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INTRODUCTION

The interaction of solute species with mineral surfaces and in 
confi ned aqueous environments such as clay interlayers has been 
the subject of intense investigation for many years (Macewan 
and Wilson 1984; Hochella and White 1990; Valli et al. 1995; 
Alsaaran and Olyphant 1998; Brown et al. 1999; Savenko 2001), 
but focus has been principally on inorganic species (Miyata 1975; 
Ookubo et al. 1994; Badreddine et al. 1999; Xu and Zeng. 2001; 
Hou and Kirkpatrick 2002; Hou et al. 2003). With the exception 
of organic cations in clay interlayers, which have been studied 
for many years (e.g., Hoffmann and Brindley 1960; Hang and 
Brindley 1970; Yariv and Cross 2002), much less is known about 
the interaction of organic species with minerals, especially at 
the molecular scale. Many organic species, such as carboxylic 
acids, amino acids, peptides, proteins, and natural organic matter 
(NOM), occur as anions at most natural pH conditions, and are 
thus expected to interact with positively charged sites. Layered 
double hydroxides (LDHs) are among the few groups of minerals 
with permanent, positive structural charges, and they are known 
to intercalate and adsorb organic- and bio-molecules. Due to their 
large anion ion-exchange capacities (Houri et al. 1998; Badred-
dine et al. 1999), they offer an opportunity to investigate in detail 
the structural environments and molecular-scale dynamics of 
organic anions at mineral surfaces and in nano-confi nement. 

LDHs are an important class of clay-like minerals with 

structures based on metal hydroxide layers (Cavani et al. 
1991; Ookubo et al. 1994). Replacement of a fraction of the 
octahedrally coordinated, divalent cations by trivalent cations 
results in positive layer charge that is compensated by surface 
and interlayer anions and associated hydrogen-bonded water 
molecules. Most LDHs have the general structural formula 
[M2+

1–xMx
3+(OH)2]x+(An–)x/n·mH2O, where M2+ (commonly Mg, 

Fe, Co, Cu, Ni, or Zn) and M3+ (commonly Al, Cr, Ga, Mn, or 
Fe) are di- and trivalent cations, respectively, x is the molar 
M2+/(M2+ + M3+) ratio and is in the range of 0.2–0.33, and An– is 
the interlayer anions. 

There is a growing body of evidence that the interaction of 
many organic species with LDHs is weaker than that of small 
inorganic anions, potentially facilitating their use as, for instance, 
carriers of drug molecules. For LDHs containing a wide variety 
of inorganic anions, Hou et al. (2003) have shown that many 
compounds, such as Mg3Al-CO3 LDH, do not incorporate in-
terlayer water and swell at any relative humidity at atmospheric 
pressure and that even those that do, such as Mg3Al-SO4 LDH, 
do not swell more than about 3.0 Å. In contrast, Leroux et al. 
(2001) have observed delamination of the hydroxide layers of 
Zn/Al LDH containing the surfactant dodecylsulfate by refl uxing 
in alcohol. Hibino and Jones (2001) and Hibino and Kobayashi 
(2005) also reported similar exfoliation of glycine-Mg/Al LDH 
in formamide and lactate-containing LDHs in water. These 
observations suggest that the expansion behavior and thus the 
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of interlayer and surface species of LDH phases containing 
organic molecules may be signifi cantly different than for those 
with inorganic anions. Little is known about the molecular scale 
origin of these differences. 

