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A statistical thermodynamic model for the ordering of aluminum- and silicon-centered tetrahedra in
fully condensed X-ray amorphous aluminosilicate network structures is presented. In particular, the model
is applied to metakaolin-based geopolymers in the presence of different charge-balancing cations and
mixtures of cations. The model uses Gibbs energy minimization techniques based on the energetic
preference for StO—Al linkages over Si-O—Si and A-O—AI to calculate the concentrations of each
of the types of bonds. A random bond distribution is then applied to calculate the concentration of each
possible tetrahedron coordination. The model output is compared with experirf®GitMAS NMR
results, and is found to predict the observed behavior satisfactorily. A correction to account for the presence
of unreacted metakaolin in geopolymers is found to significantly improve the model fit at low silica
content. The calculated energy penalty parameters closely match those obtained from the literature, and
the trends in the parameters allow discussion and analysis of the effects of the different cations on
geopolymerization of metakaolin. The applicability of this model to geopolymeric systems indicates the
potential for wider utilization in description of other amorphous aluminosilicate systems.

Introduction fundamentally based model describing these observed trends,
and allowing analysis of the effects of different compositions
and synthesis parameters on chemical ordering in these
materials.

The notation introduced by Engelhardt ef&* will be
followed in this work, with Q(mAl) (0 < m < n < 4)
representing a silicate center coordinatechtother tetra-
hedral centers, of whictm are aluminum andn(— m) are
silicon. Similarly, ¢'(mAl) (0 < m' < n' < 4) will be used
to represent an aluminum center coordinatedn'tamther
tetrahedral centers, of whigh' are aluminum and( — m)
are silicon. The presence of nonbridging oxygens in geo-
polymeric systems is considered negligible, with all tetra-
hedral sites being observed by NMR to have cross-link
density n = 4581213 This observation will be utilized
throughout model development and analysis to simplify the
discussion of bond distribution, with = 4 taken to be
constant throughout this investigation.

The distribution and short-range (chemical) ordering of
silicon and aluminum within tetrahedral framework structures
have been the subject of significant work, and often
controversy, for over 50 yeatéHowever, such calculations
have never before been applied to geopolymeric materials,
with the amorphicity of these materials and the lack of

“Geopolymer” is the term applied to a class of high-
performance mineral binders obtained by activation of solid
aluminosilicate materials with alkali metal hydroxide or
silicate solutions at ambient or slightly elevated temperdture.
While it is believed that, when cured under certain sets of
conditions, these materials are largely composed of
nanometer-sized crystallitésyeopolymers are essentially
X-ray amorphous and thus have no clearly defined network
topology. With a view toward potential applications in
radioactive waste treatmeht; understanding of the degree
of chemical ordering in geopolymers, which will play a
significant role in determining long-term chemical stability
of these systems, is critical.

Recently, high-resolutior?®Si MAS NMR spectra of
geopolymers spanning a range of silicate content and Na/
(Na+ K) ratios have been presenteBeconvolution of these
spectra by curve-fitting of Gaussian line shapes was found
to provide meaningful information regarding the distribution
of silicon and aluminum tetrahedra within the geopolymeric
binder, as has been observed in aluminosilicate glasses
minerals®® The aim of this paper is to provide a quantitative,
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reliable data regarding atomic configurations within the
binder phase combining to make such analysis very difficult.
However, the recent publicatibof a set of data relating
composition to the distribution of QmAIl) centers now
enables the development of such a model. The partially
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enthalpic and entropic effects, is adapted and applied to the
description of aluminosilicates in general, using geopolymers
as a model system. The validity of the application of this
model, originally presented in the description of-&—H
ordering in amorphous hydrogenated silicon carbide alloys,

reacted raw materials present in geopolymers also cause somt the inorganic polymer network structure will be discussed.

difficulties as will be discussed later in this paper.
The standard starting point in short-range structural
analysis of aluminosilicates is Loewenstein’s rifleyhich

The implication of this applicability is that the model is
suitable for use in the study of bond ordering in other
amorphous aluminosilicate materials, as the model does not

states that no two aluminum ions can occupy the centers ofrequire prior knowledge of the framework structure of the

tetrahedra linked by one oxygen. This “rule” was initially
based on the Pauling radius ratio rtffleand is often
assumetteither explicitly or implicitly—to be obeyed strictly

in aluminosilicate structure'si®'8 However, there is no
theoretical basis for strict application of aluminum avoidance,
but rather a thermodynamic preference giving a strong
tendency toward avoidance of AD—AIl bonds. Lattice
energy®?° and combined ab initio/molecular mechanics
calculationd! have shown that this tendency is primarily due
to the exothermicity of the reaction depicted by eq 1 both in
solution and in the solid state.

[=Si—O—Si=] 4 [=Al—O—Al=] = 2[=Si—~O—Al=]
(1)

Free energy minimization considerations may therefore be
used to interpret the observed tendency towaret@d-Al
avoidance in aluminosilicate structures. The unfavorable
formation of Al-O—Al bonds in solution is believed to be
largely responsible for the short-range ordering of silicon
and aluminum centers in hydrothermally synthesized alu-
minosilicates’ Significant degrees of Si/Al disorder have
been observed in melt-quenched glagsésynthetic feld-
spars® and natural mineral®25 A Monte Carlo simulation
of Si/Al ordering in ultramarines over a wide range of
synthesis temperatufsshowed a sudden decrease in
ordering at approximately 50, with the high-temperature
regime producing essentially random ordering. Similar
temperature effects were incorporated into the simple statisti-
cal model of Lee and Stebbihsia a Boltzmann-type
exponential term.

