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ARTICLE INFO ABSTRACT

Editor: Yunho Lee Emerging contaminants (ECs) are a group of anthropogenic organic pollutants known to have a host of adverse
environmental and health implications. The removal of such pollutants from aqueous environments to ensure

Keywords: water is of a quality fit for reuse is therefore highly important and gaining considerable interest. Whilst there are

AdsorPti°“ . multiple approaches used for EC remediation from water matrices, sorption using layered double hydroxides

Emerging contaminants (LDHs) has been reported as a suitable technique. LDHs are interesting clay-like materials with numerous
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properties which lend LDHs to being suitable sorbent materials. Such properties include low toxicity, anion
exchange capacity and tuneable structures through possible variations in metals, anions and preparation tech-
niques. To design a successful sorbent material, it is important to fully understand the materials structure-
property-function relationship. However, in the application of LDHs as sorbent materials for the removal of
organic pollutants, this relationship is not well understood. Hence the ability to design bespoke high-performing
LDH sorbent material is currently limited.

This review considers the impact of structure and related physiochemical properties of LDHs on their sorption
capacity for the removal of organic pollutants from water matrices. Methyl Orange (MO) is first considered as a
model pollutant, with the importance of the characteristics of the metal layers, interlayer anions and resulting
textual properties of LDHs on reported sorption capacity observed. A comparison is then made between the
findings from the MO case study and for the sorption of other organic pollutants using LDHs, with a particular
focus on pharmaceuticals. Finally, the role of environmental conditions and considerations linked to possible
commercial applications are discussed, with recommendations made for future work.

1. Introduction causing adverse effects on both human health and the environment [3].
Although such compounds are often present at low concentrations, ng/L
The availability of clean and sanitary water is well recognised as to pg/L, in aqueous environments, they have been observed in a huge
being a key driver for sustainable development, highlighted in UN number of settings including in ground, surface, drinking and waste-
Sustainable Development Goal 6 [1]. However, it is widely reported that water [3]. Further to this ECs can still have significant impacts on bio-
80%, rising to 95% in some developing countries, of wastewater is logical systems and ecosystems at these low concentrations, such as in
released into the environment without any prior treatment [2]. Whilst the case of sub-inhibitory concentrations of antibiotics contributing to
there are a diverse range of pollutants found in wastewater a particularly the spread of antimicrobial resistance [4].
concerning class of pollutants are emerging contaminants (ECs). Pol- ECs cannot be completely eliminated by conventional wastewater
lutants classified as ECs include numerous anthropogenic organic com- treatment processes therefore advanced techniques are required for
pounds, including synthetic hormones, pesticides, pharmaceuticals and their removal from aqueous environments. Advanced techniques
personal care products (PPCPs), with many being associated with deployed include, but are not limited to, advanced oxidation processes,
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EC, Emerging contaminant; LDH, Layered double hydroxide; LCA, Life cycle assessment; MO, Methyl Orange; PPCPs, Pharmaceuticals and personal care products;
PZC, Point zero charge; SEM, Scanning electron microscopy; XRD, X-ray diffraction.
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constructed wetlands, adsorption, and filtration technologies [5,6].
Adsorption is a popular remediation technique as it is an effective and
economical method, there is flexibility in design and operation, with the
ability to develop a low energy separation strategy with low operational
cost and remediation without toxic by-products, all in line with ideas of
the circular economy [7]. If correctly designed the reversible nature of
sorption processes can be harnessed, allowing for the recovery of the
pollutant from the sorbent material, which in the case of valuable re-
sources would be favourable. The shift to viewing pollutants in water
streams as potential resources rather than a costly waste is closely linked
to ideas of the circular economy, and in some cases such ideas are being
built into water industry wide guidelines [8].

Sorbent materials that have been explored for the removal of ECs
from aqueous environments include those commonly reported such as
metal-organic frameworks [9] and activated carbons, including from
low-cost precursors [10,11]. In addition novel solutions such as mate-
rials from waste plastics [12], graphene-based materials [13] and
cyclodextrin-based sorbents [14] have been reported. Further to this
anionic clay materials, Layered Double Hydroxides (LDHs), have also
been utilised as sorbent materials. LDHs are an interesting class of sor-
bent materials, being relatively simple and typically low cost to syn-
thesise, with properties including high surface area and anion exchange
capabilities.

