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Ni phases formed in cement and cement equivalent to the chemical composition of a solution in equilibrium

t der hiahl Ikali diti . with freshly prepared pulverized hardened cement paste. Under these
systems under highly alkalineé conditions.: conditions, the pore water is a (Na,K)OH rich fluid saturated with

an XAFS study respect to portlandite (pH = 13.3). Details on solid characterization
; . - . a and preparation of ACW are described elsewhere (Wietdnal,

André M. Scheidegger, * Erich Wieland, 1998, Titset al, 2000).

Andreas C. Scheinost, ° Rainer Dahn, * Jan Tits * XAFS spectra were collected at beamline X-11A (NSLS,

and Peter Spieler ° Brookhaven National Laboratory, Upton, NY) using a Si(111)

crystal monochromator. Fluorescence spectra were measured at room
temperature using a solid-state detector (13-element detector,

*Waste Management Laboratory, Paul Scherrer Institute, 5232 Canberra). The measurements were recorded,imtMosphere to

Y’//’Qe”v Switzerland. ' , prevent CQ contamination. Further details on the experimental set-
Institute for Terrestrial Ecology, Swiss Federal Institute of up and data collection are described elsewhere (Scheideggér
Technology (ETHZ), 8952 Schlieren, Switzerland. 1997; Scheideggeret al, 1998). XAFS data reduction was
Andre.Scheidegger@psi.ch performed using WIinXAS 97 1.3 software package following

standard procedures (Ressler, 1998). Multishell fits were performed

X-ray absorption fine structure (XAFS) spectroscopy was applied t8) real_lspace across the range of th_el first two shAks=(3.2 -
assess the solubility-limiting phase of Ni in cement and cemerki2.0 A" (cement sample: 3.2 - 10.0"A AR = 0. 5 to 4 A).
minerals. The study reveals the formation Ni and Al Comainind’heoretlcal scattering paths for the fit were calculated with FEFF 8.0
hydrotalcite-like layered double hydroxides (Ni-Al LDHs) when (Rehr et al, 1991), using the structures @-Ni(OH), and
cement material (a complex mixture of CaO, Sid,0,, FeO;and  hydrotalcite (Bellottoet al, 1996). The amplitude reduction factor,
SOy) was treated with Ni in artificial cement pore water under highlyS’, was fixed at 0.85 (O'Dagt al, 1994). The R.o and Rini
alkaline conditions (pH = 13.3). This finding indicates that Ni-Al values are estimated to be accurate to +0.02 A pydvalues and
LDHs and not Ni-hydroxides determine the solubility of Ni inthe CNyio and CNyy; values are estimated to be accurate to +20%

cement materials. (Scheideggeret al, 1998). Reference compounds used wgre
Ni(OH),, a-Ni(OH),, Ni-phyllosilicate, and Ni-Al LDH phases
Keywords: cement, Ni, layered double hydroxides, XAFS (takovite (NBAI,(OH)1sCO3H,0), a natural mineral and a synthetic

Ni-Al LDH phase with an overall Ni:Al ratio of 1.3). Since for
crystal chemical reasons the Ni:Al ratio in Ni-Al LDHs can not be
lower than 2:1 (Bish and Brindley, 1977), it must be assumed that
Cementitious materials are commonly used worldwide irihe synthetic phase contained impurities such as amorphous Al-
immobilization strategies for the disposal of hazardous anthydr)oxides. Synthesis and characterization of the reference
radioactive waste (Glasser, 1993; Gougaral, 1996). For the compounds are described elsewhere (Scheai@dt 1999a).

uptake of Ni by blended cement several uptake modes have been

discussed (Atkingt al, 1994): the formation of a 4:1 Ca:Ni phase

(which is thought to replace Ni(Okas the solubility-limiting phase ) .

