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The uptake of α-hydroxyisobutyric acid (HIBA), 3-hydroxybutyric acid (HBA) and

glutaric acid (GTA) by hardened cement paste (HCP) in the degradation stage II was

investigated at various ligand concentrations (10−7 M ≤ [L]tot ≤ 0.1 M) and solid-to-

liquid ratios (0.2 g·dm−3 ≤ S:L ≤ 50 g·dm−3). These organic ligands were previously

identified as representative of the main degradation products of UP2W, a

polyacrylonitrile-based material used as filter aid in nuclear power plants, under

repository conditions. Sorption experiments were conducted with inactive (HIBA,

HBA,GTA) and active (14C-labelledGTA) organic ligands. Sorption experiments show

aweakuptakeofHIBA andHBAbyHCP,with distribution coefficients determined as

Rd (HIBA) = (2.2 ± 1.3)·10−3 m3·kg−1 and Rd (HBA) = (1.6 ± 0.8)·10−3 m3·kg−1. A stronger

uptake is observed forGTA, i.e. Rd (GTA)= (1.3±0.5)·10−2 m3·kg−1, likely reflecting the

contribution from the ligand’s second carboxylate group. GTA follows a linear

sorption behaviour within 10−7 M ≤ [GTA]tot ≤ 0.1 M, which was successfully

modelled with a one-site Langmuir isotherm. The adsorption capacity

determined for the uptake of GTA by HCP is slightly higher but in line with the

capacity previously reported for isosaccharinic acid (ISA), whereas the affinity

constant derived for GTA is significantly lower than values reported for stronger

binding sites inHCP for the uptakeof ISA. HIBA andHBAhave aminor impact on the

surface charge of HCP up to [L]tot ≈ 0.1 M. On the contrary, GTA induces a clear

decrease in the surface charge above [GTA]tot ≈ 10−3 M resulting in an isoelectric

point at [GTA]tot ≈ 6·10−2 M. Comparison of sorption data obtained in this work and

reported in the literature for organic ligands containing the functional groups

-COOH and -OH underlines the key role of multiple functionalities as a factor

strengthening the interaction with the HCP surface. The participation of alcohol

groups is particularly strong when present in their deprotonated state. These results

provide information to quantitatively assess the uptake by HCP of organic ligands
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relevant in the context of nuclear waste disposal, and to understand their impact on

the surface properties of cement.

KEYWORDS

sorption, UP2W, polyacrylonitrile, α-hydroxyisobutyric acid, 3-hydroxybutyric acid,
glutaric acid, portland cement

1 Introduction

A large variety of organic materials are disposed in

repositories for low and intermediate level radioactive waste

(L/ILW). One of these materials is UP2W, a polyacrylonitrile-

based polymer (PAN, see Figure 1) used in nuclear power plants

as filter aid in condensate clean-up, which reduces clogging and

thus improves filtration (Dario et al., 2004; Keith-Roach et al.,

2021). Significant amounts of used UP2W are disposed of in SFR,

the repository for short-lived L/ILW in Sweden (Dario et al.,

2004; Duro et al., 2012; Keith-Roach et al., 2014; Keith-Roach

et al., 2021).

Cementitious materials are extensively used in L/ILW

repositories for construction purposes and for the stabilization

and conditioning of the waste. These materials have been

described to strongly sorb radionuclides, primarily metal ions

and cationic species, but also (to lesser extent) anions including

organic ligands (Van Loon et al., 1997; Pointeau et al., 2008;

Wieland, 2014; Ochs et al., 2016; Wieland et al., 2016; Garcia

et al., 2020). Cementitious materials also buffer the porewater

composition at hyperalkaline pH conditions (10 ≤ pH ≤ 13.3)

with Ca concentrations of up to ~0.02M. These specific

chemical boundary conditions strongly affect the solution

chemistry of the radionuclides and inorganic or organic ligands

eventually present in the repository.

The degradation of organic materials under the

hyperalkaline pH conditions defined by cement may result

in the formation of organic ligands able to form stable

complexes with radionuclides, thus affecting the retention of

the latter in the repository. Moreover, these organic ligands can

sorb onto cement, accordingly modifying the surface

properties of this material and potentially alter the affinity

of radionuclides for such surfaces (Pointeau et al., 2006a;

Pointeau et al., 2006b; Pointeau et al., 2008; Barzgar et al.,

2020; Tasi et al., 2021a). The organic compounds glutaric acid

(GTA), α-hydroxyisobutyric acid (HIBA) and 3-

hydroxybutyric acid (HBA) were proposed as possible

degradation products of PAN as main component of UP2W

(see Figure 1) within the Work Package 3 CORI of the EURAD

EU project (CORI-SOTA, 2021), in the context of an on-going

collaboration between Karlsruhe Institute for

Technology—Institute for Nuclear Waste Disposal (KIT-

INE) and the Swedish Nuclear Fuel and Waste Management

Co. (SKB). The definition of these proxy ligands was based on

the characterization of the supernatant solution in degradation

experiments under hyperalkaline conditions by means of

13C-NMR (Tasi et al., 2021b). In view of the original PAN

structure, GTA can be considered as representative of the bulk

chain of the PAN polymer fragments, whereas HIBA and HBA

account for the effect of the end-groups resulting in the

degradation process. This considers the conversion of nitrile

groups to carboxylate groups, as suggested in the literature for

the alkaline hydrolysis of PAN (Ermakov et al., 2000;

Litmanovich and Plate, 2000).

