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A B S T R A C T   

The interaction of citrate with hydrated Portland cement and its main hydrates: C-S-H (0.8 ≤ Ca/Si ≤ 1.4), 
ettringite, monosulfo-, hemi- and monocarboaluminate is investigated. The solubility of citrate-AFm and citrate- 
AFt was determined. Batch sorption experiments at pH = 13.2 showed that citrate sorbs relatively strongly on 
AFm phases and ettringite. Citrate sorbed only on the outer surfaces sites of monosulfoaluminate, mono-
carboaluminate and ettringite resulting in a low sorption capacity of ≈5–8 mmol/kg, while in the case of 
hemicarboaluminate sorption occurred also in the interlayer resulting in a sorption capacity of ≈1000 mmol/kg. 
The sorption on C-S-H was found one order of magnitude lower and increased with increasing Ca/Si as its uptake 
is promoted by the Ca-citrate surface complexes. The sorption coefficients of citrate measured on hydrated 
Portland cement were with Rd = 10–30 L⋅kg− 1 comparable to the sorption observed on high Ca/Si C-S-H and 
AFm phases, underlining the strong uptake of citrate in hydrated cements.   

1. Introduction 

Citrate is used as additive in mortar industry to control setting and 
hardening of cementitious materials [1–4]. It is applied either as citric 
acid or as one of the alkali salts. It can act in Portland cement (PC) at 
high concentrations above ≈0.10–0.15 mass-% per cement as retarder 
[3] or at low concentrations below ≈0.10 mass-% per cement as accel-
erator [5]. Concentrations higher than ≈0.30–0.40 mass-% may lead to 
excessive retardation [3] and to the formation of calcium citrate [6]. 
Citrate is widely used as a retarder in calcium aluminate cements, cal-
cium sulfoaluminate cements, magnesium sulfate and phosphate ce-
ments [1,2,7–11]. It has been observed that citrate slows down the 
dissolution of cement clinker but seems to accelerate ettringite forma-
tion in low dosages [3]. Citrate added disappears rapidly from the pore 
solution indicating an uptake of citrate by solid phases, although it re-
mains unclear to which hydrates citrate is bound [3]. AFm phases bind a 
wide variety of different anions in their interlayer and their surface 
[12–15] such that they represent a potential sink for the immobilization 
of organic anions. In fact, Nguyen and co-authors [10] observed the 
presence of more AFm phases (in particular monosulfoaluminate) in 
ladle slag-gypsum (LSG) based binder samples containing 1 wt% or 2 wt 

% of citrate than in citrate free cements, which could indicate a pref-
erential uptake of citrate in AFm phases. 

The role of low molecular weight (LMW) organics such as citrate is 
also of relevance in the context of repositories for nuclear waste 
disposal. Besides its presence as cement additive, citrate has been 
extensively used in the nuclear industry as decontamination and sepa-
ration agent. It is accordingly found in certain waste streams disposed of 
in underground repositories, in particular those for the disposal of low- 
and intermediate-level radioactive wastes (L/ILW). Citrate has been 
shown to form stable complexes with radionuclides [16], thus poten-
tially affecting their solubility and sorption properties under repository 
conditions. It has been observed that the sorption of LMW organics 
containing only one functional group such as methanol, ethanol, form-
aldehyde, acetaldehyde, formic acid and acetic acid is generally very 
weak [17]. On the other hand, a significantly stronger uptake has been 
reported for polyhydroxocarboxylic acids such gluconic and iso-
saccharinic acids [3,18–21]. The structure of citrate with four potential 
donor sites (the central and two terminal carboxylic groups and the 
hydroxyl group in alpha position, see Fig. 1), makes it probable that it 
interacts strongly with cementitious phases. 

The main hydrates formed in a Portland cement are calcium silicate 
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hydrate (C-S-H1), portlandite, ettringite: AFt (Al2O3-Fe2O3-tri) phase 
and AFm (Al2O3-Fe2O3-mono) phases [22–24]. C-S-H, the major phase 
in hydrated Portland and blended cements, is poorly ordered and has a 
layered structure, with calcium oxide mainsheets connected on both 
sides to silica chains, which are arranged in dreierketten chains. Within 
the silica chains, the two “pairing” silica coordinate with Ca in the main 
layer, while the third tetrahedron, the bridging SiO2 is connected to two 
pairing silica [25–28]. These layers are negatively charged and the 
interlayer between contains water as well as charge balancing cations 
[29]. The Ca/Si in C-S-H varies between 0.7 and 1.5 depending on the 
availability of CaO and SiO2 in the system, and the availability of water 
influences its water content. 

AFm phases have a layered double hydroxide (LDH) structure with 
positively charged main layers and an interlayer where anions and water 
are present. The main layer consist of sheets of Ca(OH)6 in which one- 
third of Ca2+ sites are replaced by Al3+ (and/or Fe3+) generating a 
positive net charge compensated by the interlayer anions. Different 
anions, such as SO4

2− : monosulfoaluminate, Ms (Ca4Al2O6-

SO4⋅12–16H2O or C4AsH12–16), CO3
2− : monocarboaluminate, Mc 

(Ca4Al2O6CO3⋅11H2O or C4AcH11) or OH− plus 0.5 CO3
2− : hemi-

carboaluminate, Hc (Ca4Al2O6(CO3)0.5(OH)⋅11.5H2O or C4Ac0.5H12) 
can be hosted in the interlayer region [15,24,30–33]. 

Ettringite, Ca6[Al(OH)6]2(SO4)3⋅26H2O, present also in natural 
alkaline environments [34], occurs in cementitious system as a major 
hydrate phase. [Al(OH)6]3− octahedra are linked together by calcium 
ions, which are surrounded by four water molecules, located in the outer 
surface of columnar units. Sulfate ions (SO4

2− ) and the remaining water 
molecules are present in the resulting channels and partly bound within 
the structure [35–37]. 

The present study aims to evaluate the uptake of citrate by the main 
cement hydrates: C-S-H, AFm phases, and ettringite based on the prep-
aration of the citrate-AFm and citrate-ettringite phases, as well as on 
sorption experiments on monosulfoaluminate, monocarboaluminate, 
hemicarboaluminate, ettringite and C-S-H. Thermodynamic modelling 
is used to derive the solubility constants of the pure phases and to assess 
the formation of aqueous citrate complexes. 

2. Materials and methods 

2.1. Materials 

All AFm phases were synthesized using tricalcium aluminate, C3A: 
Ca3Al2O6, as precursor. C3A was prepared by mixing CaCO3 (Merck 
Millipore, ≥98.5) and Al2O3 (Sigma-Aldrich, ≥99.0 %) at a 3:1 M ratio 
and by heating the mixture to 800 ◦C for 1 h, at 1000 ◦C for another 4 h 
and at 1425 ◦C for 24 h following the procedure applied by Nedyalkova 
et al. [13]. CaO was prepared by heating CaCO3 at 1000 ◦C for 12 h, and 
cooling it down in a closed desiccator to minimize the CO2 uptake. 
Trisodium citrate dihydrate (Na3C6H5O7⋅2H2O, Sigma-Aldrich, ≥98.0 
%) and NaOH (Merk, ≥98.0 %) solutions were prepared using high- 

purity deionized water (resistivity = 18.2 MΩcm) generated by a 
Milli-Q Gradient A10 System (Millipore, Bedford, USA). 

To prepare citrate-AFm, C3A, CaO and trisodium citrate dihydrate 
(Na3-citrate) in molar ratio of 1:1:2/3 were mixed with high-purity 
deionized water at a solid-to-liquid-ratio (S:L) of 52 g⋅L− 1 (S = 2.6 g 
and L = 0.05 L) to obtain 3CaO⋅Al2O3⋅Ca(C6H5O7)0.67⋅nH2O. In order to 
investigate the reaction kinetics by using an excess of citrate ions and 
possible differences arising in the final product by using either Na and 
K–citrate salts as reagents, two additional samples with a 85 % surplus of 
citrate concentration (222 mM of citrate) and surplus of CaO were 
prepared at a S:L of 68 g⋅L− 1 using either Na3-citrate or K3-citrate 
(K3C6H5O7⋅H2O, Sigma-Aldrich, ≥99.0 %). Monosulfoaluminate, mon-
ocarboaluminate and hemicarboaluminate were synthesized by mixing 
stoichiometric amounts of C3A (1.35 g) and CaSO4, CaCO3, or 0.5 
CaCO3 + 0.5 CaO with 40 mL of high-purity deionized water. Different 
S:L ratio were applied for AFm phases in order to have in all preparation 
a constant C3A content (for AFm phases) and Ca concentration equal to 
0.02 mol⋅L− 1. 

Citrate-AFt was prepared by mixing C3A, Na3-citrate, and CaO with 
molar ratio of 1:2:3 with deionized water (S:L = 62 g⋅L− 1) in order to 
obtain 3CaO⋅Al2O3⋅Ca3(C6H5O7)2⋅nH2O. Sulfate based ettringite (S:L =
42 g⋅L− 1), finalized for sorption experiments, was synthesized by mixing 
0.6 g of CaO and 1.1 g of Al2SO4⋅16.3 H2O (water content measured by 
TGA) in 40 mL of high-purity deionized water. 

C-S-H phases with Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 and S:L of 55 
g⋅L− 1 were synthesized by mixing stoichiometric amounts of CaO and 
SiO2 (Aerosil 200, Evonik, ≥99.8 %) with high-purity deionized water. 

All samples were equilibrated for two months in closed PE bottles at 
20 ◦C on horizontal shakers (100 rpm) before used for sorption experi-
ments or further analysis. 

Sorption experiments were also conducted on a hydrated (28 days) 
Portland cement (PC) paste. A CEM I 42.5 N was used. Cement paste was 
prepared by mixing 1 kg of anhydrous Portland cement (c) with 400 g of 
distilled water (w) (w/c = 0.4). The paste was stored in 0.5 L PE bottles 
under controlled conditions at 20 ◦C and after 28 days of hydration 
ground by hand to <63 μm. The sorption batch experiments were car-
ried out by using 2.5 g of hydrated PC and a final solid to liquid ratio of 
50 g⋅L− 1 (see Section 2.3). 

The composition of the unhydrated cement determined by X-ray 
fluorescence analysis (XRF) and the phase contents by quantitative X-ray 

Fig. 1. Schematic structure of citrate.  

