass from “Valmiera Fiber Glass” (SG) JSC. In order to in-
crease material homogeneity and fineness, raw materials were ground for
30 minutes by using planetary ball mill Retsch PM 400. Chemical composition
of raw materials is given in Table 1.

Table I
Chemical Composition of Raw Materials (wt. %)

Chemical component | ASRW | IC | MK | G SG Q D
AL O3 63.2 146 | 342 | 1.0 | 2.8 14 | 0.6
SiO, 7.9 73.8 | 51.8 | 68.1 | 76.0 | 96.8 | 4.5
CaO 2.6 09 | 0.1 1.4 - - |286

SO3 0.4 - - - - - -

TiO, 0.5 0.6 | 0.6 - - - -
MgO 4.4 1.1 0.1 - - - 20.2
Fe20; 4.5 4.1 05 | 02 | 0.1 03 | 0.6

PbO - - - 20.0 - -
Na,O 3.8 0.1 0.6 8.0 | 21.0 - 0.4
K,0 3.8 2.8 - 1.2 - - 0.2
CaCO5*MgCO; - - - - - 97.0

Others 2.6 1.1 0.5 0.1 0.5 -
LOL 1000 °C 6.21 098 | 0.2 - - - 45.5

According to XRD analysis, calcined IC has crystalline structure and, in
addition to quartz (SiO,) and illite K(AlFe),AlSiO;0;o(OH),-H,0, it also con-
tains microcline (KAISiOg). MK is largely amorphous with the amorphous phase
in 20 region from 18 to 33°. MKw was obtained from expanded glass granule
production plant in Lithuania, where kaolinite clay was used as a substance for
anti-agglutination in the final stage of expanded glass granule production. Dur-
ing production MK was calcined at 850 °C for about 40—50 minutes. The ASRW
is the final waste product at the aluminium scrap recycling factories. The ele-
mental analysis by ICP-OES, AAS and PTA of the ASRW showed the follow-
ing content: aluminium — 34.4%, silicon — 4.4 %, magnesium — 2.4 %, calci-
um — 1.3 %, sodium — 1.7 %, potassium — 2.3 %, sulphur — 0.1 %, chlorine
— 4.2 %, iron — 3.6 %, copper — 1.0 %, lead — 0.1 % and zinc — 0.6%. Ac-
cording to the XRD analysis data, the ASRW contained metallic aluminium
(Al), iron sulphite (FeSOs;), aluminium nitride (AIN), corundum (Al,0O3), alu-
minium iron oxide (FeAlOs;), magnesium dialuminium (MgAl,O,), quartz
(Si0,), aluminium chloride (AlCI3) and aluminium hydroxide (Al(OH);).
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Aluminium Paste DEG 4507 (T) is commercially available material. Ac-
cording to the information given by the producer: non-volatile content — 69—
69.4 wt. %; medium particle size (D50) — 57.4-64.2 um; H,-reactivity with gas
mass flow meter: 157-201 ml/min.; time of maximal reactivity — 1:28-1:40 h;
H,-volume (integral) to 16" min — from 643 to 682 ml.

Glass powder was used as additive to AAM to change SiO, amount in the
mixture composition. The chemical composition of G and SG is given in Ta-
ble I. The results of grading analysis showed that the additionally ground mate-
rial contained a wide range of particle sizes: from 8 pm to 30 um with the aver-
age grain size of 26.3 um. The specific surface area of G ground for 30 minutes
was 1.126 m*/g.

The AAMs were prepared by using alkali activation solution. Alkali activa-
tion solution was prepared by using commercially available sodium silicate solu-
tion from “Vincents Polyline” Ltd. characterized by the silica modulus
Ms = 3.22. To obtain alkali activation solution with the required chemical com-
position, the modification with an addition of sodium hydroxide was done.
Commercially available sodium hydroxide flakes from “Tianye Chemicals”
(China) with 99% purity were used. By changing NaOH content, it was possible
to obtain sodium silicate solution with silica modulus from Ms 1.3 to Ms 3.22.

Porous AAM as a construction material was obtained using fillers quartz
sand (Q) or dolomite powder (D) with particle size of 0—-0.3 mm (“Saulkalne-S”
Ltd., Latvia).

The solid raw materials were mixed together, and alkali activation solution
was added according to mixture composition provided in each section. After
mixing, the pastes were immediately poured into sealed prismatic moulds meas-
uring 4 x 4 x 16 cm. The amount of paste poured into the mould was calculated
according to the expansion of each mixture to avoid limited expansion of paste.
Moulds were covered and samples were cured at 80 °C for 24 h. After demould-
ing the samples were cured in the room environment until planned tests were
performed.

4. Structural Investigation of Alkali Activated Materials

To investigate the structural and mineralogical composition of alkali acti-
vated materials during formation process, XRD, FTIR and DTA instrumental
methods were used. AAM specimens based on MK or IC with ASRW and with
or without glass (G) additive were created. Sodium silicate solution with Ms
1.63 was used. The mixture proportion of AAM is given in Table II.
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Table I
Mixture Composition of Alkali Activated Material for XRD and FTIR In-

vestigations
Mlxtu.rfz MK | 1¢ | ASRW | G Sodlum silicate solut.lon to
composition solid content ratio
MK-A1-GO 1 - 1 -
MK-A1-G1 1 - 1 1
IC-A1-GO - 1 1 - 0.75
1IC-A1-Gl - 1 1 1

According to the XRD diffractograms, AAMs are typically “x-ray amor-
phous” [66]. The broad peak observed from 20 to 30° 26 in MK has been broad-
ened up to 40° 20 after the reaction with the activation solution Ms 1.67 and
shifted to a higher angle as is known to occur during geopolymer formation
from MK. This shift demonstrates the formation of new amorphous phases, usu-
ally described as geopolymeric gels (MK-A1-GO and MK-A1-G1) (Fig. 2a)
[156]-[158].
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Fig. 2. Diffractograms of AAB for 28-day-old specimens a) AAB with metakaolin,
b) AAB with calcined illite clay.

