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*  Supporting nform ation

ABSTRACT : T buidihg congamction, geopolym erbinder orm ortar can iteract w ih the stucturalm aterdls and thusm odify
the binder form ation m echanism s. lh a geopokm er binder, the avaibbility and am ount of siiceous gpecies & a preponderant
param eter 1 uencing the natuire of networks form ed affer consoldation . Tn this study, the ihteractions between the binderand
stucturalm aterials (wood and earth bricks) were fvestiated by °Sim agic angle spining nucksrm agnetic resonance (M AS
NM R) and Fourker ttansform infrared pectrosopy (FT R ) during and affer the consoldation . Then, the e ect of the am ount
and nature of the sihioeous species avaibbke 1 the reaction m edim were analyzed . Accordng to the sthosous species avaibbk,
B posbE to form di erent types of m atergls (hardening or sedin ented m atergls) . By conobomating these resuts wih M AS
NMR and FTIR analyses, a form ation schem e of the binder h contact with the m atergls was proposad.

NTRODUCTDN

Cunently, the r=duction ofCO , em F=onshasbecom e aglbal
concam, and the hwestation of envionm entally friendly
m aterils hasbecom e iareasingly in portant?™ > T this context,
the use of natural matersls, such as the wood and earth
m aterials that have been used or ssveralm ilEnna, ssem sto be
wekvant?” © Earth m aterils (ie, un 1=d dby bridks or amm ed
earth) o er many adventages, hicliding a wesk embodid
energy, the ability to roukte the whiive hum iy ofabuidng
as a reaukt of ther hygroswopic properties, their doundance
most amas, and ease of woycing®” Ideed, by ushg beal
maerbls, the envionm ental mpact of the consomuction is
drastically reduced as well as the price of the nal product?
M oreover, ATlhson and H alf have shown that earth walks can
bu er whtive hum diy changes h a om by adsorbig
moiure 1 a hph hum ity peribd and =kashg i Ber, whith
In proves the hygrotherm al com fort of the buiding. The wood,
fiom is mechanial charadterities, brings Ighthess t© the
gmcture. Tinber flame consucton wih earth brik h 1L
Jopears today as a sustanabk deson that i prom &g 1 the
buiding consucton  ed. However, cadks form at the
nterfaces of the briks and fiame wih tEmpemtire and
hum dity uctuations because of shrinkage and gvellng
phenomena Wwih wood and earth behg hygroswopic) .
Ressarch on new binders wih the dbility to adhere to wood,
espechlly on earth brikks, has thus been perform ed 2° Am ong
the potentialm aterdls aunently avaibbk, the geopolym er type
¥ a potentially good candiate. For eampk, a recent sudy
showed that the additon of sihca fim e t ageopoym erm xure
Eadsto the form ation ofa foam  thathas the ability to adhere t©
wood ™ M oreover, previus works on constucton  desins
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made fiom wood, earth briks, and these geom ateril foam s
have hdiated the vEbilty of these stuctures by dem onstrating
the apility of the geopolym er binder to produce srong bonds
between the wood and earth ™ M echanisl shear tests on
these masonyy have chown that thelr chear soength values
mnge fiom 15 to 2 M Pa, depending on the type of brick ?
Furtherm ore, fiom the results and cbservations of pullout
tests, the adheson mechaniam was princpally explined by
mechanial hterbcdkig™ In the case of binder brick
adhesion, i has been shown that there is 1=t dosorption of
the binder by the pore of the brik and then chemi=al
iteractions w ith the areation of an hterchase ” T the case of
binder- wood adhesion, anchorpohts were alko created by the
penetration of the binder iside the pore of the wood before
the binder consoldation . This observation was jasd ed by an
X1ay map of the elm ent potassim ealized on the wood/
binder hiterphase ™ N ext, the e ect of the penetiatin of the
binder hside the m aterblks and the conssquences on the binder
formation must be undergood. Speci cally, i the bider
penetrates the m aterils, T duces dhem 1al hisractons that
could modify the macton mechanins durhg the consol-
Tation . hvestgation of the nature of the netw orks form ed after
consoldation and contact with the m aterals is thus necessary.

G eopolym ers are am orphous three-din ensional alm hosili-
cate binder m aterals that are gynthesized at am bint tem per-
ature by the akalne activation of alm hosilicate sources, such

Received: O cober 30,2013
Revised:  dnuary 27,2014
Accepted: Febmary 10, 2014

Published: Febmary 10,2014

dxdoiong/101021/£403670c | hd. Eng. Chem .Res. 2014, 53, 3559~ 3569



hdustrial & Engheering Chem istry Research

Artcke

as cakined chys, hdustrial wage, and mor**® These
materbls show good resisance t© hih tem peratures and acd
degradation, as well as good compressie soength. Ther
form aton results fiom the dissolition and reorenization of
1w materbls. FIst, mactive alm hosilicate soumes are
disoled to form fiee SIOH ], and ALOH ]1; gecies, whih
will then meact by a polaondensaton mactin to form an
am orphous geopolym er network. To further understand and
highltoht the di erent network form ations, atom i bond s=k
analyses (S+0-M ,M = Si,K,A) ar necessry.M agic ange
Poimig nuckarm agnetic resonance M ASNM R) analysis sa
usefill charaderizarion tedmique for vestioating the siticon
envionment In the bider. This tedinijue albws the
determ ation of the di erent networks that can be formed i
the binder after contact and consoldation wih the natiral
m aterbls. ’SiM AS NM R analysis, conducted by Autefetal.on
geopolym er m aterils, has hihlghted di erent contrbutions
that conespond to di erent silion envionm ents>® These
reaults showed ve contrbutions centered around - 80, — 88,
-97,-106, and - 113 ppm , whith are attrbuted t© Q° (241,
Q*(3a), *@AD, Q*(1A), and Q*(0A) fiom siick actl
bonds, regpectively m ore detadls 1 the Reaults) . Tn situ Fourder
trensform ihfrared goectiosopy (FTR) I anotherw Hely used
tedmmique for the study of the omation of the pokmer
network !’ It s partiulriy e cint or HIow g the stuctural
evwliton of materbls 1 the polym erization process, notably,
the adbsdution of S+ 0-S1i by Si0-Al bonds, whith is
charadteristic of the geopolym erzation reaction ™