Here we describe an experimental 13C NMR, thermogravi-
metric, and X-ray diffraction (XRD) study of the interaction of 
citrate with the Mg,Al (3:1) LDH, hydrotalcite (HT). The results 
show that citrate-LDH exhibits greater interlayer swelling due 
to water incorporation than LDHs with small inorganic anions. 
These experimental observations in conjunction with the results 
of recent molecular-dynamics (MD) simulations of citrate HT 
(Kumar et al. 2006) suggest that there are parallel changes in 
molecular orientation and increasing dynamical disorder of the 
interlayer citrate in progressively more water-rich interlayers. 
The results are also in good agreement with recent experimental 
results for HT intercalated with glutamate, an amino acid of 
about the same size as citrate (Reinholdt and Kirkpatrick 2006). 
Citric acid is a common, naturally occurring carboxylic acid with 
carboxyl and hydroxyl functional groups. Organic acids, such 
as citrate, are known to affect nutrient acquisition and metal 
detoxifi cation by plant roots, to accelerate the mobilization of 
some elements, such as P, Mn, and Fe, in soils (Jones 1998), and 
to enhance the dissolution rates of basalt and granite (Hausrath 
et al. 2005). Citrate also infl uences the stability and formation 
of clay-Al hydroxide polymer systems due to formation of 
strong complexes (Janssen et al. 1997), and recent work has 
shown that citrate can be readily incorporated into calcite on 
the molecular scale (Phillips et al. 2005). The pKas of the three 
–COOH groups of citric acid are 3.13, 4.76, and 6.40, and they 
are essentially fully deprotonated at the pH of 11.5 used for the 
ion exchange in this study. The CIT–3 anion is the stable species 
in this study, and the –COO– groups are thus the principal sites 
of interaction with the positive charge of the LDH layers and 
also for acceptance of H-bonds from water molecules and LDH 
M-OH sites. In acid solutions, citrate exhibits a more-complex, 
pH-dependent behavior, in which the carboxylic groups are not 
fully deprotonated and are thus potential sites for H-bond dona-
tion as well as acceptance (Glusker 1980). 

MATERIALS AND METHODS

Sample preparation
The citrate-HT samples were synthesized by ion exchange for NO3

– in NO3-HT 
samples that were prepared using the co-precipitation method (Miyata 1975). 125 
mL of a mixed Mg(NO3)2·6H2O and Al(NO3)3·9H2O solution with Mg/Al = 3 and 
concentrations of 2 M Mg(NO3)2·6H2O and 0.66 M Al(NO3)3·9H2O was added 
drop-wise at 55 °C into 100 mL of boiled deionized water, for which the pH was 
adjusted and maintained to 10 with 2 M NaOH solution during the addition. After 
delivery of the mixed nitrate solution was complete, the reaction mixture was stirred 
vigorously for 2 h at 55 °C under a nitrogen fl ow to minimize CO2 contamination. 
The precipitate was then separated by centrifuging, and the product was thoroughly 
washed with boiled deionized water and dried under vacuum at room temperature 
for 6 days. To make the citrate compound, about 2 g NO3-HT was dispersed in 
100 mL of a 0.1 M Na-citrate solution in deionized water in a boiling fl ask topped 
by a condenser, and the mixture was allowed to react for 4 days at 65 °C under a 
strong nitrogen fl ow (Meyn et al. 1990). The resulting solution was centrifuged 
and the precipitate was washed 6 times with deionized water and then dried at 65 
°C in a vacuum oven for 24 h. The fi nal product was analyzed for its bulk-chemi-
cal composition and thermal behavior (TGA/DSC), and was examined by powder 
XRD and 1H-13C CP-MAS NMR. Aliquots of the citrate-HT were equilibrated at 
relative humidities (R.H.s) from near 0 to near 100% to investigate their swelling 
and interlayer behavior via XRD and 13C NMR. The samples were maintained in 
separate desiccators over P2O5 (0% R.H.), saturated MgCl2·6H2O solution (33% 

R.H.), saturated NaCl solution (75% R.H.), and DI water (100% R.H.) (David 
1998). To avoid the infl uence of ambient atmosphere during sample analysis, the 
samples were introduced into the XRD and TGA/DSC sample chambers or sealed 
in NMR rotors immediately after removal from the desiccators.

Experimental methods
Powder XRD patterns of unoriented samples were recorded with a Rigaku 

rotafl ex diffractometer under the following conditions: 40 kV, 40 mA, CuKα ra-
diation (λ = 1.5406 Å). The sample was scanned in steps of 0.02 °2θ in the range 
from 3 to 70° using a counting time of 3 s per step under ambient conditions, and 
basal spacings were determined from the position of the d(003) refl ection. Low-
angle XRD data were obtained from 0.76 to 59.96 °2θ for citrate-HT equilibrated 
at 100% R.H. using a Philips Xʼpert diffractometer with CuKα radiation a step 
size of 0.08 °2θ and a counting time of 3 s/step. Simultaneous thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) curves were obtained 
with a Netzsch STA 409 Thermal Analyzer. About 60 mg of sample were heated 
from room temperature to 1300 °C at a heating rate of 5 °C/min under fl owing 
air. For compositional analysis, Al and Mg were determined using an Inductively 
Coupled Plasma (ICP) emission spectrometer. Carbon, H, and N were determined 
with a model CE440 CHN analyzer from Exeter Analytical Inc. 

