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Abstract:

An aluminosilicateprecursor such as metakaolirgan be transformed inta cementike
geopolymer bindevia a phosphate activation approadtnis paperidentifiesthe effect of the
addtion of aluminumspeciesnto thephosphate activating solution on twemationof such
geopolymes, from the fresh tothe hardenedtate Activating solutions with Al/P molar ratios
of 0, 0.1 and 0.3were prepared bylending monoalumimm phosphate(MAP) and
orthophosphoric aci(OPA). The rheological propees, fluidity, and setting timesf thefresh
geopolymer pasteand thecompressivestrengthof the hardened geopolymer matgiswere
studied. liquid-state?’Al and 3P nuclear magnetic resonan@®MR) measurementfor the

chemical environments of Al and &nd spectroscopichermal and microscopic analyse

revealedthat the soluble aluminum in the phosphate activating solution played an important

role during the geopolymerization process. Seedfrajuminum speciethrough inclusion in
the activating solutiorallowed a rapid sol/gel transition thanproved the rheological
propertes and setting timeof the fresh geopolymer pastesambienttemperatureHowever,
althoughthe increased concentratioof aluminum phosphate oligonseepromoted by the
soluble aluminurraddition contributed tathe formation ofa compact matrix with higkarly
strength it hindersthe ongoing reaction of metakaolinin the later periodwhich has a

detrimental influence on ongoing strength development beyond 7 days of curing.

K eywords:

Silico-aluminofhosphate geopolymenyletakaolin; Phosphate d@ivating solution; Soluble

aluminum;Setting time; Rheology
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1. Introduction

The term‘geopolymer”is often used to describe an inorganic polymeric material with polymer
like poly-aluminosilicate chains or networKy. Its formationis based on the reaction between
an aluminosilicate precursor and an activating solutidrich promotes the dissolutioof the
particulate precursorand theconsequent polycondensation bigh-connectivity silicate
networks as binding phases to form a hardened maf2yrial. Compared to Portland cement,
the geopolymer materials becoming astrong competitodue to itsattractive features of
sustainability and durability [4], especially when life cycle assessment (b@#9d mix design
technology of geopolymers is effectively applied [Bésides, gopolymermade productsan
exhibit excellent thermal stability or fireesistance [1], mechanical performan& &nd

chemical anticorrosion propertigs.g., against acid, sulfate and chloride attack) [7].

The formation of geopolymebinders is conventionally based onalkali activation of
aluminosilicateswhere he hydroxide iongnablethe dissolutiorof the solidaluminosilicate
precursos to form isolated aluminate and silicate asi@ndthe elevated concentrations of
these species in the aqueous state then palyenerization also involvinghydrated cations
chargebalancepy rdorming thealuminosilicatdbonds [8].However, an alternativactivation
approachfor the aluminosilicate sourcas phosphatectivation[9, 10], which involves an
analogous aciactivated reaction processnvolving phosphoric acidThe mechanism of
phosphatexctivatedgeopolymerization stastwith the dealumination of the aluminosilicate
source (i.e., dealumination reactionhto the acidc aqueous environmenfollowing the
polycondensationf free aluminate, silicat@nd phosphatanitsto generatesi-O-Al, Si-O-P
and/orAl-O-P bondsin silico-alumino-phosphate (&-P) gels[11, 12] the structures of these
gels are far from fully understood, and the chemical details of the mechanismedneruire

further investigation

Thestrong monolithigroductof the phosphate activation of an aluminosilicate source, such as
metakaolinjs sometimesermed a phosphate-based geopolymer [10, 13]. This reaction occurs

in anacidic or lowalkaline medium environmenin which a phosphate or phosphoric acid
solution,rather tharthe alkali-silicate used in conventional geopolymectiemically activates
the aluminosilicat@recursorso yield a compact geopolymer matrix with a conderssedture
of silico-aluminaphosphate linkages [14, 15] hasbeenclaimed that the newliprmed AlO-

P linkage could balance the charge caused dmanges inthe chemical environment of
3



69 aluminum [16] as isalsoobserved in the synthesis cargeneutral crystallinezeolitelike

70 aluminophosphate and sili@uminophosphate frameworkgl7]. Thus, a charge balance
71 within the molecular structutis achieved without the involvement of monovalent cations. The
72 above mechanismzeatea silico-alumingphosphate geopolymevith low efflorescence and
73 dielectric losgeatures, which are difficult to achiewealkali-aluminosilicategeopolymers [16,
74 18].

75

76  Previous investigations ailico-alumingohosphate geopolynmefj22-24]indicated that thermal
77  curing (e.g.undersealed conditions &0°C or 80°G was usuallyneededo achieve fast setting
78 and high early strength. This curing method can be accéptpdecast geopolymer products
79 but may impose difficulty inon-site operatios, especially for large-scale engineerg

80 applications Thermal curing alsoconsumes aignificant amount ofenergy. D obtain an
81 ambient-emperature hardening mechanisnalkali-activated geopolymersoluble silicatas

82 generally introducedn the alkaline activating solutionbecausea high concentration of
83 dissolved silicate can facilitat rapid sol/gel transitiothat leads tothe development ch

84 compact matrix withusefulearly strength25, 26].Theaddtion ofasmall dose oNaAlO:z into

85 analkaline activating solutiorwas also reported tonprove the workabilityof the paste and
86 accelerate the growth tie networkstructureof the formed geopolymenatrix [27].