in cement systems), the presence of a poorly crystallized Nj(OHf- Results and Discussions

gel and the formation of a Ni and Al containing hydrotalcite-likeFig. 1 shows the normalized, background subtracted anetighted
layered double hydroxide (Ni-Al LDH). Recent XAFS studies haveNi-XAFS spectra. The figure reveals that tfig(k) spectra of the Ni
shown that the formation of Ni-Al LDHs can immobilize Ni and treated cement and gibbsite samples are similar to the spectra of
other heavy metal ions under neutral and slightly alkaline conditiongkovite and the synthetic mixed Ni-Al LDH phase (syn. Ni-Al

in laboratory systems containing Al(hydr)oxides or clay minerals pH), suggesting a similar structural environment. It has been
(Scheideggeet al, 1997; Towle et akt al, 1997, Scheideggest  demonstrated that a distinctive beat pattern between 8.0 and'8.5 A
al., 1998; Scheinosit al, 1999a; Thompsoet al; 1999; Scheinost n the Ky(k) spectrum can be used as a fingerprint to unequivocally
et al, 2000). In the present study we used XAFS to investigate thgentify the presence of Ni-Al LDHs (Scheinost al, 2000).
nature of the Ni phases formed with cement and cement constituelfgieed, Fig. 1 reveals the presence of this distinctive beat pattern at
under the conditions relevant to cement systems (pH = 13.3). about 8 A' in the Ni cement sample (see dashed lines in Fig. 1).
Moreover, the beat pattern at about & & similar to the beat
pattern in the spectra of Ni-gibbsite, takovite and the synthetic Ni-Al
LDH phase. While for Ni-Al LDHs the oscillation at about § fs
truncated, other reference compounds and Ni treated cement
constituents  and B-Ni(OH),, Ni-phyllosilicate, Ni/csh, and

The solids used in this study were quartz, calcium silicate hydrafdi/quartz) show an elongated upward oscillation ending in a sharp
(csh), portlandite (Ca(OHl)) gibbsite (AI(OH})) and the size fraction tip at=8.5 A™. Full multiple scattering simulations and experimental
<70 um of a commercial Portland cement (trade name CPA 55 HTSpectra of model compounds indicate that the beat pattern is due to
Lafarge, France). The composition of the cement material was 66te combination of focused multiple scattering of Ni and Al
wt.% CaO, 23.8 wt.% Si(2.7 wt.% AlO,, 2.8 wt.% FgO, and 1.8  (Scheinostet al, 2000). Thus, the presence of this feature in the
Wt.% SQas the main chemical compounds. Ni sorption experimenté’X(k) spectrum clearly demonstrates that a Ni-Al LDH phase has
were carried out by adding aliquots of a 0.1 M Ni solutionbeen formed in Ni doped cement sample.

(Ni(NO3),6H,0) Ni to an artificial cement pore water (ACW,

solid/liquid: 2.5 1¢ kg LY. The samples were shaken end-over-end

in a glove box under aJ\atmosphere (CO< 5 ppm, @ < 5 ppm)

for 150 days and then centrifuged. The composition of ACW was

1. Introduction

2. Materials and Methods

2.1 Solids
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Figure 1

constructive interference of Si in the tetrahedral sheets at a distance

: Nicement between 3.2-3.3 A resulting in an enhancement of the overall
ngmbm amplitude (Charlet & Manceau, 1994; Manceaual., 1999). In
W\/”\\/\W\N rakovite spite of the experimental error, it is possible (but not conclusive) that
WWW\WMSV”- Ni-Al LDH in the Ni/csh and Ni/quartz samples the (GN)'s (6.4 and 6.3) are

N\/\AMM o-Ni hydroxide
W\WWWB»Nihydmxide
W\W\/WW/\/ Ni/portlandite

Ni/quartz
Ni/csh

Ni-phyllosilicate

k(A%

also slightly enhanced due to at least partly the neoformation of a
Ni-phyllosilicate phase in the reaction system. This explanation
would agree with recent XAFS findings that the uptake of Co and Zn
onto quartz and clay surfaces at neutral and slightly alkaline pH
conditions can result in the neoformation of Co- and Zn-
phyllosilicate phases (Manceat al, 1999; Schlegeét al, 2001).