This investigation utilizes the Si/Al distribution data
obtained previousl§.The free-energy model for chemical
ordering of tetrahedral sites in alloysbased on Gibbs
energy minimization with explicit consideration of both
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material.

Experimental Section

A full description of experimental and spectral deconvolution
procedures is given in ref 6. These procedures may be summarized
as follows.

Geopolymer samples were prepared by mechanically mixing
stoichiometric amounts of metakaolin (effective composition 2.3SiO
Al,O; from XRF analysis) and alkaline silicate solutions to give
products with A}JOs/M,0 = 1 and various ratios of Na/(N& K)
and SiQ/M,0. Samples were tightly sealed, cured in a laboratory
oven at 40°C and ambient pressure for 20 h, and then cured in
sealed storage vessels at ambient temperature and pressure for 2
weeks.

295i MAS NMR spectra were obtained at a Larmor frequency
of 59.616 MHz with a Varian (Palo Alto, CA) Inova 300 NMR
spectrometer (7.05 T), using 5-mm zirconia rotors and a Chem-
magnetics broadband MAS probe. A spinning speed of 5 kHz was
used, and peak positions were referenced to an external standard
of tetramethylsilane. A total of 1024 transients were acquired using
a singles/2 (4.8 us) pulse and recycle delays of at least 5 times
T1.% Line broadening of 50 Hz was applied to all spectra prior to
deconvolution.

The Q(mAl) distribution of each sample was determined by
deconvolution of the®®Si MAS NMR spectra into 5 component
peaks corresponding tn = 0, 1, 2, 3, and 4. Intensity of the five
Q*mAl) peaks was allowed to vary freely. Peak positions and
widths were allowed to vary subject to matching the nominal
composition of each sample while falling within the range of
chemical shift and peak width parameters previously observed for
amorphous aluminosilicate materi&fs* Compositions were cal-
culated from NMR data using the procedure outlined by Engelhardt
and Michel'* This procedure assumes full Loewensteinian behavior,
which is not strictly true in the systems of interest, but provides a
composition that is at least approximately correct. All deconvoluted
compositions were within:1.5% of nominal value$.

Statistical Thermodynamic Model

The basis of the model used in the current work was
originally developed by Efstathiadis etZlfor application
to a 3-component SiC—H alloy, with the specific case of
the 2-component SiC system discussed in detail. In this
work, the model and its derivation will be presented solely
on a 2-component basis, replacing Si and C tetrahedra with
the tetrahedral Sig and AlOy;~ centers of aluminosilicate
network structures. The notation and reasoning of Efstathiadis
et al. will be followed where possible, with some steps of
the derivation expanded from the earlier discussion to provide
greater clarity in application to aluminosilicate materials. The
choice of this particular model was largely determined by
the fact that the models commonly used in description of
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Al —Si ordering in minerals, particularly the cluster variation The entropy of mixing is given by the Boltzmann equation,
method® and Monte Carlo simulations on lattic&s? rely eq 4
on a knowledge of the network topology that is currently
unavailable for geopolymeric materials due largely to their Su=kgInT (4)
X-ray amorphous nature. This also provides the potential for
its applicability in largely unmodified form to other amor- wherekg is Boltzmann’s constant antl is the number of
phous aluminosilicate systems including glasses. distinct states the system may occupyis then given by
The composition of the geopolymeric binder is represented the producth(X)['sI'a;, whereT’; is the number of possible
for the purpose of the thermodynamic model as aiO  configurations of tetrahedral sites containing framework
(MAIO,);—, where M is an alkali metal cation and 0.52 cationl.?” The factorh(x), 0 < h(x) < 1, occurs because the
x < 0.70 for the samples under investigation. Geopolymer productI'sil"a necessarily includes many unphysical con-
compositions are often described in the formQvAl,Oz- figurations due to the method of separately counting the
rSi0O,. This latter form is more appropriate in the general configurations of Si and Al centers. A means of estimating
description of a geopolymeric binder, but is less convenient h(x) for a multicomponent solid solution is given by Onébe,
for modeling purposes. The effect of the nature of charge- whereby it may be seen to be dependent only on composition
balancing cations on the energetics of ordering in alumino- for a system of given size. The primary intention of this
silicates is incorporated into the model by consideration of calculation is to minimizé&y as given by eq 3 with respect
the variation of bond energies with cation charge density. to the degree of ordering rather than to calculate the most
As was noted previously, the energetic basis of chemical accurate possible expression &y;. Therefore, the terrkg
ordering in geopolymers is primarily due to the exothermicity In(h(x)) obtained by substitution of the expression Fointo
of eq 1. The enthalpy of this reaction is dependent on severaleq 4, being both negligible in magnitude compared to the
factors including the cations present and the positions of the other terms in the expression @, and unimportant to the
centers within the network structufé® This energy is  energy minimization procedure, will be omitted entirely from
therefore treated as a model parameter der@teghjuivalent calculations in the current work.

