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was determined by kinetic dissolution experiments. 
Steady-state solubility occurred after 120 days, but the 
experiments continued up to 240 days. The XRD and 
SEM/TEM analyses indicated no phase changes dur-
ing the long-term dissolution experiments; neither were 
phase impurities detected after 240 days. The solubil-
ity products of the Mg- and Zn-bearing endmember 
compositions were calculated from experimentally 
determined total cation and anion concentrations using 
the Visual Minteq code for considering element specia-
tion and ion pairing. The solubility product decreased 
as the Zn mole fraction increased, suggesting that the 
Zn-bearing LDH phases were more stable than the 
pure  Mg3-Al-LDHs. Solid-solution aqueous-solution 
thermodynamic equilibrium modeling using the Lipp-
mann “total solubility product” approach and applying 
Lippmann diagrams with logarithmic x-axes revealed a 
log-linear decrease in aqueous Zn solubility. The results 
are promising for remediation of metal-bearing liquid 
wastes because the metals that co-precipitated with the 
LDH were more strongly retained and, therefore, less 
soluble than the hydroxides or carbonates of the trace 
metal.

Keywords LDH · Solid solution · Solubility 
product · SSAS · Thermodynamic equilibrium · Zinc

Abstract Hydrotalcite minerals are layered double 
hydroxides (LDH) which play an important role in 
immobilizing hazardous compounds to decontami-
nate industrial wastewaters. The stability of an LDH is 
mostly evaluated in terms of its low solubility in water. 
However, the solubility of divalent trace metals immo-
bilized by Mg-Al-type LDHs is not well known. Hydro-
talcites containing Zn in solid solution, (Mg+Zn)3-Al-
LDH, were synthesized by alkaline co-precipitation. A 
series of eleven LDH phases with Zn mole fractions XZn 
= Zn/(Mg+Zn) of 0–1 were characterized by powder 
X-ray diffractometry (XRD), Fourier-transform infra-
red (FTIR) spectroscopy, thermogravimetry (TGA), 
scanning and transmission electron microscopy (SEM/
TEM), Brunauer-Emmett-Teller (BET) surface area 
analysis, and inductively coupled plasma mass (ICP-
MS) spectrometry. The XRD analysis provided sharp 
characteristic spacings for d003 and d006 which occurred 
for all samples, confirming a layered LDH structure. 
Cell parameters (a, c) obeyed Vegard’s law and con-
firmed the formation of a regular solid-solution series 
without a mixing gap. An aqueous equilibrium time 
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Introduction

Hydrotalcites have the capability to immobilize haz-
ardous compounds in waste deposits (Gade et  al., 
2000) and to decontaminate water (Ulibarri & Her-
mosín, 2006). They are also of increasing inter-
est for use in cementitious solidification/stabiliza-
tion systems of nuclear waste repositories, carbon 
capture, and green chemistry (Chaillot et  al., 2021; 
Curtius et  al., 2013). Their layered structure pro-
vides relatively large specific surface areas, meaning 
that they can sorb a wide range of anions and cati-
ons, including trace metals and other toxic inorganic 
contaminants. LDHs contain octahedral brucite-like 
Mg(OH)2 layers in which one cation is bonded to six 
hydroxyl moieties, and one hydroxyl moiety is adja-
cent to three metal atoms in the hydroxyl layer (Drits 
& Bookin, 2006; Hofmeister & Von Platen, 1992). 
The layer-type lattice is due to the presence of rela-
tively small two-fold positively charged cations close 
to the non-sphero symmetrical and highly polarizable 
 OH− ions (Cavani et al., 1991). The octahedra share 
edges to form sheets of large lateral extent, which are 
stacked and held together by hydrogen bonds (i.e. 
weak interactions). The OH-sheets may actually have 
two stacking sequences, rhombohedral and hexago-
nal (Cavani et al., 1991). The two forms can be dis-
tinguished by XRD (Drits & Bookin, 2006). Hydro-
talcite crystallizes with a rhombohedral 3R stacking 
sequence, the parameter of the unit cell being a and 
c = 3c′, where c′ is the thickness of a stack consist-
ing of one brucite-like sheet and one interlayer. Due 
to ordering of the Mg and Al cations and thus slight 
distortion of the octahedra, the LDH polytype form 
manasseite crystallizes with a hexagonal 2H1 stack-
ing sequence, the parameters of the unit cell being 
a and c = 2c′ (Taylor, 1973; Cavani et  al., 1991; 
Drits & Bookin, 2006). The divalent metal cations 
in LDHs can be replaced by isomorphous substitu-
tion for trivalent cations to give positive structural 
charges (Delgado et al., 2008), which is balanced by 
anions coordinating along the basal planes bounding 
the hydrated interlayer space. Such minerals, which 
are commonly termed anionic clays, have the ideal 
molecular formula [M  (II)1−xM(III)x(OH)2]x+(An−)x/n
·mH2O, where  A  is one or several of an interlayer 
anion with valence n-, and x is the molar fraction of 
the substituting trivalent cation. The M(III) cations 
that are mostly involved are Fe(III) and Al, the most 

common M(II) cations are Mg and Fe(II), and x typi-
cally lies between 0.25 and 0.33.

Three polytypes of Mg-bearing hydrotalcites 
are known. These are the ordered hydrotalcite type 
 [Mg6Al3(OH)18][1.5CO3·nH2O], the disordered 
hydrotalcite type  [Mg4Al2(OH)12][CO3·3H2O], 
and the disordered or ordered manasseite type 
 [Mg6Al2(OH)16][CO3·nH2O]. The natural manas-
seite (which was renamed hydrotalcite-2H in 2012) 
can undergo permanent interlayer anion exchange 
(Meyn et  al., 1990). Carbonate is the most stable 
interlayer anion (Velu et  al., 1997) but can be sub-
stituted reversibly by other anions such as (in order 
of increasing affinity)  OH−,  Cl−,  NO3

−, and  SO4
2− in 

a wide range of possible combinations (Constantino 
et  al., 1995, 1998; Juan et  al., 2004). However, this 
order of affinity is still under debate since being con-
tested by other researchers such as Miyata (1983) 
and Bontchev et  al. (2003), who observed reversed 
order of monovalent ion exchange preference of 
 Br− >  Cl− >  NO3

− >  I−. The high selectivity for hal-
ogens is favorably exploited, e.g. in water filters for 
 F− removal (Ren et  al., 2021). In synthetic formula-
tions, LDHs can incorporate isomorphously Zn, Cu, 
and Ni. The M(II)/M(III) ratio R = (1−x)/x is usually 
in the range 1.5 < R < 4 (Cavani et al., 1991; Chatelet 
et  al., 1996). However, quantifying the mobilities of 
the intercalated hazardous compounds is difficult due 
to a lack of relevant published data.