87

88 Following these findings for alkaline systems, this study explores the potential to use a
89 corresponding mechanism to improve the eagg characteristics of acidic geopolyméys.
90 second aluminate source, in additiortite aluminosilicate source, explared in this study as
91 an additve to the phosphataectivating solution. It is expected that the aluminum phosphate
92 oligomerswhich form ina low-pH environment can modify the propertiedreshphosphate-
93 based geopolymer paste atghardened matriAluminum and phosphorugenerallyexistin

94 the free state apH of less thar8, andorm alumirophosphate phasevherthe pH is increased
95 [28]. Therefore the addition of solublealuminum mayaccelerategeopolymerizatin in the

96 earlystage of reactioto achievean applicablesetting time ancekarly strengthA conceptual
97 scheme for theeaction of analuminosilicate sourcactivatedby alkali and phosphate to
98 synthesize alkalaluminosilicate and silico-alumingohosphate geopolyn&rrespectively,is

99 displayed in Fig. 1which illustrates the activating solutiomccelerated formation processes
100 from an aluminosilicate source to a geopolymer.

101

102 In this study, @ assesshe effectivenesof the addition ofsoluble aluminum speciestmna
4
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phosphate activating solution for syndlaéng geopolymes, variouscontents of soluble
aluminum source were introduced, with the afmodifyingthe setting time and rheological
propertes of the fresh geopolymer pastes at room temperature. The effetis gbluble
aluminum species on the molecular structure of the resulting fresh anshédugieopolymer
pastes were elaborated by liqngthtenuclear magnetic resonandéMR) spectroscopy, other
spectroscopic and theatranalysesMicrostructual features of the hardened geopolymer pastes
as a function of Al additiomvere also explored by scanning electron microgd®@tM) and

mercury intrusion porosimetry (MIP).

2. Experimental

2.1 Materials and mix proportions

The phosphatbased geopolymer pasteereformulated toachieve designeoholar ratios of
silicon, aluminumand phosphoru$letakaolin (MK) (KAOPOZZ Chaopai Kaolin Co., Ltd.,
Ching was used athealuminosilicate sourc& he composition of MK was detected by X-ray
fluorescenceon an ignited mass basigLOIl: 4.1%),as SiQ (51.1%, Al203 (46.899, TiO2
(0.8%), FeOs (0.5%9, CaO (02%), SG (0.2%),and others (0%). The phosphatectivating
solution was prepared using orthophospit acid HsPOQs (OPA, 85 wt.% in HO, Ajax
Finechem Laboratory Chemicgaldiquid monoaluminum phospha{®AP, Al(H2PQy)s, 61.3
wt.% in HO, Xianju Litian Chemical Co. Ltd, and deionizedvater Threesoluble aluminum
contents (i.e Al/P molar ratis of 0, 0.1, and 0.3)in the activating solutiongere designetb
represent control, lowontentaluminum and higitontent aluminum groupsThe MAP
suppliedthe soluble aluminum species in the activating solutohadlittle influence on the
initial pH value(asshown in Table 1)Slico-aluminghosphate geopolyenswith a constant
H20/MK massratio of 0.4 and afixed Si/P molar ratio of 2.7%ereproducedoy mixing the
activating solutiorwith the MK patrticles As listed in Table 1,six different mix proportiors
were used dthough the mixes A00.5, Al-0.5 and A20.5 wereused only for tests of

rheological properties

OPA, MAR and deionizedvater were fullyblended inthe specifiedoroportionsand cooled
down to room tempenate for use as the activating solut®mwhich were thenmechanically
homogenizedavith the MK particles for 5 min toform fresh geopolymer pasteBefore cashg

into 40x40x40mm plastic molds therespectiverheological andlow properties of the fresh
5
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geopolymer pasteand their initial and final setting timesvere measuredThe hardened
geqolymer pastes wememolded48 hoursaftercasting and curedn moistconditions (956

to 100% relative humidityat room temperaturier specifiedperiods.

2.2 Test methods

The characterization of the fresh geopolymer pastsperformed as follows:

(1) A rotationaland oscillatoryrheometer (Anton PadC302) equipped with a parallgllate
measuring systerffmaximum torque, 200 mih) wasapplied to measure the rheolog|
propertes of the fresh geopolymer pastat a temperatureof 25 °C by monitoing the
evolution ofshear stress (Pa) and viscosity-@Painder shear rageanging from 0.01 to
100 s'. The solidvolume fractions ofhe geopolymer pastes withe two H.O/MK ratios
(0.4 and 0.5) werabout 0.78and 070, respectivelyfo ensureghatthe paste displada
yield stresg29].

(2) The macroscopic fluidity of the fresh geopolymer pastes was determined by-@negn
slump flow test setuBp] with an upper diameter of 36 mm, lower diameter of 60, ama
height of 60 mm.

(3) The initial and final setting times of the geopolymers were determined using & Vica
apparatus according to BS EN 196-3: 2005.

(4) The liquid-state®'P and?’Al NMR spectra for the MAP and activating solutionsre
obtained usinga Bruker 400 spectrometextt ambient temperatureThe spectrometer
frequendes for 3P and ?’Al nuclei were 202.47 and 130.33 MHzrespectively. The
correspondingecycle delays applied we6sand 5s,with 90° pulseduratiors of 8and 2us,
respectivelyThe chemical shifts ofP were expressed in ppm relative to the Qi the
27Al resonancewere referenced ta 1.0mol/L AICI3 solution.

The compressive strengtibf the hardened geopolymer pasteasvassessed beforthe

spectroscopic, thermand microstructua analyses

(1) The mmpressivestrength of thel0-mm geopolymerpastecubes was measured affr7,
14,and 28days ofcuring by anechanicalestinginstrumen{Testometric CXM 50650 kN)
with a loading rate of 0.8 ki (about 0.5MPa/s) following the guidance oASTM
C109/C109M-16a for load application.

(2) The crushed samplesere then manually grauwd for crystallinephase analysiby X-ray

diffractometry (XRD, Rigaku SmartLab) with &® Cu-Ka radiation sourcé.=1.5406 A)
6



171 and a scanning step of 0.027(2.

