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Correlations of acidity-basicity of solvent treated
layered double hydroxides/oxides and their CO2
capture performance†
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*

The basicity and acidity of solvent-treated layered double hydroxide (ST-LDHs) and their layered double
oxides (ST-LDOs) have been fully studied using Hammett titration, in situ FTIR, CO2-TPD and NH3-TPD.
Five solvents (ethanol, acetone, isopropanol, ethyl acetate and 1-hexanol) were selected to treat
[Mg0.72Al0.28(OH)2](CO3)0.14 (Mg2.5Al-CO3 LDH) and compared with traditional LDH co-precipitated from
water. The Brønsted basicity strength of the ST-LDHs and ST-LDOs increased but was accompanied by a
decrease in basic site density. In addition, the Lewis acidity of ST-LDOs also changes signiﬁcantly, with
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medium strength Lewis acid sites dissapearing after solvent treatment. We found that the CO2 capture
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capacity of solvent treated LDOs is 50% higher than that of traditional co-precipitated LDO sample. The
ethanol treated LDO exhibited the highest CO2 uptake of 1.01 mmol g−1. The observed CO2 capture per-
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formance of the ST-LDOs correlates linearly with the ratio of total acid sites to total basic sites.

Introduction
Layered double hydroxides (LDHs), also known as anionic
clays, are a family of inorganic layered materials with a general
composition [(M1−xz+M′xy+(OH)2)]w+(An−)w/n·mH2O, where Mz+
and M′y+ are one or more diﬀerent metal cations, z can be 1 or
2 and y can be 3 or 4; overall the metal hydroxide layer charge
(w) is determined by w = z(1 − x) + xy − 2 which is compensated by w/n An− interlayer anions.1 Most commonly, LDHs
contain both M2+ and M′3+ cations, and x has been found to
give crystalline phase pure LDHs when 0.35 ≥ x ≥ 0.16.2 Water
molecules may also be incorporated into the interlayer region
during synthesis, which form hydrogen bonds to the hydroxyl
groups on the surface of the cationic layers as well as solvating
the hydrophilic interlayer anions. This stabilises the layered
structure while still maintaining anion mobility.3 Upon
thermal treatment at low temperatures (100–200 °C), LDHs
lose both surface-bound and interlamellar water. At
300–600 °C, LDOs are formed by de-hydroxylation and aniondecomposition.4–7 At higher temperatures, LDHs irreversibly
decompose to form crystalline spinel phases that cannot be
reconstructed back.8
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Due to their inherent basicity, both LDHs and LDOs have
been widely used as heterogeneous catalysts.9–11 Eﬀorts have
been made to increase their basicity in order to amplify their
catalytic behaviour by doping with various cations into the
layer structure or by surface impregnation.12,13 They have also
been attracting increasing interest for CO2 capture, many
studies have been published on the eﬀects of calcination temperatures, cation doping and intercalated anion on CO2 capture
performance.14–19 However, due to the hydrophilic nature of
LDHs, the primary platelet particles are usually highly aggregated by a strong hydrogen bonding network, resulting in low
surface areas and formation of large platelet agglomerates,
which can severely limit their use in catalysis and CO2
capture.20 O’Hare and co-workers have developed post synthesis solvent treatment (ST) methods to create highly dispersed LDHs (ST-LDHs). Initially, an aqueous miscible organic
solvent treatment method (AMOST) was reported;21 more
recently, an aqueous immiscible organic (AIM) solvent treatment has proved to be equally eﬀective.22 It has been proposed
that the solvent penetrates the interlayer region to varying
extents, disrupting the hydrogen bonding network and displacing any surface bound water. This weakens the interlayer
interactions, allowing the cationic layers to be delaminated,
resulting in a highly dispersed platelets with high surface area
and large pore volume.22,23 These newly discovered LDHs
families have been found to be highly eﬀective solid supports
for single-site catalysts in slurry phase ethylene
polymerisation.24,25 Very recent studies have been carried out
on the impact of AMO-LDHs (using acetone as AMO solvent)
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on CO2 capture performance.26,27 However, there has been no
systematic study of the changes in surface chemistry of LDHs
following solvent treatment and in particular how this may
relate to their use as CO2 adsorbents. Understanding the
changes in surface chemistry of solvent treated LDHs will
allow for optimisation of their catalytic and absorbent
abilities.
Herein, we have investigated the acid and base properties of
solvent treated LDHs (AMO- and AIM-LDHs) and their respective LDOs. The Brønsted basicity of both solvent treated LDHs
and LDOs were evaluated using Hammett indicators in solution. The Lewis basicity and acidity of solvent treated LDOs
were analysed using in situ FTIR and temperature programmed
desorption (TPD). The CO2 capture performance of the
ST-LDHs was evaluated using chemisorption experiments.