to the parameterd; of Bosenick et af* andW; of Herrero®? The assumption that the free energy of a geopolymeric
Q is defined by eq 2, wherg(I—O—J) represents the energy  binder is minimized, upon which this model is fundamentally
of a bond linking tetrahedral centers | and J. based, requires that chemical ordering within the system is

at or very close to its thermodynamic equilibrium value.
Q = 2E(Si—0—Al) — E(Si—0-Si) — E(AI-0-Al) (2) Several previous studi#s3® have found that the rates of
silicate and aluminate exchange in aluminosilicate solutions
Itis generally understood that bond ordering energies in gre syfficiently fast that the solution phase present in a
minerals are insensitive to composition provided that the gegpolymeric synthesis may be considered to be very close
variation is only in the ratio of the ordering cations, in this  t5 thermodynamic equilibrium throughout the setting process.
case Si and Al and so any possible dependence&dbn  The highly stable cage-like silicate anions which are the
x will not be considered. However, it is entirely possible commonly cited exception to this principle of very rapid
that Q will change in the presence of different charge- exchang® are not expected to be present to a significant
balancing cations, and this will be considered in the gegree in these systems due to the absence of the large
application of the model to the different geopolymeric organic cations by which they are selectively stabilized.
systems under investigation. Framework cation substitution Therefore, the assumption of thermodynamic equilibrium,

in the second coordination sphere of a particular tetrahedral 5, consequently the validity of the free energy minimization
site has been calculated to contribute approximatep% approach, is justified.

to the value ofQ.3® However, this effect causes highly Following the arguments of Yin and Smithand Ef-
significant pomplicat?ons in modeling, and is.ther.efore often stathiadis et al” and due to the equivalency of each of the
neglectgd in S|mulat|on§:34 For the _sgke lof Sl_mp“C't% this 4 ponds linked to a given tetrahedral site, eqs 5 and 6 for
effect will not be considered explicitly in this model, but I's;andT s, respectively, may be obtained. These expressions

rather will be discussed later as a potential source of error. .o |ie to a system containingtetrahedral centers|(Si) =
The Gibbs free energy of mixing (network formatioGl, xN of which are silicon an®(Al) = (1 — X)N are aluminum,

may then be expressed in terms of the entropy and enthalpy,isn N, ; defined” as the concentration of centers of type |

of mixing: bonded via +0—J bonds to sites of type J. It must also be
n h i = Nsial
Gy =Hy — TS, 3) oted thatNpsi Si.Al
o= N(Si)! |4 5
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The entropy of mixing may then be expressed, following  Combining eq 10 with the fundamental bond concentration
substitution of egs 5 and 6 into eq 4 and removal offthé relationships for a binary system (eqs 11 and 12) and solving
term, by eq 7. algebraically, eq 13 is obtained. This is then an analytical

expression for the degree of-8D—AIl bonding in terms of
N(Si)! )4( NC(AI)! )4) ) the concentration, bond energy penalty, and the temperature
N

sistNsial! of formation. A synthesis temperature of 4C is used
throughout this work.

_—

ALAI ! NSi,AI!

By application of Stirling’s approximation to simplify the
factorials of large argument eq 8 may be obtained. This
expression is given in terms of the “normalized bond 1—
concentrations’n,; of each type of bond] wheren,; = Ngiar + Najal ==—X (12)
N; /N(Si), and is asymptotically correct in the limit of large X
N(Si). Details of the derivation of eq 8 are supplied in n , =
Appendix A. 1 a I ) 5 )

)—(ex ﬁ)—\/((;—Z)ex m_)+2) +4(ex ﬁ)_l)
Su = —4kgN(SI) [ng; sIN(Ng; s) + Mg NN ) + 2(exp(%_) _ )

2ng; pln(Ng; 5) + 1%)(”‘(1 i ><)] (8) (13)

Equation 13 may then be used in conjunction with eqs 11

The enthalpy of mixing for a system &f atoms may be  and 12 to calculate the total number of each type of bond
simply expressed in terms of heats of formation of free present in the system for a given compositioand energy
tetrahedrdo(l) and bond energieB(I—0—J) by eq %' The penalty Q. Next, the relative fraction of each type of
expression for the bond energy contribution to this equation tetrahedral center, QnAl) and of(mAl), present must be
is developed by considering each tetrahedral site in turn, andgg|culated.
summing the enthalpy contribution of the bonds fromitto  The distribution of the bonds among the tetrahedra is
its neighbors. There are 4 bonds from each atom. Becauseyssumed to be essentially random, neglecting next-nearest
every bond is therefore counted twice, once at each end ofneighbor effects. This appears to contradict the often-cited
the bond, each time a bondg ©-J is counted must contribute principle known as Dempsey’s rule which suggests that,
',E(1-0-J) to the total system energy. Counting all bonds  specifically for zeolitic framework structures but also for
from all atoms in the system then gives a total bond energy gjuminosilicates in general, linkages of the form—&—
of 4x x (2)(nsisi + Nsia + Nasi + Naa). Recognizing  si—0—Al are unfavorablé? Justification of this “rule” was

Ngisit Nga =1 (11)

thatnaisi = nsia then gives eq 9 in its final form. based on electrostatic considerations, stating that the nega-
tively charged aluminum centers will be located as far from
Hy = N(Si)|Hy(SiO,,) +1;XH0(|\/|A|04,2) - each other as possible. A number of analyses of lattice
X

. . . ordering in faujasites b?Si MAS NMR via nearest-neighbor
2Ng; sE(SI=0=Si) = 4ng; 4 E(SI=O—Al) — (T—O—T, where T represents Si or Al) and/or next-nearest-
2n, 5 E(AI—O—Al)| (9) neighbor (-O—T—0-T) interactiong**344showed pref-
' erential but not exclusive obedience to Dempsey’s rule.
Equations 3, 8, and 9 may then be readily combined to However,llatnce energy calculations on high-silica _(Sl/AI
give an expression for the Gibbs energy of mixing for a > °) Zeolites have shown a tendency toward-@—Si—

system o tetrahedral centers in terms of normalized bond O—A linkage formation’® contrary to Dempsey's rule. This
concentrations. Differentiation of this expression with respect SUJ9ests that any invocation of Dempsey’s rule in description

t0 ns; s, With the observation thait a/dns;si= 1 andansi a/ of aluminosilicate ordering must be undertaken with a
ans.s = — 1 from the definitions of the normalized bond Significant degree of caution. Next-nearest-neighbor interac-
concentrations. allows the use of eq 2 to replace the tions are not included explicitly in this model, but will be
combination ofE(l — O — J) terms byQ. SettingdGu/onsi s: discussed as a possible source of error in the application of
= 0 gives eq 10, comparable to eq 13 of Efstathiadis & al. "€ model to a geopolymeric material.