This work thus com pktes previous works on the use of a
geopolym er binder 1 tin berfiam ed consructon ushg earth
briksas ihh 1L This sudy attem pts t© undergand the reacton
mechanian s htervenng between the natural geopolym erc
binder and natural materdls wWood and esrth brik) and
proposes a form ation m odel of the binder 1 the fimction of
m aterdls h contact. Fist, the resuls of 1 stu FTIR and 51
MAS NMR analyses performed on the binder, whith was
consoldated 1 contact w ith m aterals, are presented . N ext, 30
geopolym er binder form ubtons were hivestoated by 11 s
ATR (atenuated totalre edton) FTIR analysis, whith should
alow a better undersanding of the e ect of the siticsous
Soecies on the nature of the form ed networks.

MATERIALS AND M ETHODS

Raw M aterihls. I this sudy, ssveral precursors and 1aw
materbk were ussd wih disthguihed preaursors for the
bider synthesisand 1aw m aterdls used or the buiding sysem
(earth bridk and wood). Conceming the m heml pokmer
binder, varbus smpks wear gnthesized ushg potassim
hydioxide pelets (857% puriy), potassim  silicate solution
H.,0 =7607% ,SD, =1637% ,and K,0 = 756% ),m etzkacln
M 1000 fiom AGS (Ckac, France), and sl fime. Three
types of silica were used: siica fime supplied by Feropan
(denoted FD S), silica fim e supplid by Cabot (denoted M 5),
and crushed quartz (denoted S#00) .D etails of all silica used
thiswork are presented as Supporting hiform ation (Tabk S1) .

Conceming m atersls goplied or the buibdhng system , wo
extrusion-m anufactured hdustrial earth bricks were chosen, the
sam e bricks used 1 previous work ™ The bricks di ered 1
m heral com positon (denoted By, and Byy) , and therdensites
were 170 and 200 g an® or By and By, respectively. A baal
com pany of Lin oges, France, sipplied Dougbs rwood that
was dried and plned. The details of assam bl m anufacturing
are presented 1 previous work 2
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Sampk Preparation. ALl bihders were prepared by
magnetic sting of the potassim hydroxide pelets 1 the
soliton of potassim  siticate, ©Ibwed by the additon of the
dglim fime (or quartz) and metksoln. k ¥ inporant t©
distnguich that the reference FD S, binder isused orthe nal
composie sygeEm and the other biders were used
Tivestiogte the e ect of dilim on the nature of the networks
formed durhg the consoldation of the matergl Fogure 1
amm arizes the synthests protocol of foam FD S,y and other
binders.

Alkali silicate solution

Alkali hydroxide

(8) ()

Addition of silica fume
(FDS)

|
I !
Modification of silica
source
= nature
# amount

Foam
without

I Variation J[ SUbStil'UtID"‘IJ
-FD5y
-M3,
-51400,

contact

-FDS, M5 10y
-FD5, Si400; 00
M35, 31400, 00
| 23C¢

Studied samples ] i

Figure 1. Synthesis protoeol of geomaterbl oam (A) and other
sem pks synthesized based on oam omukton B) .

Foam (FOS,5)

Reference binder

The type and an ount of siica hitoduced it the m Xhure
diectly 11 uence the dharadteriddics of the nal binder. To
asess thelr 1 uence, two binder series have been develbped,
whih are noted as sibddtutin (FD SgM 5,00 x 7 FD SxS#0090 x 5
M 5,S#00;00x) and veretin (FDS, M 5, S#00y).For each
series of binder, the am ount of m etakaoln, potassim  silicate,
and potassim hydroxide 1rem ah Hentical, as for the eference
foan FD S, o; only the type and the am ount of siha added t©
the m xture have been modi ed. N om enchiure exam pks for
the synthesized binders are presented as Supporting
hfomation (Tabk S2) . The hdexed num ber between 0 and
100, whith gopears after the nam e of the used silica, i the
weiht percent of the silia hitoduced hto the m e The
aubsttution sampks have the sam e weight percent of silica as
the =ference FD S, ; only the type of each sifica hitoduced
changes. For varBtion samplks, the weht percent of
troduced silica vares fiom 0 to 1005 1 20% icrem ents.
Shown on S+ALTK-0O temary, t i noted that synthesized
binders conegpond to sedin entary m aterils and gels according
to the work of Gao et al*® as shown n Foure 2.

To evaliate the e ect of the contact of the souctnal
materbls (earth briks and wood) on the consoldation and
network orm ation of the reference binder FD S, ), the binder
T contact wih thesse materils was analyzed. For this
experiment, a hok was driled 1 the materilk, and the
eference binder (bam FD S,,) was poured hisde. T siu
FTIR analysis was perform ed durihg consoldation and M AS
NM R analysis after consolidation.