The impact of the UP2Wdegradation products on the solubility

and sorption of radionuclides in cementitious systems has been

previously investigated in a number of experimental studies (Dario

et al., 2004; Holgersson et al., 2011; Duro et al., 2012; Szabo et al.,

2022). However, no information is available so far on the interaction

of these degradation products with hardened cement paste (HCP),

and their possible impact on the surface properties of the latter

material. In this context, this study aims at investigating the uptake

of HIBA, HBA and GTA (as proxy ligands for the degradation

products of UP2W) by HCP. Sorption experiments are conducted

using a combination of inactive (HIBA, HBA, GTA) and radioactive

(14C-labelled GTA) organic ligands. Measurements of the

electrophoretic mobility are performed to gain insight on the

evolution of the surface charge of HCP with increasing ligand

concentration. The results obtained in this work for the uptake

ofHIBA,HBA andGTA are comparedwith the scarce data available

in the literature for other organic ligands containing carboxylic acid

and alcoholic hydroxyl functional groups to assess general trends in

the uptake process and highlight the main parameters affecting

sorption.

2 Experimental

2.1 Chemicals

All experiments were conducted in gloveboxes at T = (22 ±

2)°C under Ar gas atmosphere and O2 < 2 ppm. Purified water

(Millipore Milli-Q Advantage A10 (18.2 MΩ·cm at 22°C, 4 ppb

TOC) with Millipore Millipak® 40 0.22 µm) was used for sample

preparation after purging with Ar for > 1 h to remove traces of O2

and CO2. Glutaric acid (C5H8O4, 99%), α-hydroxyisobutyric acid
(C4H8O3, 99%) and 3-hydroxybutyric acid (C4H8O3, 99%) were

purchased from Sigma-Aldrich. NaOH Titrisol was obtained

from Merck. 14C-labelled glutaric acid [1,5-14C- GTA](s) was

obtained from American Radiolabeled Chemical. The specific

activity of the tracer was 50 mCi/mmol–60 mCi/mmol, with a

total activity of 50 μCi = 1.85 MBq.
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2.2 Cement and cement porewater

The hardened cement paste used in this work was provided

by SKB and was prepared with a mixture of Swedish structural

Portland cement for civil engineering (CEM I 42, 5 N BV/SR/

LA type) and deionized water at a water-to-cement weight ratio

of 0.5. The HCP monolith was milled, sieved to a particle size

of < 100 μm as described by Tasi and co-workers and stored

under Ar atmosphere until use in the sorption experiments Tasi

et al. (2021a). An extensive characterization of the HCP

material by X-ray diffraction (XRD), differential thermal

analysis (DTA)/thermogravimetric analysis (TG), X-ray

photoelectron spectroscopy (XPS) and Brunauer-Emmett-

Teller (BET) measurements is provided in Tasi et al. (2021a).

All sorption experiments were performed using a cement

porewater representative of the degradation stage II, with pH ≈
12.5, [Ca] ≈ 0.02 M and low content of Na and K (≤ 3·10−4 M).

The cement porewater was prepared using the protocol described

in Tasi et al. (2021a). The HCP was weighted in a 2 L Kautex flask

and contacted with Milli-Q water (previously boiled and purged

with Ar) to reach a solid-to-liquid ratio (S:L, with S

corresponding to the mass of HCP) of 25 g·dm−3. After 7 days

of contact time, the initial leachate was separated by decantation

from the HCP, and the solid material was equilibrated again

during 7 days with fresh Milli-Q water in order to obtain the final

porewater solution representative of degradation stage II.

2.3 pH measurements

The total free proton concentration (pHc = −log [H+], with [H+]

in molar (M) units) was determined using combination

pH–electrodes (type Orion Ross, Thermo Scientific) freshly

calibrated against standard pH buffers (pH = 9–13, Merck). In

aqueous solutions of ionic strength I≥ 0.1 M, themeasured pHvalue

(pHexp) is an operational value related to [H
+] by pHc = pHexp + Ac,

where Ac is an empirical parameter entailing the activity coefficient

of H+ and the liquid junction potential of the combination electrode

for a given background electrolyte, ionic strength and temperature.

Values of Ac reported in (Altmaier et al., 2003) for NaCl systems

were taken for the correction of pHexp in this work.

2.4 Sorption experiments with inactive and
14C-labelled ligands

All batch sorption samples were prepared using the HCP and

cement porewater described in Section 2.2. Experiments were

conducted using both inactive (HBA, HIBA, GTA) and
14C-labelled ligands (14C-GTA). Stock solutions of the inactive

ligands were titrated with 1.0 M NaOH to pH ≈ 12.5 in order to

avoid any impact on the pH of the cement porewater. Sorption

experiments with inactive ligands were conducted at (i) constant

S:L = 4 g·dm−3 and 10−6 M ≤ [L]tot ≤ 0.1 M, and (ii) constant

[L]tot = 10−3 M and 0.2 g·dm−3 ≤ S:L ≤ 50 g·dm−3 (45 samples,

10 ml per sample). Inactive samples were equilibrated for up to

360 days. At selected contact times, an aliquot of the supernatant

solution of each sample was centrifuged at 5,806 g for 10 min.

Subsequently, a known volume of the resulting solution was

diluted in 2% HNO3 solutions and the non-purgeable organic

carbon content (NPOC) quantified using an Analytik Jena multi

n/c 2100 S equipment. The pH was systematically monitored

after each measurement. Note that the use of any organic-based

filtration device (e.g. 10 kD filters) was disregarded to avoid

enhanced NPOC values as a result of filter leaching.

