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Abstract

35Cl nuclear magnetic resonance (NMR) T1 and T2 relaxation study of suspensions of the cement hydrate phases portlandite, C4AC̄H11

(an AFm phase), and jennite provides significant insight into the mechanisms of chloride sorption in Portland cement systems. For these

three phases, all observed chloride is in rapid exchange (�ex > 1.6 kHz) between surface and bulk solution sites and is predominantly in a

hydrated, solution-like chemical environment. A two-site exchange model for the T1 relaxation rate data yields sorption densities in

excellent quantitative agreement with sorption isotherm measurements for portlandite and C4AC̄H11. For jennite, the NMR results

underestimate the sorption isotherm results by about 40%, but the sorption densities are low, and the results are probably in agreement

within experimental error. The observed sorption densities are much greater than can be accommodated by bonding directly to atoms on

the solid surfaces and the amount predicted to be in the Stern and diffuse layers by a Gouy-Chapman calculation assuming sorption of

only isolated chloride ions. The significance of understanding the structural and dynamical properties of solution-state chloride and the

roles of ion pairs and clusters in the solution near the solid surface are discussed. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chloride binding in cement paste and concrete has been

widely investigated by pore solution expression, leaching

experiments, sorption isotherm measurements, and direct

EDAX analyses [1–11]. These methods require drying or

separation of the solids from the pore solution, both of

which modify the physical and chemical environment at or

near the solid/solution interface. It is thus unclear to what

extent these results represent the true chloride binding

capacity of the samples examined. Binding isotherm studies

directly probe the fraction of exchanged and adsorbed

chloride in equilibrium with bulk solution [10,12,13], but

they provide ambiguous information about the chemical

state of the bound species. This paper describes in situ

nuclear magnetic resonance (NMR) experiments using

solid/solution suspensions that significantly extend the

binding capacity results described in Ref. [13] and provide

important new structural and dynamical insight into the

binding of chloride ion to cement hydrate phases. A specific

objective is to determine whether the binding observed by

NMR is the same as observed by sorption isotherm studies.

The samples investigated are portlandite (Ca(OH)2), the

AFm carboaluminate hydrate C4AC̄H11, and jennite. These

phases represent model compounds for three important

classes of cement paste phases [calcium hydroxide, layer-

structured calcium aluminate hydrates, and calcium silicate

hydrates (C-S-H)].

Small solute species, such as chloride ion, are in rapid,

isotropic, molecular-scale motion, and the experiments

described here effectively probe the effects of the solid

phase on the motional dynamics. They provide quantitative

information about the extent of chloride binding and unique

information about exchange rates between bound states at

the solid surface and bulk solution. Because these para-

meters depend on the structure and composition of the solid

surface, the data provide useful insight into the nature of

these surfaces. To our knowledge, this is the first such

microdynamic study of chloride at the surfaces of cement

hydrates and indeed one of the few such NMR studies of

any solid–aqueous solution system [14].
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Important NMR parameters used here include the iso-

tropic chemical shift (di), the longitudinal relaxation time

(T1), and the transverse relaxation time (T2). The chemical

shift reflects the local structural (bonding) environment and

is related to the electron distribution in and near the

observed nucleus [15–17]. T1 relaxation involves energy

exchange between the nuclear spin states and the external

environment (the so-called lattice) and is also called spin-

lattice relaxation [15–17]. T1 relaxation must be stimulated

and is induced by fluctuation of the magnetic field or

electrical field gradient (EFG) at a nucleus (EFG for

quadrupolar nuclei only) at the Larmor (resonance) fre-

quency, here 49.005 MHz. For nuclei with spin I > 1/2, T1
relaxation by interaction of the nuclear quadruple moment

and the EFG is normally dominant [18,19]. T2 relaxation

involves dephasing of the processing nuclear spins by

exchange of spin energy among the nuclei in the system

but does not result in a change in total spin energy. 35Cl has

nuclear spin I = 3/2 and a quadrupole moment of

� 7.89� 10� 2 (units of 10� 28 m2), and its relaxation is

dominated by quadrupole effects. The rate of chloride

quadrupolar relaxation in aqueous systems is sensitive to

the chloride and counter-ion concentrations [20]. Here,

comparison of chloride relaxation in neat solutions and in

suspensions of cement hydrate phases provides important

information about chloride binding at the solid surface.