In environmental assessment and industrial appli-
cations, the stability of LDHs is evaluated in terms 
of their low solubility in water. Aqueous solubilities 
of M(II)2-Al-type LDHs (Allada et al., 2006; Boclair 
& Braterman, 1999; Johnson & Glasser, 2003) and 
M(II)3-Al-type LDHs (Curtius et al., 2013) have been 
reported. Thermodynamic calculations have shown 
that such LDHs can be formed even in water that is 
highly undersaturated with the individual divalent 
metal hydroxides and carbonates. The solubilities of 
these LDHs decrease in the order Mg > Mn(II) > 
Co > Ni > Zn for divalent cations, and Al > Fe(III) 
for trivalent cations. The solubility products for the 
endmember compositions have been determined in 
previous studies. The solubilities of whole solid-solu-
tion series, however, have been investigated for only 
the hydrotalcite–pyroaurite system  Mg3(AlxFeIII

1−x)
(CO3)0.5(OH)8·nH2O (Rozov et  al., 2011) and the 
fougerite or “green rust” system  Mgy(FeII

xFeIII
1−x)

(CO3)x/2(OH)2·nH2O (Trolard & Bourrié, 2012; 
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Guilbaud et  al., 2013). Both these solid-solution 
series contain trivalent Fe cations that are important 
in the natural environment. The solubilities of whole 
solid-solution series containing different divalent 
trace metal cations more relevant for industrial appli-
cations such as wastewater treatment in the metal-
lurgical industry have not been published previously. 
The main aim of the present study was to investigate 
the effect of Zn substituted into the  Mg3-Al-type LDH 
on the aqueous solubility. The results may serve as an 
example for quantification of the Cd and Pb immo-
bilization, which are more toxic divalent trace met-
als. The main hypotheses were that: (1) a continuous 
solid-solution series can be formed followed by vari-
ous analytical techniques (XRD, FTIR, TGA); and (2) 
the solubilities can be described by Lippmann solid-
solution aqueous-solution (SSAS) thermodynamic 
equilibrium diagrams.

Materials and Methods

Hydrotalcite with the formula  [Mg3−xZnxAl(OH)8]
(CO3)0.5·2H2O was used in this study. Carbonate was 
used as the anion because the Zn-LDHs containing 
 CO3

2− are generally less soluble than Zn-LDHs con-
taining other anions (Velu et al., 1997). Reagent-grade 
chemicals used in this study were (Al(NO3)·9H2O, 
Mg(NO3)·6H2O, NaCl,  NaClO4,  Na2CO3,  NaNO3, 
NaOH, and Zn(NO3)·6H2O), obtained from Honey-
well Fluka Analytical (Seelze, Germany), and were 
used without further pre-treatment. MilliQ water was 
used in all experiments and analyses. All equipment 
was cleaned with 10%  HNO3 (Suprapure quality; 
Merck, Darmstadt, Germany) before use.

Mineralogical analysis of the samples was carried 
out using a 3000 TT X-ray powder diffractometer 
(Seifert, Ahrensburg, Germany);samples were ana-
lyzed before and after washing the co-precipitates and 
after the dissolution experiments to determine impu-
rities. Each sample was scanned by applying CuKɑ 
radiation at 30 kV and 45 mA in continuous mode 
over the range 5 to 90°2θ with a step size of 0.02°2θ  s−1. 
FTIR spectra of the solid samples were also acquired 
to determine the interlayer anion composition. For 
this, a 1–2 mg aliquot of a dried subsample was mixed 
with 200 mg of oven-dried, spectroscopic-grade KBr 
salt (refractive index 1.559, particle diameter 5–20 μm), 
then the mixture was ground for 1 min. The mixture 

was then pressed in a die with 8 t of pressure applied 
for 3–4 min to form a disc or pellet. Potential ion-
exchange between the LDH and the KBr matrix was 
considered as negligible under the dry conditions, 
as the FTIR analysis was performed immediately 
after sample preparation. Triplicate FTIR spectra 
were acquired, each involving 100 scans recorded in 
the range 400 to 4000  cm−1 at a resolution of 4  cm−1. 
The FTIR spectra were acquired using a 1725X FTIR 
spectrometer (PerkinElmer, Waltham, Massachusetts, 
USA). The BET specific surface areas of the sam-
ples were determined using a Quantachrome NOVA 
1200 system (Anton Paar, Graz, Austria). The SEM 
and TEM images were acquired using a Philips 420 
STEM instrument (Philips, Eindhoven, The Nether-
lands). The interlayer water, hydroxyl, and carbonate 
contents were assessed by TGA using an STA 409 
EP system (Netzsch, Selb, Germany) with corundum 
 (Al2O3) as a reference. The TGA was performed in 
the temperature range between 25 and 1000°C using 
an inert nitrogen atmosphere and a heating rate of 
10°C  min−1. The carbonate content was determined 
using a CSD-225 system (LECO, St. Joseph, Michi-
gan, USA). To determine the cation content of a solid 
sample, a subsample of 4–10 mg was dissolved in 1% 
 HNO3 and the solution was then analysed by ICP-MS 
(Agilent 7500, Waldbronn, Germany).