Table 1 
Chemical-mineralogical composition of unhydrated and hydrated PC (CEM I 
42.5 N).  

XRFd (mass-%)  QXRDe (mass-%)   

Parameter PC Phasec PC hydrated PC 

SiO2  19.86 C3S  58.3  10.0 
Al2O3  4.86 C2S  13.9  11.0 
Fe2O3  2.88 C3A cubic  2.4  0.5 
Cr2O3  0.005 C3A orthorh.  5.5  2.1 
MnO  0.050 C4AF  8.0  5.7 
TiO2  0.251 Lime  0.2  
P2O5  0.235 Portlandite  1.1  15.6 
CaO  63.42 Gypsum  1.8  
MgO  1.55 Bassanite  2.1  
K2O  0.85 Anhydrite  0.3  
Na2O  0.15 Arcanite  0.5  
SO3  3.18 Calcite  3.5  1.3 
CO2

a  1.61 Dolomite  0.5  0.8 
L.O.I.b  2.54 Quartz  0.5  0.5   

Ettringite   6.5   
Amorphous/otherc   65.4  

a Calculated from total carbon determined by combustion analysis. 
b Loss on ignition. 
c Includes C-S-H, hemi- and monocarboaluminate and further phases. 
d The accuracy of the measurements is in compliance with EN 196–2 and ISO 

10694, respectively. 
e For accuracy of the measurements see [39,43–45]. 

1 Cement notation is used: C = CaO, A = Al2O3, S = SiO2, c = CO2, s = SO3, 
H=H2O. 
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diffraction (QXRD) are reported in Table 1. Quantification was per-
formed by Rietveld refinement using X’Pert Highscore Plus V. 4.8 
following the procedure and using the structures recommended by [38]. 
The hydration of the paste was stopped by solvent exchange using the 
method by Snellings et al. [39] prior to analysis. The amorphous content 
in the hydrated paste was quantified using G-factor method [40,41] with 
CaF2 (Sigma Aldrich, 99.9 %) as external standard and includes mainly 
C-S-H and AFm-phases. For the hydrated paste the results were referred 
to 100 g of unhydrated cement using the ignited sample mass at 550 ◦C 
as determined by thermogravimetric analysis [42]. 

2.2. Kinetic experiments 

In order to investigate the citrate sorption as function of time, kinetic 
experiments were carried out at contacting times of 1, 2, 4, 7 and 14 
days. To 40 mL of solution containing the pre-synthesized hydrates 5 mL 
of 1 M NaOH solution and 5 mL of H2O and 0.49 g of Na3-citrate were 
added in order to reach a total citrate concentration of 33 mM, a total Na 
concentration of 0.2 M and a total liquid volume of 50 mL. The samples 
were re-equilibrated in closed PE bottles on horizontal shakers (100 
rpm) and at constant temperature (20 ◦C). 

After the sorption experiments, the solid phases of AFm phase and 
ettringite were separated as described in the Section 2.3 and dried in a 
desiccator over saturated CaCl2 solution (~35 % relative humidity) at 
room temperature from two to four weeks following the procedure 
outlined by Nedyalkova et al. [13]. The C-S-H phases were freeze-dried 
using liquid nitrogen following the procedure of L’Hôpital et al. [46] to 
minimize CO2 uptake, kept under vacuum for 7 days to remove free 
water and then also stored in a desiccator over saturated CaCl2 solution. 

2.3. Sorption experiments 

Sorption experiments were performed using the pre-synthesized 
phases and hydrated cement powder (dparticle < 63 μm) by adding 
different volumes (0.01–0.83 mL) of 0.02 M Na3-citrate solution or 0.01 
to 0.49 g Na3C6H5O7.2H2O in order to obtain citrate concentration from 
2⋅10− 5 to 0.033 M citrate. Where needed, also 1 M NaOH solutions were 
added to reach in all cases a final Na concentration of 0.2 M (pH ~ 13.2) 
and 50 mL of solution. In the case of PC sorption experiments, a sup-
plemental volume of Milli-Q water (40 mL) was used to achieve a final S: 
L of 50 g⋅L− 1. The final monosulfoaluminate, monocarboaluminate, 
hemicarboaluminate suspensions have an S:L of 44 g⋅L− 1, 37 g⋅L− 1 and 
35 g⋅L− 1; ettringite and C-S-H suspensions of 32 g⋅L− 1 and 44 g⋅L− 1, 
respectively. 

Specimens were re-equilibrated for 7 days at 20 ◦C on horizontal 
shakers (100 rpm). Separation of the solid and the liquid phase was 
carried out in N2 filled glove boxes by vacuum filtration through 0.45 μm 
nylon filters. In order to preserve the solid phase, no washing was car-
ried out during the filtration. Drying steps were done as detailed above 
in Section 2.2. 

For the sorption experiments, relatively short equilibration times of 
7 days were chosen to minimize possible re-crystallization processes. 
The term sorption is used in a broad sense to describe the uptake citrate 
on the surface or in the interlayer or channels of AFm, AFt or C-S-H 
phases as different interactions may occur between citrate in aqueous 
solution and cement particle [47]: (i) non-specific adsorption on the 
surface due to electrostatic interactions; (ii) selective adsorption on 
reactive surface sites or the interlayer of minerals or (iii) incorporation 
in the structure of the hydrates. The partitioning of citrate between the 
solid and the liquid phase is also described in terms of distribution co-
efficients, Rd: 

Rd =
Ci,eq − Ci,0

Ci,eq
⋅
V
m

[
L⋅kg− 1] (1)  

where Ci,eq indicates the equilibrium concentration [mol⋅L− 1] of citrate, 

Ci,0 the initial concentration [mol⋅L− 1], m is the mass [kg] of sorbent 
(cement hydrate) and V is the total volume [L] of solution. 

2.4. Solid phase characterization 

After drying, the samples were characterized by X-ray powder 
diffraction (XRPD), thermogravimetric analysis (TGA), infrared spec-
trometry (FTIR) and zeta potential measurements (C-S-H phases and 
Ms). XRPD analyses for citrate-AFm, citrate-AFt, ettringite, AFm phases 
and PC were performed on a Panalytical X’Pert Pro MPD diffractometer 
with θ-θ geometry, using CuKα radiation (λ = 1.54184 Å) equipped with 
a solid X-Celerator detector. XRPD patterns were recorded at room 
temperature in the interval 5◦ < 2θ < 70◦ with a step size of 0.017◦ (2θ) 
and a total counting time of ~2 s for each step. The XRPD character-
ization of C-S-H phases was achieved using PANalytical X’Pert Pro MPD 
diffractometer (CuKα radiation, λ = 1.54184 Å) with rotating sample 
stage in a θ-2θ configuration and equipped with X’Celerator detector. 
XRPD scans were recorded with step size of 0.013◦ 2θ and with a fixed 
divergence slit size (0.25◦ 2θ) and an anti-scattering slit (0.5◦ 2θ) on the 
incident beam. 

TGA was carried out on a Mettler Toledo TGA/SDTA 851 instrument 
(Mettler Toledo, Switzerland) on ~30 mg of sample using a heating rate 
of 20 ◦C/min and a temperature range between 30 ◦C and 980 ◦C under 
N2. The water losses are reported as mass of H2O/mass of dried sample. 
Portlandite (CH) was quantified based on the weight loss in temperature 
range 400–500 ◦C using the tangential method as detailed in Lothenbach 
et al. [42]. The amount of CH was expressed relative to the mass of the 
samples at 600 ◦C. 

FTIR spectra were recorded between 4000 cm− 1 and 400 cm− 1 with a 
resolution of 4 cm− 1 on a Bruker Tensor 27 FT-IR spectrometer on 
powder samples to analyse the incorporation of citrate on the hydrates. 
The evolution of Ca to Si ratio of the C-S-H phases was calculated as a 
function of the citrate equilibrium concentration (reported in the ESM) 
by mass balance, Eq. (2): 

Ca/Sisolid =
(
[Ca]tot,in − [Ca]tot,eq − [Ca]portlandite

)/(
[Si]tot,in − [Si]tot,eq

)
(2) 

Zeta potential measurements were carried out using a Zeta Probe 
instrument (Colloidal Dynamics Inc., North Attleboro, MA) based on the 
electroacoustic method on stirred suspensions. An alternating high- 
frequency electric field was applied causing the oscillation of charged 
particle which generate sound waves. The instrument determines the 
dynamic mobility of charged particle present in a suspension, which is 
subsequently converted in zeta potential by the standard software. Prior 
to each measurement, pH meter (4.01, 7.01 and 10.01 standard solu-
tions) and Zeta Probe instrument (KSiW, provided by Colloidal Dy-
namics Inc.) were calibrated. The zeta potential measurements were 
carried out at 23 ◦C in suspensions with a solid concentration of 4.8 wt% 
in a total volume of 270 mL.The suspensions were titrated with citrate 
solution (0.09 M) from 3.3 ⋅ 10− 4 M to 6.6 ⋅ 10− 3 M with a titration 
increment step of 3.3 ⋅ 10− 4 M. Milli-Q water was used as solvent for all 
suspensions measurement. The suspension was agitated in order to 
prevent sedimentation. The zeta potential of the background solutions 
was measured at the same conductivity for each solutions in a Teflon 
small volume static beaker. The zeta potential of each sample was 
recalculated accordingly by the software including the corresponding 
corrections as also detailed in [48,49]. 

2.5. Liquid phase characterization 

The pH values were measured on an aliquot of the solution using a 
Knick pH-meter with a SE 100 pH/Pt 1000 electrode at room tempera-
ture. The instrument was calibrated with NaOH solution of known 
concentrations (0.1, 0.2, 0.5 and 1 M) to minimize the alkali error [50]. 

The total concentrations Al, Ca, Na, Si and S were measured on an 
Agilent 5110 ICP-OES equipped with an Agilent SPS 4 autosampler using 
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Argon as inert gas. The samples were diluted prior to analysis by a factor 
of 10, 100 and 1000 with 2 wt% HNO3 solutions to prevent precipitation 
of any solids. 

The total organic concentration was measured using a Sievers 5310C 
TOC analyser. The samples were diluted at least by a factor of 5 (for low 
organic concentrations) with 0.1 M HCl solution, and by a factor of 10, 
100 and 1000 with 0.01 M HCl at higher organic concentrations. 

