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a b s t r a c t

The uptake of methanol, ethanol, formaldehyde, acetaldehyde, formic acid and acetic acid by cement
paste was determined in hydrating cement after 1 h, 28 d and 390 d hydration. The sorption values
determined for formate and acetate were critically assessed by investigating through- and out-diffusion
of these compounds in fully hydrated cement paste and their uptake by individual cement phases.
Diffusion studies included inverse modelling of four data sets for each compound and an uncertainty
analysis based on a Latin hypercube sampling procedure. Solideliquid distribution ratios determined
from the hydration experiments are on the order of 10�4 m3 kg�1 in the case of alcohols and aldehydes
indicating non-specific (very weak) bonding onto the surface of the cement phases, e.g. through
hydrogen bonding. Hydration and diffusion studies reveal slightly higher distribution ratios and
reversible uptake by cement paste and cement phases in the case of acetate indicating specific adsorption
(electrostatic interaction) onto partially positively charged surface sites of the cement phases. Selective
binding of a small fraction of formate is evidenced from both sorption and out-diffusion experiments
suggesting the presence of sorption sites capable of strongly bonding the anion, presumably by SO4

2�/
HCOO� replacement in the ettringite structure.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon-14 is a radionuclide of particular interest in nuclear power
production and a key radionuclide inperformance assessment (PA) of
deep geological repositories for radioactive waste (e.g. Nagra, 2002;
Yim and Caron, 2006; Johnson and Schwyn, 2008; Nuclear
Decommissioning Authority, 2012). The half-life of 14C (a beta
emitter) is sufficiently long (5730 y) for its release to be of relevance
after repositoryclosureand itsbehaviour in the repositorysystemisof
specific concern for several reasons: i) The release of 14C from the
disposal facility may occur as dissolved or gaseous species, ii) The
mobility of the 14C containing organic compounds is expected to be
very high due to weak interaction with the minerals of the host rock
under near-neutral conditions, and iii) 14C can be taken up by biota
aftermixing into the cycle of stable 12C and 13C. The importance of 14C
in the safety case further arises fromspecific assumptions thathave to
be made in connection with PA due to the currently very limited in-
formation available on the 14C speciation, the fate and retention of 14C
in the multi-barrier system and the rate of release into the host rock

(Johnson and Schwyn, 2008). For example, it is presently assumed
that 14C containing organic compounds are only weakly retarded by
the cementitious near field of a repository for low- and intermediate
level waste (L/ILW) or, conservatively, even no retardation has been
considered (Nagra, 2002).

The main sources of 14C in radioactive waste from light water
reactors (LWR) in operation in Switzerland are activated metallic
nuclear fuel components, reactor core structures components,
spent filters and ion exchange resins used in the LWRs for the
removal of radioactive contaminants in reactor coolant. In LWRs,
14C is the product of mainly nitrogen-14 activation (14N(n,p)14C),
which occurs by exposing N2 containing metals to thermal
neutron flux (Yim and Caron, 2006). Compilations of the activity
inventories reveal that, in the already existing and future arising
of radioactive waste in Switzerland, the 14C inventory is mainly
associated with activated steel while the contribution from spent
ion exchange resins and filters, Zircaloy and waste forms from
medicine, industry and research to the 14C inventory are minor
(Nagra, 2014). Note that spent fuel and high-level waste are
foreseen to be disposed of in a separate repository in
Switzerland.* Corresponding author.
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Carbon-14 can be released in a variety of organic and inorganic
chemical formsdependingon thenatureof thewastematerial and the
chemical conditions in the near field. 14C will decay within a disposal

facility if the 14C bearing compounds are retained by interactionwith
the materials of the engineered barrier. 14C in the chemical form of
dissolved carbonate or bicarbonate is strongly immobilized in