172 (3) Simultaneoughermal analysis under an argon atmosphere (Thermo plus EVO2, Rigaku)
173 wasperformedto analyzdahe thermal decompositiaand phase transitidmehaviorsof the

174 hardened pastes, at a heating rate GCLfir.

175 (4) The microstructual features were characterizbg SEM (JEOL, JSM6490)with energy

176 dispersive Xray spectroscopy (EDS, Oxford INCA Energy 258n acceleration voltage
177 of 20 kV was applied. Beforie microscopic measurement, the samples were desdccat
178 (60 °C for 24 h) andsurfacecoated with gold sputter.

179 (5) The pore size distribution of the samples was assessktifbyMicromeriticsAutoPore
180 IV9500). A geometrical model based t¢ime Washburn equation, as shown in Eb), was
181 applied todetermire the pore diameter.

182 D= -4ycosd | P (1)

183 where,D (m) is the calculated pore diametefiN/m) is the surface tensiofi(°) is the contact
184 angle between mercury and pore wall, Br{&a) is the applied pressuiehe surface tension
185 (y) andcontact anglef]) selected in this studywere0.485 N/m and 140°, respectively. The
186 applied pressurdP] ranged from 0.007 to 207 M Pa.

187

188 3. Resultsand Discussion

189

190 3.1 Feshgeopolymer pstes

191

192 3.1.1 Rheology

193

194 The Bingham model (Eq(2)) is often ued to approximate theheologicalbehavior of a
195 hydraulic or geopolymerement pasten terms of the shear stressearrate relationshipver
196 a specific rang31, 32]:

197 T =717, + 1) (2)
198 wherer (Pa)is the shear stresg(s?) is the shearate andr (Pa)andso (Pas)are the yield
199 stress and plastic viscosity, respectively

200

201 In particulatepastes, the viscosity and yield streasecontrolled bycolloidal interactions due
202 to electrostatic and van der Waals forces between particles (the MK particles aagh),

203 viscous forces in the interstitibquid between particles (the activating solution in this gase)

7



204 and direct contact forces [29].

205

206  Figure 2plots the evolution othe rheological characteristicé the fresh geopolymer pastes
207 measuredis a function of sheaatefrom 0.01 to 100°$ The data shosthat the Bingham
208 model provides a reasonable although not perfect- description of the rheological
209 characteristics of these pastes. There is someatitmvifrom Bingham behavior at the very
210 beginning of the test, which may be related to thixotropic behavior as the MKgzadie far
211 from spherical and can thus cause complexities in-tlapeendent as well as shekapendent
212 rheology. Comparing betweedhe various samplest is seenthat the presence afore Al

213 species can promote a lower yield stress in the fresh phodpdssid geopolymer paste with a
214 H20/MK ratio of 0.4 {.e., A1-0.4 and A20.4). The geopolymer paste prepared using the Al
215 freeactivating solution aibw water content (i.e., A0.4) wasbeyondthe measurement range
216  of the rheometer because of its high stickiness. The yield stréssAdf-0.4 and A20.4 pastes
217 asestimatedusingthe Bingham modeleached00 (£150) and 800(x200) Pa, respectively
218 where the quoted error bounds on the yield stress values reflect the uncerteodtyced by
219 the use of different sections of the flow curves to determine the yield stress {&).Hdpe

220 addition of a higher dose of Al to the acting solution (A20.4) gave a lower yield stresand

221 according taheBingham model fitting results (i.e., the slope of fitting curves), the geopolymer
222 paste with an Al/P molar ratio of 0.3 has a lower viscosity compared-th4Ageopolymer
223 pasteThe Al species in the activating solution acted to some extent as a plasticizengnabl
224  the geopolymer paste to obtain improved workability, which was favorable for producing a
225 compact and dense matrix with high early strength.

226

227 When the HO/MK ratio was increasedo 0.5, the three geopolymer pastes dadiplayed
228 improvedworkability, with yield stressvaluesof 100 to 200 Pafor all pastes at this water
229 content Similarly to the RO/MK = 0.4 seriesthe geopolymer paste with the most Al species
230 inits acivating solution(A2-0.5) had thdowestyield stressHowever, for this set of samples
231 at high water contenthe addition ofAl to the activatocanevidentlylower the yield stress of
232 the fresh geopolymer pastéhile maintainingthe viscosity, as seery lthe fact that the flow
233 curves for all three0.5 series samples in Figure 2 are parallel at moderate to high shear rate
234

235 3.1.2 Macroscopic fluidity and setting time

236

237 Itis well known that the fluidity of cement paste is mainly influenced by water usag¢h@.e.,
8
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waterto-cement ration conventional cemenjtsFigure & compareshe flows (in terms of the
diameter spread amglass platen a minislump test of the geopolymer ses with varying
aluminum contentsat afixed H:O/MK ratio of 0.4.Theflow increased significantly with the
Al/P ratio intheactivating solutionsAn Al/P ratio of 0.3 led to an increase bétflow diameter
by 50% (106 mmascompared to the refence casef Al/P=0, whose flow diameter was just
78 mm in 60s. Dividing the flow nore specificallyinto faster and slower processes {i.e.
distinguishing yield stress control from viscous contrbi¢ fluidity inthefirst period between
0 and 30s domnated in the flow testconsistent with the moderate yield stress but relatively
low plastic viscosity observed in Figure 2 for each of these pastes. The floeteliaof paste
A2 reachedbout 92 mm, wireaghat reached by paste AO during this per@d only 58 mm.
However an opposite trendias observedfom 30 to 60s, whereby the flow diameter for AO
furtherincreased byt9 mmand that for A2 increased iyt mm. These results indicatkat the

involvement of aluminum species greatly improved the macroscopic fluidity.

