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ABSTRACT: The crystalline chloride form of layered double hydroxide
(LDH) with the formula Mg0.75Al0.25(OH)2Cl0.25·mH2O was gradually
exchanged with F−, Br−, or I− up to a total displacement of Cl−. For the
three anions, both the exchange isotherms as well as the structural changes were
inspected along the whole range of chloride displacement. The bulkier Br− and
I− followed an ideal exchange behavior isotherm while F− denoted strong
deviations from the ideal regime as well as phase segregation. The exchange
constants recorded herein were contrasted with bibliographic data belonging to
an analogous LDH host, revealing a strong linear free energy correlation. Higher
Al(III) to Mg(II) ratios, or layer charge densities, favor a stronger selectivity for
smaller halides. For both hosts, the exchange free energy was satisfactorily
described in terms of strictly electrostatic-based models.

■ INTRODUCTION

Layered double hydroxides (LDHs), also known as anionic
clays, constitute a vast family of compounds bearing the general
formula MII

1−xM
III
x(OH)2A

z−
x/z ≫ nH2O, where x typically

ranges between 0.20 and 0.33.1 These crystalline compounds
relate to the mineral phase hydrotalcite [Mg6Al2(OH)16(CO3)·
4H2O], a natural occurring LDH in which both Mg(II) and
Al(III) cations are located at the center of edge-sharing OH
octahedrons that are interconnected to form two-dimensionally
infinite sheets (or layers), resembling the basic hexagonal
structure of brucite, Mg(OH)2.

2 Since divalent cation positions
are isomorphically substituted by trivalent ones, extra positive
charges possessed by the latter give to the brucite-like layers a
permanent positive charge governed by the fraction of cation
positions occupied by M(III).3 Anions are intercalated in the
space contained between brucite-like layers (also referred as
gallery or interlamellar space) to compensate for the layer’s
permanent positive charge. In addition, the remaining volume
between the intercalated anions in each gallery is filled with
water molecules. The ability of LDHs to exchange interlamellar
anions gave birth to a huge variety of intercalation
compounds.4−8 In particular, Mg(II)−Al(III) LDHs, as well
as their memory-bearing calcined derivatives, were revealed as
promising sorbents for the removal of anionic pollutants from
aqueous systems.9−24 However, despite the increasing practical
interest in anion-exchange reactions involving LDH phases,

rigorous thermodynamic information on anionic exchange
equilibria is indeed scanty, and it is mostly limited to the
seminal work by Miyata25 and others.26,27 Considering anions
as anhydrous moieties, it is well-accepted that for a certain pair
of them, holding the same charge, the inherent affinity is higher
for the smallest one. On the other hand, for a given size, the
one holding the highest charge has the higher affinity. Finally,
certain anions, like carbonate, that can accommodate two
charges per anion in a flat one-atom-thick configuration exhibit
an exceptional affinity that requires extreme conditions to drive
its departure through anionic exchange.28

Beyond these accepted facts, the correlation of the relevant
structural changes that accompany intercalation reactions with
the overall stability of equilibrated partially exchanged LHDs
remains poorly understood. Furthermore, many questions
referring to the role of anion size, charge, and specific
interactions on the affinity for the interlamellar spaces of
LDHs are still open. To this aim, the present study thoroughly
explores the structural changes of Mg0.75Al0.25(OH)2Cl0.25·
mH2O LDH as well as the inherent exchange affinities over a
series of anion exchange reactions with the other halide anions.
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■ EXPERIMENTAL SECTION
A crystalline commercial hydrotalcite (DHT-6, Kyowa Kagaku Kogyo
Co., Ltd.), Mg0.75Al0.25(OH)2(CO3)0.125·mH2O, sample was trans-
formed into the chloride form, Mg0.75Al0.25(OH)2Cl0.25·mH2O or
HT(Cl), according to the acid decarbonation−exchange procedure
developed by Iyi et al.29,30 Anion-exchange experiments were perform
in volumetric Pyrex flasks. A measured volume of a solution of
containing a known amount of potassium salt of the incoming halide
(F−, Br−, or I−) was added to a weighed amount of a previously
equilibrated water suspension of HT(Cl), and the volume of the flask
was completed with decarbonated water. The final concentration of
HT(Cl) was 1 g dm−3; those of KF, KBr, and KI ranged from 1 × 10−4