Full details of the derivation of this equation are provided ~APPlication of a random bond distribution model then
allows the calculation oFsi(m) andFa(m), the fraction of

in Appendix B.
all tetrahedra present that aré(@Al) and of(mAl) respec-
2. o tively, as presented in Table 1. The factorsx${1 — x)*
___SiAl_ = ex —) (]_O)
N siai Al 2T (40) Kinrade, S. D.; Knight, C. T. G.; Pole, D. L.; Syvitski, R. org.
Chem.1998 37, 4278.
(41) Yin, Z.; Smith, F. W.Phys. Re. B 1991, 43, 4507.
(35) Onabe, KJ. Phys. Chem. Solids982 43, 1071. (42) Dempsey, E.; Khl, G. H.; Olson, D. HJ. Phys. Chem1969 73,
(36) McCormick, A. V.; Bell, A. T.Catal. Re.- Sci. Eng.1989 31, 97. 387.
(37) Harris, R. K.; Parkinson, J.; Samadi-Maybodi, A.; Smith, @them. (43) Melchior, M. T.; Vaughan, D. E. W.; Pictroski, C. &.Phys. Chem.
Commun.1996 593. 1995 99, 6128.
(38) North, M. R.; Swaddle, T. Winorg. Chem.200Q 39, 2661. (44) Peterson, B. KJ. Phys. Chem. B999 103 3145.

(39) Swaddle, T. WCoord. Chem. Re 2001, 219221, 665. (45) Schider, K. P.; Sauer, J. Q. Phys. Chem1993 97, 6579.
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Table 1. Tetrahedron Fractions Calculated from Random Bond tational studies of cation ordering, and compiled a set of
Distribution literature data for aluminosilicates which may be used to
Si sites Fsi(m) Al sites Fa(m) supplement those given here. Error values are presented
Q(0A) .t FOA) X " where given in the original work. _
i 1—x°? >N A number of authors over the past 25 years have carried
Q1A A e 1A 4 x* E out ab initio calf:ulanons on alumlnosmca'_te clusters with the
XMsishsial g (1= x)? SATAA aim of calculating®. In 1989, Saué? reviewed the then-
., current literature relating to ab initio calculations on alumi-
QA RUSELN qAD E(1 — X)SnSi’A' Paa nosilicate ordering, citing a number of calculated values in
(@A) I, o @A) 4 x* R the range of 4Q9500 kJ/mol forQ in dimeric glusters and
LSESIA (1 —x)® SATAA values exceeding 120 kJ/mol in four- and five-membered
Xy rings. More recent calculations shown in Table 2 have given
Q(4Al) X1 5 '(4Al) 1- X)3nA'~A' values more closely resembling those observed experimen-

tally, suggesting that these early higher values must be treated
with a significant degree of caution. However, it remains
obvious that, in general, calculated and simulated values of
Q are higher than those obtained experimentally. ToSsell
noted a decrease if2 of approximately 22 kJ/mol with
addition of N& cations to each of the bridging oxygens of

a noncharge-balanced 4-ring. Incorporation of an effect of
this magnitude into the noncharge-balanced ab initio calcula-
tions outlined in Table 2 gives values €f in the order of
53—55 kJ/mol, which agree more closely with the results of

observed in the aluminum site fractions are introduced
through the definition oh,; = N, /N(Si). The coefficients
1,4,6,4,1 are generated by the equivalence of the different
arrangements ahAl and (4 — m)Si centers around a given
tetrahedral site, thereby providing each valuenofith a
degeneracy factor calculated from the binomial distribution.
Only silicon sites are directly observable Bisi MAS
NMR, so the calculated quantity available for comparison

to experimental data will b&s(m)/x, the fraction of the other simulations and experiments than if charge-balancing

silicon present that is coordl_nated to alum|r_1u_m 5|te_s. were neglected. The effects of different cations on ab initio
Recent work has shown that, in some cases, it is possible to

use Al MAS NMR to obtain quantitative information calculations OfQO hav_e not b.eef‘. fully quantmed,. with
. o o McConnell et af? finding no significant difference in the
regarding ¢(mAl) distribution in certain mineralé However, : o . : .
. . calculated energies of kalsilite structures either with localized
analysis of these data requires knowledge of the framework ., - . .
S . . “K* ions or with a uniform background charge referred to as
topology, which is not available for geopolymers due to their

“jellium”.
largely amorphous nature. Other than to note that calculations and simulations

generally seem to be overestimating experimental data for
comparable materials, it is very difficult to discern a clear
Fitting of the statistical thermodynamic model to the trend inQ with regard to either the charge or radius of the
experimental data requires the estimation of the energycharge-balancing cations present from the data in Table 2.
penaltyQ for each set of data. Selected literature values for Myers** observed that energy penalties calculated from
this parameter in a range of aluminosilicate systems and inempirical potentials are generally too high by approximately
the presence of a variety of charge-balancing cations arel0 kJ/mol due to difficulties in treatment of covalent bonding.
given in Table 2. These values are divided into those The graphical presentation of Bosenick et’apresents
determined experimentally and those calculated by a varietysimilar difficulties in trend identification with respect to
of simulation methods. Bosenick etZlreviewed compu-  charge-balancing cations. However, the work of Myers does