Achieving areasonable setting time is critical to engineering applicetbany cement to be
usedat ambient temperature. The setting results shown in Fig. 3b demonstratdetias ckf
betweenthe geopolymersvith and without theaddedaluminum species. In the early period,
slow dealumination from the MK particles occurred when encountdregctivating solution
to form an intergrain gel[32]. The initial setting of the geopolymer pastes stemmed from the
free aluminum speciesombining with phosphateo form an aluminophosphate gg8].
Therefore, tk longinitial setting timein geopolymer AOmight bea result ofthe release of
aluminuminto solution from the solid aluminosilicate source.( thedealumination reaction)
delaying its hardening,whereasfeedingaluminumdirectly in the activating solution could
provide thenecessaraluminumin the early stageof reaction without the need to wait for the
solid precursor to dissolve to such an extéhus, as shown itheresultsfor mixesAl and A2
(Fig. ), the free aluminum species inthe activating solutioncould drivea rapid sol/gel
transition due tothe supplemeation of the free Al in theaqueous phase providing the
opportunity for nearmmediate gel formatiarTheinitial setting times reachedrange suitable
for engineering applicatiaalthough the initial setting timeas still ratherlong @bout3 h).
Neverthéess, thdree aluminumspecieswhether suppliefrom eitherthe activating solution
or thesolid aluminosilicate sourceontrolled the reactiorate andaffectedthe setting time of

the geopolymer pastes.

3.1.3 Liquid-state3'P and 2’Al NMR of phosphate activators
9
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Figuresd4a and # shav the liquid-state®'P and?’Al NMR spectra respectivelypf the MAP
solution and the two activating solutionsnixed with differentAl contentsto further explain
the experimental resulfer the fresh geopolymer pastesofm the3'P spectrdor all three
solutions (Fig. 4a)hree distinct bands atto -1.5 ppm,-8 to 9 ppm and -12 to14 ppm were
detected and attributed to ® Q' and @& phosphate structural unjteespedtely [33]. The
orthophosphate groupe., phosphoric acid molecules ands [34]) generates the phosphorus
environment of € while the two clear signail®sonated betwees to -24 ppmare due to
polyphosphates either sites with D-P linkageq-7~9 ppm), orAl complexed to phosphate
containing ligands (-1244 ppm)[34-36]. The band assigned te®-P linkages is caused by
the species [AI(L)™ (whereL is H-bonded polymeric OPAsuch as P20s), while theband
centered ata chemical shift of around-13 ppm is associated to the species of
[AI(H 20)5(H2PQ)]?* and trandAl(H 20)a(H2PQi)2]* as a result of ionic bondingetween Al
and P[37]. Since the Al solution was prepared by using small dosage of the MAP solution to
dilute the OPA for a resulting Al/P molar ratio of 0.1, the spectrum of th@Wli@ in Fig. 4a

is embodiediy a sharp resonanpeakat-0.5 ppmandtwo small resonances-#& and-13 ppm
This indicateghatthe @ phosphate structural unig dominated in the Al activating solution
with marginal @ and @ phosphate structural units. Similarly, the A2 activating solution
prepared by a higher ratio 8AP/OPA (Al/P molar ratio is 0.3) contains moré gnd @
phosphate structural units but little @hosphate structural unithe addition of Al to adjust
the Al/P ratiodid not change the chemical environmental of phosghehen the molar ratio

of aluminumto phosphorus was less than 1.0 [34]. Howeaemcreasean the intensity othe
band at-8 ppm with decreasg Al content is observedThe resonances assigned to
aluminophosphate oligomers (i.€l2 ~14 ppm) arantersified (enriched and broadened) with
increasingAl contentin phosphate activators, whidk the result of chemical exchanges
between Al and P. This chemistry can bréad long phosphate chain8-QO-P linkage) and
decrease the polymerization degfdd, 37] The oligomerdormedas a result ofthe chain
breakagebenefit the workability of the geopolymer paste, as measueegield stress and
viscosity (in Fig. 2) and fluidity (in Fig. 3.1a).

Theresonancsthat are eviderih the?’Al spectraataround 8 ppm andbetweerB0 to65 ppm
were due to the aluminum species in MAPwhich a clearhexaeoordinated environment of
aluminum (i.e., -1 to9 ppm) was identifiedFig. 4o) [34, 38].It has previously beereported

that thehexacoordinated aluminum speciasthe main formof Al in a hardened phosphate
10



306 activatd geopolyme[39]. Thisis consistent witlthe addition of Alto theactivating solution
307 accelerdhg the early stage of thgeopolymerizatiorprocess(formation ofaluminate and
308 phosphate oligomerg)nder a acidic phosphate environmenthus leading to a shortened
309 setting timeA weak broad resonanca 80 to65 ppm can be attributed to a small quantity of
310 tetrahedral aluminum present under these condifd®is Theseresultsindicatedthat in this
311 pH range (i.e., below 2.0, see Table 1) the OPA did not change thecdmxinated Al
312 environment seeded by the MARowever, as observed the 3P NMR spectra, the intensity
313 and breadth of theands resonatg at 0to -20 ppm increase&vith Al contents irnthe phosphate
314 activators, which can be attributed to the chemical bonding between Al aedi€ssip form
315 low polymeric units [37].

316

317 3.2 Hardened geopolymer paste

318

319 3.2.1 Compressive strength

320

321 As displayed in Fig. 5the hardened geopolymer pastes prepared with varying Al/Psratio
322 showed significant differences in strength developrfremh 3 to 28d. In the early stage at 3
323 and 7d, theexistence of soluble aluminum speciesheactivating solutiorcausedsignificant
324  enhancemenobf the compressive strength. Compared witk AO (Al/P=0), mix A2 (Al/P=0.3)
325 showedstrengtls that werehigher by14.1 MPa and 15.1 MPa at 3 andd/ respectively.
326 Geopolymer AZemained almost the same strenfyim 7 d up to28 d.In comparisonthe
327 most significanincrease in the compressive strength aeseved in geopolym&0 (with no
328 aluminum species in the activating solutiomlich evolved from 22.1 MPa atdrto 51.3 MPa
329 at 28d.The strength of theappolymerAl (Al/P=0.1) wasmoderately improvedtboth3 and
330 7 d,but the strength growtthereafterwasinferior tothat of geopolymer AQt seems thathe
331 hardening during thearly period caused by the addition fafe aluminum speciem the
332 activating solutioncan compromise orhinder the ongoing reaction of MK (involving
333 dealumination and delamination to provide nutrients for gel growth) in thker lpgriod.
334 Therefore, a tradeoff was fourttween the ely-state strength and the lotgrm strength
335 depending on the content of Al in the activating solution.