XRD diffractograms showed that the mineralogical composition of AAM
made with IC was not affected significantly by the amount of glass in the com-
position; however, the structure was not completely X-ray amorphous, compar-
ing with AAM made of MK (Fig. 2b). The halo for IC-A1-GO0 and IC-A1-Gl is
not very expressive in the diffractograms in comparison with MK. It could be
explained by the mineralogical composition of IC calcined at the temperature of
800 °C and low amount of Al,O; compared to MK. The only crystalline phase is
clearly identified by XRD analysis of AAM made from IC, which is quartz.
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Comparing the results obtained by XRD, it has been concluded that the al-
kali activation of IC creates a weak amorphous structure of AAM; however, IC
can be used to create AAM, but the weak reactions can define mechanical prop-
erties of AAM.

Restructurisation of mineral compounds in raw materials and the formation
of new compounds occur during alkali activation, and new bonds can be detect-
ed by FTIR analysis. FTIR spectroscopy technique was used for raw materials
and the results compared to those obtained for AAM (Fig. 3). All AAM samples
based on MK or IC have a vibration mode at 446 cm ', which corresponds to Si—
O-Si or Al-O-Si bending vibrations [158], [159]. This absorbtion mode is not
characteristic of raw materials and indicates the formation of new bonds. Mode
at 540 cm ' is typical of MK and it is associated with Si-O—Al bonds, where Al
is present in octahedral co-ordination. After alkali activation this bond vibration
disappears in the structure of AAM. The small modes at 668 cm ' can also be
attributed to O—Si—O (zeolite species) bond band (Fig. 3a) [159] and are charac-
teristic of calcined clay. The absorbtion spectra become less intense after alkali
activation.
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Fig. 3. FTIR of raw materials and 28-day-old AAM based on MK (a) and IC (b).

Vibration spectra with maximum at 1085 cm ™' characteristic of raw materi-
als (MK and IC) move to higher frequencies after alkali activation, while vibra-
tion mode at 770 cm' in MK is not detected in AAM. The shift of vibration
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spectra between raw materials and AAM indicates the structural changes under
process of alkali activation. The shoulder at 1100 and 1200 cm ' is assigned to
amorphous SiO,, which indicates that unreacted amorphous SiO, can remain af-
ter alkali activation. This phenomenon was observed particularly for samples
with glass additive (MK-A1-G1 and IC-A1-G1), which contained more amor-
phous SiO; in the mixture composition.

The results from DTA provide limited information on the phase composi-
tion of a system. The consequence of the amorphous or near-amorphous charac-
ter of the ingredients of the materials studied is evident; thus, the use of any
method is rather restricted. DTA histograms are characterized by the occurrence
of first endo effect in the region about 110—150 °C due to the loss of evaporable
water (Fig. 4) [162], [163]. The endo effect in the region of 250-300 °C most
likely characterizes decomposition of pore solution, which probably is a mixture
of NaOH (melting point 318 °C) and NaHCO; (melting point 50 °C) [164]. The
loss of chemically bonded water and reduction of specific surface area were ob-
served during the heat treatment of AAM. Glass additive in mixture composition
increased the intensity of endo effects of AAM under heat treatment, which in-
dicated that pore solution was more saturated with chemically bonded water.
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Fig. 4. DTA histograms of AAM based on IC and MK.
5. Porous Alkali Activated Construction Material

For the first time porous alkali activated construction materials (AAMs)
have been obtained from calcined illite clay (IC) or metakaolin containing waste
(MKw) with aluminium scrap recycling waste (ASRW) in different amounts as
pore forming substance by using the alkali activation technology. Raw materials
were activated with sodium silicate solution with Ms 1.68. AAM was obtained
using two different fillers — quartz (Q) and dolomite (D) powders. Mixture
composition is given in Table III.
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Table IIT
Mixture Compositions of Alkali Activated Materials (wt. %)

. Compound weight ratio . A . L
Mixture Filler — binder ratio | Alkali activation
composition IC MKw ASRW Filler O Filler D solution-binder
1C-0.1A-Q 1.0 - 0.1 - 1.0
1C-0.5A-Q 1.0 - 0.5 - 1.0
1C-1.0A-Q 1.0 - 1.0 - 1.0
1C-0.1A-D 1.0 - 0.1 1.0 -
1C-0.5A-D 1.0 - 0.5 1.0 -
IC-1.0A-D 1.0 - 1.0 1.0 - 075
MKw-0.1A-Q - 1.0 0.1 - 1.0 ’
MKw -0.5A-Q - 1.0 0.5 - 1.0
MKw -1.0A-Q - 1.0 1.0 - 1.0
MKw -0.1A-D - 1.0 0.1 1.0 -
MKw -0.5A-D - 1.0 0.5 1.0 -
MKw -1.0A-D - 1.0 1.0 1.0 -

The macrostructure of obtained porous AAM is given in Fig. 5. By analys-
ing the macrostructure of AAM, it was concluded that AAMs have highly po-
rous macrostructure and the porous structure of AAM produced with IC or
MKw was similar.

a) i D) E
Fig. 5. Macrophotography of obtained porous AAM: a) IC-0.1A-Q, b) Mkw-0.1A-Q.

The physical properties of porous AAM were affected by the amount of
ASRW and the type of clay used in the mixture composition (Table IV). The
lowest density was obtained for AAM samples based on IC with the highest
amount of ASRW (IC-1.0A-Q and IC-1.0A-D) — from 540 to 550 kg/m3, re-
spectively. By reducing the amount of ASRW in the mixture composition (IC-
0.1A-Q and IC-0.1A-D), the material density increased from 655 to 675 kg/m3.
Open porosity was not affected by the amount of ASRW in the mixture compo-
sition and filler used in porous AAM.
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Table IV
The Physical and Mechanical Properties of Alkali Activated Materials

Water Compres- Flexural
Mixture Density absorp- | Open po- | Total po- sive
oe 3 . o o strength
composition kg/m tion, rosity, % | rosity, % strength £ MPa
W% f., MPa m