Characterization Technigues. FTIR sgoectra were cb-
tahed usihg a Themo Scind ¢ Niokt 380 nfiared
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rd
0,50
Si (% in mol)

Fiure 2.Blie squares show the position of m ktures synthesizad on
the (S+ALK-0) temary (edsence domais of sveral m Xures
proposed by G ao etal.: 1, sedin ented m aterils; 2,gel; 3, geopolym ex;
and 4, haxdenhg m aterils) .

ectrom eter usihg the ATR method. The R spectra were
colected between 500 and 4000 an !, wih a resolition of 4
an~!. To monior sampk om aton, a maaw was used that
albwed spectza t© be rmoorded every 10 mi or 10 h. The
acquisiton was hiteted afterplacing a drop of samplk, or the
m aterbl w th bider hside, onto a dEm ond sibstate. Fially,
overbi raw gpectra were obtained . T o ram ove the contrbution
from  atm ospheric CO,, the goectia were conected wih a
straiht Hne betwean 2280 and 2400 an™*. The spectra were
conected using a basslne and then nom alized before being
com pared.

H bhresoliton M AS NM R experin ents were perform ed at
oom tEmpertire h a Buker AVANCE-400 spectrom eter
operated at 7949 MHz *°Sisgnal) . The #Si (I=1/,) MAS
NM R sgpectia were recorded after [/2puke inadBtion @ k)
usihg a500kH z Ierto inprove the spnal/noie ato. In the
M ASNM R experin ents, powder sam peswere soun at 10 kH z.
The num ber of stans was 400 for silicon. The tine between
acoum ubtions was set at 10 s t m iin 72 ssuration e ects.
Spectral deconvolution was perdformed usihg the Wi t
Buker) soffware padkage. The deconvolited spectra are
only used qualiatively, and no quantiatie studis have been
perform ed.

(A)

Mm@ @ @ ®
-80 -88 -97 -106 -113

(B)

1) @ ) @ (6

-80 -88 -9T -106 -113

FWooc
| Fer,
- ~FBr,
: 3 v _ Foam
50 60 70 80 -90 -100 -110 -120 -130 -140 -150 -50 60 70 -80 -90 -100 -110 -120 -130 -140 -150
5(*°Si) f ppm 5(**si) / ppm
(C)
60
50 4
40
 30-
z
® r
20 4 |
10 4
Band 1 Band 2 Band 3 Band 4 band 5

Figure 3.2 °SiM AS NMR mauls: (A) deconvoluted spectra h the case of FD Sy, (am ) ; (B) exprerin ental data or FD S, oW ood, FD S,Bx,
FD S;40BL,and FD S, o;and (C) perentage ofthe area of each contribution determ nided fiom deconvulbted spectra for whie) FD S, W ood, (foht

gay) FD S;0BY, (dark gay) FD S4B, and (olck) FD Syg.
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W ettabilty tests were perform ed by plbcing a drop of foan
FD S, o1 the wood and bricks at room  tam perature. Contact
anglk, dosorption, and goreading characteridtics were coserved .

The BET speci ¢ surface area of the silicas was determ ined
by N , adsorption at- 195 85 °C ushgaM irom etrics T risar IT
3020 volm etric adsorption/desorption  goparatus. Pror
measureEm ent, the samplkes were degassed at 200 °C under
vaouum or4 h (Supporting nfom aton, Tabk S1) .

RESULTS

hteraction between Materils. To demm e if the
adhesion between the m aterdls i possblk, i i in portant t©
obtahn data on the wetting properties and m atergls surface.

W ettabilty Test. W ettabilty test reailts are gathered as
Supporting Tnform ation (Tabk S3) .W ettability teds on briks
and wood provide niform ation aoout the drop goreading and
underine the di erent absorption properties of the m aterals.
The wettzbilty tests show that the contact angke at t= 0 was
cbsad t© 90° orwood and By, whik forBy, itisbebw 90°.At
t=7m i allangksare belbbw 90°.This el therefore jusd es
an adhesive compatbilty betwesn these materils. The
absowtion i soni acantly hivher for brik By than for brick
Bry.After s than 5 m In, an aureok was visbke around the
drop deposited on By, justfying the absorption of part of the
bider by the brik. For B, no aureok was observed, which
can be explined by a di erence 11 tem s of total porosty and
pore size disrbution of the briks. The porosity valies
determ hed by m eraury hitusion of each bridk are 35% and
21% ©rBy and By, repectiely ™ M oreover, the m edin pore
diam eter of the By brik i goproxinately 37 [m, and the
pores are mostly betwesn 1 and 10 [m . For the By, brik, the
pores are gnalkr, wih a pore ske disrbutin menging from
0005 © 08 [m and the m edin dim eter at goproxin ately 0.7
[ . Penetration of the binder nto the brick depends on the
pore size. In the case of the By brik, the binder can easily
penetrate hito the rge pores, albw g 1t to penetrate desper
and faser com pared to the By, bridk. For wood, aosorption is
Titem edBte and di ers accordng © is nature, as s mor
in portant Horthe sorngwood than the smm erwood 2° These
cbservations w arrant a penetration ofbinderm aterials. The ow
aontact angke alo ' ects an easy adheson between these
m aterbls.

The wettabilty teds have chown that there was binder
penetration through the pores of the m ateral. This observation
B conmoborated by the mechanial shear and pullout tests
perfom ed 1 a previbus study - The penetration of the binder
Tduces necessary chem =l hteractions, wih m aterbls beihg
abke to modify the natire of the networks form ed hside the
once consoldated binder.

Analysis of hteractions between the Binder and
StucturalM ateri k. To highlpht and better undergand the
varbus hteractons ocouring at the bcal s=k, nuckar
magnetic resonance and FTIR goecroscopilc analyses were
peromed to detem e the environments of the silicated
goeckes of the binder.