to 6 × 10−3, 1 × 10−2, and 1.2 × 10−1 mol dm−3, respectively. All
experiments were carried out at pH 9.30, i.e., the natural pH of
hydrotalcite aqueous suspensions.31 For this purpose, the pH of all
halide solutions was adjusted to 9.3 by addition of KOH. In order to
avoid carbonate contamination, all suspensions were kept under
carbon dioxide-free nitrogen. These suspensions were left to
equilibrate at 298 K for 1 h; equilibrium is attained within the first
20 min, as indicated by preliminary experiments.32 After filtering
through 0.22 μm pore size nitrocellulose membranes, anion content in
the supernatants was assessed by ionic chromatography using a
DEIONEX DX-100 equipped with an AS4A-SC column; filtrates were
dried and kept in desiccators before powder X-ray diffraction (PXRD)
inspection, employing a Siemens D-5000 diffractometer at 0.02° steps,
2 s counting time, 1 mm slits, and Ni-filtered Cu Kα radiation (λ ≅
1.5406 Å) operating at 40 kV and 30 mA current. Peak analysis was
performed using the Diffrac-AT 3.0 profile fitting software.

■ RESULT AND DISCUSSION

Structural Modifications Driven by Halide Exchange.
As a first step to characterize the exchange behavior of HT(Cl),
this phase was equilibrated with a set of solutions containing
increasing concentrations of fluoride; an analogous set of
experiments were also carried out with bromide and iodide.
Representative samples of each one of the three sets were
inspected by means of PXRD. On the basis of the halide
content of each solid sample, we determined the halide-
exchanged fraction, θ. This magnitude accounts for the molar
fraction of initial chloride anions of HT(Cl) that were replaced
by the incoming halide, X; partially exchanged phases will be
described as HT(Cl1−θXθ) in the following. Figure 1 presents
the evolution of PXRD patterns as a function of the exchanged
fraction, θ, along the angular range corresponding to the
interlamellar main 003 and 006 reflections.
For the three sets of exchange reactions, none of the partially

exchanged phases evidenced extra signals between 11.5° and
21°, indicating the absence of ordered second staging phases.29

In the case of fluoride- and bromide-driven exchange reactions,
partially exchanged phases, HT(Cl1−θFθ) and HT(Cl1−θBrθ),
denoted a continuous structural shift toward the fully
exchanged HT(F) and HT(Br) end-members, respectively.25,33

However, for the case of iodide exchange more complex
structural features on the HT(Cl1−θIθ) phases are observed;
practically all along the exchange range, the starting HT(Cl)
phase is gradually transformed into two different expanded
structures that coexist, evidenced by the split 003 and 006
peaks. Interestingly, this behavior remains noticeable even for
the end member HT(I), characterized by the asymmetry of
both interbasal reflections, in agreement with previous
reports.26 Then, this behavior cannot be ascribed to the
segregation of HT(Cl1−θIθ) phases and probably obeys
particular hydration behaviors.34 The same LDH host
intercalated with nitrate anions exclusively exhibited similar
split signals under typical lab relative humidity conditions.35

Additionally, the coexistence of two segregated HT(Cl1−θIθ)
phases with fixed iodide to chloride ratios was disregarded due
to the lack of constancy in the value of each one of the
interlamellar reflections. In these kinds of solids, the relative
intensity of the 003 reflection with respect to the 006 one is
governed by the interlayer scattering factor that depends on the
average anion’s electron density. This value remained similar
for both set of signals (data not shown) as a function of θ,
suggesting that both signals correspond to a single iodide to
chloride stoichiometry, say a single HT(Cl1−θIθ) phase.36,37

Figure 2 depicts the dependence of interlamellar distance with
the exchange fraction for the three sets. Both HT(Cl1−θIθ) and
HT(Cl1−θBrθ) phases reveal a continuous expansion, almost