Samples with 14C-GTA were prepared at (i) constant

[14C-GTA]tot = 10−7 M (0.462 kBq·ml−1) and 0.2 g·dm−3 ≤
S:L ≤ 50 g·dm−3, as well as (ii) constant S:L = 20 g·dm−3,

[14C-GTA]tot = 10−7 M (0.462 kBq·ml−1) and varying the

concentration of inactive ligand 10−5 M ≤ [GTA]tot ≤ 0.1 M

(20 samples, 10 ml per sample). Samples containing
14C-labelled GTA were equilibrated for up to 82 days. An

FIGURE 1
Chemical formula of polyacrylnitrile (PAN, upper left), glutaric acid (GTA, upper right), α-hydroxyisobutyric acid (HIBA, bottom left) and 3-
hydroxybutyric acid (HBA, bottom right).
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aliquot of each sample was centrifuged at 1,210 g for 5 min,

and the supernatant filtered with 10 kD filters (pore diameter

size ≈ 2–3 nm, Nanosep®, Pall Life Sciences) by centrifugation
at 1,210 g for 12 min. An aliquot of the filtered solution was

diluted in 2% HNO3, and the mixture was spiked to 10 ml of

liquid scintillation counting (LSC) cocktail (Ultima Gold XR,

Perkin Elmer). Beta counting was carried out using a Tri-

Carb 3110 TR (PerkinElmer) equipment, considering an

energy window between 0 keV and 100 keV and a

measuring time of 30 min per sample. Measurements

considering an energy window between 0 keV and

2,000 keV resulted in analogous values. A count rate of

~20 cpm was usually determined for the blanks.

After each sampling in both inactive and active systems, the

total sample volume was restored with the corresponding volume

of cement porewater containing the same initial ligand

concentration. Table 1 summarizes the experimental

conditions of all sorption systems investigated in this work.

Sorption was evaluated following the evolution of the ligand

concentration as a function of S:L, or as a sorption isotherm, i.e.

log [L]solid vs. log [L]aq, where [L]aq was determined by either

NPOC or LSC measurements. Distribution ratios, Rd (in

m3·kg−1), were calculated as the ratio of organic ligand

concentration in the solid ([L]solid, in mol·kg−1) and aqueous

([L]aq, in M) phases:

Rd � [L]solid
[L]aq · 1

1000
� [L]0 − [L]aq

[L]aq · V
m

(1)

where [L]0 is the initial organic ligand concentration in the

aqueous phase, V is the volume of sample (m3) and m is the

mass of the solid used as sorbent (kg).

2.5 Measurements of the electrophoretic
mobility

The impact of HIBA, HBA and GTA on the electrophoretic

mobility of the suspended HCP colloidal particles was

investigated in a series of independent batch experiments

(Vtot = 10 cm3, 27 batches in total) with S:L = 4 g·dm−3 and

10−5 M ≤ [L]tot ≤ 0.1 M. After 14 days of contact time, aliquots of

the HCP suspensions containing different ligand concentrations

were transferred into plastic cuvettes and sealed under Ar

atmosphere with parafilm. Measurements of the

electrophoretic mobility were performed with a Nanobrook

90 plus PALS (Brookhaven Instruments Co.) equipment.

Electrophoretic mobility was converted into zeta potential (ζ)
using the Smoluchowsky equation, which is built-in the software

of the equipment. Ten values of the ζ potential were acquired and
averaged for each data point, whereas 15 points were collected for

each sample in the course of one measurement. Electrophoretic

mobility was measured in freshly agitated samples, as well as after

15 min to account for settling effects. The uncertainty of each

measurement (calculated as 2 times the standard deviation of the

150 acquisitions) usually ranged between ± 1 mV and ± 3 mV,

with the greatest uncertainty calculated as ± 4 mV for the HIBA

system at [HIBA]tot ≈ 3·10−4 M. Experimental conditions

considered in the measurements of the electrophoretic

mobility are summarized in Table 1.

3 Results and discussion

3.1 Uptake of HIBA and HBA by HCP

Sorption experiments conducted with HIBA and HBA at

S:L = 4 g·dm−3 and 10−6 M ≤ [L]0 ≤ 0.1 M show a negligible

uptake of these proxy ligands by the HCP investigated in this

work (see Figure 2). Figure 3 shows that in the experiments at

[L]0 ≈ 10−3 M and 0.2 g·L−1 ≤ S:L ≤ 50 g·L−1, a decrease in the

initial concentration of proxy ligand occurs only at the highest

S:L, i.e. 50 g·L−1. The latter observations are consistent with

the results obtained at S:L = 4 g·dm−3 and varying ligand

concentration, and highlight the weak sorption of HIBA

and HBA onto the surface of the HCP investigated in

this work.

Rd values for the uptake of HIBA and HBA by HCP can be

quantified on the basis of sorption data obtained at S:L =

TABLE 1 Summary of the HCP-L systems and experimental conditions investigated in this work, with L = HIBA, HBA and GTA.