MASNM R Analysis. The silicated species are descrbed w ih
the usual notaton, Q, where n TEnging between 0 and 4
Idiates the degree of connectivity of siticon, ie., the num ber
of bridghg oxygens®' The di erentitbn of the num erous
oeces i dbtaned by the sudy of the chem izl chift, which
soongly depends on the coordiation num ber of siicon. T a
geopolym eric binder, the silicon i principally 1 a tetrshedral
coordnaton and is bonded wih alm iwm . Thus, for
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geopolym erm aterils, the Q* (mA ) notation isused to descroe
the environm ent of silicon, where m 1anges fiom 0 © 4 and
Epresents the number of connected alm um  atom s. As
before, n mnging between 0 and 4 hdiates the number of
bridghg oxygens?® For eamplk, Autef et al have put
evilence for a dense geopoym er for whith bands centered
around -90, -95, -100, -105, and -110 ppm can be
atirbuted to 0%(4A), Q*(3AD, Q*(2AD, 0*(1AD, and
0% (0A]), repectively® M oreover, i has to be noted that 1
fimction of the chem ial com position the position of the lband
can be slightly di erent?*

Foure 3A showsthe spectiim of the 1eference binder (foam
FD S,q0) Used for the constmiction of the buiding system . This
gecoum was deconvolited to  ve contrbutions, nn
acoance wih the phases hibhlohted by the work of
Prudhomm e etal®® on thism ateril: three m aproontrbutions
aentered at- 88, - 97, and - 106 ppm , denoted as contrbution
2,3,and 4, regpectiely, and two m hor contributions centered
at -80 and -113 ppm, denoted as contrbution 1 and 5,
egpectively.

M Tority phases may be attrbuted t© the contrbution of
depolym ertzed speces [geckesQ® (1A1), Tognonviet al*°] or
band 1 (- 80 ppm ) and silicic acd rband 5 (- 113 ppm ) 2778

Band 2 (- 88 ppm ), present 11 the binder, can be attrouted
to the mah contrbution of the geopokmer phase® T
comparison t© the liewature on geopolmer materdls, the
position of the cbserved chem ial shift (oand 2) varkes slightly.
This can be eppbned by the di erence of the reaction m edim
as a reauk of the rkase of dhiydogen and di erent kvels of
sim*® Contrbutin 4, centered around - 106 ppm , can be
attrbuted to quartz’®** present 11 the m etskaoln or silate
Soecs of silita gel** ¢ Fially, contrbution 3, the Irgestband
baated at - 97 ppm , may be attrbuted t© (i) a zeolie phase,
(i) aK,Si0 ¢ phase, or (ifl) the presence of silicsous gpecies
Q* (2A]) conesponding to an environm ent of an alm fosilicate
m ateriel®?**° This contrbution will be ussd or efmence
Bter n the sudy as the prin ary alm hosilicate com pound, out
I shoul be noted that the elm ent potassim  is also present.

Fioure 3B presnts the SiMAS NMR spectmm  of the
reference binder (foam FD Sy, SYK = 26,S¥/Al= 393) and
the spectum  of the sam e binder consoldared 1 contact wih
each of the three materils (FDS;,(By, FD S, BL, and
FD S;yW 0od) .

T general, whitheverm ateral i 1 contact wih the binder,
there i always a prevakncee of band 3 centered at - 97 ppm
(Figure 3B). O ther contributions bcated at - 88, — 106, and
-113 ppm show vareEbE htensites. T should be noted that
aontrbution 1 (- 80 ppm ) Bnotdetected on the deconvolited
sectium of the FD S, By sampk.

To undersand the phenomena regponsble for these
htensity di erences, the htegrated area of each contrbbution
Br FD 8,0 0od, FD S,4BY, FD S4B, and FD Sy, (fam )
sampks was pbtted i Figure 3C . This representation albws
forthe evaluation of the contrbutions of the di erent networks
present affer consoldation . As ssen above, contrbution 3 i
always present and was therefore considered as the m ain and..
This shows that the goecies wihh the porous alm hosilicate
geopolym er binder are not changed. It shoul be noted that
contrbution 2, attrbuted to the geopolym er phase, decreased
or all the samplks. This suggests a decrease of alm hosilicate
eckes nisde the binder necessary for the form ation of the
geopolym er network. This fact i more pronounced for the
FD S,,,B1 sampk. I retum, this phenom enon i com pensated
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orby an harase 1 the contrbutions of environm ents 4 and 5
orall the sam ples, but 1 di erent proportions, depending on
the aubsrate 1h contact wih the binder.

() T the case of wood aapport (FD S, oW ood) , the slight
decrease of the geopokmerband (- 88 ppm ) assochted wih
an haease of the charadteritic band of sitica gel (- 106 ppm )
and silicicacd (- 113 ppm ) a resutof the penetration of the
binder nto the wood bers. Thdesd, this very hygroswopic
appporthasahiha nity Hrakalne aqueous solitions?” This
¥ 1 ageanent wih the trensfer of the potassiim ekment
dbserved 11 a previous study ™ The speces 1 hiteraction wih
the wood are silicated species enriched with potassim .

(1) T the case of the FD S,,Bx; sampk, the bw htensiy of
the contrbution of silicic acd (- 113 ppm ) can be explained by
an -depth Iin ied penetration of the binder. lhdeed, thisbrick
composd of anall pores (from 001 to 080 [m) does not
albw the gpecies present 1 the maction medim to penetae
desply (<100 [m ) o thebrick.This factw il baally hduce an
aleration of the brick by a partil dissolution of chys 1 the
akalne medim and rekase goecies that willbe abk to react
and s.J;}))%)]y the geopolym er phase whose contrbution veres
stightly

(i) T the case of the FD S,,BY sam pk, the binderw illako
enter the brik but m ore desply (5500 [ ) as a resul of is
higherpore size (1-10 [) . T this case, the goecies relkasd
by the deterbration of brik will tend to mact baally,
conaum Ing the gpecies necessary for the formation of the
geopolym erphase h the binder. Thisw il resutt 1 the creation
of di erent goecirion equilbrim s and thus create a chem ial
Titeracton 1 the quld precursor, thus changing the pH value.
Then, there w fllbe a reduction 1 that valie which w fllprom ote
the appearance of silim gel and silict actd >°

The bw contrbution at - 80 ppm for FD S;o W cod and
FDS,,By chamacterizes the presence of alum iosilicate
depolym ertzed dilited pecies?® These m aterils will not be
abk to condense and participate 11 the varbusnetworks. Tn the
case of the FD S, By sam pk, wih the meaction m ixture having
di used o brik, there s litle or no mation of these
Iohted depolym erizad gpecks.