For the as-synthesized citrate-HT samples, the 1H-13C cross polarization (CP) 
MAS NMR spectra were obtained at room temperature using a General Electric 
GN300WB spectrometer (H0 = 7.05 T) and a 7 mm Chemagnetics MAS probe. The 
90° pulse durations and relaxation delays were 6.5 μs and 1.25 s, respectively; the 
contact time was 4000 μs, the MAS frequency was ~6 kHz, 5000 transients were 
collected, and the chemical shifts are referenced to the methyl group of external 
hexamethyl benzene (HMB) at 17.3 ppm. For the samples equilibrated at differ-
ent R.H.s, the 1H-13C experiments were performed using a 4 mm probe at a MAS 
frequency of ~9 kHz, a contact time of 2000 μs, a relaxation delay of 1.25 s, and 
a 90° pulse of 3 μs. 2048 transients were recorded, and the chemical shifts are 
referenced to the methyl group of external glycine at 43.6 ppm. The 13C spectrum 
of 1M sodium citrate solution was colleted using a Varian VXB500 spectrometer 
and a 10 mm broadband solution probe. The 90° pulse durations and the relaxation 
delays for this experiment were 6 μs and 5 s, respectively. After their acquisition, 
the free induction decays (FID) were treated following standard procedures using 
the NMR Utility Transform Software (NUTS, Acorn NMR software).

RESULTS AND DISCUSSION

Chemical composition
The analyzed composition of the as-synthesized citrate-HT 

sample (average of two analyses in wt%) is Mg, 19.98%; Al, 
7.49%; C, 6.38%; H, 4.03%; N, 0.14%. The structural formula 
for the room R.H. citrate-HT obtained from these data and the 
water content from TGA (see below) is (Mg3.01,Al)(OH)8(C6H5 

O7)3–
0.32(NO3)–

0.04(CO3)2–
0.01·3.9H2O. This is based on an 8 (OH) 

formula, and the 1σ accuracy based on replicate analyses of Mg 
and Al is about 0.3%. The structural formula also assumes that 
citrate occurs as the CIT3 anion (C6H5O7

–3), which is consistent 
with the relatively acid pKas of its –COOH groups and the pH 
= 11.5 of the fi nal ion-exchange solution. The molar Mg/Al ratio 
of essentially 3 indicates that the co-precipitation reaction was 
complete. The analyses also show a small amount of residual 
nitrate due to incomplete ion exchange as well as a small amount 
of CO3

2–, which has a strong affi nity for LDHs (Miyata 1983). 
The water content was calculated from the TGA data, which 
shows 19% weight loss at low temperature (see thermal analysis 
results below), all of which is attributed to interlayer water in 
the structural formula.

XRD

The XRD pattern of the as-synthesized, room humidity NO3
–-

HT precursor shows the characteristic peaks of well-crystallized 
hydrotalcite with a basal spacing of 8.0 Å (Fig. 1A), in agree-
ment with previously published values (Hou et al. 2000). After 
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citrate for NO3
– exchange, the (003) basal spacing increases to 

11.7 Å (Fig. 1B), clearly showing citrate intercalation and con-
sistent with the chemical analysis. The 8.0 Å basal spacing for 
NO3

– HT has been previously shown to be due to the NO3
– being 

orientated parallel to the HT layers (Arco et al. 2000). The citrate 
molecule is ~7.0 Å long and adding this to the ca. 4.8 Å thick-
ness of the Mg,Al (3:1) hydroxide layer, indicates that the 11.7 
Å basal spacing is due to interlayer citrate being oriented almost 
perpendicular to the hydroxide layers in the as-synthesized state 
at room conditions. MD simulations of citrate-HT are consistent 
with this conclusion (Kumar et al. 2006). 