2.6. Thermodynamic calculations 

Thermodynamic calculations were carried out to obtain the solubi-
lity product of synthesized AFm-citrate and AFt-citrate based on the 
measured concentrations. The thermodynamic modelling program 
GEM-Selektor (GEMS) [51] was used, which takes into account chemical 
interactions involving solids, solid solutions, metal ions, and aqueous 
electrolyte at once. General thermodynamic data were taken from the 
NAGRA/PSIi database [16], data for cement hydrates from the Cem-
data18 database [52]. The CSHQ model [52,53] was used to describe the 
alkali uptake and the composition of C-S-H. 

The complexation of citrate with the different cations was considered 
using the complex formation constants from [16,54–56] as detailed in 
Table 2. 

Activity coefficients of the aqueous species were calculated with the 
built-in extended Debye-Hückel equation and NaOH as a background 
electrolyte: 

logγi =
− Ayz2

i

1 + Byai
̅̅
I

√ + bI  

zi is the charge of species i, I is the effective molal ionic strength, ai =

3.31, is a parameter dependent on the size of ion i, b corresponds to 0.98 
in NaOH [59,60], and Ay and By are P,T-dependent Debye-Hückel sol-
vent parameters. 

The solubility products and saturation indices were calculated from 
the activity of the species Ca2+, Al(OH)4

− , OH− , SO4
2− , CO3

2− , C6H7O5
3−

and H2O, obtained using GEMS based on the measured total 
concentrations. 

3. Results 

3.1. Synthesized reference phases 

3.1.1. Sulfate, carbonate and citrate containing AFm phases 
Ms, Mc, Hc, ettringite as well as citrate containing AFm and AFt 

phases were synthesized as references. AFm phases have a layered 
structure consisting of positively charged main layers, 
[Ca4Al2(OH)12]2+, and anions and water present in the interlayer re-
gion, [Xx⋅nH2O]2− , such that the formation of a citrate-containing AFm 
phase and substitution of the already existing interlayer anion seem 
plausible. AFm phases form hexagonal or pseudo hexagonal crystals: 
monosulfoaluminate and hemicarboaluminate (abbreviated as Ms and 
Hc respectively) crystallize in trigonal geometry [61,62], while mono-
carboaluminate has a triclinic symmetry. 

Fig. 2 provides the XRPD patterns of the reference phases. For well- 
crystalline solid phases, XRD allows to identify the unit cell dimensions 
of phases by determination of the position of the main basal reflection 
(at low 2θ degrees: 7◦-10◦; Ms: d(003) = 8.9 Å, Mc: d(001) = 7.9 Å, Hc: 
d(006) = 8.3 Å) and relative to the direction hkl (00×). Characteristic of 
the AFm phases family is also the presence of a reflection at ≈31◦ 2θ 
(d(110), Ms ≈ d(110), Mc = 2.8 Å; d(110), Hc = 2.9 Å) related to the plane 
(110). 

Ms is characterized by a (003) reflection at ≈9.9◦ 2θ (8.9 Å) indi-
cating the presence of mainly Ca4Al2(SO4)(OH)12⋅6H2O (C4AsH12) after 
drying. Additionally, a smaller reflection appears at ≈9.4◦ 2θ (7.9 Å), 
indicating some C4AsH14, the hydrated form of monosulfoaluminate 
predominant in suspension, being present [63]. 

Hc is characterized by a (006) reflection at 10.7◦ 2θ (8.3 Å) indi-
cating the formation of Ca4Al2(CO3)0.5(OH)13⋅5.5H2O. In the Hc system, 
a secondary phase tentatively assigned to carbonated 

Table 2 
Thermodynamic data used to investigate citrate-complexes. (H3Cit = citric acid).  

Species Reaction log β0
m,l Reference 

Aqueous complexesa 

HCit2− Cit3− + H+ ⇆ HCit2− 6.36 [16] 
H2Cit− HCit2− + H+ ⇆ H2Cit− 4.78 [16] 
H3Cit0 H2Cit− + H+ ⇆ H3Cit0  3.13 [16] 
CaCit− Ca2+ + Cit3− ⇆ CaCit− 4.80 [16] 
CaHCit0 Ca2+ + HCit2− ⇆ CaHCit0  2.92 [16] 
CaH2Cit+ Ca2+ + H2Cit− ⇆ CaH2Cit+ 1.53 [16] 
KCit2− K+ + Cit3− ⇆ KCit2− 1.42b [54] 
K2Cit− 2 K+ + Cit3− ⇆ K2Cit− 1.93b [54] 
NaCit2− Na+ + Cit3− ⇆ NaCit2− 1.54b [54] 
Na2Cit− 2Na+ + Cit3− ⇆ Na2Cit− 2.38b [54] 
AlHCit+ Al3+ + Cit3− + H+ ⇆ AlHCit+ 12.90 [55,56] 
AlCit0 Al3+ + Cit3− ⇆ AlCit0  9.90 [55,56] 
AlCitOH− Al3+ + Cit3− + H2O ⇆ AlCitOH− + H+ 8.10 [55,56] 
Al(Cit)2

3− Al3+ + 2Cit3− ⇆ AlCit23− 14.13 [55,56] 
Al(Cit)2(OH)4− Al3+ + 2Cit3− + H2O ⇆ Al(Cit)2(OH)4− + H+ 10.19 [55,56] 
Al3(Cit)3(OH)4

4− 3Al3+ + 3Cit3− + 4H2O ⇆ Al3(Cit)3(OH)4
4− + 4H+ 20.6 [55,56]  

Solids 
H3Cit(H2O)(cr) H3Cit(H2O)(cr) ⇆ H3Cit0 + H2O  1.33 [16] 
Ca3Cit2(H2O)4(cr) Ca3Cit2(H2O)4(cr) ⇆ 3Ca2+ + 4H2O + 2Cit3− − 17.9 [16]  

a Sari [57] suggested the formation of CaH(Cit)2
3− , Ca(Cit)2

4− and CaH− 1Cit2− complexes, but did not give any details on the 
concentrations used, on the fitting procedure and did not report the experimental data, thus those data were not included in the 
present calculations following the recommendation in the NEA-TDB review on organics [16]. A recent study of Gácsi et al. [58] 
indicated that the formation of CaH− 1Cit2− is expected to be relevant only for very high pH values (pH > 15). 

b The NEA-TDB review on organics [16] suggested the use of SIT interaction coefficients to describe the interaction between Na+

or K+ with Cit3− at high ionic strength. As in the present work the extended Debye-Hückel was used and ionic strength was in all 
cases below 0.5 M, complexation constants were used. In all cases <0.1 % of total Na, K, or citrate in solution were present in those 
complexes and their consideration had a negligible effect on the calculated solubility products (<0.01 log units). 
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hemicarboaluminate, C4Ac0.8H10.2 [64] (cHc) was also detected. 
As member of AFm phases, monocarboaluminate with a triclinic 

structure (Mc, C4AcH11) is defined by a repetitive sequence of 
[Ca2Al2(OH)12]2+ layers and an interlayer region (2H2O-[CO3⋅3H2O]2− ) 
in which the CO3

2− anions are bound to the main layer Ca via shared 
oxygen bonds resulting in a very rigid structure and a narrow interlayer 
distance of 7.9◦ Å (001) [32,65]. 

The XRPD pattern of citrate-AFm indicates the presence of a layered 
structure with a high intensity reflection at 7.2◦ 2θ corresponding to a 
basal spacing d = 12.2 Å ((hkl) = (003)), which is in agreement with the 
values reported by [66] for tetracalcium aluminate hydrate phases 
(C4AH19) equilibrated with increasing citrate concentrations (0 ≤ xmol, 

citrate ≤ 0.66). The reflection at ≈14.5◦ 2θ (6.1 Å) is related to the basal 
spacing (006) as well as the less intense, partially overlapped reflection 
at ≈23◦ 2θ (dspacing = 4.0 Å), which is likely correlated to the (009) 
reflection. The broad reflection shapes indicate an only poorly ordered 
citrate-AFm structure as previously reported by [66]. For trigonal AFm 
structures such as monosulfoaluminate and hemicarboaluminate, a 
main layer reflection (110) at 31.03◦ 2θ [67] is characteristic, while for 
monoclinic monocarboaluminate it is shifted to ≈32◦ 2θ. In the case of 
citrate-AFm this main layer reflection is overlapped by the reflections of 
katoite (Ca3Al2(OH)12). In addition, some ill-ordered Ca3(Cit)2(H2O)4 
(main reflections at 11 and 22◦ 2θ) was observed as also reported by 
[66]. The presence of katoite indicates a lower stability of citrate-AFm, 
as compared to that of e.g. monosulfoaluminate or monocarboaluminate 

(Fig. 2). Furthermore, traces of tricalcium aluminate (Ca3Al2O6) indicate 
the incomplete conversion of initial reagents used for the synthesis. An 
increase of the basal spacing compared to AFm phases containing sulfate 
or carbonate can be expected due to the larger size of citrate compared 
to carbonate or sulfate ions, as previously observed for different organic 
containing AFm phases [68–70]. For citrate containing Mg/Al layered 
double hydroxide (LDH) phases, which have similar to AFm phases a 
positively charged main layer and an interlayer containing anions and 
water, a comparable basal spacing of d = 11.8 to 12.0 Å [71,72] was 
reported. Zhang et al. [71] postulated a perpendicular orientation of 
citrate molecules in Mg-LDH resulting in “pillared” LDH. Although the 
linkage of two main layers by the terminal carboxylate groups in citrate 
is a possible coordination mode, also a 5-bond ring structure formed by 
coordination of a carboxylate and the deprotonated α-hydroxyl group 
with calcium could be possible as observed by [73] for citrate sorbed on 
calcite. 

Thermogravimetric analysis (TGA) has been used to determine the 
amount of water associated with the different AFm phases, see Fig. S1 in 
the Electronic Supplementary Material (ESM). The water loss in the 
temperature range 30–550 ◦C has been assigned to interlayer water 
(below 250 ◦C) and main layer water (250 to 550 ◦C) [42]. For Mc, Hc, 
and Ms the combined interlayer and main layer weight loss was found of 
≈30–34 wt% in agreement with expected values [42]. The water loss 
region of citrate-AFm was less structured than those of the other AFm 
phases, which underlines the poorly ordered structure of citrate-AFm. 