The NMR gectiosopy edils have evidenced varbus
networks form ed after nteractions wih m aterels.

T Siu FTR Analysk. FTIR spectrosopy redilts on the
binder wih support tests (FDS,0Bn, FDS;0Br and
FD S;ooW cod) provide hformation on possble hteractions
during the consoldation of the binder i contact wih the
materbl. I s monioring of sanpks over a 10-h pericd
gies hiom ation doout the rearangem ent of the network. lh
partoukr, the band centered at gpproxin aely 980 an ™t chifts
to a bwervalie during the form ation, whih is characteridtic of
the geopolym ertzation reaction and corresponds to the S0 -
M M = SiorAl vimtin band?"® By moniorng this
diphbemment, & & possbe t© evaliae the kietics of the
geopokm erization (sbpe of the aurve) and the dmichural
evolution of the network (total digplboam ent of the band) . Th
st FT IR m oniorng tess perform ed on the reference binder,
FD S,yW ocod, FD S4By, and FDS, By, show a soong
di erence 11 tem s of waction ketics and form ed networks.
This reaul con m s the hieractons between the binder and
materils during the consoldation. Fgure 4 chows the
evolition of the positon of the band conegponding to the
S+ 0-M bondsversustine ©rFD S, oy, FD S140B1 , FD S10oB1L,
and FD S,,W ood sam ples. The varetions m ay e divided ito
two rmgimes depending on tine. At the beginig, for all
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Figure 4. W avenum ber evolition of the S+-0 -M band asa functon
of time for (ble cick) FDS, By, (ed sar) FDS, By, (Gmwen
trEngk) FD S, W ood, and (blck square) FD S, (foam ).

smpks, there i an hiarease of the digploem ent value of the
band Si+0-M . After goproxinately 100 m 1, there & an
Tiversion of varetion.

(1) From the r=tm hutesofthe rwaction (t< 100 m i), the
Taease of the postion of the S+0-M band tenshtes t©
di erent gpechtion equitbrim s, lkely reqilting fiom dosorp-
tn phenom ena by the varbus supports. This suggests that
there '?GSJ'.—O — Sientites form aton as silicic acd 3sobserved by
NMR?

(i) After 100 m 1, two types of behaviors are cbserved, cne
characteristic of geopolym ertzation reactions wih a sbni cant
decrease 11 the S+ 0 -M band postion (FD S,4,Br) and the
other characteristc of a m etastabke equitbrim wih very lite
varstion of digoloam ent (FD S, By and FD S, (W ood) . Tn the
e of the FD S, By, samplk, the exigence of hteractions
betwean the altered chy particles and the reaction medim can
ad o varbus alim hosilicate networks cbserved by NM R .For
FDS,o0Bx and FDS,, W ood samplks, as a resuk of geater
binderpenetration hito the suppott, the gpecation equilborim s
are modied. This kads t© a metasabe sate that is
characterized by few tansfers of gpecikes. hteractins are
Iin i=d, and thus, 1 siti geopolym erization reaction detection
Bdi aukt.

These railts are 1 agreament wih the wettabilty teds
presented previbusly, which chow that the adosorption tine ofa
drop of binder Ism ore inportant rBy brik than orwood
and the Bx, brik.

E ectofSiliceous Species on the Binder Fom ulation
M echanism . D1 erences were observed between the binder
abne and the binder n contact. The di erenceswere explbined
by a varetion of the avaibbilty of the silivsous gecies. I then
Jopears Jdicbus © understand the ok of certain siliceous
Soecks 1 goeciEtion equitbrim s by m odifying the an ount of
silica toduced. New om ubtions denoted “Warbtion” and
“aibgthution” were tested, where the nature and the am ount of
sitica hiroduced were the param etersof sudy. T thiscase, each
binder was consoldated under the environm ental conditons
w thout support contact. Sk di erent sets of form ubtons were
gynthesized and analyzed by 1 st FTIR .

Descrption of Substution and Varaton Tests. For each
form ubtion of each set, the m onioring of the S+-0-M band
was perform ed and the total dipheem ent and sbpe of the
aurve were m easired and com pared . Parts A and B of Foure 5
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Fiure 5. Evolution of S+ 0 -M band postton i fimction of tine or (&) S#BO0M 5,50_x and (B) S#00y series.

presnt the evolitin of the S+ 0-M  band positon as a
fimcton of tin e for the series subgthition SBO0M 5,4y and
varbtion S#00y , regectively.M oreover, a picture ofall ssam pks
gmthestzad was tBken affter 1 wesk of dwig at anbint
tEmpetire and are gathered as Supportihg niom atbon
(Tabk S4). It i observed that as a functon of type and
an ount of silica added, the m orpholbgy of the samples di er.
Subsquently, both the features of the sam plkes synthestzad as
wellas the m onioring of the S+ 0 -M band w illlbe disoussd.