Table 1  Molar ratios used in the co-precipitation method to 
synthesize the LDH materials. Nitrate salts were used, and 
 CO3

2− anions were provided by  Na2CO3

LDH Mg Zn Al CO3
2− XZn

SMZ1 1 0 0.34 0.15 0
SMZ2 0.9 0.1 0.34 0.15 0.1
SMZ3 0.8 0.2 0.34 0.15 0.2
SMZ4 0.7 0.3 0.34 0.15 0.3
SMZ5 0.6 0.4 0.34 0.15 0.4
SMZ6 0.5 0.5 0.34 0.15 0.5
SMZ7 0.4 0.6 0.34 0.15 0.6
SMZ8 0.3 0.7 0.34 0.15 0.7
SMZ9 0.2 0.8 0.34 0.15 0.8
SMZ10 0.1 0.9 0.34 0.15 0.9
SMZ11 0 1 0.34 0.15 1
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LDH Synthesis

Many preparation methods have been described pre-
viously (Chaillot et  al., 2021; Theiss et  al., 2016), 
but the constant-pH co-precipitation method using 
alkaline solutions is the most promising for synthesis 
of well crystalline hydrotalcite-like materials (Klo-
progge et  al., 2004). Hydrothermal and microwave 
treatments were not performed, which would usually 
cause formation of the LDHs with a M(II)/Al ratio of 
2:1 rather than 3:1 (Benito et al., 2008; Britto et al., 
2007; Kloprogge et al., 2004). A mixture of stoichio-
metric amounts (Table 1) of Mg, Zn, and Al nitrate 
salt solutions (1.0 mol/L, 250 mL) was added at a 
rate of ~20 mL  min−1 to a 10% stoichiometric excess 
of 1 M  Na2CO3 solution stirred at 40°C. Regardless 
of the original M2+/M3+ ratio, a white precipitate 
formed immediately after addition of the first drop of 
the metal salt solution to the basic  Na2CO3 solution. 
Before taking pH measurements, the WTW InoLab® 
Level 2 pH meter (Xylem Analytics, Weilheim, Ger-
many) equipped with a SenTix 61 pH/Pt electrode 
was calibrated using 0.001 and 1.0 M KOH solutions. If the 
reaction mixture approached pH 10.0 ± 0.5, 2.0 M NaOH 
was added simultaneously to the M2+/M3+ mixture to keep 
the reaction mixture at pH 10. Having added all the salt 
solution, the reaction mixture was stirred  vigor-
ously at 40°C for 4 h. Once the reaction was com-
plete, the suspension was cooled to room tempera-
ture, separated into a  50 mL centrifuge tube and 
centrifuged at 3000×g for 20 min. A series of tubes 
of the pure  Mg3-Al-LDHs co-precipitates were kept 
in the mother liqueur for up to 7 days, and the total 
dissolved Mg and Al concentrations were determined 
each day using one of the tubes. The supernatant was 
passed through a 0.2 μm cellulose membrane filter 
(Sartorius, Göttingen, Germany) using a syringe. A 
few drops (~0.1 mL per 50 mL sample) of concen-
trated  HNO3 were added to the filtrate and stored at 
4°C until the filtrated solution could be analyzed for 
cation concentrations. The white precipitate remain-
ing in the centrifuge tube was washed with 500 mL 
of deionized water at least five times to remove excess 
sodium, carbonate, and nitrate ions. The concen-
tration of dissolved nitrate was determined by ion 
chromatography using a 761 Compact IC system 
(Metrohm, Herisau, Switzerland) to ensure that no 
original salt compounds remained prior to the dis-
solution experiments. The precipitate was then dried 

on a glass plate at 50°C in an oven, ground to a fine 
powder in an agate mortar, and stored in a desiccator.

Dissolution Experiments

A preliminary experiment using the pure  Mg3Al-LDH 
endmember was performed to determine the time 
required for equilibration. Six sets of such experi-
ments were first prepared. For each experiment, 100 
mg of LDH was added to 100 mL of an aqueous 
solution in a 50 mL polyethylene bottle, which was 
closed and shaken at 25°C to allow equilibration to 
occur. The ionic strength of the solution was fixed 
by adding 3 mM  Na2CO3 (30 mg/100 mL) to act as 
a background electrolyte well above the ambient  CO2 
contribution from the atmosphere. The solution was 
adjusted to pH 10.7±0.5 by addition of 0.1 M NaOH. 
The total dissolved Mg and Al concentrations were 
determined at 20, 46, 123, 166, 202, and 240 days to 
allow determination of the time taken to reach equi-
librium. As a result, the minimum time necessary to 
reach equilibrium was found to be 120 days. Three 
sets of 11 solid-solution samples of various Zn/Mg 
ratios, including blanks, were prepared and kept at 
25°C for 240 days. All samples were centrifuged, and 
the supernatants passed through 0.2 μm membrane 
filters before the solute concentrations determination. 
A 20 mL subsample each was left untreated, and the 
pH and anion content were determined. The dissolved 
residual carbonate content was determined (in dupli-
cate) using a High TOC II total carbon analyser (Ele-
mentar Analysensysteme, Hanau, Germany). Another 
5 mL part of each solute sample was diluted by a fac-
tor of 10 and the solution was acidified by adding 0.1 
mL of concentrated  HNO3 for stabilization of the cat-
ions. Divalent cation (Mg, Zn) concentrations were 
determined using an Agilent 7500 ICP-MS (Agilent, 
Waldbronn, Germany). The Al concentrations were 
determined in a last 10 mL subsample (again acidi-
fied by adding 0.1 mL of concentrated  HNO3) using 
a NexION ICP-MS (PerkinElmer LAS, Rodgau, Ger-
many) in dynamic reaction cell mode using  NH3 as 
the cell gas to decrease CN interference with the Al 
response. Rh was added to act as an internal standard 
(100 μL of 1 μg  mL−1 Rh). The instrument was tuned 
using a 10 ng  mL−1 multi-element standard (Merck 
XVI, which contained Li/Y/Ce/Tl). The Al detection 
limit thus achieved was 10 nmol  L−1.
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Results and Discussion