This review will consider the application of LDHs as sorbent mate-
rials for the removal of organic pollutants from aqueous environments.
The focus is on understanding the characteristics of LDHs which make
them successful sorbent materials, with the aim of identifying those
properties which are the most important for the sorption of ECs.
Following a short overview of LDHs, the sorption of a commonly used
dye, Methyl Orange (MO), will be used as an initial case study to
investigate the impact of the LDH structure on sorption properties. The
findings of this case study will then be examined against the findings for
the sorption of other organic pollutants, with the aim of aim of under-
standing if the property-function patterns observed for MO sorption are
applicable more widely. A particular focus is paid to pharmaceuticals
due to the increasing concern on their impact on the environment and
involvement in the spread of antimicrobial resistance. Further to this the
review will cover the impact of environmental conditions, before
considering future commercial applications of LDHs as sorbent materials
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and making recommendations for future work.
2. Layered Double Hydroxides as sorbent materials

First discovered in the early 20th century, LDHs are a class of 2D
anionic clays structurally similar to the naturally occurring mineral
magnesium-aluminium hydroxyl carbonate [15]. LDHs are constructed
from cationic metal containing layers and charge balancing hydrated
anions in the interlayer space, with the general formula
M2 M3 ((OH)2] (A" )y /nemH20. M2t and M>" are divalent and
trivalent metal cations, x the molar ratio of the two metals and A™ a
guest interlayer charge balancing anion. LDHs can be constructed from
an array of divalent and trivalent metals, including but not limited to:
Mg?t, Ni%*, zn?*, AI®** and Fe®*'. A wide range different charge
compensating anions can be intercalated into the LDH structure,
including organic and inorganic species, the most commonly observed
being halides (chlorides) and oxo-anions (carbonates, nitrates) [16]. The
extensive combinations of both metals and anions which can be used to
obtain LDHs result in a large class of isostructural materials, with varied
and tuneable physiochemical properties. In this review M2"M>"-A-LDH
will be used to display LDH composition, in the instances where the
nature of the anion is not clear, or relevant for the discussion, it is
omitted.

The range of different synthesis techniques employed in the prepa-
ration of LDHs (Fig. 1) have been covered in detail in several recent
reviews, and hence will not be discussed in detail in this review [18-20].
It is recognised that the chosen synthesis technique may impact the final
properties of an LDH and hence their suitability for their chosen final
application [19,21]. Arguably the most commonly used synthesis tech-
nique for the preparation of LDHs is through a coprecipitation method,
and whilst this is a simple widely applied technique there are a number
of drawbacks, including difficulties in producing consistent particle size
and distribution of LDH, hence other techniques are gaining interest in
the literature [22].

The combination of unique properties LDHs possess have led to their
exploitation in various applications, and whilst a full discussion is not
included in this review some applications are shown in Fig. 1. Their
relatively high surface areas, up to around 200 rnz/g, possible porosity
and anion exchange capacity through the mobility of the interlayer
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Fig. 1. Diagram showing the synthesis methods, structure and applications of Layered Double Hydroxides,

Adapted from Mishra et al. [17].
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anions, has led to the application of LDH as sorbent materials [23]. LDHs
have been used as sorbent materials for a wide range of different pol-
lutants from aqueous environments, ranging from oxyanions [24],
phosphate [25], metals [26], radioactive materials and Uranium [27,28]
through to organic pollutants such as dyes [29,30], pesticides [31,32],
herbicides [33] and PPCPs [34]. The latter collection of organic pol-
lutants has been somewhat less reviewed in the literature and is the
focus for this review.

Another property which has been exploited in the application of
LDHs as sorbent materials is the so called memory effect, in which LDHs
can be calcined at around 500 °C to form the associated metal oxides,
which on exposure to an aqueous environment reform the original LDH
layered structure [35,36]. As the mechanisms for sorption for such
materials differ from those present in uncalcined LDHs calcined LDHs
are not included in this review. There is also a concern about how
applicable a reconstruction technique may be for any large-scale ap-
plications of LDHs as sorbent materials [21]. It should also be mentioned
that there are also a wide range of hybrid and composite materials
including LDHs being utilised for water remediation, which although
another interesting body of research is outside the scope of this review
[37,38].