2. Experimental

2.1. Cement hydrate suspensions

The cement hydrate phases were prepared as described in

Ref. [13] and were mixed with lime-saturated NaCl solu-

tions for the NMR experiments. The sodium chloride

concentrations ranged from 0.001 to 4 M (M=mol/L),

and the solutions were made by dissolving reagent-grade

NaCl (Fisher Scientific, Fair Lawn, NJ, USA) in saturated

lime water. The suspensions were made by adding weighed

amounts of the desired NaCl solution to the solid powder in

a glass NMR tube 5 mm in diameter and 1.5 cm in length.

The solid/solution ratio was controlled to maintain a homo-

geneous suspension and was kept constant for each solid

phase such that the chloride concentration is the only

variable. The solid/solution ratios (g/g) for the suspensions

of portlandite, C4AC̄H11, and jennite were 0.70, 0.40, and

0.15, respectively.

2.2. 35Cl NMR relaxation experiments

Static 35Cl NMR experiments were performed using a

home-built pulse-Fourier transform NMR spectrometer

based on an 11.7 T superconducting solenoid magnet

(Oxford Instrument, UK) and a MacNMR-5.3 data acquisi-

tion/processing system (TECMAG, Houston, TX, USA).

The probe was home built. T1 and T2 relaxation data for the

suspensions were collected at a Larmor frequency (w0) of

49.005 MHz using a p/2 pulse width of 8 ms and from 4 to

400 transients, depending on the chloride concentration.
35Cl NMR chemical shifts were externally referenced to 1 M

NaCl solution. T1 relaxation rates were measured for the

suspensions and initial NaCl solutions using an inversion-

recovery sequence [21,22] with 13 spectra and t values of

1–200 ms. A stretched exponential decay function (Mt/

M0 = 1� 2 exp[� (t/T1)
b]) was used to fit the data for T1

calculation. T2 relaxation rates were measured using a Carr-

Purcell-Meiboom-Gill pulse sequence [21,22] with 15 spec-

tra and t values of 1–100 ms. A simple exponential decay

Mt/M0 = exp(� t/T2) was adequate to fit the data. The delay

time for all the relaxation measurements was 200 ms. All

experiments were conducted at 20�C.

3. Results and interpretation

3.1. 35Cl NMR spectra of hydrate suspensions

The static 35Cl NMR spectra of the suspensions of

portlandite, C4AC̄H11, and jennite at 20 �C exhibit only

one narrow peak near 0 ppm (Fig. 1). For the portlandite and

C4AC̄H11 suspensions, the observed peak width decreases

with increasing chloride concentration, whereas for the

jennite suspensions, it does not change significantly. The

absence of separately resolvable signal for surface-bound

chloride demonstrates that the observed chloride is in rapid

exchange with the bulk solution at a frequency >� 1.6 kHz

(10� the peak width at half-height) and is thus not tightly

bound to the solid surface [23,24]. The presence of only one

Fig. 1. Static 35Cl NMR spectra of suspensions of the indicated solid phase

in Ca hydroxide-saturated NaCl solutions with the indicated concentrations.

Variation of the full width at half-height is related to the effects of the

surface on the rate of T2 relaxation; see text for an explanation.
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peak allows analysis of the signals using classical NMR

theory for systems undergoing so-called rapid exchange.

The chemical shift near 0 ppm indicates a predominantly

solvated nearest-neighbor structural environment compar-

able to that in solution.

For neat solutions, the NMR peak width is related to the

T2 relaxation rate via 1/T2 =pn1/2, where n1/2 is the full with
at half-height (FWHH) of the NMR signal [25]. The

observed decrease in peak width with increasing chloride

concentration thus indicates a decreasing average T2 relaxa-

tion rate for Cl� in the suspensions. This trend is opposite

the known variation for chloride T2 values in neat solutions,

as shown by the data in Fig. 2 and in the literature [20].

Thus, qualitatively, the changing peak widths for the por-

tlandite and AFm suspensions indicate larger T2 values for

chloride on the surface and significantly greater interaction

of these phases with solution chloride than for jennite. The

following direct measurements of the relaxation rates of the

suspensions provide a more quantitative view.