Characteristics of Synthesized LDHs

The M(II)/Al ratios of the washed samples were 
3.24–3.69 and agreed well with the ratios for the ini-
tial solutions (Table 1), most of the differences being 
<20%. The greater than stoichiometric M(II)/Al ratios 
may have been caused by some Al lixiviation dur-
ing excessive washing. Obtaining materials with the 
desired compositions and exact stoichiometric car-
bonate contents was difficult, so reactant solutions 
containing 10% excess carbonate were used to make 
synthesis of LDHs with the desired compositions 
easier, albeit with somewhat  greater than desired 
 CO3

2− contents as revealed by the TG analysis. The 
composition of the solid samples determined by 
chemical and TG analyses, as detailed in the Sup-
plementary Material (Figs. S1 and S2), are shown in 
Table 2. Slight differences only were observed in the 
TGA curves between Mg-Al-LDH and Zn-Al-LDH 
endmembers, indicating that the thermal stabilities 
and temperatures required for the removal of inter-
layer water, dehydroxylation of the cationic layers, 
and removal of the interlayer carbonate anion were 
similar regardless of cation substitution. No alien ani-
ons such as  NO3

− were detected by the FTIR analysis 
(Figs. S3 and S4).

The BET surface areas between 20 and 90  m2  g-1 
(Table  2) indicated nano-particulate characteristics 
of the material. The TEM images of the synthesized 
LDHs in fact showed nanoparticles of hexagonal 

platy shape with diameters of ~100 nm (Fig. S5a,b). 
The FTIR analyses revealed characteristic vibrations 
of Mg/Al-hydroxycarbonate phases. The FTIR spec-
tra showed broad but intense hydroxyl stretching bands 
between 3400 and 3500  cm−1, and weak interlayer water 
molecule bending bands near 1620–1640  cm−1. The rather 
sharp intense band at 1360–1385  cm−1 was caused 
by ν3 anti-symmetric stretching of interlayer carbon-
ate, shifted from its position in free  CO3

2− because of 
strong hydrogen bonding with hydroxyl groups and 
 H2O molecules in the interlayer space. The bands at 
<1000  cm−1 were ascribed to both ν2 and ν4 modes 
of carbonate and to M–OH modes, respectively. An 
intense and sharp band near 450  cm−1 was found 
in each sample and was assigned to polymerized 

Table 2  Chemical formulae of the synthesized LDH materials determined from the results of the chemical and TGA analyses and 
normalized to the Al content, and the BET surface areas of the materials indicating nano-crystalline characteristics of the materials

LDH Formulae of LDH XZn (Mg+Zn)/Al BET  (m2/g)

SMZ1 [Mg3.48Al(OH)8.37](CO3)0.52·2.09H2O 0.00 3.48 86.8
SMZ2 [Mg3.07Zn0.36Al(OH)8.31](CO3)0.52·2.08H2O 0.10 3.42 48.1
SMZ3 [Mg2.96Zn0.73Al(OH)8.40](CO3)0.53·2.10H2O 0.20 3.69 70.6
SMZ4 [Mg2.57Zn1.09Al(OH)8.38](CO3)0.52·2.10H2O 0.30 3.66 54.4
SMZ5 [Mg1.85Zn1.22Al(OH)8.46](CO3)0.53·2.11H2O 0.40 3.07 42.1
SMZ6 [Mg1.83Zn1.87Al(OH)8.75](CO3)0.55·2.19H2O 0.51 3.70 70.2
SMZ7 [Mg1.37Zn2.05Al(OH)8.34](CO3)0.52·2.08H2O 0.60 3.42 33.4
SMZ8 [Mg1.0Zn2.24Al(OH)8.70](CO3)0.54·2.18H2O 0.69 3.24 56.1
SMZ9 [Mg0.65Zn2.85Al(OH)7.97](CO3)0.50·1.99H2O 0.81 3.50 49.7
SMZ10 [Mg0.3Zn2.97Al(OH)7.89](CO3)0.49·1.97H2O 0.91 3.27 37.3
SMZ11 [Zn3.24Al(OH)8.55](CO3)0.53·2.14H2O 1.00 3.24 26.8

Fig. 1  XRD patterns for hydrotalcite solid solutions synthe-
sized using various Zn molar ratios
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 [AlO6]3− groups, and single groups with an Al–OH 
bond length of 0.161 nm typical for LDHs (SM).

The XRD patterns of all the synthesized LDHs 
contained features common in layered phases (e.g. 
narrow, symmetrical, and strong reflections at low 
°2θ values and weaker, less symmetrical reflections 
at higher °2θ values), as shown in Fig.  1. The hex-
agonal layer structure with sharp symmetrical peaks 
for the (003), (006), and (009) planes and broad but 
still symmetrical peaks for the (015) and (018) planes 
are characteristic of hydrotalcites (Hofmeister & Von 
Platen, 1992). A well crystalline phase resembling an 
LDH compound was the only solid phase prepared for 
the dissolution experiments in the washed samples, 
but the unwashed samples revealed some other dif-
fractions during the co-precipitation syntheses. The 

XRD patterns of the unwashed samples contained a 
diffraction near 30°2θ assigned to a   NaNO3 phase;   
no nitrate diffraction was present after the washing 
treatment, however. A broad diffraction band was 
also present at 48°2θ, indicating a gibbsite (Al(OH)3) 
impurity, which disappeared after 240 days of the dis-
solution experiment (Fig. 2a).

Crystallographic lattice parameters (a, c) were cal-
culated for all LDH compounds synthesized with var-
ious Zn cation contents. The degree of crystallinity 
of each LDH sample was determined from the basal 
(003) and (006) reflection intensities and sharpness 

Fig. 2  Powder X-ray diffractograms for the hydrotalcite solid-
solutions with mole fraction of Zn = X, where a depicts the 
patterns for unwashed and washed original co-precipitates and 
samples collected from the equilibrium dissolution experiment 
after 240 days, and b the peaks characteristic for the LDH 
phases of various XZn contents used in the Vegard’s law analy-
sis

Fig. 3  Values for the unit cell a a-axis, b c-axis, and c vol-
umes determined by powder X-ray diffractometry for the 
LDH samples with various mole fractions of Zn used for the 
Vegard’s law analysis. The dotted lines indicate linear correla-
tions 
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(Fig.  2b). The broadening of the XRD peaks at 39 
and 46°2θ was due to the statistical distribution of 
the layer stacking sequences of the 2H and 2R poly-
types. The layer stacking faults do not affect signifi-
cantly the distance between the brucite-like layers 
in the c axis direction, however, because LDH com-
pounds commonly show no long-range ordering, i.e. 
the respective stacking sequences of the hexagonally 
or trigonally ordered endmembers are commonly ran-
domly distributed in LDHs.