In the synthesized Ni-Al LDH sample, however, the number of
second shell neighbor atoms obtained is clearly reduceg(GN-

2.8). In Ni-Al LDHs Al is partially substituted by Ni resulting in a
significant destructive interference between the Ni and the Al XAFS
contribution and in an amplitude cancellation between the Ni and Al
shells. The same characteristic is observed fog.GNn takovite

k*-weighted, normalized, background-subtracted XAFS spectra of Ni treateNniniy = 3.1) as well as for Ghli's in the Ni treated cement and

cement, Ni treated gibbsite, takovite, a synthetic Ni-Al LDH\i(OH)2, B- gibbsite samples (CN.ny = 2.7-3.2). For this reason, the GN's
Ni(OH)2, Ni treated portlandite, Ni treated quartz, Ni treated CSH and @letermined by data analysis further support our finding that a Ni-Al
synthetic Ni-phyllosilicate. The vertical dashed lines localize the region of DH phase is formed in the cement sample. In Fig. 2 the Fourier
the distinctive beat pattern at ~8 &haracteristic for Ni-Al LDH phases. transforms of the qX(k) spectra are shown in comparison with the
fit. The figure illustrates the findings discussed above. In Ni-Al LDH

. phases the amplitude of the second shell peak is clearly reduced (due
1 to the destructive interference between the Ni and the Al XAFS
_M contribution) compared to andp-Ni(OH),.

Ni/gibbsite Table 1
........ Structural Information Derived from XAFS Analysis
8 takovite
S Ni-O Ni-Ni
=
c
S CN R Ac® | N Ryn 20 | 8B Xiesw
~ Al A% A AT A
10° 10°
£
..g B-Ni hydroxide 59 206 53| 58 313 53] 02 6.9
@ a-Ni hydroxide 58 204 49| 55 3.09 58| 36 9.3
= Ni phyllosilicate 5.8 2.06 3.8] 6.7 3.08 2.8 3.9 10.9
syn. Ni-Al LDH 60 205 46| 28 306 42| 41 9.2
takovite 5.3 2.05 35 3.1 3.06 5.4 1.4 10.5
Ni/cement 5.9 2.05 4.4 2.7 3.09 4.7 0.8 4.7
Nilcsh 5.7 2.06 64| 64 310 65| 02 7.2
Ni/quartz 6.0 2.05 67] 63 310 6.1 1.2 8.4
R (A) ’
Ni/portlandite 6.0 2.06 59] 51 313 60| 04 10.0
) Ni/gibbsite 6.6 204 59| 32 3.06 6.1 0.1 18.4
Figure 2

Fourier transforms (uncorrected for phase shift) of ﬂX‘ékk spectra shown CN, R, Ad%, AE, stand for the coordination numbers, interatomic distances, Debye-

in Fig.1. The solid line represents the experimental data and the dashed Iif{gi‘zrdf?)‘;t:’ar;;g%m%';i‘t’ttii;“a' corrections
the fit. ) )

X%esss Deviation between experimental data and fit given by the relative residual in

) ) ) percent. N represents the number of data points, apdnd Yhe, the experimental and
The structural parameters derived from multishell XAFS analysis areeoretical data points, respectively.

summarized in Tab. 1. The table reveals that in the first coordinatio T —
shell Ni is surrounded by ~6 oxygen atoms at 2.04-2.06 A. Thi%Res ==————.1
behavior indicates that Ni(ll) is coordinated in an octahedra 20
environment. For all samples fitting of the second radial structure. = ) . .
function (RSF) peak was performed by using Ni alone Sincé\lll—Nl.dlstances in the sorption samples are 3.06 A for the Ni treated
discrimination of Ni-Ni and Ni-Si/Al backscattering in Ni-Al LDH 9ibbsite sample, 3.09 A for the Ni treated cement sample, 3.10 A for
and Ni phyllosilicate phases is problematic (Manceau & Caladhe N|_/quartz and Ni/csh samples,_ an_d 3.13Afor_Nl_/portIandlte. The
1985; Manceau & Calas, 1986; Toveleal, 1997; Thompsoet al, Ia_st _dls_tance agrees WeI_I with Ni-Ni dl_stancesBHh\h(OH)z. The
1999; Scheinostt al, 2000). Tab. 1 shows that, as expected, the NilNi-Ni distances in the Ni/quartz and Ni/csh samples appear to be
Ni coordination number (Ci.xy) in B-Ni(OH), is close to 6. In Ni- ~ Slightly longer than the Ni-Ni distances io-Ni(OH), and
phyllosilicates, however, the Gi\y is greater than 6 due to the Ni-phyllosilicates (3.06-3.08 A; Mellini, 1982; Scheinost al,
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2000). Furthermore, anyRy of 3.09 A for the cement sample seems  Interface ScR20, 181-197.

to be on the longer side for Ni-Al LDHs (3.03-3.07 A; ScheideggeMellini, C. (1982).Am. Mineral 67, 587-598.

et al, 1998; Malherbet al, 1999; Thompsoet al; 1999). O'Day, P. A, Rehr, J. J., Zabinsky, S. I. & Brown, Jr. G. E.(1924Am.
We suspect that the longer Ni-Ni distances observed in the Chem. Socll6, 2938-2949.