Results and discussion

Fig. 1 Plot of the total number of basic sites for ST-LDHs (dotted lines
are just a guide to the eye).

Basicity studies of ST-LDHs
A conventional [Mg0.72Al0.28(OH)2](CO3)0.14 (Mg2.5Al-CO3) LDH
(LDH-W) was synthesised using an adapted literature co-precipitation procedure in water.21 Solvent treated LDH samples
(ST-LDHs) were prepared by re-dispersing a 30% solid content
aqueous dispersion of Mg2.5Al CO3 LDH wet cake in the appropriate dispersing solvent for 4 h. The dispersing solvents used
in this study were ethanol, acetone, isopropyl alcohol, ethyl
acetate and 1-hexanol to yield LDH-E, LDH-A, LDH-IPA,
LDH-EA and LDH-1H, respectively. The chemical composition
of all the LDHs are provided in Table S1.†
The powder X-ray diﬀraction (XRD) data for all the samples
(Fig. S1†) are typical diﬀractions of an Mg2.5Al-CO3 LDH. As
previously reported, we observe small variations in the lattice
constants (Table S2†) and the peak widths of the Bragg reflections for ST-LDHs compared to the conventional sample
(LDH-W).21,22 There is a large increase in the available surface
area and pore volume of the ST-LDHs compared to LDH-W
(Table S3†). LDH-E showed the highest surface area of 196 m2
g−1 while LDH-EA had the highest pore volume of 0.83 cm3
g−1.
Variation of Brønsted basicity of these materials was
studied using Hammett indicators, three indicators were used:
bromothymol blue ( pKa = 7.1), phenolphthalein ( pKa = 9.3)
and clayton yellow ( pKa = 12.7). For the purpose of this study,
Brønsted basic sites pH > 12.7, 9.3 ≤ pH ≤ 12.7 and 7.1 ≤ pH
≤ 9.3 are assigned to the label ‘strong’, ‘medium’ and ‘weak’,
respectively. All samples showed similar responses of having
fewer medium Brønsted basic sites compared to the strong
and weak ones (Fig. 1). LDH-IPA exhibited the highest number
of medium basic sites (0.15 mmol g−1), double that of any
other ST-LDHs. Analysis of the total number of Brønsted basic
sites (Table 1), revealed that all ST-LDHs exhibited a higher
total number compared to LDH-W (0.41 mmol g−1). LDH-IPA
and LDH-1H showed the highest total basicity at 0.67 mmol
g−1. However, once the surface area was taken into account,
the AMO-LDHs showed lower basic site densities compared to

This journal is © The Royal Society of Chemistry 2020

Table 1

Summary of titration data of pre-treated LDH samples

Sample

Total basic sites (mmol g−1)

Basic site density (μmol m−2)