The lattice parameters were calculated (Fig.  3), 
in which a is the mean cation–cation distance in the 
brucite-like layer with a = 2d110. The cell param-
eter c was determined from the equation c/3 = 
½{d(003)+2d(006)}. The unit-cell volume V was cal-
culated from the cell parameters using the equation 
V = a2 c sin (120), which was simplified to (√3/2) a2 c. 
Assuming that the brucite-like layer was 4.8 Å wide 
(Drezdzon, 1988), the interlayer space was 2.8 Å, in 
accordance with the locations of the carbonate anions 
with their molecular planes parallel to the brucite-like 
layers. Although of nearly the same ionic radius in 
octahedral coordination (Shannon, 1976), the inclu-
sion of Zn into the Mg-bearing hydrotalcite slightly 
increased the cell parameter and shifted the peak 
position to lower °2θ values, therefore increasing the 
d spacing. However, Curtius et  al. (2013) reported 
no elongation of the octahedra in the c direction by 
Rietveld analysis of XRD patterns in spite of increas-
ing ionic radii of Ni < Mg and Co < Fe(II) of the 
LDH endmembers, which showed a lack of depend-
ency on the ionic radius. Nonetheless, a clear linear 
correlation was found between the cell constants and 
cation composition ratios, as required by Vegard’s 
law, even for the c direction (Fig. 3a and b), and thus 
also for the cell volume (Fig.  3c). The formation of 
the desired solid solutions without a mixing gap over 
the whole range of Mg-Zn-bearing hydrotalcite for-
mulations was thus confirmed by the XRD analysis.

Aqueous Solubility Data and SSAS Equilibrium 
Experiments

As shown in Fig.  4a, apparent equilibrium was 
reached on the fifth day of the co-precipitation 
experiments. The Mg concentration was 1.2 μmol/L 
on that day and for the rest of the experiment. 
Somewhat lower equilibrium concentrations were 
reached after day 150 of the dissolution experiments 

(Fig.  4b). The approximately 3-fold different con-
centrations at equilibrium in the mother liquor were 
probably caused by some phase impurities, particu-
larly gibbsite, as indicated by the XRD analysis. 
In principle, buffering of the Al is thus possible in 
order to avoid the tricky dissolved Al concentration 
measurements (Johnson & Glasser, 2003), but this 
approach was not preferred here because of the lack 
of a gibbsite impurity detected after 240 days in the 
dissolution experiments. A modified solubility con-
stant for the pure Mg-LDH endmember with the 
ideal stoichiometry was calculated using the dissolu-
tion reaction:

The solubility product was not formulated using 
the activities of the free cations as usual. It was 
defined by hydroxo-complexes  MgOH+ and 

(1)
[

Mg3Al(OH)8
](

CO3

)

0.5
· 2H2O = 3MgOH+ + Al(OH)4

−

+ OH− + 0.5CO3
2−

Fig. 4  Measured total dissolved concentrations of Al and Mg for 
a the co-precipitation synthesis solution during the first 7 days of 
ageing at pH 10.0±0.5 (the dotted line indicates the Al concentration 
in the presence of gibbsite), and b the dissolution experiment after 
240 days (pH 10.2±0.5)
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Al(OH)4
−, which removed the extreme surplus of 

 OH−. The Al(OH)4
- species concentration was, 

however, almost the same as the total Al concen-
tration at pH > 10. The  MgOH+ species concen-
trations were calculated using the geochemical 
speciation modeling code Visual Minteq 3.1 with 
the built-in Davies equation for the ion activity 
product calculations from the default thermody-
namic database (Gustafsson, 2020). The Visual 
Minteq simulation results indicated also that all 
aqueous solutions of the dissolution experiments 
analysed at day 240 were undersaturated with 
respect to any secondary mineral phases, includ-
ing magnesite  (MgCO3) and gibbsite. Equation 
(1) allowed the logarithmic solubility product to 
be formulated:

where the curved brackets indicate the activity of the 
respective ion. For the long-term steady state reached 
in the dissolution experiments after day 240, the dis-
solution of the LDHs gave almost the same Mg/Al 
ratios for the solutes and solids, indicating that almost 
congruent dissolution had occurred. For the pure 
 Mg3-Al-LDH endmember in this dissolution experi-
ment (Fig.  4b), a logKsp,Mg-LDH of −32.2±0.2 could 
be calculated from the ion activity product (Eq.  2). 
Even though it was for an uncommon solubility prod-
uct formulation, this value can be translated using the 

(2)

logKSP,Mg−LDH = 3 log
{

MgOH+
}

+ log
{

Al(OH)−
4

}

+ log {OH−} + 0.5 log
{

CO2−
3

}

Visual Minteq code into another uncommon solubil-
ity product formulation to compare with the solubility 
of manasseite found in a previous study (Allada et al., 
2006):

The logarithmic solubility product for this dissolution 
reaction was (Allada et al., 2006):

Using the same formulation, the present study gave 
a logK*SP,Mg-LDH of 9.45, which corresponded to 
the uncertainty for the value found by Allada et al. 
(2006). Rozov et al. (2011) calculated a traditional 
thermodynamic solubility product using the stoichi-
ometric free ion activity product equation:

Using this formulation, the present dissolution experi-
ment gave a logK*SP,Mg-LDH of −73.4, which was some-
what lower than the value found by Rozov et al. (2011). 
However, Eq. 5 is quite sensitive to pH, meaning that 
even a minor uncertainty in the pH drastically increased 
uncertainty in the calculated logK*SP,Mg-LDH. For 