It is often reported that the properties of LDHs including the facile
manipulation of adsorbent sites at the atomic scale and the ability to
control the morphology and pore structure are key in being able to tune
active sites for high performing adsorbent materials (Li, 2014) [91].
However, to be able to harness the possibilities of using LDHs as sorbent
materials a deeper understanding of the fundamental relationship be-
tween physiochemical properties and sorption capacity is required.
There are few studies which aim to understand how LDH properties
influence the sorption of organic pollutants, nor on how such knowledge
can be translated from one class of pollutants to another. Being able to
better understand such structure-activity relationships would allow for
the design of more effective sorbent materials.

3. Methyl Orange sorption as a case study for LDH sorption of
organic pollutants

MO is a water-soluble azo dye commonly used in industry and
research, however as it is a known carcinogen and has an adverse impact
on the environment, its removal from the environmental is important
[39]. MO has been chosen as a model case study pollutant in this review
due to the large number of studies which have considered its removal
from aqueous environments, allowing for a comprehensive exploration
of the role of LDH properties on their sorption capacity for the removal
of one pollutant [29].

There are a wide range of different LDHs which have been used for
the sorption of MO (Table 1), which differ in both their composition and
preparation technique, resulting a range of reported maximum sorption
capacities of between 50 mg/g and over 1000 mg/g. The majority of
studies are well described by the Langmuir isotherm and pseudo-second
order kinetic model, in agreement with the finding of Yang et al. in their
2016 review of the sorption of dyes using LDHs. Sorption isotherms are
used to predict the amount of sorbate which can be adsorbed on to a
surface at equilibrium, with the Langmuir isotherm based on several
assumptions, including a fixed number of identical adsorption sites,
sorption occurs on a monolayer and no interactions between adsorbed
molecules [56]. The kinetics describe the rate of sorption, with the
pseudo-second order model often found to represent chemisorption
processes such as ion exchange processes, and has been widely applied
for the adsorption of pollutants from aqueous solutions [57]. Whilst firm
conclusions cannot be made about sorption mechanism from isotherm or
kinetic models the consistency in findings indicate possible similarities
between the sorption process taking place [58].

The two most common mechanisms reported for organic pollutant
sorption by LDHs are external surface sorption and interlayer anion
exchange. Anion exchange is a result of the replacement of the interlayer
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anion with anionic pollutants present in the surrounding aqueous
environment, and can be observed through shifts in the 003 reflections
in X-Ray Diffraction (XRD) pattern resulting from increases in the basal
spacing [49]. The anion exchange capacity of the LDH is dependent on a
number of different factors, including cationic metal ratios, ability of the
interlayer anion to stabilise the layers and the molecular mass of both
the cations and anions present in the LDH [19]. Surface sorption takes
place primarily through electrostatic interactions between positively
charged external surfaces of LDHs and anionic pollutants [59]. In most
instance, it is seen that the materials with high sorption capacities have
anion exchange capabilities as well as surface sorption (Table).

Studies have explored the anion exchange mechanism in more detail,
primarily through the observation of an XRD pattern of the LDH post-
MO sorption. The post-sorption XRD of a NiAl-LDH showed three
distinct peaks at the 003 position, rather than one peak in the pre-
sorption XRD pattern, explained by envisaging an “intercalation-split
mechanism”, an expansion of the interlayer spacing with the MO, fol-
lowed by a compression of the adjacent interlayer spaces [46]. This was
also found for the sorption of MO on to CoAl-LDH [41]. Similarly, the
possible contraction of adjacent layers following sorption through
changes in the XRD 003 plane was observed for the sorption of MO onto
MgAl-LDH, however, this was not observed for the sorption of other dyes
in the same study, which highlights potential differences in mechanism
depending on the pollutant in question [47].