3.2. 35Cl NMR relaxation of the hydrate suspensions

For a given hydrate phase, the measured T1 and T2
relaxation rates of all the suspensions are identical within

experimental error, as expected in the extreme narrowing

limit [18,19]. Here, we use the T1 relaxation rates, because

they are more precisely measured experimentally. The

observed T1 relaxation behavior is essentially single-expo-

nential. The stretching parameter, b, averages about 0.96

and does not vary systematically with solid/solution ratio.

The measured T1 relaxation rates (R1 = 1/T1) of the suspen-

sions vary significantly with bulk chloride concentration

and approach the values of the neat solutions at high

concentrations (Fig. 3). For the portlandite suspensions, R1

decreases with increasing concentration at all observed

values. For the C4AC̄H11 suspensions, R1 decreases rapidly

at low concentrations and remains nearly constant at higher

concentrations. For the jennite suspensions, R1 decreases

slightly at low concentration and then increases at higher

concentrations. For all the phases, these results clearly

indicate that the fraction of the surface-bound chloride

decreases with increasing bulk chloride content, consistent

with the sorption isotherm data for them (Freunlich-type

isotherms) [13] and the 35Cl peak widths (Fig. 1). The NMR

relaxation rates for the surface-bound species are well

known to be greater than for the same species in bulk

solution [14,18,19]. This is because the correlation times of

rotational motion of water molecules coordinated to small

ions in aqueous solutions are greater than the NMR reso-
Fig. 2. 35Cl NMR T2 relaxation rates of chloride salt solutions as a function

of Cl concentration.

Fig. 3. 35Cl NMR T1 relaxation rates of suspensions of cement hydrate

phases in NaCl solutions plotted vs. solution chloride concentration.
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nance frequencies, and surface binding decreases these

correlation times, thus increasing the intensity of the power

spectrum at the resonance frequency.

The magnitude of the difference of the T1 relaxation rates

of a suspension and the neat solution with the same

composition reflects the affinity of the surface for chloride.

Thus, the data in Fig. 3 indicate a decreasing chloride

affinity from portlandite to C4AC̄H11 to jennite. The obser-

vation that the T1 relaxation rates of jennite suspensions are

only slightly higher than those of the neat solutions indicates

that only a small fraction of the chloride is sorbed for this

sample, in agreement with the sorption isotherm, linewidth,

and T2 data.

4. Discussion

4.1. Chloride binding capacity

Under conditions of rapid exchange between two chemi-

cal environments, it is sometimes possible to use the

observed relaxation rates to determine the relative fractions

of the two sites [14,26], and this method provides excellent

fits to the data here. In this two-site exchange model,

Robs ¼ ð1�aÞRF þ aRB ð1Þ

where Robs, RF, and RB are the T1 or T2 (here, T1 = T2)

relaxation rates of the net suspension, neat solution, and

sorbed species, and a is the fraction of sorbed species

(here chloride). Robs and RF are experimentally measured,

and RB can be determined by extrapolation to extreme

dilution (when a! 1). The estimated RB values are 98.4

Hz for portlandite (about four times of that of the neat

solution, 23.3 Hz), 70.0 Hz for AFm (about three times of

that of the neat solution), and 25.5 Hz for jennite (only

slightly larger than that of the neat solution). The RB

values are best thought of as average values for all the

surface chlorides. Because there are multiple possible

surface sites and RB probably varies with concentration in

the Stern and diffuse layers, individual chloride nuclei will

certainly have a range of instantaneous RB values. Because

signal is entirely averaged, however, only the average

value can be determined.

Assuming that RB does not change with bulk solution

chloride concentration and that RF is the same as for the neat

solution, Eq. (1) allows direct calculation of the concentra-

tion dependence of the relative abundance of the bound and

solution state chloride for all the samples (Fig. 4). As

expected qualitatively from the peak widths, the fraction

of bound chloride decreases with increasing solution con-

centration for all three phases. This is consistent with the

sorption isotherm studies [13] and confirms the qualitative

interpretations above that the affinity for chloride decreases

from portlandite to C4AC̄H11 to jennite.

Although the fraction of bound chloride decreases with

increasing solution concentration, the surface area-normal-

ized binding density (the number density of bound chloride

atom per square nanometer of solid surface) increases with a

relationship that is concave to the concentration axis without

reaching a plateau (Fig. 5). Indeed, the values for portlandite

and AFm are in excellent quantitative agreement with the

values determined from the sorption isotherm measurements

described in Ref. [13] (Fig. 5). For the jennite, the values

determined from the NMR data are about 40% less than

those from the sorption isotherm data, but the total sorption

densities are low, and the differences of about 2–4 Cl� /nm2

are probably within analytical error.