(3)

Mg0.74Al0.26(OH)2
(

CO3

)

0.13
⋅ 0.39H2O + 2H+ = 0.74Mg2+

+ 0.26Al3+ + 0.13CO2−
3

(4)

logK∗
SP, Mg−LDH = 0.74 log

{

Mg2+
}

+ 0.26 log
{

Al3+
}

+ 0.13 log
{

CO3
2−
}

+ 2pH = 9.82

(5)

logK∗
SP, Mg−LDH = 3 log

{

Mg2+
}

+ log
{

Al3+
}

+ 0.5 log
{

CO2−
3

}

+ 8 log {OH−} = −68.9

Table 3  Ion concentrations found after 240 days of the aqueous solubility experiments using the LDH materials of various mole 
fractions of Zn (XZn)

LDH XZn pH Mg
(μmol/L)

Zn
(nmol/L)

Al
(μmol/L)

CO3
2−

(mmol/L)

SMZ1 0.00 10.1 3.08 ± 0.10 - 1.44 ± 0.05 2.7 ± 0.6
SMZ2 0.10 10.7 1.28 ± 0.06 24 ± 2 0.46 ± 0.03 2.7 ± 0.4
SMZ3 0.20 10.8 1.05 ± 0.05 29 ± 4 0.38 ± 0.04 2.8 ± 0.2
SMZ4 0.30 10.8 1.02 ± 0.05 52 ± 6 0.37 ± 0.03 2.7 ± 0.4
SMZ5 0.40 11.6 0.49 ± 0.02 96 ± 8 0.18 ± 0.03 2.7 ± 0.9
SMZ6 0.51 11.3 0.66 ± 0.03 159 ± 5 0.23 ± 0.05 2.9 ± 0.4
SMZ7 0.60 11.2 0.48 ± 0.01 225 ± 6 0.22 ± 0.09 2.7 ± 0.2
SMZ8 0.69 11.2 0.37 ± 0.01 239 ± 7 0.23 ± 0.02 2.9 ± 0.8
SMZ9 0.81 11.1 0.25 ± 0.01 395 ± 7 0.23 ± 0.04 3.5 ± 0.9
SMZ10 0.91 11.5 0.12 ± 0.06 667 ± 3 0.26 ± 0.02 2.8 ± 0.2
SMZ11 1.00 10.5 - 886 ± 7 0.24 ± 0.01 3.3 ± 0.4
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example, an uncertainty of 0.5 pH units (e.g. between 
10.0 and 10.5) would explain the 4 units difference. 
Corroborating the results against previously published 
data confirmed the present data as promising to be used 
for further modeling.

To formulate a binary SSAS equilibrium model, 
the solubility products of the other pure endmem-
ber assumed to form the solid solution first had to be 
determined using the formulation:

The solubility constant for the dissolution experiment 
after day 240 (sample SMZ11 in Table 3) calculated 
using Eq.  6 was logKsp,Zn-LDH = −37.7±0.6 and, 
therefore, more than five units lower than for the pure 
Mg endmember.

Thermodynamic equilibrium in the binary (Mg+Zn)3-
Al-LDH system was described by the equivalence of the 
chemical potentials of the solid and aqueous phase com-
ponents, i.e. by the mass action expressions:

and:

The solid-phase activities were given as the products 
of the appropriate mole fraction X and activity coef-
ficient λ. Dividing Eq. 7 by Eq. 8 and removing the 
common ions gave the Berthelot–Nernst distribution 
law:

where the Berthelot–Nernst distribution coefficient D 
is given by:

Equation 9 is the classic expression for a SSAS sys-
tem at thermodynamic equilibrium. Another expres-
sion for SSAS equilibrium can be obtained by simply 
adding together Eqs. 7 and 8 to give:

(6)

logKSP, Zn−LDH = 3 log
{

ZnOH+
}

+ log
{

Al(OH)−
4

}

+ log {OH−} + 0.5 log
{

CO2−
3

}

(7)
{

ZnOH+
}3{

Al(OH)4
−
}

{OH−}
{

CO3
2−
}0.5

= KSP, Zn−LDH XZn−LDH λZn−LDH

(8)

{

MgOH+
}3{

Al(OH)4
−
}

{OH−}
{

CO3
2−
}0.5

= KSP, Mg−LDH

(

1 − XZn−LDH

)

λMg−LDH

(9)
XZn−LDH∕

(

1 − XZn−LDH

)

= D
{

ZnOH+
}

∕
{

MgOH+
}

(10)D = KSP,Mg−LDH λMg−LDH∕KSP, Zn−LDH λZn−LDH

(11)ΣΠeq =
({

ZnOH+
}

+
{

MgOH+
}){

Al(OH)4
−
}

{OH−}
{

CO3
2−
}0.5

,

where the term on the left-hand side is the “total solu-
bility product” variable ΣΠ, which is related via the 
expression on the right-hand side to give the total 
solubility product constant ΣΠeq at thermodynamic 
equilibrium with the aqueous solute composition 
(Glynn & Reardon, 1990; Lippmann, 1980). Unlike 
the endmember solubility product KSP, which remains 
constant regardless of the composition of the aque-
ous phase (at stoichiometric saturation with a given 
solid solution composition), ΣΠeq varies as a func-
tion of the solid solution composition in terms of the 
fraction XZn-LDH of the trace metal in the host LDH 
phase. The ΣΠeq constant can be calculated from the 
measured solute concentrations using Eq.  11. Alter-
natively, ΣΠeq can be calculated if the activity frac-
tions of the substituting cation in the aqueous phase 
at thermodynamic equilibrium are known. The solute 
activity fractions for the (Mg,Zn)3-Al-LDH system 
were defined as:

and:

Substituting these two equations into Eq. 11 and rear-
ranging the equation to express the activities of the 
solid-phase components in terms of their activity 
coefficients and mole fractions gives:

In principle, Lippmann ΣΠ–X–χ phase diagrams 
can be constructed using the total solubility prod-
uct Eqs.  11 and 14 and the appropriate mole and 
activity fractions (or solute concentrations) as coor-
dinates (Lippmann, 1980). Analogous to phase dia-
grams for binary gas or binary liquid systems or for 
solid/melt systems, a Lippmann phase diagram is a 
plot of a solidus curve (the total solubility product 
defined by Eq. 11) and a solutus curve (the isother-
mal crystallization curve defined by Eq.  14) with 
the variable ΣΠ as the ordinate. The solidus and 
solutus curves both form a characteristic loop that 
is common in phase diagrams involving the (com-
plete) solubility of two phases in each other. The 
loop became wider as the difference between the 

(12)χZn,aq =
{

ZnOH
+
}

∕
({

ZnOH
+
}

+
{

MgOH
+
})

(13)χMg,aq =
{

MgOH+
}

∕
({

ZnOH+
}

+
{

MgOH+
})

(14)ΣΠeq =
1

χZn,aq

KSP,Zn−LDH�Zn−LDH

+
χMg,aq

Ksp,Mg−LDH�Mg−LDH
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solubility products of the endmembers increased. 
The logKSP values for the endmembers were five 
units different, so a considerable loop opening was 
expected to indicate non-ideal SSAS equilibrium 
behavior.

A Lippmann diagram differs from a traditional 
phase diagram in that it uses aqueous activity prod-
ucts and activity fractions rather than element con-
centrations and mole fractions to define the com-
positions of all phases in the system. Two different 
scales were used for the abscissa, an activity-frac-
tion scale χZn,aq relating to the aqueous-phase com-
position and a mole-fraction scale XZn-LDH defining 
the solid-phase composition. The activity-fraction 
scale required a degree of ion pairing and/or com-
plexation with other ions in the aqueous solution to 
be considered. The effect of speciation is important 
in alkaline solutions of cementitious solidification/
stabilization systems (e.g. Kulik & Kersten, 2002) 
in which cations that form complete or almost 
complete solid-solution series may not have simi-
lar aqueous complexing affinities, as in this case 
for Mg and Zn. A speciation model of ion compl-
exation in the aqueous solution, such as the Visual 
Minteq code used here, was therefore required to 
construct Lippmann diagrams from experimental 
concentration data. The solidus and solutus curves 
were then plotted and used to predict the solubility 
of any solid solution at thermodynamic equilibrium. 
This was done in a similar way to phase diagrams 
used for binary solid/melt systems but with solutus 
instead of liquidus curves to give the solid-phase 
and aqueous-phase compositions for the series of 
possible thermodynamic SSAS equilibrium states.

For {ZnOH+} << {MgOH+} at pH > 10, Eq. 14 
can be simplified in logarithmic terms to:

As discussed below, the term logλZn-LDH is small and 
can, therefore, be neglected at first approximation. 
However, because {ZnOH+} << {MgOH+} at pH > 
10, all the χZn,aq values are <0.01 and a reliable solu-
tus cannot easily be plotted on a linear χZn,aq scale, 
as is common in Lippmann diagrams (Fig. 5a). When 
plotting the χZn,aq values on a logarithmic scale, how-
ever, all the χZn,aq values for the dissolution experi-
ment data were in fact on a perfectly straight line 
between the endmember solubilities (Fig.  5b), in 

(15)logΣΠeq = −logχZn,aq + logλZn−LDH − 37.7

particular as the minor experimental scattering of the 
data vanished on the extended log-log scale. Unfortu-
nately, the conode tie concept as common for phase 
diagrams does not work here. This is again due to the 
low Zn concentrations in comparison to those of Mg. 
The large difference between the solubility products 
of the endmembers involves a strong preferential par-
titioning of the less soluble endmember toward the 
solid phase, which explains why Zn-poor solid solu-
tions are in equilibrium with Mg-rich aqueous solu-
tions. Therefore, Zn does not play a role in equations 
where both cation concentrations are summed (soli-
dus) but only in equations where both cations appear 
as a quotient (solutus).

The description of the thermodynamic proper-
ties of a non-ideal solid solution and consequently 
of the solid-phase activity coefficients requires an 
understanding of the excess free energy of mixing 
of the solid solution, i.e. of the difference between 
the free energy of mixing for the actual system and 

Fig. 5  Lippmann diagram for the (Zn + Mg)3Al-LDH system 
with total solubility product data for the dissolution experi-
ments after 240 days (dots) using a a linear x-axis scale and b 
a logarithmic x-axis scale fitted using model solidus and solu-
tus curves including the (dashed line) minimum stoichiometric 
saturation line
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an ideal solid solution, as shown below (Ganguly, 
2001):

The Gibbs free energy of mixing GM of a solid solu-
tion can be considered as the difference between the 
actual free energy of the solid solution and the free 
energy of a compositionally equivalent mechanical 
mixture of the endmember components. For an ideal 
binary solid solution, the free energy of mixing of 
endmember components i and j with the composition 
Xi,j is given by:

No experimental data are available, however, for the 
Gibbs free energies of the mixing functions for the 
composition of the (Mg+Zn)3-Al-LDH or, therefore, 
for the solid-phase activity coefficients for the system. 
Empirical relationships for the composition-depend-
ence of the solid-phase activity coefficients obtained 
by Gibbs–Duhem integration using the Guggenheim 
subregular model for the excess free energy of mixing 
in a binary solid solution has been used successfully 
to fit solubility data for various binary SSAS systems 
(Glynn & Reardon, 1990), as shown below:

The two dimensionless empirical coefficients α0 and 
α1 for the Guggenheim expansion equation allowed 
the expressions for the solid phase activity coef-
ficients in the binary (Mg+Zn)3-Al-LDH system 
shown below to be derived:

Structural information such as mixing gaps in the 
binary (Mg+Zn)3-Al-LDH solid-solution behavior 
can be used to estimate α0 and α1 more accurately 
than the commonly used ideal solid solution assump-
tion (i.e. GM = 0). The analysis results of Vegard’s 
law presented above, however, did not indicate the 
presence of a miscibility gap, so a complete solid-
solution series in the SSAS system was expected, i.e. 
the system was expected not to deviate far from the 
ideal system. This meant that (ignoring any difference 