IC-0.1A-Q 655+16 [41.5+£25 |334+08 |73.6+1.2 1.9+0.1 1.0 +0.08

IC-0.5A-Q 585+12 149.0+3.7 |31.0+£28 [76.8£1.5 1.5+0.1 0.7 +0.03

IC-1.0A-Q 540+£27 |52.8+27 |29.7+£1.6 |78.6+1.8 1.7+£0.1 | 0.6+0.05

IC-0.1A-D 675+17 |41.5+£1.7 [303+13 |73.0+1.3 20+£0.1 ]0.9+0.02

IC-0.5A-D 555+16 |552+32 |33.0+0.7 |78.0£2.0 1.4£0.1 ]0.6+0.03

IC-1.0A-D 550+16 [544+47 1294+08 |[784+1.5 1.7£0.1 | 0.6+0.02

MKw-0.1A-Q [675+13 [31.9+£23 |21.7+12 |71.4+£0.5 3.8+02 [2.1£0.16

MKw -0.5A-Q [610+13 |[41.1+2.1 [25.0+£1.1 |749+0.5 3.1£02 | 1.7+0.06

MKw -1.0A-Q [600+ 14 |52.5+2.8 |30.7£2.1 [759£0.6 2.0+0.1 1.4+0.14

MKw -0.1A-D [670+12 |31.7+1.2 |21.2£0.6 |72.0£0.5 3.8+03 [2.1£0.11

MKw -0.5A-D [620+14 [473+1.9 [29.5+1.0 |74.5+0.6 3.1+02 [1.5+£0.13

MKw -1.0A-D [580+10 |563+2.9 [334+£24 [76.0+1.0 24+£02 [14£0.07

Porous AAM based on MKw provides higher density compared to the
AAM based on IC. The lowest density was for mixture compositions MKw-
1.0A-Q and MKw-1.0A-D — from 580 to 600 kg/m’, respectively. By reducing
the amount of ASRW in the mixture composition (MKw-0.1A-Q and MKw-
0.1A-D) density increased from 670 to 675 kg/m’. The total porosity for ob-
tained materials was from 71.4 to 76.0%. Open porosity for material based on
MKw was from 21.2 to 33.4% and water absorption by mass was from 31.7 to
56.3%. The physical properties (density, porosity, water absorption) of obtained
porous AAM were not affected by filler used in the mixture composition. The
most important factors affecting physical properties of the porous AAM were
ASRW content in the mixture composition and the type of clay used to create
AAM.

Mechanical properties of the obtained AAM were affected by the high po-
rosity of the material defined by the mixture composition. The compressive
strength for AAM based on IC was in the range from 1.4 to 2.0 MPa (Fig. 6 a)
and the flexural strength was from 0.6 to 0.9 MPa (Table IV). By using MKw as
raw material in AAM mixture composition, compressive strength increased from
2.0 to 3.8 MPa and flexural strength from 1.4 to 2.1 MPa (Fig. 6 b) compared to
AAM based on IC.

The effect of filler used in the mixture composition does not affect the
strength of AAM based on both IC and MKw. The main parameters affecting
mechanical properties were type of clay used and proportion of ASRW in the
mixture composition, which directly determined the porosity and density of
AAM. The thermal conductivity of obtained porous AAM was in the range from
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0.14 to 0.15 W/m-K and was not affected by the mixture composition due to
high porosity of the obtained materials (Table IV).

a) b)
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£ 1400 3,55 £1400 352
£ = 2 g
§1200 3 ® 51200 3 %
21000 2,5E Z1000 25 &
% IZ ) »
= 800 r2 o2 ; 800 2 2
< 600 - 158 <% 600 - 153
g < B
400 1 g 400 I g
=3 =3
200 0,59 200 0,59
0 — : 0 0 — . ‘ 0
0,0 0,05 0,1 03 05 1,0 2,0 0,0 0,05 01 03 05 10 20
Weight content of ASRW in AAM Weight content of ASRW in AAM
— [C-A-Q IC-A-D ====BM tilpumsvars = MKw-A-Q MKW-A-D === BM tilpumsvars

Fig. 6. Porous alkali activated material density and compressive strength in relation to ASRW
mass content in the mixture composition: a) based on calcined illite clay (IC) and b) on me-
takaolin containing waste (MKW).

The resistance to freeze-thaw cycles of porous AAM was affected by the
clay and filler type used in the mixture composition of AAM. Significant mass
scaling (from 6.9 to 39.7 %) after 25 freeze-thaw cycles was detected for sam-
ples based on IC. For AAM based on MKw resistance to deleterious freeze-thaw
cycles was higher and weight loss after 25 freeze-thaw cycles was from 3.3 to
6.5 % and after 50 cycles — 6.2 to 15.5 %, respectively. The strength loss was
detected after 25 and 50 freeze-thaw cycles (Table V). Porous AAM based on IC
after 25 freeze-thaw cycles provided strength loss from 13.3 to 45.0 % and it
was concluded that this type of material was not resistant to freeze-thaw cycles.
For AAM based on MKw strength loss was from 3.3 to 6.5% after 25 freeze-
thaw cycles and from 22.6 to 65.8 % after 50 cycles, respectively.

Resistance to the sulphate attack was determined for 28-day-old porous
AAM. The mass of samples decreased during the immersion period in sulphate
solution, which could be explained by dissolution of pore gel from the porous
structure of material during periodical immersion in sulphate solution and dry-
ing. After dissolution of pore gel the sulphate solution penetrated into the deeper
material structure and the mass of samples increased. This tendency was ob-
served for both AAMs based on IC and MKw.
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Table V