3.1. Role of interlayer anions in sorption capacity

The availability of the anion exchange mechanism is impacted by the
nature of the interlayer anion of the LDH. There is a well reported hi-
erarchy of anion exchange preference of different anions, depending on
the charge density of the anion and the resulting strength of interaction
with the metal layers of the LDH, reported as: NO3 < Br" < CI" < OH’
< SO% < HPO3 < CO%. Carbonate ions, which have the highest charge
density, have the strongest interaction with the metal layers of the LDH
reducing the possibility of anion exchange, with even small amounts of
carbonate influencing sorption processes [23,60]. A number of the MO
sorption studies with no anion exchange reported, such as onto
ZnMgAl-LDH and NiAl-LDH, are materials which reported having large
amounts of interlayer carbonate present [42,55]. The presence of
different anions (CI', NO3, SO and CO%) on the sorption capacity of
NiFe-LDHs was also investigated, reporting the lowest removal per-
centage for the COs-LDHs, reaching a maximum of around 40%
compared to greater than 90% for Cl- and NO3-LDHs [43].

Carbonate contamination resulting from the preparation method
used for the LDH synthesis has also been shown to impact sorption ca-
pacity. As reported by Chen et al. [35] the difference in sorption capacity
of two CoAl-Cl-LDH (801.1 mg/g against 324.4 mg/g) was explained
through the use of a novel acid salt treatment over a traditional copre-
cipitation method which lead to a reduction in carbonate contamina-
tion. Further to this both CI-LDHs had a higher sorption capacity than
the directly synthesised CO3-LDH, recording a sorption capacity of
49.8 mg/g [41].

3.2. Role of metals in sorption capacity

The metals used in LDHs can be varied through the combination of
different metal precursors used and the corresponding ratio of M(II) to M
(III) species in the metal layers. There are numerous examples of
different combinations of metals in LDHs utilised for MO sorption
(Table 1) with no obvious clear preference relating back to the sorption
capacity of the materials for MO. However, metals present in the LDH
have been reported to affect textual properties of the materials which
could be impacting sorption capacity, including a change in interlayer
free space and pore characteristics [61]. Few studies have directly
compared the impact of different metals on LDH sorption for MO, and
due to the difference in the synthesis methods used in various studies it is
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Table 1
Summary of the removal of Methyl Orange by Layered Double Hydroxides.
LDH Molar LDH synthesis Specific Adsorbate pH Temp Qmax Isotherm Kinetics ~ Adsorption Reference
material ratio technique; surface dose (g/L) (K) (mg/g) mechanism
w2ty morphology (if area (m?/
m3h) reported and of note)  g)
MgAl- 2:1 Hydrothermal NA NA 6.5 298 148 Langmuir; 2nd Surface sorption [40]
NO3- Freundlich
LDH
CoAl-Cl- 4:1 Hydrothermal 26.5 80-240 7 298 801.08 Langmuir 2nd Anion ion exchange [41]
LDH followed by acid-salt (expansion-extrusion
treatment mechanism)
CoAl-Cl- 4:1 Coprecipitation 30.90 80-240 7 298 329.42 Langmuir 2nd NA [41]
LDH
CoAl- 4:1 Hydrothermal 19.7 80-240 7 298 49.84 Langmuir 2nd NA [41]
COs-
LDH
MgAl- 2:1 Coprecipitation NA 6-1637 NA 298 1800 - 2nd Anion exchange; [68]
NO3- surface sorption
LDH
NiAl- 1:1 Dilute 133.00 50-200 NA 298 500.6 Langmuir 2nd Surface sorption [42]
CO3- coprecipitation;
LDH flower-like
NiAl- 1:1 Conventional 90.00 50-200 NA 298 291.9 Langmuir 2nd NA [42]
COs3- coprecipitation
LDH
NiFe-Cl- 4:1 Coprecipitation 36.98 80 5.5 303-333 769.2 Langmuir 2nd Anion exchange; [43]
LDH Surface sorption
NiCo- 1:1 Hydrothermal; 3D 37.00 20-200 7 298 497 Langmuir 2nd Anion exchange; [44]
NO3- flower-like surface sorption
LDH
NiFe- 2:1 Low temperature 427.00 50-300 7 RT 426 Langmuir 2nd Anion exchange; [45]
COs- coprecipitation surface sorption
LDH through hydrogen
bonding, electrostatic
interaction
NiAl-Cl- 4:1 Hydrothermal 30.65 20-200 7 298 853.19 Langmuir 2nd Anion exchange [46]
LDH followed by acid-salt (Intercalation-split
treatment mechanism)
NiAl-Cl- 4:1 Coprecipitation 95.44 20-200 7 298 290.1 Langmuir 2nd NA [46]
LDH
NiAl- 4:1 Hydrothermal 13.00 20-200 7 298 138 Langmuir 2nd NA [46]
COs-
LDH
MgAI-Cl- 2:1 Hydrothermal using 26.64 200 7 298 1030.13 Langmuir 2nd Surface sorption; [47]
LDH deep eutectic anion exchange
solvents; (including contraction
microspheres of adjacent layers)
MgAl-Cl- 1:1 Hydrothermal using NA 100-600 7 298 922.23 NA NA NA [47]
LDH deep eutectic solvent;
microspheres
ZnAl-Cl- 2:1 Coprecipitation with 253.00 10-300 NA RT 523 NA NA NA [48]
LDH urea; microspheres
CoFe- 4:1 Coprecipitation 108.84 5-300 7 298 1206 Langmuir 2nd Surface sorption; [49]
NO3- anion exchange
LDH
NiFe- 4:1 Coprecipitation 17.84 10-180 NA RT 205.76 Langmuir 2nd Surface sorption; 50]
NO3- anion exchange
LDH
MgAI-Cl- 31 Not reported — froma  NA <1636 NA RT 948 Freundlich NA NA [51]
LDH commercial source
ZnAl-Cl- 2:1 Coprecipitation NA < 1636 NA RT 948 Freundlich NA NA [51]
LDH
ZnAl-Cl- 3:1 Coprecipitation NA <1636 NA RT 752 Freundlich NA NA [51]
LDH
ZnAl-Cl- 4:1 Coprecipitation NA < 1636 NA RT 1406 Freundlich NA NA [51]
LDH
CoCu- — Ultrasonication from 29.33 200 NA 298 1063.8 Freundlich 2nd Electrostatic [52]
NO;3- ZIF-67 (MOF) interactions
LDH precursor
MgFe-Cl- 2:1 Solvothermal with 70.19 50-200 4 298 534 Langmuir 2nd Anion exchange [53]
LDH SDS; petal-like
MgNiAl- 2:1 Coprecipitation 137.40 10-500 8 298 118.5 Langmuir 2nd NA [54]
COs-
LDH
Coprecipitation 28.12 10-100 3 RT 883 Langmuir 2nd Surface sorption [55]