336

337  3.2.2 X-ray diffraction

338

339 The XRD patterns of th28 d hardened geopolymers shown in Figindicatethat no new
11



340 crystalline phasavas generateth this reaction proces$he onlydistinct peakin any of the
341 diffractogramsgs assigned tohe quartz thatvasalready presenn the unreacted MK particles
342 The geopolymerization of aluminosilicates, regardless of the activationaabpgither by
343 alkali or phosphatectivation),involves thedissolution and recatruction of aluminates and
344 silicatesto form disorderedgels [41, 42] In Fig. @, avisible difference between the
345 geopolymers anthe MK is the change ithe broad diffuse peak at 130 30° (B), whose
346 enlargedview is shownin Fig. &. It can be seen that the diffuse peak partially disappear
347 shiftsafterthereaction especiallyfor geopolymeAO. For geopolymerél and A2, the diffuse
348 peakis weakene@ndshowsmuch lessntensityin the range 22t026°(20) compared with that
349 of the MK particles Smilar findings werereported by Cui et a[16], Douiri et al.[42], and
350 Louati et al.[12], although theyall used HPQ: without additional Alto activate the
351 aluminosilicate precursorsfor synthesis ofsilico-aluminophosphate geopolymer§hese
352 spectrhchangescanbe attributed to theffect of phosphateactivation on the MK particles
353 Consideringhe XRD pattern of MK as a refereneelarger difise peak changat 18to 28°)
354  in geopolymer AGhanthatin theother geopolymernsndicateshat thedegree ofeactionof the
355 MK particlesin geopolymer AGvashigher thanthat ofthe othersat 28d, consistent with the
356 compressive strength data aocdnfirming that he addition offree aluminum species tm
357 geopolymer®\l and A2may, to some extentinder theongoingreaction of MKin the later
358 period of curing.

359

360 3.2.3 Thermogravimetry

361

362 Thethermogravimetric/differential thermal analysi¥3-DTA) thermograms for the hardened
363 geopolymermpastesnormalized to the basaf constant mass &flK, areshownin Fig. 7. For
364 all geopolymers, foudistinct groups of decomposition or phase transition paeksbserved
365 in the DTA curve: oneis located between 100 and 190, andthe othersarelocatedin the
366 ranges of 160 to 23TC, 800to 840 °C, and 980 to 1010 °C.

367

368 The weight loss a00 to 150C,accompanied by sharpendothermic peaik the DTA curves,
369 is attributed to the removal of physically adsorbed watertlamdehydration of somef the
370 watercontaining gels (loss dbosely chemically bonded wateryyhich accounted for more
371 than &% ofthetotal weight loss.The subsequenteight loss froml50 to 105@C is marginal
372 in each geopolymeand largely parallels the TGA curve of the MK; this is attributed mainly to

373 dehydration and dehydroxylation of remnant MK patrticles within the hardened binder, with a
12



374 potential minor contribution from any remaining chemically bound water in the reaction
375 product gels.

376

377 Thefeatures al60 t0230 °C andB00 to870 °C respectivelyshow exotherms in the DTA data
378 but no notable corresponding mass loss, and so are likely to relate to phase trangitiens
379 newly formed binder gel. These may be assigned to the amorphous aluminum phosphate phase
380 transforming intdrigonal(a-AlPOa) andtetragona(p-AlPOa) berliniteat elevated temperature
381 [43], which is an exothermigrocessThesetwo peals werenot detected in the MK particles
382 The lastphase transition waseformation ofmullite from residual, fully dehydroxylated MK
383 particlesat 980to 1010 °C[44], andis especiallyprominentin theraw MK patrticles. For all

384 geopolymer samples, sualpeak is less significant, indicating thhe raw MK particleshad

385 reactedvith thephosphate activating solutiém synthesie newgels:silico-alumino-phosplate

386 (S-A-P)gel [16] and amorphous or semi-crystalline aluminum phosphate compounds [12, 17].
387 The presence ofsimilar peaks representing thermally induced processeall of the

388 geopolymerseveas that there wergimilar reaction products regardlesstuAl/P ratio of the
389 activating solutionsin other wordsthe compositions othe resulting gelswvere not strongly
390 influencedby changes irthe activating solution witlifferent Al/P ratios.

391

392  3.2.4 Microstructure

393

394 However, he pore structussof the geopolymer producthd exhibit notabledifferencesvhen

395 thelevel of soluble aluminum species was varigdg. 8). The MIP results indicate that the
396 porosity of the geopolymer pastes cured for 28cdeased with the Al/P ratio of tlaetivating
397 solutionsused, from 171% in geopolymer AO to 18.9% in geopolymer Al and 21.5% in
398 geopolymer AFig. 8a) This porosity result is in agreement witke trend intheir strength
399 behaviors (i.e.ahigher-strength matrixshowedower porosity). The pore diametsmaccessible
400 to mercury werenainly concentrated between 5 and 1000(Rig. 8b),andcan be dividednto

401 gel pores(less than 10 nmgmall capillary pore (10 to50 nm), mediuntapillary pors (50to