Application of the Model to Experimental Data

Table 2. Selected Literature Data for Energy Penalty Parametei€2

experimental source Q (kJ/mol) comment
Phillips et al. (2000) 26+3 p-eucryptite, NMR/calorimetry
Lee & Stebbins (1999) 31+8 Na-aluminosilicate glass, NMR
16+ 2 Ca-aluminosilicate glass, NMR
Phillips et al. (1992 39+ 12 synthetic anorthite, NMR/calorimetry
Carpenter (1991 14+ 4 anorthite (minimum value), calorimetry
Navrotsky et al. (1985% 22.6 Na-aluminosilicate glass, calorimetry
9.2 Ca-aluminosilicate glass, calorimetry
Putnis & Angel (1985% 25 albite, NMR/calorimetry
34 cordierite, NMR/calorimetry
simulated/calculated source Q (kJ/mol) comment
Tossell (2002% 73+£2 Al;Si,04(OH,H)s? ring, ab initio, various basis sets
Myers et al. (1998} 32 anorthite, Monte Carlo simulation
McConnell et al. (19979 34+5 kalsilite, ab initio total energy calculation
Catlow et al. (1996} 75 Al;Si,04(OH)g2™ ring, ab initio
162 hydrated AiSi,O4(OH)g?~ ring, ab initio/MM
Dove & Heine (1996 40 cordierite, Monte Carlo simulation
Bell et al. (19923° 40 zeolite NaA, lattice energy calculation
Earley (1992 43 aluminosilicate cubic octamer $@°%)s, semiempirical AM1 Hamiltonian

Cohen & Burnham (198%) 24 Ca-Tschermak’s pyroxene, exchange across chains, lattice energy calculation
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Figure 1. Comparison of model predictions to the deconvoluted experimental NMR data of Duxsof fer &la geopolymersQ = 40 kJ/mol. Lines
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kd/mol. Lines represent model predictions and points are experimental data.

provide potentially valuable information regarding the ap- to systems of intermediate composition. In investigating
plication of energy penalty data obtained from pure systems feldspar structures of compositions corresponding to albite,
anorthite, and an intermediate composition midway between
the two endmembers, it was found that the nearest-neighbor
energy penalty in the mixed system was generally equal to
or very slightly less than the arithmetic mean of the
endmember energy penaltigsThis fact will be used in the
analysis of the mixed Na/K geopolymeric system, meaning
that the energy penalty of this system will be taken to be
the mean of the parameters for the pure Na and K systems.
These parameters must themselves be estimated by the simple
expedient of choosing the value &f that gives the best fit

to the experimental data for each pure system. This fitting

(46) Larsen, F. H.; Farnan, J. Phys. Chem. B004 108 9764.

(47) Carpenter, M. AAm. Miner.1991 76, 1120.

(48) Putnis, A.; Angel, R. JPhys. Chem. Minerl985 12, 217.

(49) Tossell, J. A. IPACS Symposium Series 827. Structures and Mech-
anisms: From Ashes to Enzymesaton, G. R., Wiley, D. C.,,
Jardetzky, O., Eds.; American Chemical Society: Washington, DC,
2002; pp 165-176.

(50) McConnell, J. D. C.; de Vita, A.; Kenny, S. D.; Heine,Rhys. Chem.
Miner. 1997, 25, 15.

(51) Earley, C. Wlnorg. Chem.1992 31, 1250.

(52) Sauer, JChem. Re. 1989 89, 199.

(53) Tossell, 3. AAm. Miner.1993 78, 911.

(54) Myers, E. R. Ph.D. Thesis, Department of Earth Sciences, University
of Cambridge, UK, 1999.
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procedure will be discussed further in the next section of the literature is also significant, further validating the model
this paper. and providing a means of comparison on an atomic scale
between geopolymeric materials and other aluminosilicate
Results and Discussion compounds including zeolites, other minerals, and glasses.

Figures 1-3 show the application of the statistical The application of a model initially developed for inves-
thermodynamic model developed in the previous section of tigation of ordering behavior in SIC—H alloys to the very
this paper to the experimentii MAS NMR daté for Na, different qhem_istry of an a[uminosilicate geopolymer is
K, and mixed Na-K metakaolin-based geopolymers, re- therefore justified, and p_rowdes a means o_f studylng_ the
spectively. Appropriate values & were found to be 40 balancg between enthalpic and entropic considerations in the
kJ/mol for Na geopolymers and 30 kJ/mol for K geopoly- formation of geopolymers. If the energy penalty was
mers, comparable to the values given in Table 2. Taking an infinitely high, enthalpy would dominate the Gibbs energy
arithmetic mean of the values for pure Na and K systems minimization, and full ordering would occur. For a zero
givesQ = 35 kJ/mol for the mixed Na/K system. energy penalty, entropic effects would dominate, and a