Fig. 2. XRPD pattern diffraction of synthesized citrate-AFm, Ms, Hc, and Mc after 2 months of equilibration time. C: calcium citrate (Ca3(C6O5H7)2⋅4H2O); Cit-A: 
citrate-AFm; cHc: carbonated hemicarboaluminate; Hc: hemicarboaluminate; K: katoite (Ca3Al2(OH)12); Mc: monocarboaluminate (C4AcH11); Ms12: 
monosulfoaluminate-12 (C4AsH12); Ms14: monosulfoaluminate-14 (C4AsH14). 
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The weight loss at ≈300 ◦C (Fig. S1 in the ESM) might be caused both by 
the water loss of citrate-AFm as well by the water loss of katoite as 
detected by XRPD analysis [42]. Due to the presence of several other 
hydrates (citrate-AFm, katoite and Ca3(C6H5O7)2⋅4H2O) with over-
lapping water loss regions in TGA (see ESM) the determination of the 
water loss was difficult. The comparison of the different water losses 
determined in the samples with a surplus of Na3-citrate (see Fig. S2 in 
the ESM; corresponding XRPD patterns in Fig. S3) allowed to derive a 
water content of 12 water molecules as for monosulfoaluminate, with 

main water loss signals at 190 and 250 ◦C, while the weight loss due to 
citrate occurred around 800 ◦C. 

FTIR analysis can be used to study the sorption of anions such as 
citrate to the interlayer or to the outer main layer. While sulfate, SO4

2− , 
dissolved in water has a high-symmetry and only the vibration modes ν1 
and ν3 are visible [74], the sorption of sulfate on a surface, such as on 
calcium present in the main layer of AFm phases lowers the symmetry of 
the sulfate leading to the splitting of the vibration mode ν3 in two 
components [13]. In fact, the FTIR spectrum of Ms clearly shows the two 

Fig. 3. FTIR spectra of the synthesized AFm phases in the frequencies ranges of (a) the hydrogen bond region (3800–3200 cm− 1) and (b) the interlayer anions 
(1500–400 cm− 1). 

Table 3 
Measured pH (measurement error ± 0.1 pH units), Na, K, Ca, Al, sulfate, carbonate (measurement error ± 5 %) and citrate (measurement error ± 7 %) content for pure 
AFm phases and citrate-AFm phase, used to calculate the ionic activity products (IAP) at 20 ◦C. The solubility products of pure phases available in literature at 25 ◦C are 
reported for comparison in the second last column.  

Phases observeda pH Na (K) Ca Al Sulfate Carbonate Citrate IAPb log K◦
S
c    

— [mM] —     (this study)  

Ms, monosulfoaluminate: Ca4Al2(SO4)(OH)12⋅8H2O → 4Ca2++2Al(OH)4
− + SO4

2− + 4OH− + 8H2O 
Ms 13.2 220 0.30 1.9 1.0 – – − 30.21 ± 0.15d − 29.26 [77]  

Mc, monocarboaluminate: Ca4Al2(CO3)(OH)12⋅5H2O → 4Ca2+ +2Al(OH)4
− + CO3

2− + 4OH− + 5H2O 
Mc, Cc 13.4 216 0.55 0.15 – 0.38e – − 32.00 ± 0.15d − 31.47 [77]  

Hc, hemicarboaluminate: Ca4Al2(CO3)0.5(OH)13⋅5.5H2O → 4Ca2+ +2Al(OH)4
− + 0.5CO3

2− + 5OH− + 5.5H2O 
Hc, Mc 13.2 218 1.8 0.15 – 0.016f – − 29.26 ± 0.17d − 29.13 [77]  

Citrate-AFmg: Ca4Al2(C6H5O7)2/3(OH)12⋅6H2O → 4Ca2++2Al(OH)4
− + 2/3(C6H5O7)3− + 4OH− + 6H2O 

Cit-A, K, CA, C 13.3 213 0.69 6.1 – – 1.5 − 27.94 – 
Cit-A, K, CA, C 13.1 213 5.1 0.90 – – 12.7 − 27.91 – 
Cit-A, Cit-E, C 13.4 265 152 6.9 –  20.5 − 27.86 – 
Cit-A, CH 13.7 671 0.42 4.03 – – 37 − 29.98 – 
Cit-A, CH, KC 13.8 (697)h 2.81 1.08 – – 49 − 27.80 – 
Mean        − 28.3 ± 2.8i   

a C: Ca3(C6H5O7)2⋅4H2O; CA: tricalcium aluminate; Cit-A: citrate AFm; Cc: calcite; CH: portlandite; Ms: monosulfoaluminate; Mc: monocarboaluminate; Hc, 
hemicarboaluminate; K: katoite, KC: potassium citrate monohydrate. 

b Ion activity product calculated in this study. 
c log K◦

S reported by [77] for comparison. 
d Mean of citrate free sample and samples containing ≤0.02 mM citrate. 
e Assuming saturation with respect to calcite [77]. 
f Assuming saturation with respect to monocarboaluminate [77]. 
g d-spacing 12.27 Å, molar volume 424 cm3/mol (trigonal structure). 
h Value in the brackets correspond to the total potassium concentration is solution. 
i Uncertainties were calculated as three times the standard deviations of the mean value (3σ). 
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vibration bands: ν3 at ≈1100 cm− 1 and ν’3 at ≈1150 cm− 1. The latter 
band is visible as a shoulder of ν3 (Fig. 3). The vibration bands ν2 and ν4 
are observed at ≈460 cm− 1 and at ≈980 cm− 1 respectively. In the case of 
monocarboaluminate (Mc), where the interlayer anion CO3

2− is bound to 
the main layer [32], the stretching vibration ѵ1 is observed at ≈ 1070 
cm− 1, while the absorption band for hemicarboaluminate (Hc) (the 
carbonate group is only weakly bond in the interlayer) occurs at ≈1090 
cm− 1 [75]. The weakly bound carbonate in Hc shows single signals for 
the bending vibration ν4 at ≈750 cm− 1 and ν3 at ≈1400 cm− 1, while the 
bound carbonate with the resulting lower symmetry in Mc shows several 
signals in those regions in agreement with the observations of Nedyal-
kova and co-authors [13]. The absorption bands from 3000 cm− 1 to 
3600 cm− 1 are related to OH− stretching vibrations resulting from the 
interlayer water. The bands of Mc are narrower than those of Hc or Ms 
indicating more coordinated interlayer water in Mc. The main OH−

signal of Ms occurs at lower wavenumber than that of Hc indicating 
more coordinated water in Ms than in Hc. This is also in agreement with 
the three well-defined water loss areas observed by TGA for Ms (see 
ESM). 

Citrate-AFm shows less intense FTIR signals than the other AFm 
phases, which is probably related to its poorly ordered structure as 
evidenced by the XRD characterization. As for all the other AFm phases, 
a signal ν 3 of Al(OH)6 can be observed at ≈550 cm− 1 and the presence of 
citrate is visible by the typical asymmetric (≈1600 cm− 1) and symmetric 
(≈1400 cm− 1) stretching modes of the carboxylate groups which occur 
generally in the wavenumber range 1600–1300 cm− 1(Fig. 3b) of 

carboxylic anions coordinated to metal ions [76]. 
The total concentrations measured for the different elements in the 

aqueous solution (see Table 3) were used to calculate the ion activity 
products (IAP) for monosulfoaluminate, monocarboaluminate, hemi-
carboaluminate as well as for citrate-AFm. The calculated ion activity 
products (IAP) of monosulfoaluminate, monocarboaluminate, hemi-
carboaluminate are comparable to those reported in [77,78] as indi-
cated in Table 3. The solubility product, log K◦

S, of citrate-AFm is 
comparable to monosulfoaluminate and hemicarboaluminate, but 
higher than that of monocarboaluminate. Although the value of the 
solubility product is comparable due to the different number of anions in 
the dissolution equations, the solubility of citrate-AFm is higher than 
that of monosulfoaluminate and hemicarboaluminate, as also evidenced 
by the higher ion concentrations and the formation of katoite in the 
presence of citrate-AFm. 

3.1.2. Sulfate and citrate containing ettringite 
The ettringite structure consists of [Ca6[Al(OH)6]2⋅24H2O]6+ col-

umns surrounded by channels containing sulfate ions and water [37]. 
The sulfate ions in these channels can be replaced by other anions such 
as CrO4

2− , SeO4
2− , MoO4

2− , or B(OH)4
− [79–83], such that also a replace-

ment by small organic molecules such as citrate seems possible. The 
XRPD patterns of the prepared citrate-AFt and of sulfate based ettringite 
are shown in Fig. 4. The pattern of (sulfate-) ettringite is characterized 
by narrow well defined reflections including a main (100) signal at 9.7 Å 
in a direction (perpendicular to the columns) and a small (002) 

Fig. 4. XRPD pattern diffraction of citrate-AFt and sulfate-AFt after 2 months of equilibration time. Cit-E: citrate-ettringite, Cit-A: citrate-AFm, C: calcium citrate: 
Ca3(C6O5H7)2⋅4H2O, C3A: tricalcium aluminate: Ca3Al2O6, E: (sulfate-)ettringite. 
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reflection (parallel to the column) at 10.7 Å. The XRPD spectrum of 
citrate-ettringite is characterized by two main reflections between 7o to 
9o 2θ (dCit-A = 12.3 Å, dCit-E = 10.2 Å) indicating the presence of two 
phases. The broad reflections are associated with citrate-AFm with a 
basal spacing of 12.3 Å as shown in Fig. 2. The reflections of citrate-AFt 
are much narrower with a main (100) signal at 10.2 Å, and a very small 
(002) reflection again at 10.7 Å in c-direction. The substitution of sulfate 
by citrate is expected to increase the distance along the a-axis (x00, 
perpendicular to the columns) as in fact observed for citrate-AFt (Fig. 1). 
In addition, unreacted tricalcium aluminate due to the strong retarda-
tion of the C3A dissolution reaction by citrate as well as calcium citrate 
are observed. Unreacted C3A was also observed in a 2nd preparation 
equilibrated for 4 months. 

The TGA data (Fig. S4 in the ESM) indicated for sulfate containing 
ettringite a weight loss of 43 wt% with a main weight loss at 110 ◦C, 
which is near to the theoretical weight loss of 46 wt% expected for 
Ca6Al2(SO4)3(OH)12⋅26H2O [42]. The weight loss of citrate-AFt is with 
44 wt% somewhat lower than the theoretical weight loss of 46 wt% for 
Ca6Al2(C6O5H7)2(OH)12⋅26H2O, due to the presence of some citrate- 
AFm in the sample. 