402 100 nm) and large capillary par€100 to 1Qum) [45-47].Fig. 8c showshe differential pore
403 diameterdistributiors and the diameter range between 10 and 100@srenlarged in Fig. 8d
404 It can be seenof all geopolymers thathe capillary pores (small, mediyrand large)
405 contributedmore than 90% of the porositgowever,the incorporation of aluminum species in
406 the ativating solutionchangedthe distributioncharacteristicsof the capillary porge An

407 increase in the Al contewf theactivating solution led to shift to large capillary pors. The
13



408 poresizedistribution of thegeopolymer with the most soluble aluminum (i.e., A2 with an Al/P
409 ratio of 0.3)exhibiteda sharpmaximum ataround 90 nmThe dher geopolymer sampl€a0

410 and Al)showedsimilar differential porosityistributiors to each other, witheak valueat 60

411 nmand 73 nm, respectivelyhese differendistributiors of the capillary porewill eventually
412 govern the strength and transport properties the geopolymer matrixA delayed or

413 compromiseddealumination reactionf the metakaolin particles is more likely produce
414  discontinuous gelthatgeneraténter-gel spacewhich formmedium and large capillary pare
415

416  The features identified through this analysis of pore structure are supported loyghelogies
417 and elemental analysis obtained by SEM and EDS. Fig. 9 shows SEM fesstiitshardened
418 geopolymer pastes cured at 3 d. As shown in Fig. 9a, the AO matrix consisted of maeg isolat
419 particles intermixed with gdike lumps. In the image with higher magnification (Fig. 9b), some
420 discontinuous phases and micro cracks are found, imphmepk reaction between MK and
421  Al-free activators athe early period. TheEDS analysis (Fig. 10) indicates the presence of
422 different Al:Si:P ratios at diffrent locations. For instangagints 1 and 2 corresponded to the
423 unreacted MK particles (aluminosilicates without P) anchévely-formed SA-P gels (reaction
424  products), resgctively. As a comparison, the presence of soluble aluminum speciks in
425 phosphate activator led to a more compact matrix after the 3 d curing procégs @c),

426 although such curing was insufficient for geopolymerization between the MKlpardindhe

427 activating solution. The enlarged image of the A2 geopolymer cured at 3 d (FEhd@da

428  high-continuity texture without isolated phases and micro cracks. The EDsianfar the
429 compact area (i.e., area 1 in Fig. 9c and Fig. 10) reveals the geaxedi, Al and P, which is
430 very likely to be the result of-8-P gelformation. However, compared to the EDS spectrum of
431 Point 2, a lower silicon content in this gel indicates that the presence of fdlabl& P species
432  may form aluminophosphate gels for early strength improvement (Fig. 5).

433

434

435 The morphologies of the three geopolymer samples imaged at 28 d revealed thatdahe us
436 excessive aluminum species (A2, shown in Fig. 11c) was unfavorable due todbetion of
437 discontinuous gels as compared with AO (Fig. 11a). Geopolymer Al with a moderatet cont
438 of soluble aluminum species (Fig. 11b) seemed to present an intermediate state A@tmveen
439 A2. These microstructat observations coincided well with the strength variation and
440 development of thehtee geopolymer matrices as discussed above, where the-fenger

441  strength evolution of A2 beyond 7 days was negligible while AO continued to gain more strength.
14



442

443 4. Conclusions

444

445  The effects othe addiion of soluble aluminum speciestmaphosphate activatgsolutionfor
446 geopolymer synthesi®n fresh and hardenegropertieswere investigated in terms of
447  workability, compressive strengthnd the microstructure

448

449 The incorporation of aluminum speciesathe phosphatactivating solutioralloweda rapid
450 sol/gel transition in the early state due toghpplemerationof the free Al {n six-coordination).
451 As a result, the fresh geopolymer paatdievedgood workability. The role of aluminum
452  specieswvas similar tathat ofa plasticizerJowering the yield stress of the fresh geopolymer
453  pastewhile keeping the viscositunchangedAs a result, a compact and dense mairas
454  obtained with a higlearly strengthof up to 37 MPa at 7 d of curing.

455

456 However,the use of soluble aluminum speciesynalso lead to relatively poor strength
457 development in the latter stage depending on the addedAdgsepolymer withanexcessive
458 amount of aluminum species may exhibit significant kgirspace (medium capillary pors
459 due to the formation of discontinuous gaixl inability to close and refine these pores at later
460 age,because the accelerated harderand gel formatiorblocksthe unreacted MK particles
461 and hinders their dealumination reaction.

462

463  Acknowledgements

464

465 The authors would like to acknowledge the financial support received feoRetbearch Grants
466 Council of the Hong Kong SAR (Project No. PolyU 5145/13E), the National Science
467 Foundation of China (NSFC) Project No. 51638008, and the Hong Kong Polytechnic
468  University throughts Ph.D. studentship. The first author woaldolike to thanktheUniversity
469 of Sheffield for hosting a 3-month exchange visit.

470

471  References

472

473 [1] Davidovits, J. (1991). Geopolymers: Inorganic polymeric new materialsurnal of
474 Thermal Analysis, 37: 1633-1656.

475 [2] Ismail, I.,Bernal S. A., Provis, J. . San Nicolas, R., Hamdan, S., & van Deventer, J. S.
15



476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

(2014). Modification of phase evolution in alkadictivated blast furnace slag by the
incorporation of fly ashCement and Concrete Composites, 45, 125-135.

[3] Juenger, M. C. G., Winnefeld, F., Provis, J, & ldeker, J. H. (2011)Advances in
alternative cementitious bindefGement and Concrete Research, 41(12), 1232-1243.

[4] Provis, J. L., Palomo, A., & Shi, C. (2015). Advances in understanding-atkalated
materials Cement and Concrete Research, 78, 110125.