Figure 1. PXRD patterns of HT(Cl1−θXθ) samples obtained from
HT(Cl) increasingly exchanged with fluoride (upper panel), bromide
(middle panel), and iodide (lower panel).
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linear, suggesting a Vegard-like behavior. However, HT-
(Cl1−θFθ) phase, even when it continuously contracts with
increasing fluoride uptake, deviates from the aforementioned
linear trend. Three zones along the exchange, each one of them
characterized by an almost linear trend with an inherent slope,
can be identified. Samples belonging to the longest interval,
bearing an overall composition in the range 0.15(5) ≤ θ ≤
0.75(5) evidenced the smallest structural modification.
Halide Exchange Isotherms. As the counterpart of the

structural inspection, the three sets of exchange reactions were
monitored in terms of solution composition. Figure 3 depicts

the exchange isotherms expressed as the amount of chloride
released to solution as a function of the initial halide
concentration. For the three sets of exchange reactions explored
herein, a total removal of chloride (quantitative exchange) from
the parent HT(Cl) phase was confirmed, reaching a value of 2.2
× 10−3 mol of chloride released per gram of HT(Cl) added, in
excellent agreement with the chemical composition of this
phase. Once these isotherms are contrasted with the limit
exchange behavior imposed by a quantitative exchange reaction,
depicted as a dotted line, the three sets denote clear differences
in terms of the inherent affinity of each halide anion for the
HT(Cl) phase. Fluoride anions displaced chloride ones with
the highest affinity for HT phase, almost following the
reference quantitative exchange isotherm, while iodine affinity
is the lowest; the behavoir of bromide stands intermediate.

Previous experiences revealed that exchange isotherms offer
reliable information concerning exchange equilibrium,32 even
for the chloride displacement by bulkier anions than the
present ones. Then, the following thermodynamic analysis
assumes the condition of microreversibility.
In order to assess the inherent affinity of each anion for the

HT phase, the measured isotherms will be described in terms of
solid-solution exchange constant formalism, traditionally
employed to describe cationic exchange on clays.38 For the
studied reactions, the replacement of chloride anions
intercalated within the HT phase for a given halide, X−, is
expressed by the equilibrium in eq 1:

+ ↔ +− −X HT(Cl) Cl HT(X)aq s aq s (1)

The exchange constant, KX‑Cl, relates to the activities of the
involved anions, both in solution and the solid phase through
eq 2. In the latter case, the activity of X− is defined as the molar
fraction of anionic sites occupied by this anion, θX, corrected by
an activity coefficient f X.

θ θ=−
− −K f a f a( [Cl ])/( [X ])X Cl X X Cl Cl Cl X (2)

Due to the electroneutrality, the sum of anionic fractions in
the solid equals 1.

θ θ= +1 X Cl (3)

The obtained experimental data reflects an apparent
exchange constant, QX‑Cl, defined by the concentrations
quotient, instead of the activities one.

θ θ=−
− − − −Q [Cl ] [X ]X Cl X Cl

1 1
(4)

Typically, the dependence of the apparent constant with the
exchanged fraction is presented in the form of the so-called
Kielland plot, which clearly warns about nonideal exchange
behavior, while this representation remains silent to the
eventual occurrence of phase segregation.32 The latter
limitation can be overcame following the evolution of the
solid’s composition (exchange degree or θ) as a function of the
solution’s composition by means of a robust thermodynamic
variable, such as the ratio between the involved anion’s
activities. Assuming that the activity coefficients in solution, a,
for both chloride and the incoming halide are similar, the
concentration ratio can be used instead of the activity one.
Figure 4 depicts the evolution of exchange as a function of the
incoming halide to chloride concentration ratio; both iodide

Figure 2. Interlamellar distance of HT(Cl1−θXθ) samples as a function
of fluoride (●), bromide (○), or iodide (▼) exchange fractions.

Figure 3. Mole of chloride released from a suspension containing 1 g
of HT(Cl) per dm3, as a function of the initial concentration of
fluoride (●), bromide (○), or iodide (▼). Dotted line depicts the
expected chloride release for a quantitative exchange reaction.

Figure 4. Halide exchange fraction, θ, as a function of chloride to
fluoride (●), bromide (○), or iodide (▼) concentration ratio. Dotted
lines depict fitted ideal exchange isotherms.
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and bromide exchange isotherms can be easily interpreted in
terms of a single ideal exchange isotherm, reflected as a dotted
line in each case, in agreement with the Kielland representation
(see Figure S1, Supporting Information). In the case of
chloride−iodide exchange, the ideal behavior observed
reinforces the hypothesis of the occurrence of a single
HT(Cl1−θIθ) phase that experienced partial dehydration under
laboratory atmosphere, before the ex situ PXRD inspection.
In contrast, fluoride−chloride exchange isotherm results in