Experiment
description

S:L [g·dm−3] log ([L]tot [M]) Measurements

Uptake of L; varying S:L 0.2, 1, 2, 4, 6, 10, 20, 50, 15, 18, 20, 24, 26, 28, 30, 35, 40,
45, 50

–3 (inactive L)
–7 (only14C-GTA)

pH, NPOC pH, LSC

Uptake of L; varying [L]tot 4 –6, –4, –3.5, –3, –2.5, –2, –1 (inactive L) pH, NPOC

Uptake of GTA; sorption
isotherm

20 –5, –4.5, –4, –3.5, –3, –2.5, –2, –1.5, –1 (inactive
GTA)
–7 (14C-GTA, in all samples of this series)

pH, LSC

Characterization of zeta
potential

4 –5, –4, –3.5, –3, –2.5, –2, –1.5, –1 (inactive L) Electrophoretic mobility via
PALS
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50 g·dm−3, which result in Rd (HIBA) = (2.2 ± 1.3)·10−3 m3·kg−1
and Rd (HBA) = (1.6 ± 0.8)·10−3 m3·kg−1, with uncertainties being
calculated as two times the standard deviation of the average

value. These Rd values are higher than those reported byWieland

and co-workers for the uptake of formate and acetate by HCP, i.e.

Rd (formate) ≈ 1·10−3 m3·kg−1 and Rd (acetate) ≈ 2–5·10−4 m3·kg−1
(Wieland et al., 2016). The latter authors conducted their

sorption experiments at S:L = 333 g·dm−3 and pH = 13.3

(representative of the degradation stage I). We note that the

less positive surface charge expected at pH ≈ 13.3 (Wieland et al.,

2016) as compared to pH ≈ 12.5 [this work, see Section 3.3) can

possibly explain the lower uptake reported for formate and

acetate. An extended discussion exploring possible correlations

between sorption phenomena and properties of the organic

ligands (i.e. type and number of functional groups, acid-base

properties (as log K°
a) and strength of the complexation with Ca

(in terms of log β°Ca-L)] is provided in Section 3.4.

3.2 Uptake of GTA by HCP

As in the case of HIBA and HBA, no significant sorption of

GTA onto HCP is observed at S:L = 4 g·dm−3 and 10−6 M ≤
[GTA]0 ≤ 0.1 M (see Figure 3C). On the other hand, a substantial

decrease of the initial GTA concentration is observed in the

experiments performed at constant [GTA]0 and increasing S:L.

For this system, consistent trends are obtained at [GTA]0 ≈
10−3 M (as quantified by NPOC) and [14C-GTA]0 ≈ 10−7 M (as

quantified by LSC) (see Figures 4A,B). Using experimental data

at S:L ≥ 15 g·dm−3, both datasets result in similar distribution

coefficients for the uptake of GTA, i.e. Rd (GTA) = (1.0 ± 0.5)·
10−2 m3·kg−1 and Rd (

14C-GTA) = (1.3 ± 0.5)·10−2 m3·kg−1 (with
uncertainties calculated as two times the standard deviation of

the average value). These Rd values are 4–8 times higher than

those quantified for HIBA and HBA (see Section 3.1). The

stronger uptake of GTA by HCP could potentially reflect

either the higher stability of the Ca-GTA complex on the Ca

surface sites of HCP or the formation of polynuclear complexes

where GTA coordinates to two Ca atoms. An extended

discussion on the influence of the different functional groups

on the uptake of organic ligands by HCP is provided in

Section 3.4.

Figure 5 shows the results of the sorption experiments using

inactive and radiolabelled GTA at S:L = 20 g·dm−3 and 10−7 M ≤
[GTA]0 ≤ 0.1 M, together with the sorption isotherm reported in

the literature for the uptake of ISA by HCP (Van Loon et al.,

1997). A combined fit of all available data points (see Figures

4A,B, 5) indicated that a one-site Langmuir isotherm is sufficient

to describe the sorption process:

[GTA]sorbed �
K · q · [GTA]aq
1 + K · [GTA]aq (2)

FIGURE 2
Uptake of (A) HIBA, (B) HBA and (C) GTA by HCP in the
degradation stage II. Data represented as log [L]aq vs. log [L]0. All
experiments performed at S:L = 4 g·dm−3. Shadowed grey areas
correspond to the limit of quantification, which is imposed by
the organic content leached from cement.
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where q is the adsorption capacity of cement for GTA (mol·kg−1),
K is the adsorption affinity constant (dm3·mol−1) and [GTA]aq is

the equilibrium concentration of GTA (mol·dm−3), with:

q � (0.45 ± 0.12) ·mol · kg−1 (3)
K � (22.5 ± 6.1) · dm3 ·mol−1 (4)

The adsorption capacity q determined for the uptake of GTA by

HCP is slightly higher but in line with the capacity previously

reported for isosaccharinic acid (ISA) considering two sorption sites,

i.e. qtot (ISA) = q1 + q2 = (0.35 ± 0.02)·mol·kg−1 (Tasi et al., 2021a)
(for HCP in the degradation stage II) and qtot (ISA) = (0.27 ± 0.02)·
mol·kg−1 (Van Loon et al., 1997) (for HCP in the degradation stage

I). A higher adsorption capacity was reported by Glaus and co-

workers for the uptake of gluconate by HCP (qtot (GLU) = (0.7 ±

0.3)·mol·kg−1) (Glaus et al., 2006), although the value reported by the
latter authors overlaps with q (GTA) determined in this work when

considering the corresponding uncertainties.