The high affinities of portlandite and AFm for chloride

cannot be adequately understood by reference to just their

surface structures. The portlandite structure consists of

neutral Ca(OH)6 octahedral sheets, and the density of hydro-

xyl groups on the basal plane is 8.94 OH/nm2. This is the

largest possible density of directly bound chloride if each

Fig. 4. Fraction of sorbed chloride (left vertical axis) and sorption density of

cement hydrate phases (right vertical axis) plotted vs. initial chloride

concentration (bottom horizontal axis) and total chloride/surface area ratio

(top horizontal axis): (A) Ca(OH)2; (B) C4AC̄H11; (C) jennite.
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surface hydroxyl is hydrogen bonded to an average of one

chloride. Recent molecular dynamics simulations of chloride

binding on portlandite suggests, however, that each chloride

is coordinated to three surface OH-groups (A. Kalinichev,

personal communication), reducing this density to about

� 3 Cl� /nm2. Either of these values is significantly lower

than the maximum observed density of � 30 Cl� /nm2. The

structures of AFm phases consist of positively charged

[Ca2Al(OH)6]
+ layers balanced by interlayer and surface

anions together with water molecules [27–33]. The charge

density of the (001) surface is e/(a0* b0) = 1.741 e/nm2,

based on its crystallographic parameters [27]. This charge

density would support a surface chloride density of about

this value or perhaps somewhat more if hydrogen bonding

were important (as for portlandite). In either case, the amount

of directly bound chloride must be substantially less than the

maximum value of 36 Cl� /nm2.

These ideas, in conjunction with the similarly low values

of the amount of sorbed chloride calculated from the multi-

layer models [13], strongly suggest that simple electrostatic

or hydrogen bonding attraction of isolated chloride ion to the

surface is not the principal mechanism for chloride sorption

to these phases. As discussed in Ref. [13], coadsorption of

chloride and cations (ion pair or ion cluster formation) could

increase the chloride binding capacity. NMR spectroscopy

would sample signal from such coadsorbed chloride. In this

model, the total sorbed chloride is that needed to balance the

positive surface charge of the solid plus the positive charge

of a large number of sorbed cations.

C-S-H phases, like clay minerals, carry a negative

structural charge on their basal surfaces [34] but may have

either positive or negative charges on particle edges,

depending on the details of the surface structure and the

composition of the solution. The jennite structure, although

not fully understood, is thought to be broadly similar to that

of tobermorite with every other silicate chains replaced by

rows of Ca-OH sites and concomitant rearrangement of the

Ca-layer [34]. The abundant surface CaOH groups appear to

play a prominent role in chloride sorption.

4.2. Chloride binding environments

Taken together, the 35Cl NMR relaxation rates described

here and the sorption isotherm data described in Ref. [13]

provide a picture of dominantly nonspecific sorption. Most

of the chloride associated with the surfaces of cement

hydrate phases varying from portlandite to AFm to Ca-

silicates is in a solvated structural environment similar to

that in aqueous solution. This chloride is in rapid exchange

with the solution at frequencies >1.6 kHz, and the amount of

sorbed chloride is much greater than can be accommodated

in a single surface layer. The 35Cl NMR and molecular

modeling results for surface chloride on Friedel’s salt [35]

and the molecular modeling results for chloride on portlan-

dite [36], however, show that at any instant at least some of

the chloride associated with these phases is likely to be held

as inner sphere complexes. For portlandite, the chemical

shift of this inner sphere chloride does not appear to be much

different from solution chloride [24], probably because both

the surface and water offer OH groups as the nearest

neighbors to the chloride ions and because in a suspension

the surface chloride retains many of its coordinating water

molecules. The diffuse layer can usefully be thought of as a

highly concentrated solution, and as described in Ref. [13], a

principal question is how the observed binding can be so

much larger than expected from Gouy-Chapman theory.