The FTIR analysis (Fig. 5) shows OH− stretching vibrations of Al 

(OH)6
3− units at ≈3650 cm− 1 for ettringite, [84] and at 3680 cm− 1 for 

citrate-AFt. For ettringite the symmetric stretching vibration of H2O 
with a maximum at ≈3390 cm− 1 is well visible, while the H2O signals for 
citrate AFt are more broadly distributed indicating the presence of less 
well ordered water. The bending vibrations of hydroxyl groups related 
to Ca-OH and to the intra-channel water, are visible for the ettringite 
sample at 1660 cm− 1 and 1633 cm− 1 [84], and those of the Al-OH group 
at ≈880 cm− 1 and 850 cm− 1. The sulfate group generates two symmetric 
stretching vibrations ν1 and ν3 at 1090 cm− 1 and 989 cm− 1 [84,85]. The 
broad bands at ≈530 cm− 1 and ≈610 cm− 1 have been assigned by 
Myneni et al. [84] and Scholtzová et al. [85] to SO4

3− symmetric and 
asymmetric bending vibrations (ν2 and ν4). Generally, these bands are 
difficult to distinguish due to the overlapping with Ca/Al-OH bending 
vibrations. The citrate-AFt spectrum shows also the bending vibrations 
of the hydroxyl group related to Ca-OH at 1660 cm− 1 and the Al-OH 
stretching vibrations at 550 cm− 1, intensified by the Al-OH vibrations 
from the citrate-AFm phase. The signal at 1600 and 1400 cm− 1 is again 
assigned to asymmetric and symmetric carboxylate stretching vibrations 
of the citrate group, of citrate in AFm (Fig. 3b) and citrate in the AFt 
channels. 

The concentration of the aqueous solution in equilibrium with 
ettringite and citrate-AFt (see Table 4) were used to calculate the ion 
activity products (IAP) for sulfate-ettringite and citrate-AFt. The IAP of 
citrate-AFt is very similar to the solubility product of pure ettringite 
[78], indicating a lower stability of citrate-AFt than that of ettringite due 
to lower number of anions in the dissolution equations, as also evi-
denced by the higher ion concentrations and the formation of additional 
solids in the presence of citrate-AFt. 

3.1.3. Calcium silicate hydrate (C-S-H) phases 
The XRPD patterns of C-S-H phases prepared in 0.2 M NaOH with Ca/ 

Si 0.8, 1.0, 1.2 and 1.4 are shown in Fig. 6. In all cases mainly C-S-H is 
present, at Ca/Si 1.2 and 1.4 in addition some portlandite is detected due 
to the high hydroxide concentration (200 mM NaOH) in agreement with 
the observations of [86]. The basal reflection related to the d-spacing 
(002) of C-S-H at ≈8 Å shifts towards higher 2θ values with the increase 
of the Ca content in C-S-H, which enhances the attractive forces between 
the negatively charged main layer and the positive charged interlayer 
region [87,88]. The broad reflection at ≈17 Å, assigned to the reflection 
(101) and visible only for Ca/Si of 0.8 and 1.0, indicates the occupation 
of the bridging Si-sites within the silica chains [86,87]. TGA (see Fig. S5 
in the ESM) indicates a water loss of C-S-H of ≈0.20 g H2O per g dry 
weight, which agrees well with the data reported elsewhere [46,86]. 

Fig. 7 shows the FTIR characterization of the C-S-H prepared, rep-
resenting at 1400–800 cm− 1 Si–O stretching and at 800–400 cm− 1 

binding vibrations. The main band at 950 cm− 1 corresponds to several 
overlapping Si–O stretching bands. As observed previously [86] the 

Fig. 5. FTIR spectra of the synthesized ettringite samples in the wavenumber 
region (3800–400 cm− 1). 

Table 4 
Measured pH (measurement error ± 0.1 pH units), Na, K, Ca, Al, sulfate (measurement error ± 5 %) and citrate (measurement error ± 7 %) content for pure ettringite 
and citrate-AFt, used to calculate the ionic activity products (IAP) at 20 ◦C. The solubility products of pure phases available in literature at 25 ◦C are reported for 
comparison.  

Phases observeda pH Na (K) Ca Al Sulfate Citrate IAPb log10 K◦
S
c    

—[mM]—    (this study)  

AFt, ettringite: Ca6Al2(SO4)3(OH)12⋅26H2O → 6Ca2++2Al(OH)4
− + 3SO4

2− + 4OH− + 26H2O 
E 13.1 205 0.09 6.87 11.61 – − 45.42 ± 0.30d − 44.9 [77,78]  

Citrate-AFte: Ca6Al2(C6H5O7)2(OH)12⋅26H2O → 6Ca2++2Al(OH)4
− + 2(C6H5O7)3− + 4OH− + 30H2O 

Cit-A, Cit-E, C 13.4 265 152.3 6.9 – 20.5 − 41.1 ± 2.8f this study  

a C: Ca3(C6H5O7)2⋅4H2O; Cit-A: citrate AFm; Cit-E: Citrate AFt; E: ettringite. 
b Ion activity product calculated in this study. 
c log K◦

S reported in literature at 25 ◦C for comparison. 
d Mean of citrate free sample and samples containing ≤0.02 mM citrate. 
e (100) unit-cell dimension 10.16 Å, molar volume 775 cm3/mol (hexagonal structure). 
f Error for citrate AFt calculated assuming an analytical error of 5 % in the measured concentrations. 
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position of the main band shifts towards lower wavenumbers with 
increasing Ca/Si ratio, as consequence of the depolymerisation of the 
silica chain. No significant difference is observed between C-S-H Ca/Si 
= 1.2 and 1.4 where portlandite is present. The signal at 810 cm− 1 refers 
to the stretching vibrations of the chains-end-sites of the silica tetrahe-
dral, i.e. to Q1 silica [86,89], as well as the bending vibrations at 500 
cm− 1. The signal around 650 cm− 1, which increases slightly in intensity 
with the increase of the Ca/Si ratio, has been assigned to the Si-O-Si (O- 
Si-O) bending and water vibrations [90,91]. 

3.2. Kinetic experiments for the uptake of citrate 

3.2.1. AFm phases and ettringite 
In a first step the kinetics of citrate uptake on the AFm phases 

monosulfoaluminate, monocarboaluminate and hemicarboaluminate 
(Ms, Mc, Hc) and ettringite (AFt) was studied. For the sorption experi-
ments, Ms, Mc, Hc and AFt phases were pre-synthesized and equilibrated 
for two months before citrate was added to study its sorption. The 
addition of citrate (at a constant Na concentration of 200 mM) lowered 
the pH values of AFm phases (from initially ≈13.3) and ettringite (from 
initially 13.1) by 0.4 pH units, to a pH of 12.9 for Ms and Mc and of 12.7 
for ettringite (Fig. 8a). In the case of Hc, the pH was decreased by 0.2 
units (from 13.2 to 13.0) only after 1 day, as a consequence of the higher 
citrate uptake by Hc. The adding of citrate to the suspensions enhanced 
the dissolution of Ca2+ from the solid phase, due to the formation of 
stable Ca-citrate complexes and/or to the precipitation of Ca-citrate salts 
(e.g. Ca3Cit2⋅4H2O) (Fig. 14). 

In general, pH values increased between 1 and 4 days of 

Fig. 6. XRPD of C-S-H phases synthesized with a Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 and equilibrated for 2 months. CSH: C-S-H; P: portlandite.  

Fig. 7. FTIR spectra of C-S-H phases with a Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 in the wavenumber region (1400–400 cm− 1).  
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equilibration, while citrate concentrations decreased up to 4 days 
(Fig. 8b) significantly in the case of Hc, and moderately for Ms and AFt. 
For Mc variations of both pH and citrate as function of time were small, 
indicating a very weak uptake only. In parallel with the changes in pH 
values and citrate concentrations some variations in aluminium and 
calcium concentrations were observed during the first 4 days, while they 
remained stable afterwards (experimental data see Tables S1–S8 in the 
ESM). Together these data indicate that a steady state sorption was 
reached within 4 days and little variations occurred between 4 and 14 
days. Thus, all further sorption experiments were carried out using an 
equilibration time of 7 days. In all cases, no additional solids formed due 
to the addition of citrate (see XRPD data in Figs. S6–S9 in the ESM), 
although the solution concentration after 1 day indicated oversaturation 
of the solution with respect to citrate-AFm and citrate-AFt (see Tables 
S1–S8 in the ESM). However, the formation of these phases was not 
observed indicating a kinetic hindrance of their formation. 

3.2.2. C-S-H phases 
Kinetic sorption experiments were also conducted for C-S-H phases. 

Pure C-S-H phases with a Ca/Si ratio ranging from 0.8 to 1.4 were 
synthesized as described in the Section 2 and after 2 months of equili-
bration time, a total citrate concentration of 33 mM was added to the 
suspension. The addition of citrate decreased the pH by 0.8 pH units for 
C-S-H 0.8, 0.4 units for C-S-H 1.0, and ≈0.2 units for C-S-H 1.2 and C-S-H 
1.4 after 14 days of contacting time (Fig. 9a). The pH values of C-S-H 0.8 
and C-S-H 1.0 decreased over time, while the pH values remained con-
stant for Ca/Si = 1.2 and 1.4. In addition, the small amount of por-
tlandite present at Ca/Si = 1.2 and 1.4 was destabilized in the presence 
of 33 mM citrate, due to the formation of strong CaCit− aqueous com-
plexes. The XRPD characterization for equilibration time from 1 to 14 

Fig. 8. (a) pH values (measurement error ± 0.1 pH units) and (b) citrate 
aqueous concentration (measurement error ± 2 %) in the presence of AFm 
phases (Ms, Mc, and Hc) and AFt measured at different equilibration time (t =
1–14 days) in the presence of initial [Cit]tot = 33 mM and [Na]tot = 0.2 M. 
Empty crossed symbols indicate the pH values in the absence of citrate. 