(continued on next page)



A.-L. Johnston et al.

Table 1 (continued)
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LDH Molar LDH synthesis Specific Adsorbate pH Temp Qmax Isotherm Kinetics ~ Adsorption Reference
material ratio technique; surface dose (g/L) (mg/g) mechanism
>t/ morphology (if area (m%/
M3h) reported and of note) g)
ZnMg-Al- 2:1(Zn/
COs- Mg ratio
LDH 0.125)
ZnMg-Al- 2:1 (Zn/  Coprecipitation 28.12 10-100 3 577.5 Langmuir 2nd Surface sorption [55]
COs- Mg ratio
LDH 0)
ZnMg-Al- 2.1 (Zn/  Coprecipitation 43.92 10-100 3 403.2 Langmuir 2nd Surface sorption [55]
COs- Mg ratio
LDH 0.5)
ZnMg-Al- 2.1 (Zn/  Coprecipitation 22.65 10-100 3 315.4 Langmuir 2nd Surface sorption [55]
CO3- Mg ratio
LDH 0.8)

Notes: NA = not available; RT=Room Temperature; kinetics 2nd = pseudo-second order; Qn.x = maximum sorption capacity

difficult to make broader comparisons to understand the role of different
metals on the sorption capacity of LDHs. There is clear space for more
comparative studies to help understand the role the metals used in the
LDH are having on sorption properties.