(16)GE = GM + GM,id

(17)GM,id = RT
(

Xi lnXi + Xj lnXj

)

(18)GE = XiXjRT
[

α0 + α1
(

Xi − Xj

)]

(19)
lnλMg−LDH = XZn−LDH

2
[

α0 − α1
(

3 − 4XZn−LDH

)]

(20)
lnλZn−LDH = XMg−LDH

2
[

α0 − α1
(

4XMg−LDH − 1
)]

between activity and concentration in the aqueous 
phase, i.e. aqueous activity coefficient γi,j = 1 at infi-
nite dilution) the distribution coefficients could be 
defined as:

Substitution of the definitions of the solid-phase 
activity coefficients λMg-LDH and λZn-LDH into the 
Guggenheim subregular model gives the expression 
(Glynn & Reardon, 1990):

Given the two distribution coefficients at a speci-
fied solid-solution composition, the MBSSAS code 
uses expressions equivalent to this equation and a 
Newton–Raphson procedure to calculate a0 and a1 
(Glynn, 1991). The Lippmann solidus and solutus 
lines fitted to the present data using the MBSSAS 
code for a0 = 0.5 and a1 = −0.5 are shown in Fig. 5. 
Most of the solutus data were on a steep part of the 
solutus line at very low Zn concentrations. This part 
was, therefore, zoomed in using a logarithmic scale 
for the x-axis as mentioned above (Fig. 5b). The log-
arithmic scale solubility diagram indicated very well 
the excellent fit of the Lippmann equation to the 
experimentally acquired data according to Eq.  15, 
and may, therefore, be used readily  to predict Zn 
mobility.

Having calculated a0 and a1 for the binary 
(Mg+Zn)3-Al-LDH solid-solution, the MBSSAS cal-
culates (as the last step) the solid activity coefficients 
at infinite dilution of the respective Zn-LDH and Mg-
LDH endmember components using the equations 
below:

These “Henry’s law activity coefficients” sup-
port the almost ideal solid-solution aqueous-
solution equilibrium behavior of the binary 
(Mg+Zn)3Al-LDH system. The straight mini-
mum stoichiometric saturation curve relating the 

(21)

D =
XZn−LDH∕XMg−LDH

[ZnOH
−
]∕
[

MgOH
−
] =

KSP,Mg−LDHλMg−LDH

KSP,Zn−LDHλZn−LDH

(22)
D =

KSP,Mg−LDH

KSP,Zn−LDH

exp
[(

2XZn−LDH − 1
)

a0 +
(

6
(

X2
Zn−LDH

− XZn−LDH

)

+ 1
)

a1
]

(23)λMg,XZn−LDH=1 = exp
(

a0 + a1
)

= 1

(24)λZn,XZn=0 = exp
(

a0 − a1
)

= 2.7
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stoichiometric-saturation solubilities to the solid-
solution composition is also shown in Fig.  5a 
(Glynn, 1991), and the equation is:

The “stoichiometric saturation” concept has been 
introduced for kinetic dissolution experiments, 
in which relatively insoluble solid solutions have 
been found to react as physical mixtures of the end-
member single-component phases over short reac-
tion times (hours) (Plummer & Busenberg, 1987). 
Equation  25 gives a series of possible χZn,aq/ΣΠ 
pairs that an aqueous solution may reach theoreti-
cally at stoichiometric saturation with respect to a 
given solid composition with a fixed XZn-LDH. This 
is commonly called the “equal-G curve” (Gam-
sjäger, 1985) but it is clearly not relevant for the 
present data. At longer equilibration times typical 
of environmental settings, a LDH solid solution 
reacts more like a multi-component solid and does 
not maintain a constant composition, as shown in 
the dissolution experiments. However, the mini-
mum saturation curve may eventually become 
important in industrial settings, a point described 
in more detail by Glynn et al. (1990).

Summary and Conclusions

Dissolution experiments using the binary 
(Mg+Zn)3-Al-LDH solid-solution system indi-
cated that the solubility varied with the experimen-
tal variables (e.g. pH, Mg/Zn ratio, and reaction 
time). This made the system more complex and 
difficult to understand. A constant pH co-precip-
itation method was used successfully to synthe-
size materials with various Zn/Mg ratios, and the 
phase purity was assessed in each case. The sam-
ples were then equilibrated in aqueous solutions for 
up to 240 days. The effect of incorporation of  trace 
Zn into the structure was to reduce significantly the 
aqueous solubility of the LDH. The chemical sta-
bility of the Mg-bearing hydrotalcite endmember 
was improved by Zn substitution for Mg in the host 
lattice. The solubility products were determined, 

(25)ΣΠmss =
Kx
SP,Mg−LDH

K1−x
SP,Zn−LDH

λx
Mg

λ1−x
Zn

X1−x
Zn

Xx
Mg

and Lippmann diagrams were constructed to ana-
lyse the SSAS equilibrium. The solutus part of the 
Lippmann diagram with very low XZn concentra-
tions was enlarged for the first time using a loga-
rithmic x-axis. This innovative approach allowed 
prediction of the solubility of Zn and, therefore, 
provided new insights into the mobilities of trace 
metals scavenged by LDH minerals. The SSAS 
model framework presented here has implications 
for the development of quantitative process-based 
thermodynamic models of trace metals immobi-
lized in LDHs. The results are particularly rel-
evant to remediation of trace-metal-bearing liquid 
waste because the metals that co-precipitated with 
the LDH were more strongly retained and, there-
fore, less soluble than the hydroxides or carbonates 
of the metals. The system investigated was only 
binary, with Zn as the only trace metal interca-
lated by the LDH mineral, but LDHs can be used 
as sorbents for various trace metals in liquid waste. 
Future work should address at least ternary (e.g. 
Mg-Zn-Cu) solid-solution systems. This could, 
in principle, be achieved using the same SSAS 
approach as described here.
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