LDH-W
LDH-E
LDH-A
LDH-IPA
LDH-EA
LDH-1H

0.41 ± 0.06
0.57 ± 0.02
0.57 ± 0.01
0.67 ± 0.02
0.61 ± 0.04
0.67 ± 0.01

4.52 ± 0.65
2.92 ± 0.10
3.29 ± 0.06
3.62 ± 0.01
3.48 ± 0.23
4.04 ± 0.06

LDH-W (4.52 μmol m−2). LDH-1H had the highest Brønsted
basic site density of all ST-LDHs at 4.04 μmol m−2.
The solvent treatment method increases LDH surface area
without changing the structural arrangement of the cation
within the layers. Although solvent treatment increases the
available specific surface area, a priori, it would not be
expected to change the basic site density of all samples.
Especially as the previous reports suggest that the pre-treatment temperature of 200 °C only removes solvents leaving the
underlying LDH structure intact.21,28,29 The decrease in the
total basic site density for some solvent treated samples may
be due to these solvents blocking basic sites. This site blocking
could be a result of trace amounts of solvent absorbed on the
surface. Perhaps treatment temperature of 200 °C not
suﬃciently high to desorb all surface sorbed solvents. It has
been shown previously that hydroxyl-containing molecules
may bind to the surface of an LDH, resulting in the surface
hydroxyl groups not being accessible.30
In situ Fourier-transform infra-red (FTIR) spectroscopy was
used to probe the LDHs’ Lewis basicity. As shown in Fig. S2,†
LDH-W exhibits a strong absorbance between 1360–1400 cm−1
and a less intense absorbance between 1470–1580 cm−1,
which are associated with strong Lewis basic sites due to
monodentate carbonate surface coordination. A weak bidentate carbonate stretching vibration (1580–1670 cm−1) can be
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assigned to a medium strength basic site in LDH-W. These
findings are consistent with previously reported literature
results.31,32 Solvent treated LDH samples exhibit varying levels
of both strong and medium strength Lewis basic sites. Solvent
treatment appears to alter the overall Lewis basicity profile of
ST-LDHs. In particular, both LDH-E and LDH-1H exhibited
enhanced numbers of medium strength basic sites, while the
medium basic sites are eliminated by treatment with acetone
and isopropanol.

Dalton Transactions
Table 2 Summary of BET surface area and titration data of LDO
samples

Sample

Surface area
(g m−2)

Total basic sites
(mmol g−1)

Basic site density
(μmol m−2)

LDO-W
LDO-E
LDO-A
LDO-IPA
LDO-EA
LDO-1H

147
310
251
286
243
273

0.71
1.04
1.00
1.09
0.89
1.58

4.83
3.35
3.99
3.81
3.67
5.79

Basicity and acidity studies of ST-LDOs
Solvent treated LDOs (ST-LDOs) were prepared by calcining the
appropriate ST-LDH at 450 °C for 12 h with a heating ramp
rate of 5 °C min−1. The LDO products were named LDO-W,
LDO-E, LDO-A, LDO-IPA, LDO-EA and LDO-1H by calcination
of the appropriate ST-LDH respectively. As shown in Fig. 2, the
general trend for ST-LDO samples (except LDO-EA) is that the
number and strength of the Brønsted sites increases compared
to the parent LDH. This increase in the number of strong
Brønsted basic sites is due to the decomposition of hydroxide
groups to unsaturated oxygen atoms and metal–oxygen pairs
on the surface of the LDH nanosheets, which have higher basicity. Interestingly, both LDO-E and LDO-IPA exhibit a negligibly low number of weak basic sites and LDO-EA did not have
any medium sites. LDO-1H showed the highest number of
total Brønsted basic sites at 1.58 mmol g−1. In general, both
the total number of basic sites and the basic site density of
LDOs increases from that of their parent LDH. This is due to
an increase in surface area as the LDH nanosheets start
decomposing by dehydroxylation, decomposition of intercalated carbonate, and loss of interlayer water. Furthermore,
some aluminium ions migrate from octahedral into tetrahedral sites33 (leading to exposure of more basic sites). Solvent
treated LDOs (except LDO-1H) displayed a lower basic site
density compared to LDO-W (4.83 μmol m−2), while LDO-1H