Freeze-Thaw Test Results for Porous Alkali Activated Materials

Strength after Strength
Am, % - o
Mixture com- Initial freeze-thaw test change, %
.\ Freeze-thaw | strength, Freeze-thaw
position cycles MPa Freeze-thaw cycles cycles
25 50 25 50 25 50
IC-0.1A-Q -8.0 - 1.9+0.1 | 1.240.2 - 36.8 -
IC-0.5A-Q -6.9 - 1.5+0.1 | 1.34+0.2 - 133 -
IC-1.0A-Q -14.4 - 1.7+0.1 | 1.14+0.2 - 353 -
IC-0.1A-D -9.3 - 20+0.1 | 1.1+0.1 - 45.0 -
IC-0.5A-D -39.7 - 14+0.1 | 1.0+0.2 - 28.6 -
IC-1.0A-D -11.6 - 1.7+£0.1 | 1.1£0.2 - 353 -
MKw-0.1A-Q | -6.5 | -155 | 3.8+02 | 1.7+0.2 | 1.3+£0.1| 553 65.8
MKw -0.5A-Q | -3.5 -6.2 [3.1£02|24+£02[22+04| 226 29.0
MKw -1.0A-Q | -3.3 84 [20+£0.1|1.8+02[15+02| 10.0 25.0
MKw -0.1A-D | -3.6 8.8 [3.8+£03|26+03[19+02| 31.6 50.0
MKw -0.5A-D | -3.7 -6.6 [3.1+£02|26+02 (2403 16.1 22.6
MKw -1.0A-D | -3.6 99 [24+£02|20+01|1.1£0.1| 16.7 54.2

Table VI demonstrated the mass and strength change after sulphate attack.

For AAM based on IC material scaling was observed and reduction of compres-
sive strength from 21.5 to 57.9 % was detected. AAM based on MKw provided
mass increase from 1.2 to 4.2 %; strength remained the same for samples MKw-
0.5A-D and MKw-1.0A-D, but for other mixture compositions strength reduc-
tion from 5.0 to 44.7 % was observed. From sulphate test results it was conclud-
ed that porous AAM based on MKw and with ASRW mass content from 0.5 to
1.0 had the highest resistance to sulphate attack.

Table VI
Sulphate Test Results for Porous Alkali Activated Materials
. .. Initial strength, Strength after Strength
Mixture composition Am, % MPa ¢ sulphatel:g test, MPa changeg, %
1C-0.1A-Q —5.5 1.9+0.1 0.8+0.1 —57.9
IC-0.5A-Q 0.9 1.5+0.1 1.0+0.1 -333
1C-1.0A-Q -1.6 1.7+0.1 1.1+0.1 —35.3
1C-0.1A-D 2.9 2.0+0.1 1.8+£04 —10.0
1C-0.5A-D 0.61 1.4+0.1 1.1+0.2 -21.4
1C-1.0A-D 9.3 1.7+0.1 1.2+0.1 —29.4
MKw-0.1A-Q 2.1 3.8+0.2 2.1+£0.2 —44.7
MKw -0.5A-Q 4.2 3.1+0.2 2.6+0.2 —16.1
MKw -1.0A-Q 2.2 2.0+0.1 1.9+0.3 —5.0
MKw -0.1A-D 1.2 3.8+0.3 2.8+0.3 -26.3
MKw -0.5A-D 0.1 3.1+0.2 2.7+0.3 -12.9
MKw -1.0A-D 0.2 24+0.2 2.4+0.2 0.0
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6. The Use of Alkali Activated Binders in Water Treating Systems

Chemical clarification of wastewater by using high pH coagulation—
flocculation processes to remove calcium, magnesium and manganese has been
investigated at the Department of Water Technology, RTU laboratories and pi-
lot-scale experiments over the past few years. The precipitation begins at ap-
proximately pH 9.5, becomes significant above pH 10.5, and is essentially com-
plete at pH 11.0-11.5. Sufficient clarification is usually not achieved until pH
11.0-11.5 is reached [1].

The AAMs based on IC and MK were tested for the use of material as the
passive pH stabilization system in the high-pH-magnesium coagulation—
flocculation wastewater treatment systems. The IC contains low amount of
Al,O; and has high SiO, content; therefore, the Si/Al ratio is high resulting in a
higher possibility of alkali ion (OH") leaching from the material structure. The
MK Si/Al ratio is lower, which can lead to limited OH" ion leaching; therefore, it
is possible to create AAMs with different OH™ ion leaching rate by changing the
source clay type in the mixture composition of AAMs. The mixture composition
of tested AAMs is given in Table VII.

Table VII
Mixture Composition of Alkali Activated Materials (AAMs) and Obtained
Physical Properties of AAMs

Mixture Mass ratio Density Porosity, %
composition | MK | IC | ASRW | G (kg/m”) Open | Total
IC-A1-GO - 1 1 0 319 26 84
IC-A0.5-G0 - 1 0.5 0 317 26 77
IC-A0.1-GO - 1 0.1 0 516 23 69
IC-A1-G1 - 1 1 1 382 24 87
IC-A0.5-G1 - 1 0.5 1 498 18 87
IC-A0.1-G1 - 1 0.1 1 683 16 78
MK-A1-GO 1 - 1 0 357 29 84
MK-A0.5-GO | 1 - 0.5 0 358 25 83
MK-A0.1-GO | 1 - 0.1 0 385 26 83
MK-A1-G1 1 - 1 1 355 16 84
MK-A0.5-G1 1 - 0.5 1 393 19 81
MK-A0.1-G1 1 - 0.1 1 437 21 79

The microphotograpies of obtained AAMs before and after OH" ion leach-
ing test are given in Fig. 7. Comparing the specimens before and after the 20-
day leaching tests, two observations have been done: specimens have more visi-
ble porous microstructure (corresponds to BET measurements) and small num-
ber of crystalline compounds can be found on the surface of pores.

66



o e
a)sww BN WO oGm0 WRATESCAN i ) )Sem v 1s00n WG 11 sseomm oy

MIRA\ TESCAN )’

Fig. 7. Microphotograpies of MK-A1-G1 before (a) and after (b) leaching test.

The intensity of OH" ion leaching from the structure of AAM could be de-
scribed by the following properties of AAM: the type of clay (IC or MK) (i)
used as a base material to create AAM, the amount of ASRW (ii) and the use of
glass (G) additive (iii) in the mixture composition of AAM and the physical
properties of AAM (i. e. porosity) (iv).

The increase of ASRW in the mixture composition of AAM contributes to
the porosity of material, but the leached amount of OH" ions decreases. Both
tendencies were observed for AAMs with and without glass additives. The po-
rosity of AAM did not affect the leaching rate of OH" ions for AAMs based on
MK without glass additives (MK-A-G0); therefore, it could be concluded that
the porosity of AAM had a secondary effect on leaching properties (Fig. 8).