A relatively small adsorption affinity constant is determined

in this work for the uptake of GTA, i.e. K (GTA) = (22.5 ± 6.1)·
dm3·mol−1. This constant is 2–5 orders of magnitude lower than

the values reported for the stronger binding site in HCP for the

uptake of ISA and GLU, i.e., K1 (ISA) = (1730 ± 385)·dm3·mol−1

(Van Loon et al., 1997) (for HCP in the degradation stage I, pH =

13.3), K1(ISA) = (2,510 ± 500)·dm3·mol−1 (Tasi et al., 2021a) (for

HCP in the degradation stage II, pH = 12.5), K1(ISA) = (714 ±

266)·dm3·mol−1 (Jo et al., 2022) (for HCP in the degradation stage

FIGURE 3
Uptake of (A) HIBA and (B) HBA by HCP in the degradation stage II. Data represented as [L]aq vs. S:L ratio. Shadowed red and green areas
correspond to the experimentally measured initial concentrations of HIBA and HBA, respectively. The uncertainty of individual measurements is
within the size of the symbols.

FIGURE 4
Uptake of (A) GTA and (B) 14C-GTA by HCP in the degradation stage II. Data represented as [GTA]aq or [

14C-GTA]aq vs. S:L ratio. Shadowed blue
region corresponds to the experimentally measured initial concentrations of GTA and 14C-GTA. Solid black lines correspond to the GTA
concentration calculated using the one-site Langmuir isotherm derived in this work. The uncertainty of individual measurements is within the size of
the symbols.
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I, pH = 13.5) or K1 (GLU) = (2 ± 1)·106·dm3·mol−1 (for HCP in

the degradation stage I, pH = 13.3) (Glaus et al., 2006). However,

the value ofK (GTA) determined in this work is of the same order

as the adsorption affinity constant reported for ISA in the weaker

binding site in HCP, i.e., K2 (ISA) = (12 ± 4)·dm3·mol−1 (Van

Loon et al., 1997) and K2(ISA) = (12 ± 2)·dm3·mol−1 (Tasi et al.,

2021a). This comparison highlights again the weaker affinity of

HCP towards GTA as compared to ISA and GLU.

3.3 Electrophoretic mobility of HCP in the
presence of proxy ligands

Zeta potentials of suspended HCP particles (ζ, mV)measured

through electrophoretic mobility analysis as a function of total

concentration of proxy ligand are shown in Figure 6. For

comparison purposes, Figure 6 shows also the values of zeta

potential reported by Tasi and co-workers under analogous

experimental conditions but in the presence of ISA (black

squares in the figure) (Tasi et al., 2021a). The grey region in

the figure indicates the range of zeta potentials representative of

HCP (CEM I) in the degradation stage II and absence of organic

ligands (Pointeau et al., 2006b; Tasi et al., 2021a).

Figures 5A,B show that HIBA and HBA have a minor impact

on the surface charge of HCP, and a slight decrease in the zeta

potential values to ζ ≈ 15 mV is only observed at [L]tot ≈ 0.1 M.

These results are consistent with the weak sorption quantified for

both proxy ligands (see Section 3.2). In contrast toHIBA andHBA, a

significant decrease in the zeta potentials is observed for GTA at

FIGURE 5
Sorption isotherm for the uptake of GTA by HCP in the
degradation stage II. Experiments conducted with (i) inactive GTA
at [GTA]0 = 10−3 M ( ), (ii) 14C-labelled GTA at [14C-GTA]0 = 10−7 M
( ), and (iii) a combination of inactive and 14C-labelled GTA
with 10−7 M ≤ [GTA]0 ≤ 0.1 M (with [GTA]0 = [inactiveGTA]0 +
[14C-GTA]0) and [14C-GTA]0 = constant = 10−7 M ( ). Sorption
isotherm reported by Van Loon and co-workers for the uptake of
ISA by HCP in the degradation stage I is included for comparison
( ) (Van Loon et al., 1997). p.w. stands for present work.

FIGURE 6
Zeta potentials of suspendedHCP particles in the presence of
proxy ligands at 10−5 M ≤ [L]tot ≤ 0.1: (A)HIBA, (B)HBA and (C)GTA.
Zeta potentials reported in the literature for the HCP-ISA system
are included for comparison (Tasi et al., 2021a). Grey zone in
the figures correspond to the zeta potentials representative of
HCP (CEM I) in the degradation stage II and absence of organic
ligands (see text). Solid line in figure c corresponds to the surface
coverage of HCP and is calculated with the one-term Langmuir
isotherm derived in Section 3.2.
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ligand concentrations above ~10−3 Mwith the isoelectric point being

achieved at [GTA]tot ≈ 6·10−2 M. The evolution of the surface charge

in the HCP-GTA system correlates well with the surface coverage of

HCP by GTA (see solid line in Figure 4C), as calculated with the

one-site Langmuir isotherm derived in Section 3.2.

These results can be explained considering the stronger uptake

of GTA as compared to HIBA andHBA, but also accounting for the

net charge of the ligand in the investigated hyperalkaline conditions,

i.e. −2 for GTA and −1 for HIBA and HBA. Figure 6C shows also

that ISA promotes an earlier decrease in the zeta potentials, resulting

in an isoelectric point at [ISA]tot ≈ 3·10−3 M (Tasi et al., 2021a). The

stronger impact of ISA on the surface charge of HCP is in line with

the significantly higher affinity of this ligand towards the surface of

cement, as compared to the proxy ligands for the degradation of

UP2W investigated in this work.

3.4 Comparison with sorption data
available in the literature

As recently discussed in the State of the Art Report on

cement-organic-radionuclide interactions prepared in the

context of the Work Package 3 CORI of the EURAD EU

project (CORI-SOTA, 2021), little information is available in

the literature on the interaction of organic ligands with HCP.

Table 2 summarizes the Rd values determined in this work for the

uptake of HIBA, HBA and GTA by HCP, together with sorption

data previously reported for other organic compounds

containing the functional groups –COOH and –OH, i.e.