Better understanding the structural and thermodynamic

properties of chloride in concentrated, high pH aqueous

solutions relevant to cement chemistry is essential to inter-

pretation of the NMR and sorption isotherm results. Cur-

rently available data indicate that a significant fraction of the

bound chloride occurs in ion clusters containing Ca and Cl

near the solid surface. Relevant molecular-scale parameters

Fig. 5. Comparison of chloride sorption densities determined from the 35Cl

NMR T1 relaxation rates and from sorption isotherm data [13] plotted vs.

total chloride/solid-surface ratio: (A) portlandite; (B) C4AC̄H11; (C) jennite.
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for aqueous chloride include the average coordination num-

ber, bond length and bond strength to its nearest neighbors,

the rate of exchange between its coordinating hydration

waters and bulk water, and the concentrations and structures

of ion pairs or ion clusters in which it participates. These

have been investigated extensively by X-ray and neutron

diffraction (XRD and ND) [37,38], X-ray absorption spec-

troscopy (EXAFS and XANES) [37], NMR (1H, 2D, 27O,

and 35Cl) [37,39–42], IR and Raman spectroscopy [37], and

molecular dynamics computation [43,44]. The following is a

summary of the important points from these references.

For Na and Ca chloride solutions, neutron diffraction

shows that the average chloride coordination number is 5.5

and 5.8, respectively [37,39]. Neutron diffraction also

indicates that each water molecule in the nearest-neighbor

hydration sphere forms one hydrogen bond to the chloride

ion [45]. The observed rotational correlation times and

activation energies of water exchange in the first hydration

sphere show that the ion–water bond strength is greater for

Ca and Na than for chloride [38]. The rotational frequency

of water molecules hydrating chloride is 4� 1011 Hz [42]

and the lifetime of a Cl(H2O)6
� complex is less than 10 ps

[45]. Surface force experiments and dielectric constant

measurements suggest that near the surfaces of metal oxides

and clay minerals, water has a more ordered structure and is

less able to reorient its dipoles due to presence of the electric

field of the solid [46]. The stronger hydrogen bonding and

more ordered packing of the surface water relative to the

water in bulk solution lead to a longer correlation time of

reorientation, which increases the density of the power

spectrum at the chloride Larmor frequency (� 107 Hz)

and enhances quadrupole relaxation. It is reported that

surface-adsorbed water has a much lower permitivity, which

is favorable to ion-pair formation [46].

It is quite common that in concentrated electrolyte

solutions, ion pairs and complexes are formed by sharing

water molecules in the first hydration sphere or by ligand

exchange [37]. Although the nearest-neighbor coordination

shell of chloride is difficult to study due to weak hydration,

cation hydration can be readily explored by diffraction and

EXAFS methods and provides useful insight into the

problems here [37]. Ion cluster formation by substitution

of chloride ions for water molecules in the first hydration

sphere of cations increases from Na+ to K+ to Ca2+ to Cs+

[37]. In hydrated cement paste, Ca2+ ions tend to preferen-

tially accumulate at the surface of the solid [47]. The

positive surface potential of early hydration product of

cement, for instance, is thought to be due to adsorption of

Ca2+ on the hydrate surface [48].

5. Conclusions

35Cl NMR relaxation methods and a two-site exchange

model are shown to be useful tools to study the in situ

molecular-scale structural and dynamical properties of

chloride sorbed on cement hydrate phases in contact with

aqueous chloride solutions. The results indicate that the

majority of the sorbed chloride near the surfaces of solid

phases as diverse as portlandite, C4AC̄H11, and jennite is in

a solution-like environment and is in rapid exchange

(exchange frequency >1.6 kHz) with free chloride in the

bulk solution. The 35Cl NMR T1 relaxation data indicate that

portlandite and C4AC̄H11 (and by extension other AFm

phases) have relatively high chloride binding capacities,

whereas that for jennite is relatively low. The surface

chloride densities obtained from a two-site exchange model

of the 35Cl NMR T1 relaxation data for portlandite and

C4AC̄H11 are in excellent quantitative agreement with the

values obtained in a sorption isotherm study of the same

phases [13]. For jennite, the NMR results are about 40%

lower than the sorption isotherm results, but the total

sorption is low, and the results probably agree within

experimental error. The total amount of sorbed chloride is

substantially greater than can be accommodated by coordi-

nation directly to the solid surfaces and the amount pre-

dicted to exist in the Stern and diffuse layers based on a

Gouy-Chapman calculation (see Ref. [13]). This excess is

probably due primarily to formation of metal (probably

Ca2+ )-Cl complexes or ion pairs.
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