0,035

0,03

0,025

OH- (mol/l/gSAS)
=
S
5]

0,015 -

.........
0o

IC without glass

MK with glass
MK without aglass
5 10 15 20
Days
------ IC-A1-G1 = = [C-A0.5-G1 1C-A0.1-G1
—o— [C-A1-GO =t [C-A0.5-GO @ 1C -A0.1-GO
MK-A1-GO e MK -A0.5-GO MK -A0.1-GO

Fig. 8. Leaching rate of OH ions from AAM based on calcined illite clay (IC) and metakaolin

(MK).
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The amount of ASRW in the mixture composition of AAM changes the to-
tal Si/Al ratio. Comparing mixture compositions IC-A1-GO and IC-A0.1-G1, it
can be seen that reduction of ASRW increases Si/Al ratio for AAM based on IC
and the leaching of OH- ions increases from 0.0268 to 0.0371 mol/l/gSAS. The
leaching rate from AAM based on MK was not affected noticeably by the
amount of ASRW in the mixture composition of AAM, which could be ex-
plained by the high amount of Al,O5 in the composition of MK.

The glass additive in the mixture composition of AAM increased the leach-
ing rate of OH" ions for all mixture compositions of AAM. This leads to an in-
crease of SiO, content in the mixture composition of AAM, which favors the
leaching of alkali ions. To obtain AAM with maximum leaching rate of OH"
ions, IC clay with glass additive must be used together with a low amount of
ASRW in the mixture composition.

Table VIII
Si0,/Al,03; Mass Ratio in Alkali Activated Materials and Leached Amount
of OH Ions during the Leaching Test

Mixture Si0y/ALO; Leached amount pH level during leaching tests (days)

composition of OH™ (mol/l/gsas) 1 5 20
IC-A1-GO 1.4 0.0123 11.6 10.2 8.1
IC-A0.5-GO 2.0 0.0135 11.6 9.9 7.3
1C-A0.1-GO 39 0.0172 11.8 9.2 6.2
IC-A1-G1 2.5 0.0268 11.8 10.4 8.6
IC-A0.5-Gl 3.8 0.0323 11.9 10.2 8.0
IC-A0.1-G1 7.6 0.0371 11.8 9.8 7.8
MK-A1-GO 0.9 0.0077 11.1 9.8 7.8
MK-A0.5-GO 1.2 0.0061 10.6 9.4 7.6
MK-A0.1-GO 1.6 0.0052 10.8 9.4 7.4
MK-A1-G1 1.8 0.0110 11.2 10.1 8.4
MK-A0.5-G1 2.4 0.0095 11.1 10.0 8.4
MK-A0.1-G1 34 0.0090 11.2 9.9 8.5

The leaching rate was higher during the first two days of test for all sam-
ples, which was not an efficient solution for the long lasting passive pH control-
ling system; therefore, structure modification according to DTA analysis was
performed and leaching rate of the modified material tested. Porous AAM for
the water treating systems was also obtained by using aluminium paste (T) to
reduce the risk of ASRW contaminant leaching in the water environment. The
mixture compositions of AAM used for modification are given in Table IX.
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Table IX
Mixture Composition of Alkali Activated Materials Used for Thermal Mod-
ification and OH Ion Leaching Test

Mixture composi- T (% from Thermal
tion 1C ASRW | G total solids) treatment
IC-A-SGO 1 1 - - -
IC-A-SGl 1 1 1 - -
IC-A-SG1-200 1 1 1 - 200 °C
IC-A-SG1-400 1 1 1 - 400 °C
IC-T-SGO 1 - - 0.35 -
IC-T-SG1 1 - 1 0.35 -
IC-T-SG1-200 1 - 1 0.35 200 °C
IC-T-SG1-400 1 - 1 0.35 400 °C

Pore surface area of all untreated samples was between 4 and 6 m%/g + 1.3
m’/g. The pore surface area after thermal treatment was reduced to 0.7 + 0.2
m’/g for samples made with ASRW, while for samples made with T it remained
about the same — 5.8 £ 0.1 m*/g.

Table X
Leached Amount of OH Ions from Alkali Activated Material (AAM) and
AAM Surface Area after 25-Day Leaching Test

. pH after | pH after | Total OH ions OHions Specific surface
Mixture compo- st th leached after .
sition the 1 the 25 leached the 1* day after leaghmg
test day testday | (mol/(l'gamm)) %) test (m/g)
1C-A-SGO 12.6 8.4 0.0162 42.9 43.02
1C-A-SG1 12.7 8.0 0.0213 44.0 82.23
1C-A-SG1-200 11.8 7.7 0.0072 80.6 7.36
1C-A-SG1-400 10.4 7.1 0.0038 72.7 1.02
1IC-T-SGO 13.1 7.8 0.0252 79.5 86.12
IC-T-SGl1 11.7 8.7 0.0270 56.9 118.09
IC-T-SG1-200 10.9 10.4 0.0097 8.4 10.12
IC-T-SG1-400 10.8 10.0 0.0091 11.2 10.16

After the heat treatment at the temperature of 200 and 400 °C, OH" leach-
ing is less intense during the first few days; it is smooth and lasts longer, which
was the aim in order to prepare this material for testing in the water treatment
systems. Compared to the total possible OH leaching amount for the specimens
without long-lasting heat treatment, the total leaching amount for these speci-
mens reached only 25 %.

As it can be seen in Fig. 9, the leaching process may continue after the 25™
day as well and it is close to a linear curve. During all this period, the pH ranges
from 10 to 11; therefore, the pH level can be regarded as continuously stable.
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Fig. 9. The pH level of water solution during AAM leaching test.

The microstructure has changed noticeably after leaching resulting in a

more visible porous microstructure for all specimens after the leaching test. The
BET measurements confirmed that, for example, specific surface area increased
from 4-6 m*/g to 86 m¥g (B12.5-T-G0) and 118 m%/g (B12.5-T-G1) after
25 days (Fig. 10 and Table X). Also for the specimens with commercial pore
forming agent T, which underwent the heat treatment, the specific surface area
increased from 0.7 to 10 m*/g after the leaching test (Table X).
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Fig. 10. The OH" ion leaching during the leaching test and specific surface of AAM after the
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Fig. 11. The microstructure of IC-T-SG1-200 after 25 days of the leaching test. Magnifica-
tion: a) 5 000 x, b) 10 000 x.