From these graphs, it may be seen that the proposed modeiandom cation distribution would be produced. The finite
is generally applicable to description of the Si/Al ordering Values of€2 found to apply in geopolymeric materials show
behavior of geopolymers. Next-nearest-neighbor interactionsthat the actual situation falls between these two extremes.
have been estimated, as discussed previously, to be ap- The effect of variations in the energy penalty parameter
proximately 20% of the magnitude of the nearest-neighbor on the calculated distribution of tetrahedral sites at different
interactions upon which this model is exclusively ba¥ed. compositions is depicted in Figures 4 and 5. For a composi-
Therefore, the fact that this simplified model matches all tion of x = 0.500, the effect of variations in the energy
trends in the experimental data across a wide range ofpenalty may be seen from Figure 4 to decrease significantly
geopolymer compositions for two different charge-balancing as the energy penalty increases. The energy penalties used
cations and also for mixed-cation systems with the use of in this model may be seen to fall in the region just below
only two empirically determined parametetsne for each where changes in energy penalty have negligible effect on
charge-balancing catiefis highly noteworthy. The factthat  speciation at this concentration. However, Figure 5 shows
these parameters are found to fall in exactly the same rangethat the effect of changin€ at higher silica content is much
(30—40 kJ/mol) as the majority of the experimental and lower. This matches the observed trend in the experimental
calculated energy penalty parameter values obtained fromdata where, as was noted previouslthe effect of the
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different charge-balancing cations decreases with increasingaluminum-rich when compared to the superficial composition
silica content. However, the primary consequence of this of the system. This means that the valuex ofsed to plot
decrease in sensitivity is that the model predictions are only Figures -3 may be slightly higher than the actual binder
significantly affected by the choice & at the lower-silica composition, with increasing error at lower silica content.
compositions, and so it is these data that are most useful inThis is not shown as horizontal error bars on these graphs
the estimation of the value & for each different charge- due to the difficulties in quantifying both the degree of
balancing cation. Therefore, the values@fused in this unreacted material present and also the degree to which its
model for the Na and mixed Na/K geopolymers, 40 and 35 aluminum content is depleted. However, to illustrate this
kJ/mol, respectively, should generally be considered accuratepoint, if it is estimated that 10% of the metakaolin remains
only to within approximately+5 kJ/mol. The value used unreacted but aluminum-depletedxe= 0.600 in a sample
for the K geopolymers, 30 kd/mol, may be considered to be of superficial compositiorx = 0.535, subtraction of the
more accurate as it falls within the region in which the unreacted material gives an actual binder compositiog.ef
speciation is still significantly sensitive @, and therefore = 0.528. This corresponds to only 3% additional Al
is estimated to be accurate to withit? kJ/mol. dissolution above that which would be observed if dissolution
A probable source of some error in the application of this were congruent, in a sample that is 90% reacted. Applying
model to geopolymers is the presence of unreacted metakathis estimated sample composition correction to all data,
olin in the samples. All previously published microscopic Figures 6-8 are obtained.
and/or spectroscopic studies of geopolymers have shown a From Figures 68 it may be observed that the effect of
significant but largely unquantifiable degree of unreacted raw the sample composition correction on the fit of the model to
material within the binder phase, particularly when low levels the data for the samples with little or no added soluble silicate
of soluble silica are present in the activating solufidin is significant, with accuracy of the model predictions
this case, using metakaolin as a solid aluminosilicate source,improved dramatically. It must be noted that this correction
the presence of unreacted raw material is likely to be js simply an estimate of the degree of unreacted material
evidenced by increased levels of(@QAl) silicon centers, with  and the degree to which its aluminum content is depleted.
three bonds to other silicon centers within the silica layers The isolation and analysis of unreacted metakaolin from
of the metakaolin structure, and a single bond to a tetrahedralwithin geopolymeric materials has to date proved impossible,
aluminum center in the neighboring aluminate la¥fefhis although work in developing methods of quantifying the
is observed in each of Figures—B, where all sets of degree of reaction in geopolymeric materials is ong&g.
experimental data display the presence of thd &) species  However, the remarkable improvements in the fit of the
at x = 0.535 while the model predicts that it will be model through the application of such a simple correction
negligible. However, the fact that in each case the observedjustify its use in this instance.
abundance of @1Al) equals or exceeds that of*QAl) The other possible source of error in the application of
shows that this is genuinely due to the presence of unreacteqpis model to geopolymerization could be the next-nearest-
metakaolin rather than a deficiency in the model. neighbor (Dempsey’s rule) effects mentioned previously. At
The presence of unreacted metakaolin in the low-silica tne higher silica contents, the model slightly underestimates
samples may also be used to account for the significantihe |evel of G(2Al) present, while overestimating*(@Al).
underestimation by the model of thé(@Al) content of the  Exact quantification of the @0AI) peak in the deconvolution
Na and Na/K geopolymers at low silica content. It has been procedure was not always straightforward, as this peak is
observed that the initial stage of dissolution of many often very small and hence difficult to distinguish from the
aluminosilicate minerals and clays in alkaline solution background level of the spectra, so no great significance
displays preferential release of aluminum above that which should be drawn from the difficulties in model fitting to this
would be expected from the mineral stoichiometry, leading peak. In the moderate silica content region, the level of
to silica-rich undissolved materiat.%° A previous study Q%(3A) is slightly overestimated at the expense of both
investigating a wide range of aluminosilicate minerals to Q42Al) and Q(4Al).
evaluate their suitability for use as raw materials in geo- Dempsey’s rulé predicts that A-O—Si—O—Al bonds

polymerizatio* a_lso four_1d that the partial dissplution of will be relatively unfavorable. However, while this appears
m_ost of thes_e minerals in highly a”‘a"F‘e solutions left a to be true in the high-silica region, the observed behavior in
slightly alumlnqm—depleted remnant solid phase. , the moderate-silica region appears to run contrary to this

Therefore, it is reasonable to expect that the portion of a principle. In this region, the formation of4(BAI) is expected

geopolymeric binder formed by reprecipitation of the dis- , 1o tayorable but in fact appears from experimental data
solved components of the initial metakaolin will be slightly 1, e ynfavorable relative to model predictions. This suggests
: that there are energetic and/or electrostatic effects competing