Fig. 9. (a) pH values (measurement error ± 0.1 pH units) and (b) citrate 
aqueous concentrations (measurement error ± 2 %) in the presence of C-S-H 
phases (Ca/Si = 0.8–1.4) measured at different equilibration times (t = 1–14 
days) in the presence of initial [Cit]tot = 33 mM and [Na]tot = 0.2 M. Empty 
crossed symbols indicate the pH values in the absence of citrate. The red dotted 
line represents the citrate concentration in equilibrium with Ca3(Cit)2⋅4H2O at 
[Ca]tot = 0.025 M representative of the C-S-H 1.4 pore water in 0.2 M NaOH in 
the absence of citrate. 
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days (see Figs. S10–S13 in the ESM), showed that already 1 day after 
citrate addition portlandite was destabilized. 

The measured citrate concentrations were in all cases lower than the 
initial citrate concentration (Fig. 9b) indicating citrate uptake by C-S-H 
at all Ca/Si (experimental data see Tables S1–S8 in the ESM). The citrate 
concentration showed little variation with time, with the exception of C- 
S-H 1.4, where citrate concentration decreased over time, which is 
probably related to the slow precipitation of calcium citrate, 
(Ca3(C6O5H7)2⋅4H2O, as observed by XRPD (see Fig. S13 in the ESM). 
Therefore, a contact time of 7 days was used for further sorption ex-
periments on C-S-H phases as for the sorption experiments on AFm 
phases and ettringite. 

The citrate concentration decreased with the increase of Ca/Si ratio 
in C-S-H indicating a stronger sorption of citrate in the presence of more 
calcium. The much lower citrate concentrations measured in the pres-
ence of C-S-H with a Ca/Si 1.4, however, are also related to the pre-
cipitation of calcium citrate. 

3.3. Sorption experiments 

3.3.1. Solid AFm phases and ettringite 
The composition and structure of Ms and Hc are affected by the 

presence of citrate (Figs. 10 and 11). The position of the main basal 
reflection d003, of both Ms12 and Ms14 (monosulfoaluminate with 12 or 
14 H2O moles of water), shifts towards slightly lower degrees 2θ (higher 
d-values) with the increase of citrate concentration indicating either a 
very small increase of the interlayer distance due to the intercalation of 
citrate or more probable, due to a decrease of the number of stacked 
layers which shifts the XRD signal at a constant basal spacing to lower 
degrees 2θ values [87,92]. For high citrate concentrations ([Citrate]in =

13 mM and 33 mM) an additional phase was detected with a reflection at 
7.2◦ 2θ (Fig. 10a) corresponding to a d-spacing of 12.2 Å, the position 
where the basal reflection of citrate-AFm has been observed (see Fig. 2). 
For Mc no clear effect of citrate on the interlayer distance is observed 
(Figs. 10 and S14 in the ESM), indicating no significant uptake of citrate 
in the interlayer of Mc. 

In contrast to Mc, the interlayer distances of hemicarboaluminate 
(Hc) and carbonated hemicarboaluminate (cHc, C4Ac0.8H10.2 [64]) in-
crease clearly with the citrate concentration (Figs. 11b, 12). At the 
highest citrate concentration (33 mM), only one of the two reflections 
related to Hc and cHc is present, while at the same time an additional 
signal at 6.4◦ 2θ (d-spacing of 13.9 Å) is observed indicating again 
citrate-AFm or possibly a mixed citrate‑carbonate AFm phase (Fig. 11a). 
The decrease of the intensity of the main basal reflection with the 

increased citrate concentration may indicate a decrease in ordering and/ 
or more variable interlayer distance. Note that the main layer signal at ≈
31◦ 2θ related to the 110 plane did not broaden or decrease in intensity. 
These findings are in agreement with the observation of the kinetic ex-
periments, where a similar broadening of the basal reflection was 
observed. A widening of the interlayer due to the intercalation of citrate 
in the case of Hc, but not for Mc is in agreement with observations of 
Nedyalkova and co-workers [13]. They detected an anion exchange 
reaction preferentially on AFm phases with a trigonal structure such as 
Hc and Ms, but not on Mc, with its rigid triclinic structure and narrow 
basal spacing. 

The effect of citrate on the ettringite structure was also negligible. 
The pattern of (sulfate-) ettringite is characterized by narrow, well- 
defined signals. The main (100) signal at 9.1◦ 2θ (d = 9.7 Å) in a di-
rection (perpendicular to the columns) shows only a negligible increase 
with increasing citrate concentration (Figs. 12 and S14 in the ESM), 
while for the small (002) reflection (parallel to the column) at 8.2◦ 2θ (d 
= 10.7 Å) no significant variations are observed. 

The uptake of citrate in Ms and Hc is also well visible in the FTIR 
spectra (Fig. 13), where the intensities of the stretching vibration band 
of the citrate carboxylate group are growing, while the vibration bands 
of the sulfate group decreases with increasing citrate concentrations. 
The increase of the signal of the carboxylate group of citrate is much 
more intense for Hc than for Ms, indicating a more intense uptake of 
citrate in agreement with XRPD results. 

In the case of Mc, the bending vibrations of CO3
2− (1450–1400 cm− 1, 

see Fig. S16 in the ESM) slightly decrease with the increase of citrate 
concentration, indicating a low tendency of citrate sorption via anion 
exchange reaction than for Ms and Hc. 

In the case of ettringite the stretching vibrations of carboxylate group 
of citrate are covered by the bending vibrations of Ca = OH2 (1660 
cm− 1) [84], while the intensity of the sulfate stretching vibration at 
≈1100 cm− 1 shows some variations (see Fig. S17 in the ESM), but no 
systematic decrease with citrate concentration indicating no or only 
very little replacement of sulfate by citrate. This finding is also in 
agreement with the XRPD characterization, where no significant 
changes in the ettringite structure were found in the presence of citrate. 

3.3.2. Aqueous concentrations in equilibrium with AFm phases and 
ettringite 

All measured data and calculated saturation indices are provided in 
Tables S17–S24 in the ESM. Fig. 14 shows that the addition of citrate 
increases the calcium and sulfate concentrations but lowers the pH 
values in the presence of AFm phases and ettringite. The increase of the 

Fig. 10. XRPD patterns of monosulfoaluminate after sorption of citrate and for contacting time t = 7 days. (a) Appearance of citrate-AFm at higher dosages of citrate, 
and (b) Shift of basal spacing of Ms, monosulfoaluminate (Ms12 and Ms14 indicates the water content of monosulfoaluminate). 
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sulfate concentration for Ms and ettringite in the presence of citrate 
indicates a partial replacement of sulfate by citrate. The increase of the 
calcium concentration with citrate addition is mainly due to the for-
mation of aqueous CaCit− complexes, which dominate Ca speciation at 
citrate concentrations at >1 mM as exemplified for Mc in Fig. 15. CaCit−

has been found the most stable aqueous Ca complex in the presence of 2 
mM citrate and above in the presence of all AFm phases and ettringite 
studied here. Citrate is present in solution mainly as fully deprotonated 
Cit3− species. At high calcium concentrations and low citrate concen-
trations a significant fraction CaCit− is calculated to form, while the 
fraction of citrate complexes with Na, K or Al were negligible (<0.1 % of 
citrate) under all conditions considered. Although ettringite samples 

have the lowest Ca concentration at low citrate concentrations, the Ca 
concentrations increase steeply and reach comparable calcium concen-
trations at high citrate concentrations as observed for the AFm phases. In 
the case of Hc and AFt, however, the Ca concentrations drop at the 
highest citrate concentrations, where the solutions are oversaturated 
with respect to Ca-citrate (Ca3(Cit)2⋅4H2O(s)), as detailed in Table S22 
(hemicarboaluminate) and S24 (ettringite) in the ESM, pointing towards 
the possible precipitation of Ca-citrate. The saturation indices calculated 
from the measured aqueous concentrations showed also a strong over-
saturation with respect to citrate-AFm and citrate-AFt indicating a ki-
netic hindrance of their formation in the sorption experiments 
conducted. 

Fig. 11. XRPD patterns of hemicarboaluminate after sorption of citrate and for contacting time t = 7 days. (a) Appearance of citrate-AFm at higher dosages of citrate 
and (b) Shift of basal spacing of Hc, hemicarboaluminate. 

Fig. 12. Increase of the basal spacing (00x) for AFm phases (for comparison: basal spacing of citrate-AFm = 12.3 Å) and the a-spacing (x00, perpendicular to the 
columns) of sulfate ettringite (AFt) (for comparison: interplanar distance of citrate-AFt = 10.2 Å) in the presence of citrate. 
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Fig. 13. Effect of the initial citrate concentration on the FTIR spectra of (a) Ms, monosulfoaluminate and (b), Hc, hemicarboaluminate at 7 days of contacting time 
after the citrate adding. 
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The sorption of citrate on AFm phases and ettringite is shown in 
Fig. 16. The overall sorption capacity of AFm phases refers to the sum of 
surface sorption sites and interlayer sorption capacity. Assuming that 
the main sorption uptake mechanism occurs via electrostatic interaction 
between the positive charged layer and the accommodating anion, the 
total molar capacity per kg of solid for citrate is based on the valence of 

citrate in the anionic form (− 3) and the total positive charge (+2) of the 
main layer Ca4Al2(OH)12

2+ per formula unit. The batch experiments, 
carried out at pH ≈ 13, show that citrate sorbs at low concentrations 
significantly on Hc and on Ms, while the uptake on Mc and AFt is rather 
weak. The citrate sorption on Mc, Ms and ettringite increases with cit-
rate concentration up to ≈ 0.01 mol citrate per kg solid, while little 

Fig. 14. (a) Measured Ca aqueous concentration and (b) pH values of AFm phases (Ms, Mc, and Hc) and AFt, with [Na]tot = 0.2 M and a contacting time of 7 days. 
Shaded grey areas indicate the regions where Ca-citrate formation is expected based on SI calculation. 
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additional sorption is observed at higher citrate concentrations. Above 6 
mM citrate, the formation of Ca-citrate (Ca3(Cit)2⋅4H2O(s)) is expected 
for ettringite as indicated by the star symbol in Fig. 16. The total possible 
uptake of citrate on Ms, Hc, Mc and ettringite corresponds to ≈1 mol per 

kg solid as indicated by the horizontal lines in Fig. 16. The limited 
sorption of ≈0.005 mol citrate per kg Ms, ettringite and Mc might be 
related to a limitation of the citrate sorption to the outer surface only. 
Ma et al. and Nedyalkova et al. [15,93] reported a ratio of outer to total 

Fig. 15. Calculated fraction of Ca-complexes in the equilibrium with Mc as a function of added citrate concentration.  