The impact of varying the ratio of divalent to trivalent metal species
in the LDH, and subsequent variation in charge density of the metal
layers, has been more widely studied. Two similar studies investigated
the impact of the ratio of M(II) and M(III) ions in the metal layers for
CoAl- and NiAl-LDH. In both cases the highest sorption capacity is
observed for the materials with higher proportion of M(I), with
M?2*,Al;-LDH giving sorption capacities of 827.5 mg/g and 909.8 mg/g
respectively whilst the M27,Al;-LDH giving sorption capacities of
581.9 mg/g and 749.4 mg/g. This is attributed to the increase in the
interlayer spacing and the decrease in surface area per unit charge
resulting from the percentage decrease in AI**, allowing for greater ease
in anion exchange through improved anion mobility [41,46]. A similar
trend was observed for CoFe-LDHs with a sorption capacity of
1290 mg/g for the 4:1 ratio compared to 93-135 mg/g for lower ratios,
and further to this the sorption capacity for MgAl-LDH was found to
follow the same trend, 922.23 mg/g for the 1:1 ratio compared to
1051.87 mg/g for the 2:1 ratio [47,49]. The authors of the CoFe-LDH
study also include an explanation including the influence of pore
structure of the difference in sorption capacities, discussed in the next
section of this review, however the decrease in layer charge is also likely
to play a role [49].

The opposite trend is seen for studies which do not report anion
exchange as a sorption method. A study exploring ZnAl-LDHs found the
following sorption capacities, ZnpAl-LDH (2.9 mmol/g); ZnsAl-LDH
(2.9 mmol/g); ZngAl-LDH (2.3 mmol/g), showing the smaller Zn:Al ra-
tios resulted in higher sorption capacities for MO. Due to carbonate
contamination resulting from the synthesis method used in this study, a
greater charge density of metal layers is likely to promote surface
sorption though electrostatic interactions overriding the impact of
decreasing ease of anion exchange, resulting in higher sorption capac-
ities [51]. For NiFe-CO3-LDHs, the 2:1 ratio was found to have the
highest sorption capacity, 426 mg/g, however this was not discussed in
detail by the authors [45]. Whist anion exchange was considered as a
sorption mechanism in this study very little analytical data was provided
to support this claim beyond a very small change in the XRD pattern
following sorption, and the presence of carbonate would make the
occurrence of anion exchange unlikely, so surface sorption including
electrostatic interactions is the most likely the dominant sorption
mechanism.

3.3. Implication of 3D structure of LDHs on sorption capacity

The sorption capacity of a material is highly impacted by physical
properties, such as surface area, porosity and pore diameter [62]. Whilst

surface area is often cited as being key in determining the properties of
LDHs, the data presented in Fig. 2 it can see there is not a simple linear
correlation between specific surface area and sorption capacity. Similar
observations have been made by Chubar et al. [21], and they also
highlighted that even when a surface area to sorption capacity obser-
vation correlation is observed the dependency is not proportional.

The complex relationship between surface area and sorption capacity
is replicated in individual studies, for example NiCo-LDHs synthesised
with varying metal ratios (from 4:1 to 1:4) did not show a clear corre-
lation between the sorption capacity for MO and the Brunauer-Emmett-
Teller (BET) surface area. The Ni;Co;-LDH, specific surface area of
37 m?/g, showed the highest sorption capacity, whereas other materials
with higher specific surface areas showed much lower sorption capac-
ities (e.g. Ni;Cos-LDH has a specific surface area of 120 m?/g). This is
explained by the synergistic effects of the anion exchange and the sur-
face based adsorption mechanisms, and as discussed earlier in the re-
view the changes in metal ratios will impact these two mechanisms in
different ways due to the role metal layer charge density has [44]. It is
worth mentioning in this study little data is presented about any of the
other materials beyond the highest performing Ni;Co;-LDH. However,
researchers are still assuming surface area to be the key differentiating
property between LDHs in regards to their different sorption capacities,
for example the improved sorption capacity of MgAl- against ZnAl-LDHs
(4.3 mmol/g against 2.9 mmol/g) was put down to the MgAl-LDH
having a higher surface area, however this study did not report BET
surface areas, only putting an increased specific surface area down to
scanning electron microscopy (SEM) imaging observations and com-
parison of the full width at half-maximum of the 003 reflections in the
XRD patterns [51]. With the lack of further physiochemical properties
reported in the study it makes it difficult to conclude that there are no
other properties which may have arisen from the likely differences in
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synthesis technique which may have impacted the sorption capacity.
Other studies have shown a positive relationship between surface area
and increased sorption capacity, such as for NiFe-LDH synthesised at low
temperature, attributed to having a higher specific surface area
compared to similar LDH analogues synthesised at higher temperatures
(427 m?/g compared to 199 m?/g), although the two materials also
showed quite varied pore size distributions which could also be
contributed to the observed sorption capacities [45].