FDS;S#00,55x. The FDS,S#00;y,, FDS,,S#4004, and
FDS,,S#00,, samples show two distnct phases after
consoldation: one having the gppesrance of a dense geo-
pokm er wihout cacking (bwer phase) and the other being
gbsgyy, sin fbr t© a sili;a gel (top) . The other form ubtions
(FD S¢,S#00,, and FD S,,S#00,,) have a uniom appesrance
but wih shrinkage on the bottom and an upper portion
ressm blng a gel. Both types of behavior are prin arily becanse
of the FDS/S#00 mtb that mposes the mte of sitcon
avaitbk, whih goes hito solition and participates 11 the
1eaction . Regardless of the sam pk type, there is a decrease of
the dipplcam ent valie, whith characterizes the polyaondensa-
tion reactons between the di erent alum hosilicate gpecies.
H owever, the m ore silica S#00 haresses, the m ore the overall
value of the digplacem ent quickly nareases. This reqult can be
epbhned by the ©Ibw g param eters.

3564

() When X = 0, a esgent m e between the m etgkaon
and the akalne solitbn & aeated, whih kads t© the
geopokm er network fom ation. Exaess goeces that do not
1act contrbute to the develbpm ent of a gel on the qurface.
S#00 particks are encgpaibted 11 the geopolym er binder.

() When 0 < X < 60, competiton betwesn di erent
networks (geopoymer and gel) exists by the hiteracton of
giica ime FD S, whih generates dihydrogen and ekases
siiceous species that can participate T geopolym eric netw orks.

(i) When X 60, a very hith mactiviy of the silia ime
FD S is observed, whith contiols the reactivity of the m edim
by rekashg silicsous species.

FDSM 5,00% - Al ssmpks 1 this series exhibi one phase,
exospt oor the biphasic FDS, (M 5¢,. A di erence of volme
epanson ¥ cbserved h these sampks, whih & more
inportant than the hih anount of FD S silim** The shift of
the S0 -M band decreases when the proportion ofM 5 sitia
fim e fareases. The di erence 1 reactvity of the two silicas &
directly hited o thetr speci ¢ surface area, 40 and 202 m2/g
orFDS and M 5, repectiely. I the presence of a soni cant
anount of M 5, after several m fnutes, the medim becomes
saturated wih siliceous goecies. Then, there I com petiton
between the fomation of a Sixich network and geo-
polym erization reactions, whih are charaderized by a very
Iow chit of the S+ 0-M band. This obsewation is
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Fiure 6. FTR total diplcem ent varbton valie acording o the nSintroduced)/ S total) mtb r (B) S#00,, B) FDSyS#00,0y, C)
S#OO0M 5199x, D) FDSM 5,09%, (E) FD Sy, and (F) M 5.

conobomated by the sbpe of the curve near zero for M 5,,
dharaceristic of a shated silicsous medim and by is
Tcrease wih the augn entation of the am ount of FD S silica.
SHOO0M 5,4y Seres. Two digtnct types of behavr and an
Titem edBte behavior are obsarved. For X < 40, the m xture
Jopears hom ogeneous, but evolves wih tine. Next, there
Jopears a antral wlbpse, suggestng that som e goecies have
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preciated > For X

40, two phases gopesr; the bwer

porton resem bles a dense geopolm er, whik the upperportion
ehbis a ghssy agect. M orrovey, the volm e of the upper
phase hiaeases with the haease of SH00 sifica. Regardless of
the sam pk, the m ore the M 5 quantity hicreases, the greaterthe
chift of the S+ 0 -M land and the sbpe decreases. As forthe
FD S,S#00,,,x substhutbn, the bw-eactve silia S#00
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(cmshed quartz) has lite 1 uence on the ormation of the
network and the vigosity. This di erence h ity
directly rehted to theirgoeci. ¢ surface area, 1 and 202 m?/g or
S#00 and M 5, regpectively.

FD S, seres. Two types of consolidation are observed. ForX
< 60, there are two ssparate phases; the bwer portion has a
dense geopolmer appesrance wihout cadking, whike the
upperphase show s a gbssy featire w ith a porous hterface. For
X 60, sampks affer consolidation show heterogeneities
becaise of the rkase of H, gas and the am ount of silicsous
goeces 1 the reactive m edim . These specis are the orgn of
the form atton ofvarbus phases. The varation 1 the an ountof
FDS difita fime cartainly causes a di erent disxbution of
cbserved phase wihih the geopokmer foam, ie., siia oel,
K,S30 s compound, zeolie, and the geopolym er network 2
The valie of the shift of the S0 -M band decreases w ith the
augm entatton of the am ount of FD S sitica fime. FD S,,/FD S,
and FDS,,/FD Sy, chow nearly Dential nal digphoement
values of gpproxin aely 32 and 26 an ™!, mgpectively. These
varbtons are 1 agream entw ih the zones Hentd ed previbusly
(gpeci aally forX < 60, a hphervalie of digplcem ent, and for
X 60,a bwervalie) and wih the work of Pudhomme et
al*® Thdeed, the reduction of FD S silia fimn e w ill prom ote the
form aton of a geopolym er network, and is fom ation willle
more soni cnt than the hith digpboem ent valie. For bw
Evelks of sitica, the com position approaches a sihglke geopolym er
network. Th contrast, when the amount of FD S silica fime
Tceases, there 8 competion between the omaton of
di erent com pounds, such as silia gel, K ,S1,0 5 com pound, the
zeolite phase, and the geopokm er network.

M 5y Seres. As before, the M 5¢ series shows two types of
behavior.ForX 60, a shgk phase isobtahed, whith has the
gopearance of a gel that will eventually colgpse. ForX < 60,
two phases gppesr; the bwer porton resmbks a dense
geopolym er, whik the upper phase exhivits a glbssy agpect. As
prevbusly described, the haeass 1 avaibbk silica causes a
decrease 1 diploem entasa reault of the com petdition between
the di erent alm hosiheate species. W hen the am ount of sitica
B su cent o orm a network geopoymer, t oms very
quikly (0 < X < 40).T the opposie case X 40), there &
apih a competiton betwesn a geopokmer network and a
saurated sthosous species Iquid, whith ads t© a gel. These
phenom ena are also observabk by the varetion i sopes.