Ni/quartz, Ni/csh and Ni/cement sample are caused by the preseriRehr, J. J., Mustre de Leon, J., Zabinsky, S., & Albers, R. C. (1994jn.
of a fraction of B-Ni(OH),. The formation of at least some Chem.Socll3 5135-5140.

B-Ni(OH), in the samples would not be surprisiBgNi(OH), is the ~ Ressler, T. J. (1998Fynchr. Rads, 118-122. ,
thermodynamically more stable thamNi(OH), and the phase Schéidegger, A. M., Lamble, G. M. & Sparks, D. L. (199F)Colloid
expected to be formed in solution under the highly alkaline reactio Interface Sci186 118-128.

", . . . cheidegger, A. M., Strawn, D. G., Lamble, G. M. & Sparks, D. L. (1998).
conditions. Indeed, Fig. 1 and data analysis suggest that in t €Geochim. Cosmochim. Ach2, 2233-2245.

Ni/portlandite sample8-Ni(OH), and nota-Ni(OH) is formed. To  gcheidegger, A. M., Wieland, E., Scheinost, A. C., Dahn, R. & Spieler, P.
test whether a mineral mixture would be consistent with the (2000).Environ. Sci. TechnoB4, 4545-4548.

observed cement spectrum, we fitted the XAFS spectrum of th&heinost, A. C., Ford, R. G. & Sparks, D. L. (1999&eochim.
Ni-treated cement with linear combinations of various reference cosmochim. Acta3, 3193-3203.

compounds. Best fits were obtained with ~1@4Ni(OH), and  Scheinost, A. C., Schulze, D. G. & Schwertmann, U. (199kays & Clay
~90% Ni-Al LDHs (Ni/cement sample). Still, the results support our Minerals47, 156-164.

hypothesis that Ni is predominately fixed in Ni-Al LDHs. Scheinost, A. C. & Sparks, D. L. (200Q).Colloid Interface Sci223 167-
Further evidence in support of the formation of Ni-Al LDHs in Ni  178.

treated cement and gibbsite samples is provided by diffusgchlegel, M., Manceau, A., Charlet, L., Chateigner, D., Hazemann, J. L.
reflectance spectroscopy (DRS). The band positions of Ni in Ni (2001).Geochim. Cosmochim. Adg3, in review.

treated cement and in Ni treated gibbsite are fully in accord with thEhompson, H. A., Parks, G. A. & Brown, Jr. G. E. (199S)ays & Clay
band positions of various Ni-Al LDH phases. Further details on DRS Minerals47, 425-438.

and the experimental results are presented elsewhere (Schainostts: J-» Wieland, E., Bradbury, M. H. & Dobler, J. P. (2000). ICAM 2000
al., 1999b; Scheidegget al, 2000). Extended Abstract, "6Int. Conf on Applied Mineralogy. Géttingen,
In conclusion, the XAFS study demonstrates that Ni-Al LDH phases G€rmany. In press.

can be formed when cement is treated with Ni under highly aIkaIinEOé"('jI'o Si.lrl:lt; ﬁiiggrc’iljéféfégwn' J. G. E. & Parks, G. A. J. (1997).
conditions (pH = 13.3). Furthermore, the study reveals thaj, 4. "¢ "its"3 " Spieler, P. & Dobler, J. P. (1988, Res. Soc. Symp.
depending on the mineral surface present in the experimental systenbrowoa 573-578.

(csh, quartz, or portlandite) a different Ni phase can be formed. This

work may lead to new approaches for modeling heavy metal binding

in cement and cement systems and may allow better predictions of

the performance of cement-based landfills and nuclear waste

repositories.
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