EDTA, ISA, GLU, formic acid, acetic acid, methanol and

ethanol. Table 2 provides also the most relevant experimental

conditions of each study, as well as the type and number of

functional groups in each compound. The few studies reporting

on the interaction with HCP of organic compounds containing

other functionalities (e.g. sulfonate, –SO3M, see Glaus et al.,

2006) have been disregarded in this exercise.

The comparison of all Rd values is less straightforward

because sorption is affected by multiple variables, i.e. pH/

cement degradation stage, [Ca], [L], S:L ratio or the specific

surface area of the HCP material used. Moreover, a non-linear

sorption involving strong/weak sorption sites was confirmed for

both ISA and GLU (Van Loon et al., 1997; Glaus et al., 2006; Tasi

et al., 2021a) (see for instance the sorption isotherm of ISA in

Figure 5), which results in significantly higher Rd values at low

TABLE 2 Summary of Rd values determined in this work and reported in the literature as well as related experimental conditions for the uptake of
different organic ligands with –COOH and –OH functionalities by HCP (CEM I) in the degradation stages I–III.

Organic ligand Functional groups
(number of
functional groups
in molecule
is given
in brackets)

Cement/deg. Phase
(pH)

Rd [m3·kg−1] log ([L]tot/M);
S:L/g·dm−3

Reference

HIBA -COOH (1); - OH (1) CEM I/stage II (pH = 12.5) (2.2 ± 1.3)·10−3 –3; 0.2–50 This work

HBA -COOH (1); -OH (1) CEM I/stage II (pH = 12.5) (1.6 ± 0.8)·10−3 –3; 0.2–50 This work

GTA -COOH (2) CEM I/stage II (pH = 12.5) (1.0 ± 0.5)·10−2
(1.3 ± 0.5)·10−2

–3; 0.2–50
–7; 15–50

This worka

This workb

EDTA -COOH (4) CEM I/stage I (pH = 13.2)
CEM I/stage III (pH = 11.9)

(1.7 ± 0.4)·10−4
(1.1 ± 0.6)·10−2

–3; 940
–3; 1–7

Pointeau et al. (2008)

ISA -COOH (1); -OH (4) CEM I/stage I (pH = 13.4)
CEM I/stage I (pH = 13.2)
CEM I/stage II (pH = 12.5)
CEM I/stage III (pH = 11.9)
CEM I/stage II (pH = 12.5)
CEM I/stage I (pH = 13.5)

1·10−3–0.5
(5 ± 2)·10−3
(0.10 ± 0.03)
(6.1 ± 2.1)·10−2
6.4·10−2–0.1
4·10−2–0.7

–5––0.5; 25–500
–3.1; 1
–3.1; 1
–3.1; 1
–3; 0.2–50
–5––1; 1

Van Loon et al. (1997)
Pointeau et al. (2008)

Tasi et al. (2021a)
Jo et al. (2022)

GLU -COOH (1); -OH (5) CEM I/stage I (pH = 13.4) 8·10−4–2·102 –7––4; 17–50 Glaus et al. (2006)

GLU -COOH (1); -OH (5) CEM I/stage II (pH = 12.5) 4·10−2–5.4 –8––3; 20 Androniuk, (2017)

Formic acid -COOH (1) CEM I/stage I (pH = 12.92)c 1.1·10−3 –0.07; 333 Wieland et al. (2016)

Acetic acid -COOH (1) CEM I/stage I (pH = 12.74)c 1.75·10−4 –0.08; 333 Wieland et al. (2016)

Methanol -OH (1) CEM I/stage I (pH = 13.21)c 6.25·10−5 –0.33; 333 Wieland et al. (2016)

Ethanol -OH (1) CEM I/stage I (pH = 13.26)c 1.16·10−5 –0.33; 333 Wieland et al. (2016)

adetermined by NPOC, in experiments with inactive GTA.
bdetermined by LSC, in experiments with14C-labelled GTA.
cvalues corresponding to the samples equilibrated for 6 months.
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[L] compared to high [L]. Evidence on linear sorption was

obtained in this work for GTA over almost 6 orders of

magnitude in terms of ligand concentration, whereas for the

rest of the ligands experimental data are available only at one

ligand concentration and thus insights on the linearity/non-

linearity of the sorption remain unknown.

Table 2 allows a qualitative assessment of the strength of the

cement–organic interaction as a function of the type and number

of functional groups in the organic ligand. Accordingly, the

different ligands and functionalities can be listed in the

following general order (number of functional groups in

molecule is given in brackets):

(weaker uptake) // -OH (1) < -COOH (1) < [-COOH (1) +

-OH (1)] < -COOH (2) ≈ -COOH (4) << [-COOH (1) + -OH

(4)] < [-COOH (1) + -OH (5)] // (stronger uptake)

Differences of up to 7 orders of magnitude are found between

Rd values reported for the weakest and strongest uptake under

similar experimental conditions, i.e. Rd (ethanol) =

1.16·10−5 m3·kg−1 (Wieland et al., 2016) and Rd (GLU) =

2·102 m3·kg−1 (Glaus et al., 2006), thus highlighting the key

role of the functional groups in the strength of the uptake

process of organic substances. Although the presence of

alcohol groups alone results in a very weak uptake (methanol,

ethanol), these functional groups play a key role in the sorption

when several of them co-exist with a carboxylate group, i.e. in

GLU or ISA, specifically in the carboxylate’s alpha position. In

contrast to the latter ligands, the proxy ligands investigated in

this work containing one carboxylate and one alcohol group

(HIBA and HBA) show Rd values only slightly higher than those

reported for monocarboxylates (formate, acetate), and clearly

lower than a dicarboxylate ligand like GTA. In addition to the

number of functional groups in the molecules, the denticity of the

organic ligands (i.e. the number of atoms with which a ligand

binds to a metal ion) is expected to have significant implications

for the thermodynamic stability of surface complexes forming.