[5] OuelletPlamondon, C., & Habert, G. (2015). Life cycle assessment (LCA) of -alkali
activated cements and concretesHendbook of alkali-activated cements, mortars and
concretes, pp. 663-686.

[6] Ding, Y., Dai, J. G, & Shi, C.J.(2016).Mechanical properties of alkadictivated concrete:

a stateof-the-art review.Construction and Building Materials, 127, 68-79.

[7] Provis,J. L. & van Deventerd. S. J. (2014)Alkali-activated materials. state-of-the-art
report, RILEM TC 224-AAM. RILEM/Springer, Dordrecht.

[8] Provis,J.L. & Bernal, SA. (2014). Geopolymers and regd alkaltactivated materials
Annual Review of Materials Research, 44(1), 299-327.

[9] Wagh A. S (2005). Chemically bonded phosphate ceram@snovel class of
geopolymersCeramic Transactions, 165, 107116.

[10]Davidovits, J. (2011) Geopolymer: chemistry & applications, 3rd edition. Geopolymer
Institute SaintQuentin.

[11]Louati, S., Baklouti, S & SametB. (2016).Acid based geopolymerization kinetics: Effect
of clay particle sizeApplied Clay Science, 132, 571-578.

[12]Louati, S.,Hajjaji, W., Baklouti, S, & Samet, B. (2014)Structure and properties of new
ecomaterial obtained by phosphoric acid attack of natural Tunisian Atgjied Clay
Science, 101, 60-67.

[13]Wang Y. S., Daj J. G., Ding Z. & Xu, W. T. (2017) Phosphatéased geopolymer:
Formation mechanism and thermtllslity. Materials Letters, 190, 209-212.

[14]Caq D., Sy, D., Lu, B., & Yang, Y. (2005).Synthesis and structure characterization of
geopolymeric material based on metakaolinite and phosphoriclacidal of the Chinese
Ceramic Society, 33: 1385-13809.

[15]Liu, L. P, Cui, X. M., Qiy, S H,, Yu, J. L. & Zhang, L. (2010Preparation of phosphoric
acid-based porous geopolymefgpplied Clay Science, 50: 600-603.

[16]Cui, X. M., Liu, L. P.,He, Y., Chen, JY., & Zhou, J. (2011)A novel aluminosilicate
geopolymer material with low dielectric logdaterials Chemistry and Physics, 130(1-2),

1-4.
16



510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

[17]Derouane, E.G., Fripiat, J.G. and von Ballmoos, R. (19€@)antum mechanical
calculations on molecular sieves. 2. Model clustanvestigaion of
silicoaluminophosphatedournal of Physical Chemistry, 94(4): 1687-1692.

[18]Zhang, Z., Provis, J..LReid A., & Wang, H. (2014)Fly ashbased geopolymers: the
relationship between composition, pore structure and effloresd@ament and Concrete
Research, 64, 30-41.

[19]Kovalchuk, G., Fernandeliménez A., & Palomqg A. (2007).Alkali-activated fly ash:
effect of thermal curing conditions on mechanical and microstructural develcgtaent
Il. Fuel, 86(3), 315-322.

[20]Marjanovi¢, N., Komljenovi¢, M., Baséarevi¢, Z., Nikoli¢, V., & Petrovi¢, R. (2015).
Physicatkmechanical and microstructural properties of alkativated fly ashblast
furnace slag blend€eramics International, 41(1), 1421-1435.

[21]Bernal S. A.,San NicolasR.,Van DeventerJ. SJ., & Provis,J. L. (2016) Alkali-activated
slag cements produced with a blended sodium carbonate/sodium silicate rctivato
Advances in Cement Research, 28(4), 262-273.

[22] Gualtieri M. L., Romagnoli, M.Pollastri S, & Gualtieri, A. F. (2015)inorganic polymers
from laterite using activation with phosphoric acid and alkaline sodium sikcétgon:
mechanical and microstructural properti€sment and Concrete Research, 67, 259-270.

[23]Douiri, H., Kaddoussi, I., Baklouti,.SArous, M., & Fakhfakh, Z. (2016)Vater molecular
dynamics of metakaolin and phosphoric doased geopolymers investigated by
impedance spectroscopy and DSC/TQdurnal of Non-Crystalline Solids, 445, 95-101.

[24]He, Y., Liu, L., He, L., & Cui, X. (2016).Characterization of chemosynthetizPQ:—
Al203-2Si0 geopolymersCeramics International, 42(9), 10908-10912

[25]Duxson, P., Provis, J. L., Lukey, G.,Mallicoat, S. W., Kriven, W. M., & Van Deventer,
J. S. J. (2005). Understanding the relationship between geopolymer composition,
microstructure and mechanical properti@slloids and Surfaces A: Physicochemical and
Engineering Aspects, 269(1-3), 4758.

[26]JanssonH., Bernin D., & RamserK. (2015).Silicate species of water glass and insights
for alkali-activated green cemem{lP Advances, 5(6), 067167.

[27]Benavent, V.Steins P., Sobrados,,ISanz, J., Lambertin, D., Frizon, F., Rossignol, S., &
Poulesquen, A. (20168mpact of aluminum on the structure of geopolymers from the early
stages to consolidated materi@ément and Concrete Research, 90, 27-35.

[28]Petzet S., Peplinski, B., Bodkhe, S.,& Cornel, P. (2011)Recovery of phosphorus and

aluminium from sewage sludge ash by a new wet chemical elution process (FBSAL
17



544 recovery processy\ater Science and Technology, 64(3), 693-699.
545 [29]Roussel, N., Lemaitre, A., Flatt, R. J., & Coussot, P. (2010). Steady state flow of cement

546 suspensions: a micromechanical state of th&€ament and Concrete Research, 40(1), 77

547 84.

548 [30]Dai, J. G., Munir, § & Ding, Z. (2013).Comparative study of different cemerdsed
549 inorganic pastes towards the development of FRIP strengthening techriolaaal of
550 Composites for Construction, 18(3), A4013011.