Eggg kAe;éKVghz'?'e,Wk.; ‘J’f"r[‘)_'?fg‘gcvtﬁf'lf'\/f'ﬁ?%ﬁgﬂﬁ?&éé_gﬁ%gmen‘ with Dempsey’s rule in these systems, possibly with regard

M. E. J. Am. Ceram. Sod.985 68, 293. to the distribution of charge-balancing cations. As the

(57) %%Zeéss' orhs Sehott, J.; Devidal, J. Geochim. Cosmochim. Acta stoichiometry of a geopolymeric material is such that there

(58) Walther, J. VAm. J. Sci1996 296, 693. is one charge-balancing cation for every negatively charged
(59) Bﬁuler, A V_eldef, B.; Be_rgerl,kG\ppl. Geochﬁrnl998 13, ?‘_19- tetrahedral aluminum site, the moderate-silica samples will
(60) ;&1392753%53? ufaud, F.; Oelkers, E. Beochim. Cosmochim. Acta 554 contain significantly more alkali cations than those with

(61) Xu, H.; van Deventer, J. S. lht. J. Miner. Proc.200Q 59, 247. the highest silica content. These samples with high cation
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Figure 6. Comparison of model predictions to experimental data with composition corrected for the presence of 10% unreacted, alumina-depleted metakaolin.
Na geopolymersQ2 = 40 kJ/mol. Lines represent model predictions and points are experimental data.
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Figure 8. Comparison of model predictions to experimental data with composition corrected for the presence of 10% unreacted, alumina-depleted metakaolin.
Mixed Na/K geopolymersQ = 35 kJ/mol. Lines represent model predictions and points are experimental data.

density are expected to show deviation from Dempsey’s rule reactions will be required to determine the validity or
behavior, as the positive charges localized on the cationsotherwise of Dempsey’s rule in these systems.
allow negatively charged aluminum sites to be located more  petermination of the degree of AD—AI avoidance in
closely than would be favorable in the absence of the Cations-geopolymers may prove to be important in the analysis of
Some ab initio calculations on aluminosilicate chemistry \5riations in durability and chemical resistance of these
under geopolymerization conditions have previously been materials. It has been noted previously that high-alumina
carried out, focused primarily on characterization of mineral ,¢qjites become structurally weakened by certain cation-
dissolution reaction¥,°*but significant further work apply-  exchange processes, a fact which has been attributed on the
ing these techniques to the rearrangement and reprecipitationy;omic scale to breakage of the relatively unstable @4
Al bonds® If this is also the case in geopolymeric structures,

ggg §3 E‘f; s E,;eg’fggfg;f'jlsé.mj"r?%‘ﬁszcai’e”gz.??(észﬁziaémt 3. any attempts to maximize durability of these materials or to

Quantum Chenm2004 96, 365. tailor chemical resistance to particular environments must
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take into account the degree of-AD—AIl bonding present. energy minimization based on the energy penalty incurred
By controlling this through manipulation of composition, when exchanging two SiO—Al linkages for S-O—Si and
charge-balancing cations, and synthesis temperature, geopolyAl —O—Al linkages. This energy penalty is treated as a model
mers optimized for desired applications may be produced. parameter, but comparison of the values taken by this
The results of this investigation suggest that Na geopolymersparameter in the implementation of the model to literature
will inherently have a lesser extent of AD—AI formation data for systems containing different charge-balancing cations
than K geopolymers at low silica content, and may therefore shows that the calculated parameter values are physically
provide greater durability or chemical resistance in this realistic and meaningful. The model uses this energy penalty
composition range. Also, lower synthesis temperatures givein calculating the concentrations of-8D—Si, Si—O—Al,

a lesser extent of AHO—Al formation, and should therefore  and Al-O—Al bonds in the system to minimize the Gibbs
be considered if such properties are desired. These suggesenergy. The random distribution of these bonds among
tions are yet to be tested experimentally, and the effects oftetrahedra then provides a binomial-type expression for
variation in the degree of reaction across different cations calculation of tetrahedron speciation for compariso®’8

and temperatures may be found to swamp the effects of MAS NMR data. Because knowledge of network topology
Al—0O—Al bond instability. However, considering the sig- is not required for implementation of this model, application
nificant interest in the use of geopolymers as durable, to other amorphous aluminosilicate materials will also be
chemically resistant binders in high-risk applications includ- possible.

ing immobilization of toxic and/or radioactive wast&§such Possible sources of error in the model are next-nearest-
effects must be taken into consideration. neighbor interactions and the presence of unreacted meta-