Although ethanol and methanol are clearly monodentate, the

denticity of the rest of the ligands in Table 2 is less evident.

Moreover, denticity is expectedly affected by pH for those ligands

containing alcohol groups susceptible to be deprotonated.

Wieland and co-workers proposed that Rd values for the

uptake of low molecular weight organic compounds by HCP

could tentatively be correlated with the acid-base properties of

the organic molecule (Wieland et al., 2016). Moreover, a

number of modelling and molecular dynamics studies

provided evidence on the participation of Ca atoms in

bridging organic ligands with the surface of HCP/C-S-H

phases (Pointeau et al., 2008; Androniuk and Kalinichev,

2020; Jo et al., 2022), which may suggest that the strength

of the sorption could be correlated with the stability of the Ca-

L complexes forming in the aqueous phase. To explore both

hypotheses, Table 3 summarizes the acid base and

complexation constants with Ca for all the ligands

considered in Table 2.

The correlation of Rd values summarized in Table 2 with the

pKa’s reported in Table 3 for the same organic ligands shows a

good qualitative inverse correlation for the four ligands

containing only one functional group. The proxy ligands

HIBA and HBA (both with 1 -COOH and 1 -OH groups)

show higher Rd values than formic and acetic acids, in spite

of the similar pKa of their carboxylate groups. Although the

participation of the alcohol group in the stabilization of surface

complexes with HCP might be envisaged for HIBA and HBA,

differences in the Rd values reported in Table 2 can be possibly

explained by the positive surface charge of HCP in degradation

stage II (experiments with HIBA and HBA; this work), as

opposed to the negatively charged surface expected in the

degradation stage I (experiments with formic and acetic acid;

Wieland et al., 2016).

Tables 2, 3 clearly show that the equilibrium constants for the

formation of the binary complexes Ca-L are not a sufficient (sole)

indicator of the tendency of a given ligand L to sorb onto the HCP

surface. Hence, GTA (2 -COOHgroups, log βCa-L = 1.18) and EDTA
(4 -COOH groups and two amine functionalities, log βCa-L = 12.69)

show similar Rd values, which suggests that only two carboxylate

groups participate in the sorption of EDTA onto the HCP and thus

that steric constraints need to be taken into account when assessing

the interaction of organic ligands with the cement surface. ISA and

GLU are characterized by the strongest interaction with HCP.

Although they form weak binary complexes with Ca of the type

CaL+ in acidic to weakly alkaline conditions, several studies available

in the literature provide evidence on the formation of stable

complexes of ISA/GLU with Ca in hyperalkaline pH conditions,

which involve the deprotonation (besides the carboxylic group) of at

least one of the alcohol groups in those ligands [e.g. CaLH–1 (aq) or

Ca3L2H–4 (aq)] (Hummel et al., 2005; Pallagi et al., 2014; Dudas

et al., 2017; Kutus et al., 2020). A similar effect was suggested by Jo

and co-workers for C-S-H-ISA surface complexes based on

molecular dynamics calculations (Jo et al., 2022). We note that

the presence of only one alcohol group in HIBA and HBA is

insufficient to promote the enhancement of the Rd values as

observed in the case of ISA and GLU. No thermodynamic

studies are available in the literature dealing with the

complexation of HIBA and HBA with Ca in hyperalkaline

pH conditions. However, our previous undersaturation solubility

experiments with Ca(OH)2 (cr) in the presence ofHIBA andHBA at

10−6 M ≤ [L]tot ≤ 0.1 M confirmed that CaL complexes involving the

deprotonation of the alcohol group are either very weak or not

forming at all (Szabo et al., 2022).

A number of experimental and theoretical studies have provided

evidence on the participation of C-S-Hphases in the retention of low

molecular weight organic ligands (Pointeau et al., 2006a; Pointeau

et al., 2008; Androniuk, 2017; Garcia et al., 2020; Jo et al., 2022). The

possible participation of C-A-S-H phases in the uptake mechanism

was also proposed based on the different sorption sites observed for

strongly sorbing ligands like ISA (Van Loon and Glaus, 1998; Tasi

et al., 2021a). In their recent study, Wieland and co-workers
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confirmed the uptake of formate and acetate by AFm and AFt

phases, although with Rd values significantly lower than those

reported for the C-S-H counterparts (Wieland et al., 2016).

These authors proposed the exchange of SO4
2–/HCOO− in AFt-

SO4 or CO3
2–/HCOO− in AFm-CO3 as plausible uptake

mechanisms. Note that Guidone and co-workers reported

also the uptake of larger ligands (citrate, gluconate) by AFt

and AFm phases (Guidone et al., 2022). The linear trend

observed in our study for the uptake of GTA (see Figure 5)

strongly supports the participation of only one sorption site in

the retention of this organic ligand. These observations

underline the likelihood that different sorption sites and

possibly cement phases are involved in the uptake of organic

ligands with different functionalities, charge and/or size.