The basal spacing of the citrate-HT changes signifi cantly with 
varying R.H. (Fig. 2). At 0% RH, the (003) basal peak is relatively 
broad with a maximum at 8.9 Å (9.9 °2θ) for citrate-HT and a 
shoulder from residual NO3

–-HT and contaminating CO3
2–-HT at 

7.8 Å. With increasing R.H., the basal spacing of the citrate phase 
increases from 8.9 to 10.9 Å at 33% R.H., and to 11.3 Å at 75% 
R.H. (essentially the same as for the as-synthesized sample). The 
(003) peak for citrate-HT also becomes narrower with increasing 
R.H., indicating a decreased distribution of interlayer spacings 
in this R.H. range. At 100% R.H., the XRD pattern obtained 
with the Philips Xʼpert diffractometer shows a broad tail at <5 
°2θ, but that from the Philips instrument, which is optimized for 
lower angle diffraction shows a basal (003) peak of ~18.9 Å (~4.7 
°2θ). The poorly resolved intensity near ~9.5 °2θ is assigned to 
the (006) of the citrate phase, and the relatively broad peak at 
~11.5 °2θ to the nitrate and carbonate phases, which do not swell 
signifi cantly with increasing R.H. (Hou et al. 2003). 

The increased basal spacing of citrate-HT from 8.9 Å at 0% 
R.H. to 11.3 Å at 75% R.H. indicates a change in orientation of 
the CIT–3 ions from parallel to the metal hydroxide layers to a 
high angle to them with increasing hydration. The expansion to 
~19 Å at 100% R.H. requires that the citrate molecules lose con-
tact with at least one side of the interlayer. The MD simulations 
of Kumar et al. (2006) are fully consistent with these conclusions. 
With no interlayer water, the models show the CIT–3 lying parallel 
to the interlayer due to Coulombic attraction and H-bonding be-
tween the M-OH groups and the –COO–. At moderate hydration 

levels, the simulations show the CIT–3 to be in contact with both 
sides of the interlayer but oriented essentially perpendicular to it. 
This orientation lowers the overall energy by allowing the CIT–3 
to accept a larger fraction of their H-bonds from water resulting 
in a well-integrated H-bond network among them, the H2O, and 
the M-OH sites. At high water contents, the MD simulations 
show that CIT–3 occurs dominantly as outer-sphere complexes 
associated with only one side of the interlayer, and that the mo-
lecular orientation is dynamically disordered. This conclusion is 
also consistent with results for Mg2Al HT containing the amino 
acid glutamate, which exhibits similar behavior at 100% R.H. 
(Reinholdt and Kirkpatrick 2006). Glutamate is similar in size 
to citrate and occurs as the GLU–1 and GLU–2 anions. Together 
with the observed delamination of Gly-LDH and Lact-LDH 
(Hibino and Jones 2001; Hibino and Kobayashi 2005), these 
observations confi rm the suggestion that moderate-size organic 
molecules interact less strongly with the hydroxide layers of 
LDHs than smaller, inorganic species such as NO3

– and Cl– (Wang 
et al. 2001; Hou et al. 2003). Hou et al. (2003) used variable R.H. 
XRD and thermal analysis data for Mg3Al and LiAl2 LDH phases 
containing various inorganic anions to show that these phases 
behave in three different ways in terms of water sorption and the 
associated effects on the structural environments and dynamics 
of the interlayer anions. One group of phases is characterized 
by 1.5–3.0 Å expansion to a two-water layer structure (e.g., 
Mg3Al-SO4). The second type is slightly expandable (<0.5 Å) 
and forms only one-water layer structures (e.g., LiAl2-Cl). The 
third type is essentially non-expandable (0~0.2 Å) and exhibits 
little interlayer water exchange (e.g., Mg3Al-CO3). The results 
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FIGURE 1. XRD patterns of nitrate hydrotalcite (A) and citrate 
hydrotalcite (B).

FIGURE 2. XRD patterns citrate hydrotalcite at the indicated 
R.H.s.
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for citrate-, glutamate-HT (Reinholdt and Kirkpatrick 2006), 
Gly-LDH (Hibino et al. 2001), Lact-LDH (Hibino and Kobayashi 
2005), and dodecylsulfate LDH (Leroux et al. 2001) suggest 
that LDHs containing moderately sized organic anions exhibit a 
fourth type of behavior in which the anions are relatively weakly 
bound to the hydroxide layers allowing signifi cantly greater 
expansion. This behavior may be related to a combination of (1) 
a lower charge density on the organic species, (2) a somewhat 
smaller charge on the O atoms of the –COO– groups than on the 
O atoms of water, and (3) the need to develop a an integrated 
H-bond network among the M-OH groups, the anions, and the 
water molecules.The MD modeling results for citrate-HT show 
a large thermodynamic driving force for water incorporation into 
the interlayer at high water contents.