List of symbols

A Hessian matrix
Aads activity (or concentration) of the adsorbed species,

Bq L�1

Aaq activity (or concentration) of the corresponding
species in solution, Bq L�1

Ares activity of solution entrapped in the solid after
centrifugation, Bq L�1

A0 initial activity (A0 ¼ Aads þ Aaq), Bq
C amount of tracer per unit volume of liquid (tracer

concentration in the mobile phase), mol m�3

C covariance matrix
C0 tracer concentration in the upstream reservoir (at

x ¼ 0 m), mol m�3

CL tracer concentration in the downstream reservoir (at
x ¼ L m), mol m�3

D diffusion coefficient (rank-2 tensor), m2 s�1

De effective diffusion coefficient (De ¼ ε Dp), m2 s�1

Dp pore diffusion coefficient, m2 s�1

f any function, e
h sample height, m
F diffusion relevant cross-sectional area of the sample

and filters, m2

j tracer flux; amount of tracer migrated per unit
interface area and unit time, mol m�2 s�1

jL tracer flux at x ¼ L (at the downstream boundary),
mol m�2 s�1

j0 tracer flux at x ¼ 0 (at the upstream boundary),
mol m�2 s�1

K hydraulic conductivity, m s�1

Kd Kd ¼ dS/dC (for linear sorption isotherms: Kd ¼ S/C,
sorption distribution coefficient), m3 kg�1

L total sample thickness, m
m mass of the sorbent, kg
mc amount of tracer being present in the cement paste

either in solution or sorbed, mol
mL amount of tracer released from the cementitious

sample to the downstream reservoir, mol
m0 amount of tracer at t ¼ 0, mol
n number of fit parameters, e
N number of measurements, e
p! parameter vector
PG Gaussian probability density, e
r! location vector, m
R sink/source term in the transport equation,

mol m�3 s�1

Rd sorption distribution ratio (Rd ¼ S/C), m3 kg�1

s2 variance of a fit
S amount of tracer sorbed per unit mass of solid phase,

mol kg�1

T temperature, K
t time s
V volume of the solution; Volume of the primary or

secondary reservoirs, m3

V0 volume of the spiked solution in the reservoir, m3

x spatial co-ordinate, m

y measured data
a rock capacity factor, e
c2 chi-square merit function, e
v partial derivative, e
D small increment, e
v U boundary element of, U m2

ε diffusion accessible porosity, e
n degree of freedom of a fit, e
V nabla operator; partial derivative operator, m�1

U transport domain, m3

r solid phase density (mass of solid phase per unit
volume of solid phase), kg m�3

si individual standard deviation for, e.g., the tracer flux
down-stream at t ¼ ti, mol m�2 s�1

sp standard deviation of the parameter, p

s2 weighted average of the individual variances of the
measurements

List of abbreviations

ACW artificial cement pore water
AFm alumina, ferric oxide, mono-sulfate (phase)
AFm-SO4 calcium monosulfoaluminate
AFmeOHeCO3 calcium hemicarboaluminate
AFm-CO3calcium monocarboaluminate
AFt alumina, ferric oxide, tri-sulfate (phase)
AFt-SO4 ettringite
CANDU Canada deuterium uranium (reactor)
C/S calcium to silicate ratio
CeSeH calciumesilicate hydrate
CeSeH-0.8 calciumesilicate hydrate with C/S ¼ 0.8
CeSeH-1.65 calciumesilicate hydrate with C/S ¼ 1.65
C3A tricalcium aluminate
DOC dissolved organic carbon
HCP hardened cement paste
HTS Haute teneur en silice
ICP-OES inductively coupled plasma-optical emission

spectroscopy
IR infrared
LHS Latin hypercube sampling
L/ILW low- and intermediate-level radioactive waste
LMW low molecular weight
LSC liquid scintillation counting
LWR light water reactor
n.d. not determined
NPOC non-purgeable organic carbon
OPC ordinary Portland cement
PA performance assessment
PMMA poly-methyl-methacrylate
REV representative elementary volume
SI supporting information
S/L solid to liquid ratio
SRPC sulphate-resisting ordinary Portland cement
TOC total organic carbon
UV Ultraviolet
XRD X-ray diffraction;
w/c water to cement ratio
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