The results indicate that leaching of OH" strongly depends on the composi-
tion of AAM: (1) in the low-calcium systems the increased amount of silica and
higher Si/Al molar ratios promotes diffusion of alkali, (2) geopolymerisation
process of AMM is restricted by glass in the composition and this promotes
higher leaching rate of OH™ and (3) the heat treatment at the temperature of 200
and 400 °C provides a stable pH level and OH" ions leach in a prolonged period
of time. The heat treatment of AAM facilitates the leaching of OH ions from
AAM in a prolonged period of time, thus making it well suitable for use in the
water treatment systems as passive pH controlling system ensuring pH in the in-
terval from pH 9.5 to 11.0.

7. Porous Alkali Activated Binders in Biogas Reactors

During the alkali activation process of raw materials, certain amount of al-
kalis is enclosed in the structure of AAM. After geopolymerisation of the AAM,
free alkalis remain on the surface of the pore walls in the structure of AAM. The
gradual leaching of the free alkalis from the material structure is possible due to
the partially closed porous structure of AAM. This phenomenon of alkali leach-
ing could be used in biotechnologies as an alternative and perspective passive
pH stabilization system. The proportion of selected raw materials in the mixture
composition of AAB determines ratios of Si0,/Na,O and SiO,/Al,0;, which are
the main compounds in the material that could affect alkali leaching and pH
controlling ability of AAM.

One of the main factors that changes SiO,/Na,O and SiO,/Al,0; ratios is
the amount of alkali activation solution used in the mixture composition of
AAM. In the current research, the amount of sodium silicate solution to solid
compound mass ratio was tested on leaching properties of AAM. AAM was cre-
ated by using metakaolin containing waste (MKw), aluminium scrap recycling
waste (ASRW) and waste glass (G). Sodium silicate solution with Ms 1.68 was
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used as an activator. Sodium silicate solution to solid content ratio (R) was 0.30,
0.45, 0.60 and 0.75. The mixture compositions of AAM are given in Table XI.

Table XI
The Mixture Compositions of Alkali Activated Materials Used in the Alkali
Leaching Test to Determine Buffer Capacity

Mixture Proportion of compounds in AAB

composition MKw | ASRW | G Sodium silicate solution

to solid content ratio (R)
MKw-A1-G0-0.30 1 1 0 0.30
MKw-A1-G0-0.45 1 1 0 0.45
MKw-A1-G0-0.60 1 1 0 0.60
MKw-A1-G0-0.75 1 1 0 0.75
MKw-A2-G1-0.30 1 2 1 0.30
MKw-A2-G1-0.45 1 2 1 0.45
MKw-A2-G1-0.60 1 2 1 0.60
MKw-A2-G1-0.75 1 2 1 0.75
MKw-A1-G1-0.30 1 1 1 0.30
MKw-A1-G1-0.45 1 1 1 0.45
MKw-A1-G1-0.60 1 1 1 0.60
MKw-A1-G1-0.75 1 1 1 0.75

The physical properties of obtained AAMs are given in Table XII. The ma-
terial with the lowest density was obtained with the highest sodium silicate solu-
tion to solid content ratio (R) — from 346 + 17 to 410 + 15 kg/m’, respectively.
By reducing R from 0.75 to 0.30, AAB density increased from 9 to 21 %. Open
porosity was in the range from 21 to 31 % and total porosity from 73 to 86 %.
Water absorption of AAM decreased with the increase of R.

The buffer capacity of the water solution was determined after immersion
of AAB specimens in the deionized water. Every 24 h AAM specimens were
placed in new bath of water up to the period of 30 days. The pH level of water
solution was determined and kinetics of alkali leaching from the AAM to water
solution was calculated and expressed as buffer capacity.

The highest ratio R provides high initial pH level (from pH 11.8 to 11.9) of
water solution after AAB specimen immersion for 24 h. However, the pH level
was the same for samples with R from 0.45 to 0.75. The pH level of water solu-
tion after 30-day test decreased to pH 7.1 and 7.4. (Fig. 12).
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Table XII
Physical Properties of AAM and Leaching Test Results

Results for mixture composition
Property MKw-A1-G0-R MKw-A1-G1-R MKw-A2-G1-R
03 |045]| 06 ]0.75|03 (045| 0.6 | 075 |03 |045| 0.6 | 0.75

leg”/ill?’ 700 | 418 | 408 | 346 | 797 | 453 | 433 | 410 | 675 | 484 | 404 | 383

Water
absorption, 45 | 67 | 67 | 77 | 58 | 58 | 52 51 42 | 58 66 69
Wt.%

Open 1 3y | 28 |28 | 27 |29 | 26 | 23 | 21 |28 | 27 | 27 | 27
porosity, %
Total | 93 | 84 |84 | 86 |80 | 82 | 83 | 84 | 74 | 81 | 84 | 85
porosity, %
Carbonate

alkalinity, | 3, | 307 | 371 | 506 | 182 | 532 | 761 | 932 | 178 | 477 | 819 | 899
CaCO; eq

ml/L/g

Bicarbonate
alkalinity,
CaCOs eq

ml/L/g

298 | 311 | 315|270 | 329 | 219 | 210 | 200 |276 | 227 | 237 | 218

Total
alkalinity,
CaCOs eq

ml/L/g

433 | 618 | 686 | 796 | 511 | 751 | 971 | 1132 | 454 | 704 | 1056 | 1117

Weight loss
after test (30 | 13.7 [ 10.4 | 8.1 | 5.6 | 79 | 95 | 141|203 | 7.1 | 8 | 11.3 | 12.7

days), %

The total alkalinity (TA) curves up to the periof of 30 days are given in Fig.
13. The TA curves provide continuous alkalinity increase in time, and the
amount of leached CaCO;eq strongly depends on the mixture composition and
AAS-solid ratio. The TA increase on the first day was the highest for all samples
with AAS to solid ratio of 0.75. For mixture composition, MKw-A1-GO0-R alka-
lis leached during the first day contained from 23 to 35 % from the total amount
of leached alkalis. After the first day, leaching of alkalis stabilized for all sam-
ples (Fig. 13 a). The maximum TA leaching was observed for the mixture com-
position with glass additive (MKw-A1-G1-R and MKw-A2-G1-R), which in-
creased the amount of SiO, and Na,O in material; therefore, TA leaching in-
creased from 118 to 142 % comparing to MKw-A1-GO-R. The amount of
ASRW in the mixture composition does not affect leaching of alkalis dramati-
cally, but the main factors impacting the leaching capacity are glass additive and
AAS-S ratio.