Thermal analysis

The TGA/DSC patterns for NO3
–- and citrate-HT show many 

similarities but also signifi cant differences due to the citrate for 
nitrate exchange (Fig. 3). NO3

–-HT shows a well-resolved weight 
loss of about 14% between 60 and 200 °C followed by a series of 
four less-well-resolved weight losses totaling about 35% between 
320 and 750 °C (Fig. 3A). The corresponding DSC pattern shows 
large endotherms at 125 and 385 °C with poorly resolved shoul-
ders at higher temperatures of each, and three smaller endotherms 
near 495, 550, and 680 °C. All of these endotherms are centered 
at one of the weight loss features. As is usual for layered double 
hydroxides (Miyata 1975; Zhang et al. 2004; Arco et al. 2000), 
the weight loss and corresponding endotherm near 125 °C are 
readily assigned to loss of interlayer and surface water molecules 
(dehydration), and the features near 385 °C to simultaneous partial 
dehydroxylation of the hydroxide layers and nitrate decomposition. 
The feature near 495 °C is probably related to decomposition of 
carbonate (Stanimirova et al. 2004), and the small endothermic 
features near 550 and near 700 °C probably arise from loss of the 
most strongly held OH-groups.

The as-synthesized citrate-HT sample shows three weight-
loss features totaling about 19% between room temperature and 
235 °C and a second weight loss of about 30% beginning at ~330 
°C and ending at 480 °C (Fig. 3B). The DSC pattern shows three 
resolved endotherms centered at 115, 175, and 225 °C in the 
range of the low temperature weight loss. Between about 300 
and 500°C, there are a series of overlapping endothermic and 
exothermic peaks in the same temperature range as the major 
weight loss centered near 400 °C. As for the nitrate phase (and 
other LDHs described in the literature), the features below 235 
°C are due to loss of surface and interlayer water molecules. 
The endothermic peak at 225 °C, which is not present for the 
nitrate-HT, may be due to decarboxylation of citrate molecules 
(Rajendran and Rao 1994). The higher-temperature features 
between 300 and 500 °C are readily assigned to simultaneous 
dehydroxylation (endothermic), citrate combustion (exothermic), 
and decomposition of nitrate and carbonate (endothermic) (Con-
stantino and Pinnavaia 1995; Arco et al. 2000). 

It has been previously proposed that intercalation of or-
ganic- and bio-molecules in LDH interlayers protects them 
from thermal decomposition to higher temperatures than in the 
native state (Darder et al. 2005), and our results for citrate-HT 
are consistent with that conclusion. The DSC pattern for triso-

dium citrate dihydrate (Na3C6H8O7·2H2O) (Fig. 3C) shows one 
well-resolved endothermic feature at 170 °C due to melting and 
water loss, and four exothermic peaks at 240, 302, 350, and 425 
°C due to progressive, multiple-step combustion of the citrate 
molecules accompanied by intra-molecular dehydroxylation and 
decarboxylation (Rajendran and Rao 1994). The main citrate 
decomposition takes place between 230 and 450°C. This is about 
100° lower than for citrate-HT, consistent with a protective effect 
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FIGURE 3. TGA/DSC patterns of nitrate hydrotalcite (A), citrate 
hydrotalcite (B), and crystalline trisodium citrate dihydrate (C). 
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of the Mg,Al hydroxide layers of hydrotalcite that increases the 
thermal stability of the CIT–3.