551 [31]Favier A., Hot, J.,Habert G., Roussel, N., &’'Espinoseale Lacaillerie, J. B(2014).Flow
552 properties of MKkbased geopolymer pastes. A comparative study stéhdard Portland
553 cement pastesoft Matter, 10(8), 11341141.

554 [32]Favier A., Habert G.,d’Espinoseade Lacaillerie J. D., & Roussel, N. (2013Mechanical
555 properties and compositional heterogeneities of fresh geopolymer p@etast and
556 Concrete Research, 48, 9-16.

557 [33]Chavda, M. A., Bernal, S. A., Apperley, D. C., Kinoshita, H., & Provis, J. L. (2015).
558 Identification of the hydrate gel phases present in phosphadéied calcium aluminate
559 binders.Cement and Concrete Research, 70, 21-28.

560 [34]SamadiMaybodi, A., NejadDarzi, S. K. H., & Bijanzadeh, H. (200$/P anc?’Al NMR

561 studies of aqueous (& droxyethyl) trimethylammonium solutions containing aluminum
562 and phosphorus§pectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy,

563 72(2), 382-389.

564 [35]Abdi, D.,CadeMenun, B. J.Ziadi, N., & Parent, L. E. (2014).ong+erm impact of tillage
565 practices and phosphorus fertilization on soil phosphorus forms as determiriéel by
566 nuclear magnetic resonance spectroscamy.nal of Environmental Quality, 43(4), 1431-
567 1441.

568 [36]Liu, J.,Yang J.,Liang, X., Zhao, Y., CadéMenun, B. J., & Hu, Y. (2014)Molecular
569 speciation of phosphorus present in readily dispersible colloids from agratoils.Soil

570 Science Society of America Journal, 78(1), 47-53.

571 [37]Mortlock, R. F., Bell, A. T., & Radke, C. J. (1993). Phosph&ilisnd aluminur27 NMR
572 investigations of highly acidic, aqueous solutions containing aluminum and phosphorus.
573 Journal of Physical Chemistry, 97(3), 767-774.

574 [38]Haouas, M.Taulelle, F, & Martineay C. (2016).Recent advances in application?é4l

575 NMR spectroscopy to materials sciend&ogress in Nuclear Magnetic Resonance
576 Spectroscopy, 94, 11-36.

577 [39]PereraD. S, Hanna, J. V.Davis J, Blackford, M. G., Latella, B. A., Sasaki, & Vance,
18



578 E. R. (2008)Relative strengths of phosphoric ac&hcted and alkateacted metakaolin

579 materials.Journal of Materials Science, 43(19), 6562-6566.

580 [40]Mueller, D., Hoebbel, D., & Gessner, W. (1981%I NMR studies of aluminosilicate
581 solutions. Influences of the second coordination sphere on the shielding of aluminium.
582 Chemical Physics Letters, 84(1), 25-29.

583 [41]Provis, J. L., Lukey, G. C& van Deventer]. SJ.(2005).Do geopolymers actually contain
584 nanocrystalline zeolites? A reexamination of existing resdtemistry of Materials,

585 17(12), 3075-3085.

586 [42]Douiri, H., Louati, S., Baklouti, SArous, M., & Fakhfakh, Z. (2014%tructural, thermal
587 and dielectric properties of phosphoric abaksed geopolymers with different amounts of
588 HsPQu. Materials Letters, 116, 9-12.

589 [43]PradeHerrerqg P.,GarciaGuinea, J.CrespeFeq E., & Correcher, V. (2010emperature
590 induced transformain of metavariscite to berlinit€hase Transitions, 83(6), 440-449.

591 [44]White, C. E., Provis, J. LRroffen T., Riley, D. P., & van Deventer, J. $(2010).Density
592 functional modeling of the local structure of kaolinite subjected to thetemgidroxylation.
593 Journal of Physical Chemistry A, 114(14), 4988-4996.

594 [45]Zeng, Q., Li, K., FerChong, T., & Dangla, P. (2012). Pore structure characterization of
595 cement pastes blended with higblume fly-ash.Cement and Concrete Research, 42(1),

596 194-204.

597 [46]Ma, H., Hou, D., & Li, Z. (2015). Twxscale modeling of transport properties of cement
598 paste: Formation factor, electrical conductivity and chloride diffusiGtmputational

599 Materials Science, 110, 270-280.

600 [47]Wang, Y. S., & Dai, J. G. (2017). -ay computed tomography for perelated
601 characterization and simulation of cement mortar mafiXT & E International, 86, 28

602 35.

603

19



604
605
606

607
608

Tablesand Figures

Table 1. Mix proportions of activating solution and phosphate-based geopolymer.

Raw materials by weight ratio
_ Fresh geopolymer
Aluminosilicate o ]
Activating solution paste
source
No.
Soluble Al Si/P
MK? OPA? | MAP® | Water | Initial pH | species | molar
(AI/P) ratio
A0 10 3.60 0 3.46 1.62 0 2.75
Al 10 2.51 1.98 2.86 1.64 0.1 2.75
A2 10 0.36 5.94 1.65 1.69 0.3 2.75
A0-0.5° 10 3.60 0 4.46 1.63 0 2.75
Al1-0.5 10 251 1.98 3.86 1.66 0.1 2.75
A2-0.5° 10 0.36 5.94 2.65 1.69 0.3 2.75

aMass fractions of MK and OPA are 97.9%i@, + Al,O3) and 85%, respectively.

®Mass concentration of MAP is 61.3% with a P/Al naktio 0f2.99.

¢ These mixing proportions were provided only for tests of rhedbgioperties. A@.5 means the
geopolymer AQ is preparesith a H;O/MK mass ratio of 0.5. AD.5 and A20.5 are similarly
defined.
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