73



a)

74

12 g
= & x MKw-A1-G0-0.30 = x MKw-A1-G1-0.30
1 © MKw-A1-G0-0.45 T © MKw-A1-G1-0.45
BMKw-A1-G0-0.60 BMKw-A1-G1-0.60
10 AMKw-A1-G0-0.75 10 - AMKw-A1-G1-0.75
9 9
’ §
7 X 7 %
6 . y b y y ! 6 T T T T T ]
0 5 10 15 20 25 30
Days b) 0 5 0 ply 2 25 30
12
=¥ N X MKw-A2-G1-0.30
T @ MKw-A2-G1-0.45
B MKw-A2-G1-0.60
10 A MKw-A2-G1-0.75
9|
8 *
XX \,0
7 X
X X
6 T T T T T ]
o 0 5 10 pl3 20 25 30
Fig. 12. pH dynamic curves of water solution during the leaching test of AAM.
1200 1200
1000 1000
800 ot @ 800
= s B
E 600 BRTERS ieieis £ 600 |
A /
g " artA g /s
o« o«
Sa00 7 = g 400 1
k! /iy . MKw-A1-G0-030 2 —x— MKw-A2-G1-0.30
200 - & MKw-A1-G0-0.45 200 —=— MKw-A2-G1-0.45
s MKw-A1-G0-0.60 —+— MKw-A2-G1-0.60
N —+— MKw-A1-G0-0.75 0 i - MRw-A2-GI-0.75
; ! : y y ' 0 1 20 30
0 5 0 phs 202530 b Days
1200
1000
2800
E]
£ 600
g
o« 4
g 400 —x— MKw-A1-G1-030
S = MKw-AI-G1-0.45
200 1 —+ MKw-A1-G1-0.60
. e MKw-AI-G1-0.75
0 1 30

<)

Days

Figure 13. The total alkalinity (TA) of the leachate after AAM immersion.



The microstructure of MKw-A1-S0-0.75 and MKw-A1-S1-0.75 is given in
Fig. 14. Crystalline compounds were detected on the pore surface (Fig. 14 a and
b), which were not detected after the leaching test (Fig. 14 ¢ and d); therefore, it
could be concluded that these compounds leached during the test and ensured
water solution buffer capacity.

SEMMAG: 500 kx  Vac: Hvac L ] SEMMAG: 500k« Vac: HVac
a) s siow v o e i escan g7 D)Jomune iiowy W 0750mm T —

§,-%

)i Ve omom i e | M

Fig. 14. Microstructure of AAM before a) — MKw-A0-G1-0.75 and b) — MKw-A1-G1-
0.75) and after the leaching test c) — MKw-A0-G1-0.75 and d) — MKw-A1-G1-0.75).

The thermal treatment of 200 and 400 °C was applied to AAM according to
indicated endoeffects in DTA analysis to determine alkali leaching in the water
environment from structure of AAM. The mixture composition of selected
AAM is given in Table XIII. Alkali activation solution with Ms 1.47, 1.68 and
1.93 was used. The leaching test results indicate that continuous leaching of al-
kalis from material structure continues up to the 70" day, indicating long
maintenance of stable pH level and buffer capacity.

The pH level of water solution after the leaching test of AAM is given in
Fig. 15. Thermally untreated samples provide a high early pH level for water ab-
sorption — from 11.4 to 11.8, respectively (Fig. 15). Samples MKw-A1-SG1-
1.47 with the highest alkali content in activation solution provide the highest pH
level up to the 45™ day. By increasing activation solution Ms, the pH level of
leachate decreased during the leaching test and fell below pH 8.0 after 13 days
(MKwA1-SG1-1.93).

MIRA\ TESCAN g
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Table XIII
AAM Mixture Compositions and Applied Thermal Treatment

Mixture composition MKw | ASRW | SG | Ms | Thermal treatment, °C
MKw-A1-SG1-1.47 1 1 1 1.47 -
MKw-A1-SG1-1.47-200 1 1 1 1.47 200
MKw-A1-SG1-1.47-400 1 1 1 1.47 400
MKw-A1-SG1-1.68 1 1 1 1.68 -
MKw-A1-SG1-1.68-200 1 1 1 1.68 200
MKw-A1-SG1-1.68-400 1 1 1 1.68 400
MKw-A1-SG1-1.93 1 1 1 1.93 -
MKw-A1-SG1-1.93-200 1 1 1 1.93 200
MKw-A1-SG1-1.93-400 1 1 1 1.93 400
. ) © MKw-A1-SG1-1.93 12
11 - ® MKw-A1-SG1-1.68 -
4 MKw-A1-SG1-1.47
10 -
E.9 J
8 8
* MKw-A1-8G1-1.93-200
71 y 7 +———— BMKw-A1-SGI-1.68-200
6 ‘ L ‘ ‘ ‘ . 4 MKw-A1-8G1-1.47-200
0 10 20 30 40 50 0 20 40 pA
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12

* MKw-A1-8G1-1.93-400
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Fig. 15. The pH level of water solutions obtained after immersion of AAM for 24 h for the
period of up to 70 days: a) raw AAM b) modified AAM at 200 °C and
c¢) modified AAM at 400 °C.