Although it is evident that additional experimental and

theoretical efforts are required in this field, the comparison

and discussion above provide the basis to qualitatively assess

the sorption properties of other organic ligands or

degradation products expected under repository conditions

containing the functionalities –COOH and –OH. The key role

of alpha-positioned alcohol groups in the interaction of

organic ligands with the HCP surface is highlighted, under

the remark that their contribution is mostly relevant when

participating in their deprotonated state. Differences in the

acidity of the α alcohol group of ISA and GLU can partially

explain the differences in the sorption behaviour of both

ligands. In the case of HIBA, the two -CH3 groups in α

position possibly exert an electron-donating effect, which

significantly increases the pKa value of the OH group and

prevents deprotonation of the OH group even under strongly

alkaline conditions. On-going studies in the context of the

Work Package 3 CORI of the EURAD EU project are expected

to fill-in some of the identified gaps.

4 Summary and conclusions

Adetailed experimental sorption study was conducted aiming at

the quantitative evaluation of the uptake ofHIBA,HBA andGTAby

HCP, and their impact on the surface properties of the investigated

cement material. HIBA and HBA are

monohydroxomonocarboxylate ligands, whereas GTA is

characterized by two carboxylate groups. These low molecular

weight organic ligands were proposed in the context of the Work

Package 3 CORI of the EURAD EU project as possible degradation

products of UP2W, a polyacrylonitrile-based filter aid. Experiments

were conducted with a CEM I-based HCP in contact with a

porewater solution representative of the degradation stage II of

cement, i.e. with pH ≈ 12.5 M and [Ca] ≈ 0.02 M.

Sorption experiments confirm the weak uptake of HIBA and

HBA, in line with previous studies investigating the sorption of

other monocarboxylate ligands, e.g. formate and acetate. A

stronger uptake was observed in the case of GTA, which is

attributed to the presence of two carboxylate groups in the

structure of the ligand. Studies combining inactive and
14C-labelled GTA confirmed the linear sorption over ca.

6 orders of magnitude in terms of [GTA]aq, which supports

that primarily one sorption site/cement phase is responsible for

the uptake of this ligand by HCP. This trend differs from the non-

linear sorption behaviour reported for strongly sorbing ligands

like ISA or gluconate, thus highlighting that different

mechanisms (sorption sites, cement phases) likely participate

in the uptake of ligands containing different type/number of

functional groups.

Measurements of the electrophoretic mobility show that HIBA

andHBA expectedly have only aminor impact on the surface charge

of HCP. On the contrary, a clear decrease of the surface charge is

observed for GTA at ligand concentrations above ~10−3 M, which

TABLE 3 Summary of pKa and log β(Ca-L) values reported in the literature for HIBA, HBA, GTA, EDTA, ISA, GLU, formic acid, acetic acid, methanol and
ethanol. Equilibrium constants for the formation of Ca-L complexes corresponding to the chemical reaction Ca2+ + Lx– # CaL(2–x). All constants
reported at I = 0 except otherwise indicated.

Organic
ligand

pKa log β(Ca-L) Reference

HIBA (3.760 ± 0.006) (I = 0.5 M NaClO4) (1.09 ± 0.03) (I = 0.5 M
NaClO4)

Piispanen and Lajunen, (1995)

HBA 4.39 (I ≈ 0.2 M KCl) 0.6 (I ≈ 0.2 M KCl) Cannan and Kibrick, (1938)

GTA pKa1 = (4.345 ± 0.006) pKa2 = (5.422 ± 0.002) 1.18 (I = 0.1 M) Smith and Martell, (2004)

EDTA pKa1 = (2.23 ± 0.05) pKa2 = (3.15 ± 0.02) pKa3 = (6.80 ± 0.02) pKa4 = (11.24 ± 0.03) (12.69 ± 0.06) Hummel et al. (2005)

ISA pKa1 = (4.0 ± 0.5) pKa2 = 14.5 (I = 1 M NaCl) (1.7 ± 0.3) (Hummel et al., 2005; Dudas et al.,
2017)

GLU pKa1 = (3.9 ± 0.1) pKa2 = 13.7 (I = 1 M NaCl) pKa2 = 13.9 (I = 4 M NaCl) pKa3 =
14.7 (I = 4 M NaCl)

(1.73 ± 0.05) (Giffaut et al., 2014; Kutus et al.,
2020)

Formic acid (3.744 ± 0.009) 1.43 Smith and Martell, (2004)

Acetic acid 4.76 (1.12 ± 0.02) Giffaut et al. (2014)

Methanol 15.5 – Ballinger and Long, (1960)

Ethanol ~15.9 (estimated) – Ballinger and Long, (1960)
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involves the inversion of the surface charge (i.e. isoelectric point) at

[GTA] ≈ 6·10−2 M.

The comparison of Rd values determined in this work and

reported in the literature for several organic ligands containing the

functional groups -COOH and -OH provides qualitative insights on

themain parameters generally governing the uptake of these organic

ligands by HCP. Sorption is strongly affected by the degradation

stage of cement, which defines the pH, [Ca] and surface charge of the

system. The comparison of sorption data available for the same

degradation stage supports the key role of multiple functionalities as

a factor strengthening the interaction with the HCP surface. The

presence of alcohol groups can importantly enhance sorption when

available in their deprotonated state. This is triggered by the direct

vicinity of other functional groups (-COOH and/or -OH), which

induces a decrease of the pKa of the alcohol group and hence

facilitates deprotonation.

These results provide relevant information to quantitatively

assess the uptake of organic ligands by HCP relevant in the

context of nuclear waste disposal, and further to understand their

impact on the surface properties of these materials.
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