far from ideal behavior; the invariance of the [F−]/[Cl−] ratio
for HT(Cl1−θFθ) with 0.15 ≤ θ ≤ 0.85 warns about a phase
segregation scenario. A previous study of the intercalation of
hexacyanoferrate(III) in similar chloride-hydrotalcite let us
conclude that such phenomena is correlated with the
coexistence (phase segregation) of two nonpure solid phases
of fixed compositions.32 However, due to the large structural
discrepancy of the involved end-members, in that case the
segregation ranges are explicitly delimited by structural data. In
the present case, the less defined segregation interval inferred
from PXRD data limits the analysis. Then, we choose to
describe the observed exchange isotherm based on a solution’s
behavior exclusively, following the regular solution model. In
this scenario, a single parameter adjusts variable activity
coefficients for the solid phase (eq 5).

θ= −RT f f aln( / ) (1 2 )F Cl F (5)

The optimized a coefficient equal to 2.2(1) predicts phase
segregation between 0.20(5) ≤ θF ≤ 0.80(5), in good
agreement with structural evidence; Figure 5 depicts the
optimized isotherm as well as the segregation interval.

Under such segregation scenario, the three intervals observed
for interlayer distance as a function of exchange (see Figure 2)
can be reinterpreted. For the range 0 ≤ θF ≤ 0.20(5), a single
HT(Cl1−θFθ) phase rules the PXRD pattern. The range 0.80(5)
≤ θF ≤ 1 describes again a single phase, fluoride rich in this
case. Along the intermediate interval, the PXRD pattern reflects
a convolution of HT(Cl0.80(5)F0.20(5)) and HT(Cl0.20(5)F0.80(5))
segregated phases. Due to the small difference between their
inherent interlayer distances, those composed patterns appear
as a single 003−006 signal. This fact was corroborated by
recording PXRD patterns of mechanical mixtures of the
involved HT(Cl0.80(5)F0.20(5)) and HT(Cl0.20(5)F0.80(5)) phases.
Concerning the origin of the observed phase segregation

behavior, it is worthwhile to mention that even spherical anions

can occupy different and specific crystallographically sites
within the interlayer space.36,39 However, for anions bearing
low electron density, their true crystallographic position
remains silent to conventional PXRD inspection.36 For a
given anion, the occupancy of each kind of site depends on the
LDH’s water content; interlayer water departure allows a closer
interaction of interlayer anions with the LDH layer, partially
nesting inside the cavities left between adjacent OH groups.40

This fact suggests that the interaction between the anion and
hydrogens from water molecules and/or the LDH’s OH groups
controls this structural aspect. Then for a weak acid’s anion
such as fluoride, a stronger interaction with protons either from
structural OH groups and/or interlayer water is expected,
giving additional stability to certain specific arrangements of a
fixed composition instead of the solid solution scenario
observed for HT(Cl1−θBrθ) phases, for example.

27 The complex
interplay of electrostatic forces and hydration interactions
within the interlayer space is still a matter of discussion and
research.35,41−44

Dependence of Halide Exchange Constants with LDH
Composition. Beyond the observed deviations to ideal regime,
the three studied reactions obey to an equilibrium constant,
KX−Cl, that can be obtained from the integer of the apparent
constant, QX−Cl, along the whole range of exchange, according
to the Gaines and Thomas formalism (see eq 6).45

∫= ∂θ− −K Qln lnX Cl
0

1

X Cl (6)

Table 1 compiles the equilibrium constant, KX−Cl,
determined herein for Mg0.75Al0.25(OH)2Cl0.25·mH2O; data

previously reported by Miyata for a parent solid phase with
the formula Mg0.72Al0.28(OH)2(NO3)0.25·mH2O is presented in
Table S1 (Supporting Information). In the following, the
former and the latter phase will be referred to in the text as
HT0.75 and HT0.72, respectively. The interlamellar distances
observed for both phases totally exchanged with each one of
the studied anions are also included in the correspondent
tables.
For a given anion, it is well-accepted that the higher the

charge and/or lower the size, the stronger the affinity for the
LDH phase.46 In the seminal work of Miyata, a linear
correlation was found between the interlayer distance of each
fully exchanged HT(X) phase and the standard Gibbs energy of
the correspondent exchange reaction displacing the parent
nitrate. More recently, ab initio simulations confirmed this
tendency.27 However, a predictive model describing the
exchange affinity as a function of the inherent properties of
the involved anions is still lacking. In order to compare the
aforementioned data with the present one, halide-to-halide
exchange equilibrium constants for HT0.72 host were inferred
by combining the reported ones. Once exchange free energies
belonging to each exchange pair observed on HT0.72 host are
plotted against the values observed for HT0.75, a strong

Figure 5. Fluoride−chloride exchange isotherm described in terms of
the regular solution model; the vertical dashed line depicts the range
predicted for phase segregation.