Fig. 16. Experimental citrate sorption isotherm for monosulfoaluminate (Ms), monocarboaluminate (Mc), hemicarboaluminate (Hc) and ettringite (AFt) after an 
equilibration time of 7 days. The upper and lower horizontal lines indicate the total potential total surface uptake potential uptake on the outer surface of Ms, Mc, Hc 
and AFt respectively. Symbols marked with (*) indicate the potential precipitation of Ca3Cit2⋅4H2O based on the calculated saturation indices in ESM Section 3. 
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surface sites for AFm phases of 1:1000 and 1:60 respectively. Nedyal-
kova et al. [93] observed in the case of Mc that also iodide ions sorption 
occurred on the outer surface only. Based on the observed limited uptake 
observed for citrate it can be expected that citrate sorbs in the case of 
Mc, Ms and ettringite on the outer surface mainly and that the ratio of 
outer surface sites to total (outer and interlayer) surface sites corre-
sponds to 1:200, as indicated by the horizontal lines labelled as outer 
surface sorption capacity in Fig. 16. 

Only in the case of Hc, sorption increases with citrate concentration 
with a slope of 1, indicating a high affinity of citrate to sorb on Hc. The 
quasi-linear trend of Hc for 10− 5 M < [Citrate]eq < 1 M Hc suggests that 
both the inner and outer surface sites of Hc can be occupied by citrate. 
The higher sorption capacity can be related to the weak linkage energy 
(hydrogen bonds) of the interlayer anion OH− present in the case of Hc 
as well as to its larger basal spacing, which makes the uptake of citrate 
easier. 

For Ms also a strong uptake is observed at low citrate concentrations, 
but only up to ≈ 0.005 mol/kg Ms, indicating that only outer surface 
sites of Ms can be occupied by citrate. This observation is also in 
agreement with the strong decrease of the zeta potential of Ms up to 
≈0.01 mol/kg Ms (see Fig. S18 in ESM), which continued more 
moderately for citrate concentration up to ≈3 mM, confirming a strong 
sorption of citrate on the outer surface of Ms. The liquid phase analyses 
evidenced no significant increase of the sulfate concentrations at low 
citrate concentrations with a more or less constant sulfate concentration 
of 1 mM. A moderate increase was observed at citrate concentrations of 
≥6.7 mM, where the pH started to be lowered. This underlines a very 
limited uptake of citrate in monosulfoaluminate being in contrast with 
the observations for smaller anions such as I− , where a continuous and 
complete replacement of sulfate by iodide in monosulfoaluminate was 

observed by Aimoz and Nedyalkova [13,94]. 
For AFm phases, Rd values of ≈10 (Mc), ≈40 (Hc) and ≈230 L/kg 

(Ms) were derived for citrate concentrations <0.1 mM, while the Rd of 
ettringite was in the range of 1 to 18 L/kg. At higher citrate concen-
trations these values decreased strongly by about ≈2 order of magnitude 
(Mc, Ms and AFt) due to limited accessibility of citrate to the available 
sorption sites. 

3.3.3. Solid C-S-H phases 
Fig. 17 compares the XRPD patterns of C-S-H in the presence of 33 

mM citrate with C-S-H samples without citrate. As described previously 
[46,86] (Section 3.1.3), the d-spacing of C-S-H phases decreases with 
increasing Ca/Si ratio. Detailed studies indicate that this reduction of 
interlayer distance could be related to the strong attracting effect of the 
Ca2+ in the interlayer towards the negatively charged main layer [25]. 
The presence of citrate has a negligible effect on the basal spacing of low 
Ca/Si (0.8 and 1.0) C-S-H phases, while a more accentuated decrease of 
the basal spacing from 12.2 to 10.8 Å at Ca/Si = 1.2 and from 11.3 Å to 
9.7 Å at Ca/Si = 1.4 are visible on the shift of the 002 band towards 
higher diffraction angles. Such a decrease of the interlayer distance has 
been reported previously at lower pH values and higher Ca- 
concentrations [86] as the presence of more Ca2+ in the interlayer 
resulting in a stronger attraction between the two main layers. However, 
this is not the case here, as less Ca in C-S-H is observed in the presence of 
higher citrate concentrations (see below), thus the decreased layer dis-
tance could possibly be due to a decreased repulsion between the main 
C-S-H layer at increased ionic strength in the presence of high citrate 
concentrations. A slight decrease of Ca/Si ratio in the C-S-H is observed 
for citrate concentration higher than 0.003 M (see Fig. S19 in the ESM), 
due to the presence of more dissolved Ca and the formation and 

Fig. 17. XRPD characterization of C-S-H phases (Ca/Si = 0.8–1.4) in presence (33 mM) and in absence of citrate after 7 days of contacting time after citrate addition.  
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precipitation of Ca3Cit2⋅4H2O, as also suggested by the calculated 
saturation indices (see Tables S9–S16 in the ESM). 

In addition, the small amount of portlandite originally present at Ca/ 
Si = 1.2 and 1.4, is destabilized in the presence of 33 mM citrate for Ca/ 
Si = 1.2 and 7 mM citrate for Ca/Si = 1.4, due to the formation of CaCit−

aqueous complexes (Fig. 15). 
The FTIR of C-S-H phases (Ca/Si = 0.8–1.4) equilibrated for 7 days 

with 33 mM citrate in Fig. 18 shows the typical stretching band of the 
Si–O bond at ≈950 cm− 1, which shifts systematically towards lower 
wavenumbers with higher Ca/Si as also observed in the absence of cit-
rate (Fig. 7). The presence of citrate led to somewhat higher wave-
numbers in particular for the low Ca/Si C-S-H samples. The Q1 band at 
840–810 cm− 1 increases in intensity and shifts towards lower wave-
numbers with the increase of the Ca/Si ratio. The comparison with the 
citrate-free C-S-H samples indicates less Q1 sites in the presence of cit-
rate and thus less Ca in C-S-H, in particular for Ca/Si = 1. This is 
consistent with the increased Ca-fraction observed in the solution, as 
discussed in the next section. In the presence of citrate, additional bands 
occurred in the wavenumber region of 1550 and at 1400 cm− 1 indi-
cating the presence of citrate in C-S-H for all Ca/Si ratios, as also 
observed for the AFm phases in Fig. 3b. 

3.3.4. Aqueous concentrations in equilibrium with C-S-H phases 
All measured data and calculated saturation indices are provided in 

Tables S25–S32 in the ESM. The total Ca concentration in solution and 
the pH values as a function of the citrate concentration are shown in 
Fig. 19. The Ca concentration (Fig. 19a) increases for all C-S-H phases 
with increase of citrate concentration. For low citrate concentrations 
([Citrate]eq < ≈0.1 mM), no significant effect on the calcium concen-
trations is observed, while for 1 mM citrate and above the calcium 
concentrations are increased due to the formation of aqueous CaCit−

complexes as observed above for the AFm phases and ettringite. In 
addition, as mentioned in Section 3.3.3, citrate affects the C-S-H phase 
composition by dissolving more Ca2+ with increasing citrate concen-
tration and therefore lowering the Ca/Si in the solid in agreement with 
the presence of less Q1 sites and thus lower Ca/Si ratios observed by 
FTIR. The total Ca concentrations reach 6 to 17 mM at 30 mM citrate, 
depending on the Ca/Si ratio of the initial C-S-H. Fig. 19b illustrates the 
decrease of pH with increasing addition of Na3-citrate, in particular for 
low Ca/Si C-S-H, which is able to bind significant amounts of Na+ in its 
ion exchanges sites [86]. The effect is much smaller at higher Ca/Si, 
where less Na+, but rather citrate is bound within the structure. The 

addition of citrate lowers the pH significantly as the major fraction of the 
citrate remains in solution, in particular in the presence of low Ca/Si C- 
S-H. 

The sorption of citrate at pH of ≈13.2 on C-S-H is expressed in Fig. 20 
as moles of citrate adsorbed per kg of C-S-H. The weight of C-S-H has 
been determined by combining mass balance calculations and water 
content obtained by TGA analysis as detailed in Electronic Supplemen-
tary Materials (Table S33). Fig. 20 shows a clear increase of citrate 
sorption with the Ca/Si ratio or also with the calcium concentration in 
solution (Fig. 19). Similar observations have been reported for gluconate 
sorption on C-S-H and portlandite, where the gluconate uptake is 
mediated by the presence of Ca2+ at the surface [20,95]. A comparable 
mediation of citrate uptake on C-S-H by Ca2+ can thus be expected. 

For citrate concentration higher than 2 mM, where the formation of 
CaCit− complexes dominates the solution composition (see also Fig. 15), 
the sorption of citrate on C-S-H levels off or even decreases by one order 
of magnitude (based on the steepness of the sorption isotherm eye-guide 
line shown in the Fig. 20) at Ca/Si = 0.8, where little calcium is avail-
able. This decrease of the sorption at higher organic anion concentra-
tions has also been observed for gluconate [95], where the formation of 
aqueous calcium gluconate complexes led to a desorption of Ca2+ from 
the solid C-S-H surface up to a point, where no sufficient Ca2+ was 
available at the surface to mediate gluconate or citrate (as in this study) 
sorption. Such a behavior was predicted by Turesson and coworkers 
[96] based on Monte-Carlo simulations for the Ca2+ mediated adsorp-
tion of polyanions on negatively charged surfaces. 

For the C-S-H phases, Rd values of (3.0 ± 1.3) L⋅kg− 1, (16.6 ± 2.2) 
L⋅kg− 1, (39.5 ± 3.8) L⋅kg− 1 and (52.6 ± 4.7) L⋅kg− 1 were derived at 
citrate concentrations <2 mM for Ca/Si = 0.8, 1.0, 1.2 and 1.4 respec-
tively. For high citrate concentrations, the amount of citrate sorbed on 
C-S-H Ca/Si = 1.2 and 1.4 in Fig. 19 did not increase anymore due to the 
desorption of Ca2+ from the C-S-H surface as illustrated in Fig. 19a. 