13C NMR Spectroscopy

The 13C CP-MAS NMR spectra of the as-synthesized citrate-
HT and the citrate-HT samples equilibrated at different R.H.s 
all exhibit relatively broad peaks at about 181.7, 179.6, 75.7, 
and 46.1 ppm that can be readily assigned to the central –COO–, 
terminal –COO–, -COH, and –CH2 groups, respectively (Fig. 4A) 
(Fischer et al. 1995). The 13C NMR spectrum of 1 M Na-citrate 
solution shows much narrower resonances at essentially the same 
chemical shifts (Fig. 4B). NMR chemical shifts are very sensi-
tive to local chemical environments, and especially to changes 
in the extent of covalent bonding (Profeta et al. 2004). Thus, the 
lack of change in the chemical shifts due to intercalation clearly 
demonstrates that intercalation of citrate does not result in its 
grafting to the hydroxide layers [formation of covalent linkages 
such as C-O-(Mg, Al)]. Citrate molecules, then, interact with the 
LDH hydroxide layers primarily through Coulombic attraction 
and H-bonding, as previously observed for inorganic anions 
(Hou et al. 2000, 2002; Khan and OʼHare 2002 ) and glutamate 
(Aisawa et al. 2001; Reinholdt and Kirkpatrick 2006). The small 
peak at near 170.0 ppm for the citrate-HT is due to carbonate, as 
observed in the compositional analysis. 

The large widths of the peaks for citrate in HT (4–10 ppm 
full width at half maximum) suggest that the intercalated and 
surface citrate molecules occur with different structural confi r-
mations, although these cannot be explicitly identifi ed from the 
NMR results. 

Citrate salts are known to contain three different citrate con-
formations (Glusker 1980). One of these has the citrate backbone 
fully extended in a planar zigzag pattern. The other two have one 
of the terminal carbon atoms swung around with the dihedral 
angle formed by the terminal carbon, central carbon, and two 
adjacent CH2 groups approximately equal to +60° or –60°. These 
two are related by mirror symmetry. The MD modeling of citrate 
hydroltalcite identifi es similar conformations, which are referred 
to as boat-boat, boat-chair, and chair-boat (Kumar et al. 2006). It 
is likely that the presence of these three conformations as well as 
strain of the molecules due to interlayer confi nement contribute 
to the observed peak widths.

With increasing R.H., the 13C CP MAS NMR spectra of ci-
trate-HT show progressively narrower peak widths, increasing 
resolution of all peaks, and decreasing signal/noise ratios, but 
there are no signifi cant changes in the chemical shifts (Fig. 5). 
The observed peak narrowing and decreased signal/noise ratios 
are most likely due to dynamical effects caused by increasing 
interlayer hydration with increasing R.H. CP signal intensity at 
a given contact time depends on the magnitude of the 1H-13C 
dipolar coupling (Alemany et al. 1983), which is related to the 
number of nearby H-spins, their distances from the observed 
nuclei, and the extent of dynamical self-decoupling due to rela-
tive 1H and 13C dipolar reorientation. At 0% R.H., the relatively 
large signal noise ratio may be due to the citrate being rigidly held 
in the interlayer, as also shown by the MD simulations (Kumar 
et al. 2006). Under these conditions, the CP intensity arises from 
the 1H values of the citrate –COH and –CH2 groups and from the 
protons of the metal hydroxide layers. The poor resolution is due 

FIGURE 4. 13C CP-MAS NMR spectra of citrate hydrotalcite (A) and 
13C NMR spectrum of 1 M sodium citrate solution (B).
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FIGURE 5. 13C CP-MAS NMR spectra of citrate hydrotalcite 
equilibrated at the indicated R.H.s.



LI AND KIRKPATRICK: ORGANIC ANIONS IN LAYERED DOUBLE HYDROXIDES402

to a range of local –COO– environments, perhaps with a range of 
C-C bond angles due to different conformations and molecular 
strain (Oldfi eld 2005). With increasing R.H., the more solution-like 
environment of the expanded interlayer allows increased citrate 
reorientational motion. Such dynamics are observed in the MD 
simulations. This motion reduces the dipolar broadening, resulting 
in narrower peaks and decreased CP intensity. These dynamical 
effects, however, do not become as effective as in bulk solution, as 
illustrated by the narrower peak widths for the Na-citrate solution 
(Fig. 4B). A similar decrease of 1H-13C CP intensity with increasing 
R.H. occurs for glutamate-HT (Reinholdt and Kirkpatrick 2006), 
for which the results suggest nearly complete loss of CP signal 
for molecules located on external surfaces. 
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