The pH level of leachate remains stable up to the 70" day with thermally
treated AAM. The initial pH level of leachate decreased to pH 10.1-10.5 for
leachate with AAM treated at 200 °C and to pH 9.0-9.7 for AAM treated at
400 °C. After 70 days of leaching test, the pH level of leachate decreased to pH
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9.2-9.7 with AAM treated at 200 °C but for AAM treated at 400 °C the pH level
slightly increased to pH 9.6—-10.0. The Ms of activator solution did not affect the
pH level of leachate.

The results of leachate buffer capacity are given in Fig. 16. Untreated
AAM samples provided high early leachate buffer capacity, but a further in-
crease of leachate buffer capacity was limited. Thermally modified AAM pro-
vided even leaching of alkalis from material structure to leachate up to 70 days
(Fig. 16). At the 70" day their cumulative leachate buffer capacity reached the
same level as untreated AAM. The thermal treatment at 400 °C decreased the
alkali leaching rate from AAM structure comparing to AAM treated at 200 °C.
Both thermal treatment regimes for AAM are potentially effective to obtain ma-
terial with a stable pH and buffer capacity controlling properties in biotechnolo-
gies.
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Fig. 16. The buffer capacity of water solution provided by AAM and thermally treated
(modified) AAM.

According to the test results on buffer capacity of water solutions, the
guidelines to predict the potential buffer capacity provided by specific composi-
tion of AAM were developed. The main factors affecting the leaching of alkalis
in water solution from AAM are the chemical compound ratios in AAM mixture
composition: SiO,/Al,0; and Na,O/Al,O3. These ratios may vary in a wide
range. The buffer capacity dependence on SiO,/Al,05 ratio in the mixture com-
position of AAM is given in Fig. 17. With the increase of SiO, content in the
mixture composition of AAM, the increase of alkali leaching and buffer capacity
of water solution was detected. The correlation between main component ratios
and provided buffer capacity works well after the first day of leaching test; how-

77



ever, after the 30™ day of testing period scattering is wider as the effect of physi-
cal properties of the AAM (i. e., porosity, water absorption etc.) has to be taken
into account. In Fig. 17, the buffer capacity test result correlation to Na,O/Al,0;
ratio is provided. With the increase of Na,O amount in AAM, the leaching of
alkalis increased together with the water solution buffer capacity.
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Fig. 17. AAM buffer capacity depending on SiO,/Al,0; and Na,O/Al,O ratio in the mixture
composition of AAM.
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8. Conclusions

1. If porous alkali activated materials are produced from illite or kaolinite clay
calcined at the temperature of 700-800 °C, aluminium scrap recycling
waste, glass and sodium silicate activation solution, then:

a. Alkali activated binders based on metakaolin (active Al,O; 32.4 %, cal-
cined at the temperature of 800 °C) have an expressive amorphous struc-
ture that characterises changes (restructurisation) of the material in the
highly alkaline environment, but binders based on illite clay (active Al,O5
5.55 %, calcined at the temperature of 800 °C) have a weak amorphous
structure according to the results of XRD.

b. Restructurisation of the existing chemical bonds and the formation of new
bonds of calcined kaolinite and illite clay take place in the highly alkaline
environment, indicating formation of a new binder structure. Glass addi-
tive in the composition of alkali activated binder increases the presence of
amorphous or partly crystalline sodium carbonate and sodium bicarbonate
in the pore solution. It indicates that inclusion of the glass additive in the
composition limits reaction between activation solution and calcined clay
according to the FTIR spectral analysis.

c. Sodium silicate activation solution with silicate modulus from Ms 1.47 to
1.93 is suitable for preparation of porous alkali activated binder.

2. Group of highly porous alkali activated binders has been created for the first
time (total porosity from 69 to 87 %, density from 317 to 797 kg/m”®), where
porosity depends on the amount of aluminium scrap recycling waste
(ASRW) or commercially available aluminium hydroxide paste (T) added to
the composition.

3. Three new applications of the porous alkali activated materials have been
proven in various economic sectors :

a. Porous building material based on calcined kaolinite or illite clay without
glass additive has been created. By changing the amount of ASRW in the
composition, density of the building materials changes from 550 to
675 kg/m’, open porosity — from 21 to 33 %, water absorption — from 32
to 56 %, but the total porosity of the material is from 71 to 79 %. Compres-
sion strength of the obtained material is from 1.4 to 3.8 MPa. Thermal con-
ductivity of the obtained material is 0.14-0.15 W/m-K. According to LVS
405:2002 standard, the obtained building materials do not meet the criteria
of freeze resistance after 25 freeze-thaw cycles (weight loss of 3.3-40.0 %
and compression strength loss from 10 to 55 %). After sulphate attack test
(SIA 262/1, appendix D) compression strength loss from 0 to 45 % has been
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detected for the building materials with calcined kaolinite clay in composi-
tion and from 10 to 58 % — for the building materials based on illite clay.
Disability to meet the above-mentioned standard criteria indicates that par-
ticular conditions of use should be applied to the obtained building materi-
als.

. The material (SiO,/Al,O; mass ratio 7.9) with the total amount of leached

OH' ions (0.0371 mol/l/gSAS) in the water environment has been obtained
by using pore forming additives (ASRW) (0.1 of the mass unit). In addition,
95 % of the total amount of ions leached during the first 5 days. After the
heat treatment of the material at the temperature of 200 °C OH’ leaching is
smooth, it lasts longer and the pH level in 25 days is maintained from pH
10 to 10.5. This thermally treated material is suitable for use in water treat-
ment systems.

. The chemical composition of alkali activated binders and their proportion

determine the proportion of SiO»/Al,O; and SiO,/Na,O in the material; thus,
it is possible to predict the alkali leaching intensity from the material. Leach-
ing of the compounds with high alkali content from the structure of alkali ac-
tivated material in the initial period (1-5 days) ensures the increase in the pH
level of the acid substrate to pH 6—7, which is necessary for starting the bio-
technical processes. When the alkali leaching intensity is known, it is possi-
ble to determine the necessary mass of the alkali activated material, which is
needed to ensure the optimal pH in the bioreactors. In further biotechnologi-
cal processes, the material maintains a stable pH level of the substrate, thus
ensuring optimal conditions for the growth of the methanogenic bacteria as
well as increased productivity of the reactor.
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