Table 1. Observed Interlaminar Distances, Anionic
Exchange Recorded for HT0.75

anion d003 (Å) ln KX−Cl

F‑ 7.76 1.73
Cl‑ 7.95
Br‑ 8.05 −0.69
I‑ 8.30 −1.21
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correlation between both set of exchange reactions can be
established (see Figure 6). This behavior indicates that the

LDH’s Mg(II) to Al(III) ratio, which governs the charge
density, proportionally affects the free energy of a given anionic
exchange process; certain general thermochemical stability
models based on mechanical mixtures of parent single
hydroxides suggest this trend.47

Electrostatic Models To Predict Halide Exchange
Reaction Free Energy. In the following, a first microscopic
attempt to understand the observed results as well as the
inferred ones will be analyzed in terms of the simplest ionic
exchange model, originally developed by Barrer and Town-
send,48,49 for cationic exchange reactions developed by clays
(see detailed equations in the Supporting Information). The
model is based on a strictly electrostatic approach in which the
free energy of exchange can be estimated as the energy involved
in displacing the involved ions from their initial phases, solvent
and solid host, both defined as isotropic dielectrics with
intrinsic permittivity εSol and εHT, respectively, according to eq
7:

πε ε ε
Δ = −

= − −
G RT K

e r r
ln

( /8 )[(1/ 1/ )(1/ 1/ )]

o

2
o X Cl HT Sol (7)

If each one of these variables except the anion’s radii are
considered invariant, the free energy for exchange reactions
within a given LDH phase observed for a couple of monovalent
anions depends exclusively on the difference between the
inverse of their radii. Then, for both HT0.72 and HT0.75
phases, most of halide-to-halide exchange reactions can be
satisfactorily described in terms of Barrer and Townsend’s
model employing Shannon’s tabulated radii, water permittivity
for εSol, and an optimized value of εHT0.75 = 18 and εHT0.72 = 14.
The magnitude of these values stand intermediate with respect
to those inherent to aqueous solutions and salts; additionally,
both host permittivities values are in good agreement with
those obtained for related systems involving cationic exchange
reactions on zeolites.47 However, exchange reactions involving
fluoride anions deviate from the halide family tendency for
either HT0.72 or HT0.75 hosts. Then, in both cases, an
optimized effective radius for fluoride of 1.36 Å was considered
in order to overcome this deviation (see Figure 7).

These results warn about the eventual occurrence of an
effective radius that governs the intercalation process; then
structural data of both HT0.72 and HT0.75 were analyzed in
order to gain insight in this sense. For a given host intercalated
with certain halide, the observed interlayer distance, 003, results
from the sum of the layer’s thickness and what we define herein
the effective anionic diameter. Assuming that the former obeys
to the brucitic crystallographic thickness of Mg(OH)2 cell (c =
4.779 Å), the latter can be deduced. Once these effective
diameters are contrasted against that of Shannon, a common
linear trend can be observed for both hosts exchanged with
iodide, bromide, and chloride, indicating that the bulkier the
halide, the smaller the effective diameter (see Figure 8). This
trend indicates partial nesting of halides inside interstitial sites
delimited by three OH groups of the layer.40 The absolute
deviation is more pronounced for the HT0.72 host, due to the
stronger electrostatic interaction of LDH layer bearing higher
charge density. This tendency is also observed by employing

Figure 6. Correlation of the free energy of halide−halide exchange
reactions recorded over HT0.72 (ref 25) and HT0.75 (present work)
LDH hosts.

Figure 7. (Upper panel) Correlation of the experimental exchange
constant and the Barrer and Townsend’s model for halide−halide
inferred (○) on HT0.72 host (ref 25). (Lower panel) Correlation for
halide−halide observed (▲) and inferred (Δ) for HT0.75 host in the
present work.