S#00y Seres. Fially, for the S#00, series, two phases can
be digtnguihed for all the sanpks. The bottom phase has
features of a dense geopoym er, whereas the upperphase show s
a vireous aspect and presents a great deal of chrinkage, and
thelr nterface dhows aacking. The augmentation of the
anount of S#00 silica has no 1 uence on the SE0-M
band hift valie, whith rem athed approxin ately 40 an ™t orall
sam pks. This hiphlohts the very bw 1eactivity of SB00 1 the
resction medim . I this ;ase, the S#00 sitica sin ply phys the
ok of mhnbroem ent® N evertheless, the cbserved dem xing
(geopolym erphase and gelupon the surface) suggests that the
consoldated ssmpke & composed of at kast two networks,
acordance wih the work of Autef et al*

Summ ary of the Reactiviy and the Nature of the
Networks Formed. To compare the di erent formubtions,
Foure 6 shows the dippboem ent value of the S0 -M band
determ hed by FT TR gpectrosiopy as a imaton of the 1ato of
the num ber of m okes of silica (S#00,M 5, or FD S) added by
the totalnum ber of sitica 11 the fom ubton.
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S#00 T uence. The bw shift of the band fiom 38 to 46
an ! orsmplks S#00,, t© S#00,,, Fure 6A) asa findion
of the nS#00/nSi toEl Btb B characteriste of both the
formation of a geopokym er network and the aoatihg of the
quartz grat by an alm hosilicate binder.

Tn the presence of reactive silia, icreashg the nS#00/nSi
toElatb cuses an hiarase 1 the digploem ent value fiom 29
o 46 an ! for san ples FD S3,S#00,, t© FD S,S#00,,, (Fiure
6B) and fiom 12 t© 46 an~' for smplks SHO0,M 54, t©
S#00,0M 5, (Fhure 6C) . This characterizes the nonreactiviy
ofS#00 siicaw ihin the reaction m edim because there s lite
orno rkase of sifiosous gpecis. N everthelkss, the varbtions
are not dential wih those of the FDS or M 5 silias. The
di erences observed e ect thelr reactivity, which i a fimcton
of thelr abilty t© ®kase siliceous gecies I the reacton
medim , thus m odifyig the goechtion equilbrim s.

DS and M 5 Silia . This reactivity was con 1m ed during the
formation of the FDSM 5,90x seris. The dhange of the
nSM 5/nSi toEl mb rwesuls n a dslight chenge  the
diplacement valie fiom 26 t© 19 an' r smplks
FD SgoM 5,, t© FDS,M 55, (Figure 6D ). The substhiton of
FDS by M5 silca kads t© modi catons 1 the specition
equiliorim s, thus prom oting the form ation of a silica gelto the
detrin ent of the other networks.

These features are again hivhlichted for the varation seres
FDSy (Fpure 6E) and M 5; (Fiure 6F).A slhoht decrease 11
the chift iom 32 to 28 an ™! ©rFDS,, to FD S,,, and a shap
decrease of the digplcement fiom 39 to 6 an ™' r smpks
M 5,, to M 5,4, are noted. C onsequently, unlke the FD S silia,
wih the mor mactie M5 dilia, the sihoeous species are
avaibbE m ore quikly to om ageland therefore decrease the
valie of digploem ent.

Gbbal Reactivity. To eacstbate the meactvity of the
siiceous specEs, the dippleement of the S+ 0-M band asa
fimction ofthe sbpe forall the sam pleswaspbted h Foure 7.
Three areas can be de ned wih values of the sbpe around
-018 and -010 an~* . Above -010 an~* &%, aper
shurated siiosous pecieswillom a Sirich alm hosilicate gel,
whereas bebw this value, there will be form ation of di erent
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Figure 7. Evolution of the total digplcam ent value versus the FT TR

dipbomment sbpe valie of S 0-M band positon for ( Ied

trenglke) FD S{M 5,4 ¢, (Open circle) SBOOM 5,40 %, (rge Iked cicle)

S#004FD S, 0 x, (Open trEngke) M 5;, (geen box) FD Sy, and (snall
Ted ciice) S#00, seres.
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Figure 8.Fom ation schame of FD S,, (foam ) 1 nteraction wih wood and bridk By &) and By, (B) atthe begiming (A1,B1) and atthe end of

the reaction @2,B2).

alm hosilicate networks. This conegponds to a valie of
digolacam ent ranging between 0 and 22 an ~*. This cbservation
i conoborated by the work of Gao etal’® whih shows that
or a value of digplcam ent rangig between 0 and 22 an™?,
there s preferentil bridgihng betwesn the siliceous species,
wheress for values hiher than 22 an~?, there i form aton of
varbus networks. M oreover, the position of synthesized
compounds on the temary S+ALRK-0 (Fhure 2) chows
that the di erent consdered form ubtions are baated n the
aress of maErbk kadig to gels or sedinented materbls
presenting ssveral phases. This i h perfect agreem entw ith the

reautsobtained .M orover, aan de nepomusm aerblsasthe
sam pes presenting a value of sbpe rangihg betwesn — 018 and
-010an ' gt.

From these datz, it is thuspossbe to delin 1 the exdisence of
varbus types of m aterials according to the digolcam ent of the
S+ 0-M band and the sbpe of the aurve. Fora given silicate
soliton, three areas have been Hentd ed: an area conegpond-
g © a Sixrih alm hositcae gel, an area composed of
di erent porous networks, and an area com posed of di erent
dense networks. M oreover, all previous analyses, perform ed at
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consgant water content, suggest that i would be possbke t©
move fiom one area o anotherby changing the wateram ount.