Fig. 2 Titration plots of all basic sites of various ST-LDOs (dotted lines
are just a guide to the eye).
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has the highest total number of basic sites and highest basic
site density at 1.58 and 5.79 μmol m−2 respectively (Table 2).
Both CO2 and NH3 temperature programmed desorption (TPD)
have been used to probe the Lewis basicity and acidity for the
LDO samples.
There is no noticeable diﬀerence in the general desorption
profiles for the CO2 TPD (Fig. 3a), indicating that there is no

Fig. 3

(a) CO2 and (b) NH3 TPD proﬁles of ST-LDO samples.

This journal is © The Royal Society of Chemistry 2020
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change in the distribution profile of Lewis basic sites. The
samples those treated with acetone, IPA and ethyl acetate had
very similar number of basic sites ca. (1.96 mmol g−1). LDO-E
and LDO-1H had Lewis basic sites in excess of 2.2 mmol g−1.
However, once the various surface areas of the LDOs are
taken into account, all solvent treated samples present similar
Lewis basic site density in the range of 7.22–8.10 μmol m−2
(Table 3), which are much lower than that of LDO-W
(13.29 μmol m−2). The NH3 TPD experiments probe the Lewis
acidity (Fig. 3b). LDO-W exhibited an intense, wide peak over
the range of 100–450 °C. In contrast, ST-LDOs only exhibited
two distinct individual peaks in the low temperature range
(100–200 °C) and high temperature range (200–450 °C), which
are assigned to the hydrogen bonding between NH3 and
surface oxide/hydroxide groups and the strong strengths of
Lewis acid sites, respectively. The medium strength Lewis acid
sites disappeared after solvent treatment and their overall
intensity decreased the compared to LDO-W. We believe this
may arise because solvents strongly interact with acid sites
during treatment, leading to blocking of some of the acid sites
even after calcination. The total acidity of LDO-W is 0.38 mmol
g−1 while the solvent treated LDOs had a significantly lower
value in the range of 0.16–0.21 mmol g−1, where LDO-IPA has
the lowest acidity value of 0.16 mmol g−1. Considering the
Lewis acidic site density, all solvent treated LDO samples
exhibit a Lewis acidic site density 3–5 times lower than that of
LDO-W. It is interesting to find that the Lewis acid/base ratio
of LDOs can be easily tuned from 0.08 to 0.19 by using
diﬀerent solvents. The Lewis acid/base ratio shows a correlation with the surface areas of the LDOs: the higher the
surface area, the lower the ratio (Fig. S3†). This is due to both
surface area and reduction in acid sites being a consequence
of solvent penetration. A high surface area is the result of
eﬀective solvent replacement of surface and interlayer water
molecules. This results in more solvent molecules being incorporated into the structure which will block more acid sites
upon heat treatment.
Prinetto et al. have shown that the peak in the NH3 TPD at
150 °C is due to the hydrogen bonding between NH3 and
surface oxide/hydroxide groups (Scheme S1(a)†).34 The resulting NH3 TPD features result from a combination of two
diﬀerent bonding modes involving the bonding between the
nitrogen and the surface, and hydrogen bonding of an
ammonia hydrogen to a neighbouring oxygen site
(Scheme S1(b)†). These two bonding modes could not be