The different energy pena|ty parameters for sodium and kaolin. |mp|ementati0n of a Simple correction to account for
potassium Charge-ba|ancing cations in geop0|ymer5 may a|sdhe extent of reaction Significantly improves the fit of the
be correlated with the observed differences in the behavior model to the experimental data at low silica content. Next-
of these cations in geopolymerization. It has previously been Nearest-neighbor interactions cannot be explicitly accounted
both observe® and calculate? that Na affects the geopo-  for without knowledge of the network topology of geopoly-
lymerization process by accelerating the initial dissolution mMers, which to date has proven somewhat elusive due to
rate, while K" has been observed to accelerate the polycon-the X-ray amorphous nature of these materials. These
densation reactions involved in settiffgf’ A greater extent interactions are believed to be significant in determining Si/
of crystallinity is also observed in Na-containing systems Al ordering in relatively higher-silica geopolymeric materials,
than in the presence of ®.The trend inQ across the two ~ but are complicated by the presence of varying degrees of
cations may be used to explain these observations. Na-charge-balancing cations associated with the negatively
containing systems, with a higher dissolution rate and slower charged tetrahedral aluminum centers.
setting, will have more time and freedom to find a minimum- ~ The trends in the energy penalty parameter across different
energy state, and so will be more highly ordered, more charge-balancing cations and mixtures of cations may be
Crysta”ine, and d|sp|ay a greater effective energy pena]ty correlated with the observed differences in the behavior of
for bond disordering_ K-Containing systems, on the other these cations in geopolymerization. Behavior that has pI'EVi-
hand, will not have the same freedom to rearrange into lower- Ously been noted, but never explicitly explained from a
energy states due to the faster polycondensation and thereforéindamental level, has been reevaluated and an energetic
increased presence and stability of larger silicate and basis for observed macroscopic behavior has been proposed.

aluminosilicate species, and so will display less crystallinity

and a lower energy penalty corresponding to the greater

influence of entropic effects.

Conclusion

A statistical thermodynamic model for the investigation
of Si/Al ordering within metakaolin-based geopolymers has
been presented, and applied ¥8i MAS NMR data to the
prediction of silicate speciation within the geopolymeric
network structure. Without knowledge of network topology
it is only possible to include nearest-neighbor interactions
explicitly into the model, and so the model applies Gibbs
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Appendix A. Calculation of the Entropy of Mixing

Equation Al reproduces eq 7, an expression for the entropy
of mixing in terms of the system composition and number
of each type of bonds present:

_ N(SH! Y4 NAD |4
M= kBln((NSi,Si! NSi,AI!) (NAI,AI !NSi,AI!) ) (A1)

Simplifying:

N(Si)!N(A)! )
NSi,Si! NAI,AI !(NSi,AI !)2
Equation A3 is Stirling’s approximation for factorials of

large argument (Abramowitz and Stegun, Handbook of
Mathematical Functions, 1964):

Sv= 4|<B|n( (A2)
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N! ~ v272Ne "\NN (A3) Appendix B. Minimization of Gibbs Free Energy

Applying this approximation to the factorials in eq A2 Combining egs 3, 8, and 9 gives eq B1, a detailed

gives eq Ad. expression for the Gibbs energy of the system:
N(Si)N(AI
S (SN(A
Ns; sNaj.ai Ns. Al = N(Si) [HO(S'O4/2) += o(MA|O4/2) -

Ns; sit2Ns;a1+Naj a1 —N(Si)—N(Al) N(Si)N(Si)N(ADN(Al) ) 2ns|,s|E(S' O- S') 4ns|,A|E(S'_O_A|) -
2Nsjal

e 3
Nsisi Nai, .
Ny s> Nay N o 2 E(AI -0~ |~ 4TIGN(S)

(Ad) Ng; siN(Ng; ) +

<o

o - o N 1N )+ 2N A IN(Ne )+1;X|n(
In the application of Stirling’s approximation, it is assumed ALAITATALA SLATATSLA x o\l

that the number of atoms in the system is very large.
Therefore, the square root term in eq A4 is negligible in
magnitude compared to the terms of the foxt and the Differentiating with respect tmg;s; then yields eq B2:
exponential term may be seen by comparison with the mole
balances of eqs 11 and 12 to evaluate to unity. Dlscardlng

these terms and simplifying gives eq A5. an = N(Si) ’—ZE(S| 0-Si)— ?9 Si, AIE(SI O-Al) —
Si,Si Sl Si
Su = Ak {N(SHIN(N(Si)) + N(ADIN(N(AD) — a NaLAl
Ng; siN(Ns; s) — NagailN(Naj 1) = 2Ng; aIN(Ng; )} (AS) 8 Ng;, S,E(AI o~ AI)] — 4TINS [In(nsl s) 1+
on, AI Al AI Al an Sl Al

an
. Expressing eq AS in terms of normali;ed bond concentra- - ——In(nya) + g + 2 g
tions n ;3 = N; /N(Si) andx = N(Si)/Nwta Yields eq A6: Si.Si SiSi Nsi,si

In(Ng; ) + P Msi
8 SI Si

(B2)
S, = 4kN(Si) Xln(l —XN(Si ) -
nSi,SiIn(N(Si)nSi,SD - nAI,AIm(N(Si)nAI,AI) - Using the relationshipénALA./anSi,Si =1 andanSi,N/anSi,Si
2ng; AIN(N(SiNg )| (A6) = — 1 as well as the definition o2 in eq 2 yields eq B3.
1, I,
Collecting terms: Gy . .
. g, = —2QN(Si) — 4TksN(Si) [In(ng; ) + IN(Npy ) —
Su= 4kBN(SI){ ~ Nsisi — Najal — 2In(ng, )] (B3)
. 1—-x (1—X
2ng; o |IN(N(SI)) + In( X ) — Ngisin(Ng; s) —
MagalIN(Na A1) — ZnSi,AIIn(nSi,AI)} (A7) SettingdGw/ans,si = 0 and rearranging:
The term inside the square brackets may be seen from e o o
egs 11 and 12 to be zero. Rearranging and taking a negative In( S"Sz' A"A') = T (B4)
sign outside the curly braces then gives eq A8, which is Nsi Al Ks
identical to eq 8.
Su = —4kgN(Si) |ng; sIn(Ng; ) + Nay NN o) + This is then readily rearranged to give eq 10.

2ng; aIN(Ng; ) + 1%("‘(1 i X)] (A8)

CM0502109I