Previous studies have shown that the uptake of cations [97,98] or 
anions [48,99,100] on C-S-H can increase or decrease the charge near 
the Stern layer determined by zeta potential measurements. Zeta po-
tential measurements carried out on C-S-H containing suspensions in the 
presence of citrate are shown in the Fig. 21. The zeta potential in the 
absence of citrate is negative for C-S-H with a Ca/Si = 0.8 due to the 
deprotonation of ≡Si-OH surface groups to ≡Si-O− at pH values above 
10. The higher the pH, the higher the negative charge of low Ca/Si C-S-H 
[29,101,102]. The sorption of Ca2+ on the surface of C-S-H: ≡Si-OCa+, 
can compensate or even overcompensate this negative charge leading to 

Fig. 18. FTIR characterization of C-S-H phases (Ca/Si = 0.8–1.4) equilibrated with 33 mM citrate for 7 days of contacting time in the wavenumber region 
2000–400 cm− 1. 
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positive zeta potential measurements at high calcium concentrations 
[103,104], see left side of Fig. 21. Fig. 21 shows also that the addition of 
citrate decreases the zeta potential of the C-S-H phases as well as the one 
of portlandite, indicating an accumulation of citrate at the surface, 
leading to the observed charge reversal, similarly as observed by 
Nachbaur et al. [97] for sulfate on the C-S-H surface. The amount of 
citrate needed to reach the isoelectric point increases with the increase 
of Ca/Si ratio. For Ca/Si = 0.8 already the initial zeta potential is 
negative and little further change is observed above 0.04 mol citrate per 
kg of solid (~ 2 mM citrate). For Ca/Si = 1.0, 1.2 and 1.4 the charge is 
reversed at 0.02 mol citrate per kg of solid (~1 mM citrate), 0.04 (~2 
mM) and 0.08 (~4 mM), respectively. Also on PC, a decrease of the zeta 
potential was observed [105] in the presence of 2 wt% of Na3-citrate and 
K3-citrate. The zeta potential of portlandite reported as reference system 
in Fig. 21, presents a similar decreasing trend with increasing citrate 
addition, and a negative charge is observed for high citrate concentra-
tions. The formation of negative surface charge (negative zeta potential) 

in the presence of citrate is consistent with the observed citrate sorption 
on C-S-H in Fig. 20. 

3.3.5. Sorption of citrate on hydrated cement 
In Fig. 22 the Rd coefficients obtained in this study for the different 

cement phases, monosulfoaluminate, monocarboaluminate, hemi-
carboaluminate, ettringite and C-S-H phases with Ca/Si ratio ranging 
from 0.8 to 1.4 are reported as a function of equilibrium calcium con-
centrations based on the Rd values obtained at citrate equilibrium con-
centration below than 2 mM, i.e. at conditions where sorption is the 
main process, and Ca-citrate precipitation can be excluded. Citrate sorbs 
most strongly on Ms and Hc, followed by Mc and ettringite. It is evident 
that citrate has a higher affinity to the layered structure of AFm phases 
than to the hexagonal ettringite. As discussed in the Section 3.3.1, citrate 
sorption occurs mainly on the outer surface of Ms, Mc and ettringite 
which strongly limits the maximum uptake, while citrate seems to be 
able to enter also the interlayer region in the case of Hc. Citrate sorption 
on C-S-H phases is generally weaker but increases with the Ca/Si ratio, 
indicating that Ca2+ mediates citrate sorption. Only a few studies 
investigated the uptake of citrate on hydrated cements. Möschner et al. 
[3] investigated the uptake of citric acid (at initial citrate concentration 
of 13 mM, 52 mM and 65 mM) on a Portland cement (PC). The Rd co-
efficient shown in the Fig. 22 corresponds to the initial citrate content of 
65 mM after 28 days. The citrate sorption on PC is with Rd value of 12.5 
L⋅kg− 1 comparable to the Rd values of C-S-H with a Ca/Si ratio of 1.4, 
monocarboaluminate and ettringite, the main hydrates observed in 
addition to portlandite in the hydrated PC [3]. In the present study an 
even higher Rd of (154 ± 20) L⋅kg− 1 was observed for PC, which might 
be related to the presence of more AFm phases (i.e. hemicarboaluminate 
and monocarboaluminate) in the cement studied here (see Figs. S20 and 
S21 in the ESM), compared to [3] where no significant amount of AFm 
phases was reported due to the higher SO3 to Al2O3 ratio in the cement 
used by [3]. Another relevant factor is the higher pH values present in 
the pore solution of the hydrated cement (pH ≈ 13.7), [3]), than in the 
sorption experiments conducted in the title study at a pH of ≈13.3. High 
pH values lead to a more negative surface charge of the hydrates [48], 
lower calcium concentrations and therefore a lower sorption of citrate 
on PC in the study of [3] than measured in the present study. Even 
though [3] observed a Rd value of only ≈13 L⋅kg− 1 < 2 % of the initial 
citrate was observed in the cement pore solution after longer equili-
bration times, while >98 % of the initial citrate were sorbed on solid 
phases [3]. 

As C-S-H is the major phase in hydrated Portland and blended ce-
ments, the composition of C-S-H plays an important role for citrate 
sorption, and citrate sorption is expected to be lower in the presence of 
Si-rich supplementary cement material (SCMs) where C-S-H with a 
lower Ca/Si is formed than in Portland cements [106,107]. The Rd value 
calculated for a calcium aluminate (CA) cement hydrated for 10 min 
[108] is much lower, which is related to the absence of C-S-H or AFm 
phases in CA cements, where mainly katoite (Ca3Al2(OH)12) and Al 
(OH)3 are formed, which seem to show little affinity for citrate. 

4. Conclusion 

The sorption of the citrate (C6H5O7)3− on the main hydrates formed 
in Portland and blended cements has been investigated at a pH of ≈13.2. 
Citrate sorption on monosulfoaluminate, monocarboaluminate, hemi-
carboaluminate (AFm phases), ettringite and C-S-H phases was deter-
mined. For comparison, also “pure” citrate-AFm and citrate-AFt were 
synthesized, which exhibit a relatively poorly-ordered structure. For 
citrate-AFm a basal spacing of 12.2 Å has been observed, comparable to 
the value reported by Pöllman and co-authors [66] and comparable to 
the values observed for citrate-containing LDH phases. The uptake of 
citrate in the ettringite structure increased the distance along the a-axis 
(x00, perpendicular to the columns) from 9.7 Å for the sulfate based 
ettringite to 10.2 Å for citrate-AFt. Citrate-AFm and citrate-AFt were 

Fig. 19. (a) [Ca] aqueous concentration and (b) pH values for C-S-H phases 
(Ca/Si = 0.8–1.4) as function of citrate concentration in solution measured after 
7 days of contacting time. Shaded grey areas indicate the regions where Ca- 
citrate formation is probably based on SI calculation. 
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found to be less stable than sulfate- or carbonate-containing AFm phases 
and ettringite, respectively. 

Kinetic sorption experiments of citrate on pre-synthesized mono-
sulfoaluminate, monocarboaluminate, hemicarboaluminate, ettringite 

and C-S-H phases indicated a relatively fast uptake of citrate; steady- 
state sorption was attained within 4 days. The sorption experiments at 
[Citrate]in = 10− 5 M to 10− 1 M indicated that citrate tends to sorbs 
mainly on outer surface sites of monosulfoaluminate, 

Fig. 20. Sorption isotherms calculated as moles of citrate sorbed per kg of solid phase, for C-S-H phases with a ratio of 0.8 ≤ Ca/Si ≤ 1.4 and Portland cement (PC) 
after 7 days of contacting time the citrate adding. Symbols marked with (*) indicated the possible formation of Ca3Cit2⋅4H2O as suggested by the calculated 
saturation indices. 

Fig. 21. Zeta potential measured in the presence of citrate in C-S-H suspensions with a Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 and portlandite suspensions.  
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monocarboaluminate and ettringite, while the formation of citrate-AFm 
and citrate-AFt was kinetically hindered. Only for hemicarboaluminate, 
which has a larger basal spacing, sorption occurred both in the interlayer 
and surface sorption sites resulting in much larger sorption capacity of 
hemicarboaluminate compared to monosulfoaluminate or mono-
carboaluminate. The formation of CaCit− complexes led in all cases to a 
strong increase of total calcium concentrations in solution observed in 
all experiments upon the addition of citrate. 

The sorption of citrate on C-S-H increased with the Ca/Si ratio and 
with the calcium concentration in solution, similar to observations for 
gluconate uptake on C-S-H and portlandite, which is mediated by the 
presence of Ca2+ at the surface. Below 2 mM of citrate a more or less 
linear increase of citrate sorption on C-S-H phases was observed, while 
at higher citrate concentrations, where formation of aqueous CaCit−

complexes led to a desorption of Ca2+ from the solid C-S-H, the sorption 
of citrate on C-S-H leveled off or even decreased. The sorption of citrate 
on C-S-H (and portlandite) was also evidenced by the strong decrease of 
the surface charge observed in the presence of citrate by zeta potential 
measurements. 

The partitioning of citrate between solid and liquid phase is 
described in terms of Rd factors. Citrate sorbed most strongly on hemi-
carboaluminate and monosulfoaluminate, followed by mono-
carboaluminate and ettringite. The sorption on C-S-H with a high Ca/Si 
is comparable to Hc, while the citrate sorption decreased strongly for C- 
S-H with lower Ca/Si. The sorption coefficients of citrate measured on 
hydrated Portland cement were with Rd = 10–200 L⋅kg− 1 comparable to 
the sorption observed on high Ca/Si C-S-H (Rd ≈ 50 L⋅kg− 1) and AFm 
phases (Rd = 10–200 L⋅kg− 1) indicating a strong uptake of citrate in 
hydrated cements. A higher citrate uptake was observed for a PC rich in 
AFm phases (monocarboaluminate and hemicarboaluminate) at pH of 
13.3 than for a PC with no or only little AFm phases at a pH of 13.7. 
Citrate sorption is expected to be higher at lower pH values and higher 
calcium concentrations. These results also emphasize that the avail-
ability of citrate for the complexation of radionuclides in the context of 
repositories for L/ILW will be significantly decreased through the uptake 

by cementitious materials. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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Fig. 22. Comparison of Rd coefficients for citrate sorption on AFm phases, ettringite and C-S-H phases with Ca/Si = 0.8, 1.0, 1.2 and 1.4, for citrate concentration <
2 mM, with Rd observed for hydrated Portland cement, PC, by Möschner et al. [3] and in this study. 
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