Table 3

resolved into separate features. However, it is important to
note that both modes involve bonding to metal sites and both
the medium and strong sites see a complete suppression and
reduction in intensity respectively. While the NH3 bonding
modes mainly occur through the metal sites, the CO2 bonding
modes mainly concern surface oxygen sites. This indicates
that the oxygen sites on the surface treated samples seem
unaﬀected (Fig. 3a).
The change in the NH3 TPD curves, along with the
reduction in basic site densities suggests that blocking of
specific surface metal sites occurs upon solvent treatment. Our
previous work has shown that the dispersing solvents remain
on the surface of the AMO/AIM-LDH to variable degrees and
these may result in the blocking of some active sites resulting
in a decrease in basic and acidic site densities.
CO2 adsorption on LDOs
The CO2 adsorption capacity of the various ST-LDOs at 40 °C is
shown in Fig. 4 and S4–S9.† CO2 adsorption by LDOs is a
process involving both chemisorption and physisorption. For
each sample, we observe that CO2 physisorption is around
twice that of chemisorption. LDO-W showed a total CO2
adsorption of 0.64 mmol g−1 (0.44 and 0.20 mmol g−1 for phy-

Fig. 4

CO2 capture of various ST-LDO samples at 40 °C and 100 kPa.

Summary of CO2 and NH3 TPD of LDO samples

Sample

Total basic
sites (mmol g−1)

Basic site
density (μmol m−2)

Total acidic
sites (mmol g−1)

Acidic site
density (μmol m−2)

Total acidic sites/total
basic sites

LDO-W
LDO-E
LDO-A
LDO-IPA
LDO-EA
LDO-1H

1.95
2.24
1.97
1.97
1.95
2.21

13.29
7.22
7.86
6.88
8.03
8.10

0.38
0.19
0.21
0.16
0.19
0.21

2.59
0.61
0.84
0.57
0.77
0.77

0.19
0.08
0.11
0.08
0.10
0.09

This journal is © The Royal Society of Chemistry 2020

Dalton Trans., 2020, 49, 9306–9311 | 9309

View Article Online

Open Access Article. Published on 18 June 2020. Downloaded on 1/8/2023 5:04:22 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper
sisorption and chemisorption respectively). Overall, ST-LDOs
show a CO2 adsorption capacity increase of ca. 50% in both
physisorption and chemisorption.
LDO-E exhibited the highest total CO2 uptake of 1.01 mmol
g−1, which represents a 58% increase compared with LDO-W.
This is higher than previously reported figures for CO2 capture
using LDOs under similar conditions. Sharma et al. have
reported the highest to date of 0.38 mmol g−1 at 30 °C using a
calcination temperature of 350 °C while Shang et al. reported a
total CO2 capture value of 0.83 mmol g−1 for an acetonetreated Mg3Al CO3 LDH ( pretreatment temperature of
180 °C).26,35 LDO-EA exhibited a lowest CO2 uptake of
0.80 mmol g−1 amongst the ST-LDO samples tested. The chemisorption value of 0.30 mmol g−1 was comparable with the
other solvent treated samples, but the physisorption figure has
decreased due to the lower surface area.
It can be observed that the CO2 adsorption per g of all
LDOs have a positive correlation with their surface area
(Fig. S10†). Simply expressed, the higher the surface area, the
more active adsorption sites are exposed, leading to a higher
CO2 adsorption.
All solvent treated samples, with the exception of LDO-EA,
exhibited a physisorption value similar to the total adsorption
value of LDO-W. There seems to be a linear correlation (R =
0.94) relating the CO2 adsorption per surface area to the ratio
total acidic to basic sites (mmol g−1) of the LDOs (Fig. 5). This
atomic-level origin of this linear relationship to not clear at
this time. However, it is worth noting that the acid sites as
measured heavily involve the surface hydroxyl groups as shown
in Scheme S1.† These hydroxyl groups can participate in CO2
adsorption via weak CO2 bidentate bonding. But this bonding
mode is not present in the CO2 TPD due to the adsorption
temperature of 100 °C.31,34 This observation suggests that
solvent treatment not only disperses individual nanosheets
increasing the accessible surface area but also the solvent

Dalton Transactions
interacts with the surface and selectively blocks acidic sites,
leading to a slightly less active surface for CO2 adsorption.