DISCUSSDN

The previous sudy heloed highTight the di erent environm ents
present i the binder after contact w th the sotuctural m aterials
(earth brick and wood) , aswellas an exigEnce enge of several
types of matergls by FT IR goecttostopic analysis. T f&ct, the
existence of di erent networks, especilly during the
FD S;M 5,40 Substhition series, has been shown. From all of
these data, the binder form ation sthem e i proposed for the
two types of assmbly 1 Foure 8. Fure 8 puts orth the
varbus hypotheses on the hteraction between materblk
ephhed bebw . For the two types of assambles, the wood
and the brik are represented . The evolition of species wihn
the binder s given fordi erent tin es during the consoldation.
T should be noted that there i a sak fctor between the
representation of wood, brik, and specis. For each tin e, the
di erent contrbutions and the di erent networks descrioed
above were reported.

hteraction of W ood Bider. M omwholbgial (wettabiliy)
and stuctural WM R and FTIR) analyses have shown the
dosorption of the binder by wood porosity. M oreover, i has
been shown that after consoldation, the Sirich alm hosikcate
network and silica gelwere sl present. The geopolym erphase
¥ ako presnt but 1 analler quantides. The decrease 1
geopolym er phase suggests that there has been a decrease
siticeous gpecies aok to mactwih the alm hous species. This
defect of concentration 1 siliceous gpecies m ay be character-
¥ of an exchange wih the wood.

Consequently, at the tine of the contact wih wood, as
shown h Foure 8 A1 and B1), the exthange hihlbhted
previous work™ & thus ensured by the potassim  silicate
solution. This gives the bcal form ation of siticic acid (oand at
—-113 ppm ) . This type of acid can be ©om ed wih a educton
ofpH valie, whith can ocaur during the ttansfer of the m xture
wihi the wood bers, wood behg actiic i1 natire?* This
phenomenon will ikt 11 the aeaton of silissous depoly-
m erized species richer 1 alm fium  (band at— 80 ppm ) . These
data concborte the obsewatins by FTIR  spectroswopy,
Titeted by an exchange of siliceous species 1 supersatiration
(form ation of silicic acid jasd ed by the icrease of the Si-0 -
M band positon) , oTbwed by the depolym erized species (Ight
chift of the band positon) *2

hteracton of By /Bihder. i the sane manner, the
momphobgial and stuchal analyses showed a sbw and
diuse absowption of the binder by the By, whith is
characterized by a anall pore size. The same contrbutions,
ie. a geopolm er network, a Sirih alm hosllicate envion-
m ent, and sitica gel, are noted . T he siticeous species 1 soluton,
11 the presence of the surface of bridk, will nteract and form
sin ulaneocusly (3) the silicic actd from the penetration of the
binderand (i) a geopolym erphase because of the baal attack
of the clhy particles. The form ation of depokym erized goecies
alo suggests that an excess of siliceous gpecies (1 very anall
anount) does not participate 1 the network ormation (ow
Ttensity at — 80 ppm ) . Th additon, FT R spectiosopy 1= edts
the solvent absorption w ih the areation of sificic acid asbefore,
as shown I Foure 8Bl. Then, there is the formation of
di erentnetworks justi ed by the Erge digploam entof the S+
O -M band, as show i Foure 8B2.
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The presence of these depolym erizad goecies and of silicic
act] can certanly prom ote iteractions and enhance adhesion
between m aterels.

hteraction of By Bider. I this ;ase, the m orpholbgial
(visual and wettzabilty tests) and souctural WM R and FTTR)
analyses showed very gaong absorption of the binder by the
brick By, because of is brge pore sizes. The mapr dentd ed
networks are the geopokmer, the Sirich alm hosilicae
compound, and the sifica gel wih the Brgest contribution.
Agan, upon contactw ih the brick surface, there is form aton of
siticic acd, ©lbwed by a quik di usin through the m atergl
This creates baally, 1 an allam ounts, the geopolym ernetw orks
and thus hcareases the form ation of silica gell. The absence of
theband at— 80 ppom  (depolym erizad gpecies) can be explined
by the reactions 1 the brick that consm e all avaibble gpecis.
FTIR analysis con m s the varbus hiteractions kading t© the
di erent networks.

CONCLUSDN

This gudy was foaused both to describe and t© understand the
phenomena that ocour between a geopolmer binder and
smictural m aterials, such asmud brik and wood, and alo to
dentify the e ect of diliceous species on the binder
consoldation.

Varbus fom ubtons contaihing di erent silitaswere used t©
egablich the areas of com postions, whith result 1 ether a
hom ogeneous m ateribl or di erent types of networks, depend-
g on the reactiviy of sitica htroduced. ALl of these eqults,
asocEred wih NM R °Sd) and FT R analyses, albwed orthe
com pete understandng of ttansfers that ocaurat the hterfaces.
The di erent network contrbutions highlghted 1 the porous
geopolymer binder (FDS,,,) were modied durhg the
aonsoldation and depend on the hteractions wih the bridk
and the wood. In partioubr, di erent proportions of the
geopolym erphase were observed as a resut of the contactw ith
the briks and the formation of dilicic acd 11 the maprity
reailting from the contactw ith wood .M oreover;, these data are
cbsely rhed o the anount and nature of siliceous gpeces
avaibbke 1 soluton that govemn the nature of the m onom ers
and the fom aton kietics.

Additonally, to compkm ent previous sudies and valdate
the fasbility of such buidhg system , a fulls=mke (2 x 2 m?)
wall was buil, and varbus tests 1 a clinate chanber were
perform ed t© hvestoate the hygrothemm alregultion e ciency.
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