Figure 8. Correlation of the inferred effective diameter of different
halides intercalated in HT0.72 (ref 25, ●) and HT0.75 (▲) and the
theoretical diameter predicted by Shannon’s radii (ref 50). Full line
represents the match between theoretical and observed excluding
diameter. Dotted lines depict the linear correlation among halides
excluding fluoride anions.
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Pauling’s diameter as well (see Figure S2, Supporting
Information). However, fluoride dramatically deviates from
the trend, exhibiting, instead, an expanded effective diameter.
Then for HT(F) phase the interlayer distance is governed by
the inherent exclusion volume of intercalated water molecules
(see Scheme S1, Supporting Information), in agreement with
previous studies performed with the HT(NO3) phase.35 This
anomalous behavior explains the necessity of an optimized
value for fluoride’s radii under Barrer and Townsend’s model.
An alternative model developed by Eisenman51 considers

both an electrostatic contribution and second one accounting
for hydration changes involved in the exchange reaction (see eq
8):

− = Δ ≈ Δ + ΔRT K G E Eln o
el hyd (8)

The electrostatic contribution takes into account the distance
that separates the fixed charge of the host from the
exchangeable cation linked to it. If the exchange reaction is
described on electrostatic terms exclusively, for a given layered
host, the electrostatic contribution is defined by the average
distance between the center of the interlaminar ion and the
layers thickness (see eq 9).

Δ = + − +E E z z r d z z r d[ /(
1
2

) /(
1
2

)]el L L X X L L Cl Cl L (9)

In line with the former model, EL is a constant accounting for
the permittivity of the space that separates the charges and dL is
the thickness of the exchanger’s layer of fixed charge zL. As was
stated before, the distance between the layer and the anion’s
center deviates from strictly geometrical considerations, say the
sum of anion’s radii and half the thickness of the brucitic OH−
Mg(II)−OH layer. Instead, the structural parameter d006 is a
realistic representation of the effective distance that separates
those opposite charges in the case of a LDH host (see eq 10).

Δ = −− −E E z z d d( )[( HT(X)) ( HT(Cl)) ]el L L X 006
1

006
1

(10)

This structural-based description of the electrostatic-based
affinity of halides is able to predict the behavior of the whole
family, including fluoride, either with HT0.72 or HT0.75 hosts
with no further assumptions. On Figure 9, the values that
account for the term EL(zLzX) optimized for HT0.72 and
HT0.75 hosts are presented. In contrast with the former model,
moisture-driven fluctuations in d00l data impose an experimental
error on the structural term.
Since all the studied exchange reactions involved monovalent

halide anions, the term EL(zLzX) optimized for each host
depends on EL and zL, exclusively. Crystallographic consid-
erations indicate that HT0.72 and HT0.75 hosts hold a charge
density of 3.5 and 3.1 e/nm2, respectively, suggesting that the
effective host’s charge alone explains to a great extent the
observed differences.52,53 However, differences on the
magnitude of EL cannot be disregarded.

■ CONCLUSIONS
The detailed exploration of the exchange reactions involving
the displacement of chloride by the other halides reveals an
ideal behavior for the case of bromide and iodide, while fluoride
reflected a marked nonideal one that can be rationalized in
terms of the regular solutions model. Structural evidence
suggests phase segregation coupled with nonideal behavior for
this system, in accordance with previous reports.32 Then, even

under the simplest exchange scenario, involving symmetrical
reactions with spherical anions, variations of the apparent
exchange are expectable.
Experimental evidence points out that Mg(II)−Al(III) LDH

host’s exchange reactions are strongly dependent on Mg(II) to
Al(III) ratio, which governs the layer’s charge density and,
hence, the ionic character of these phases. Concerning the
proposed models for exchange affinities, simple electrostatic
considerations have a reasonable predictive ability for spherical
monovalent anions such as halides. The difference between the
inverse of anionic radii arises as a suitable predictor for
exchange reaction free energy, except for the case of fluoride. In
such case, in which the interlayer water governs the LDH
interlayer distance, the model required the optimization of an
effective expanded radius. An alternative model based on the
experimental LDH interlayer distance exhibited by the studied
LDH phases holds a good predictive character without the
necessity of the aforementioned assumption.
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