Conclusions
A quantitative and comparative study of the basic and acidic
features of conventional water washed and solvent treated
LDHs and LDOs has been performed. Titration showed that
solvent treatment leads to increase in Brønsted basicity in the
LDHs while decreasing the basic site density. For Lewis basicity, all LDH samples showed evidence for monodentate carbonate binding while only LDH-E and LDH-1H exhibit stretching vibrations assigned to bidentate carbonate bonding for the
solvent treated samples. These results show that changes in
the Lewis basicity of LDHs can be achieved using the solvent
treatment methods.
Titration experiments on LDOs showed a general increase
in total basic sites and basic site density compared to the
parent LDH. All ST-LDOs exhibited lower basic site densities
compared to LDO-W. All ST-LDOs showed no change in the
distribution of basic strengths. The NH3 desorption profiles
for ST-LDOs showed an elimination of the medium strength
peak along with a reduction in intensity of the strong acidic
peak, both of which involve NH3 bonding to the surface metal
sites. This evidence, along with the reduction in basic site densities of solvent treated samples, strongly suggests that solvent
molecules coordinate to the metal sites upon thermal treatment, which leads to blocking of active sites.
ST-LDOs displayed an increase in CO2 uptake capacity compared to conventional LDO (LDO-W; 0.64 mmol g−1). LDO-E
exhibited the highest total CO2 uptake of 1.01 mmol g−1, which
represents a 58% increase compared with LDO-W and we
believe currently the highest value reported in the literature.
We found that the CO2 adsorption per surface area
increases with an increasing acid/base ratio. Overall, study has
found that the acid/basic properties of LDH can be fine-tuned
by using (AMO or AIM) solvent treatments, which oﬀers promising opportunities in selective catalysis and adsorption.

Experimental
Synthesis of ST-Mg2.5Al CO3-LDHs

Fig. 5 Molar CO2 adsorption per m2 as a function of the ratio of total
acid sites to total basic sites for all ST-LDOs.
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(Mg2.5Al-CO3
LDH)
[Mg0.72Al0.28(OH)2](CO3)0.14(H2O)0.66
(LDH-W) was synthesised using the co-precipitation method
adapted from a literature procedure.21 Mg(NO3)2·6H2O
(0.075 mol, 19.23 g) and Al(NO3)3·9H2O (0.025 mol, 9.37 g)
were dissolved in 100 mL deionised (DI) water to make solution A. Na2CO3 (0.05 mol, 5.30 g) was then dissolved in
another 100 mL DI water to make solution B. Solution A was
added to solution B dropwise, while stirring, over the course of
1 h. The mixture was kept at pH 10 for the synthesis by the
simultaneous addition of 4 M NaOH solution. When the
addition of the solution A was completed and the final pH set
to 10, the reaction was stirred for 24 h at room temperature.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Open Access Article. Published on 18 June 2020. Downloaded on 1/8/2023 5:04:22 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Dalton Transactions
After the ageing process, the LDH product was washed with DI
water until pH 7 and filtered. The product was dried overnight
in a vacuum oven at 30 °C.
For solvent treated samples, the wet cake was collected after
the LDH was washed with water until the pH of the aqueous
washing reached 7. The 30% solid content LDH wet cake was
then re-dispersed in the appropriate solvent for 4 h then filtered
and dried. The solvents used were ethanol, acetone, isopropyl
alcohol, ethyl acetate and 1-hexanol to yield LDH-E, LDH-A,
LDH-IPA, LDH-EA and LDH 1H, respectively. LDH samples were
pre-treated to 200 °C for 1 h using a temperature ramping rate
of 5 °C min−1 prior to characterisation and further studies.
Synthesis of ST-LDO samples
The various ST-LDH samples were calcined in a furnace at
450 °C for 12 h with a ramping rate of 5 °C min−1 and were
used immediately after calcination to prevent rehydration and
intercalation of impurities. The ST-LDOs were named LDO-W,
LDO-E, LDO-A, LDO-IPA, LDO-EA and LDO-1H following from
their parent ST-LDH respectively.
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