LDH pore characteristics, including average pore diameter, presence
of micro- and meso-porosity and pore volume are also shown to play a
role in sorption capacity for MO. LDHs are typically reported as having a
Type IV isotherm and a H3 hysteresis, corresponding to slit like pores in
the secondary particles of aggregated nanosheets of LDH [63], reported
in a number of the LDH MO sorption studies [42,47,53,64]. However,
there are some exceptions to these broadly consistent findings, with
LDHs showing differing isotherms and hysteresis. CoFe-LDH, with
varying metal ratios, appear to show H4 hysteresis characteristics,
indicating both micro- and meso- porosity [49]. This study is one of the
few to highlight that the reason for higher sorption capacity of the
Co4Fe-LDH to those with lower Ni:Fe ratios could be attributed to
different in pore sizes. The authors discuss the importance of pore di-
ameters to be greater than 4.2 nm for the transport of MO, which has a
size of around 1.4 nm [49]. Another study which highlights the impor-
tance of pore size is the study of CoCu-LDH synthesised from ZIF-67, in
which the CoCu-LDH has a much higher sorption capacity than the
starting precursor (1063.8 mg/g against approx. 50 mg/g). This change
in sorption capacity can somewhat be explained through the increase of
pore size from 1.54 nm to 26.94 nm which allowed for increased MO
interactions and improved diffusion of the MO through the particles.
This increase in pore size was not accompanied by an increase in surface
area, with the reverse being observed for surface area, which decreased
from 1138.7 m?/g to 29.3 m?/g [52].

The interlayer anion of the LDH also appears to impact the pore
characteristics, and whilst in a study of different anions within NiFe-
LDH were all described as having Type IV isotherm and H3 hysteresis
when taking a closer look at the data reported the Ny adsorption-
desorption curves look to be closer to a H2 hysteresis [43]. This is
supported by a Type IV isotherm with a H2 hysteresis for an NiFe-LDH
being reported in a separate study [50]. With the difference in sorp-
tion performance seen with the different interlayer anions within LDHs
with the same metals, there could be a possibility that this role in
influencing pore structure could be contributing to the sorption per-
formance, although not something which is widely discussed in the
literature. Beyond the interlayer anion both the pore size distribution
and pore size are related to the preparation method employed and the
choice of metal cations in the LDH synthesis [23].

Surface area and pore structure of LDHs are intrinsically linked to the
hierarchical 3D structure of LDH particles. 3D-hierarchical nano-
structures of LDHs have gained attention due to the fact they appear to
have greater performance in multiple applications, and in attributed to
the fact that they can have a higher surface area and unique pore
structure when compared with 2D analogues [65]. Whilst most LDHs are
most often found to be distinct platelet like particles, some studies do
show LDHs with differing particle morphology impacting the sorption
capacity of the LDH for MO. A NiAl-LDH with a flower-like morphology
was found to have a higher sorption capacity for MO than a conventional
NiAl-LDH, with a sorption capacity of 500 mg/g against 292 mg/g. The
authors put the differences in the sorption capacity down to the higher
surface area, pore volume and the pore sizes [42]. Differences in the
crystallinity of the particles was also observed resulting from the
different synthesis techniques utilised, with the conventional LDH
showing smaller peaks in the XRD pattern as a result of the highly
aggregated large LDH particles, backed up by the SEM analysis. Guan
et al. [44] studied flower-like hierarchical NiCo LDH structures, which
showed a relatively high sorption capacity for MO, 497 mg/g. 3D-hier-
archical microspheres of ZnAl-LDHs, with a core-shell structure, also
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showed good sorption characteristics (523 mg/g), and this was
explained through an improved structure with a suitable mesoporous
distribution as a result of the morphology of the particles [48]. It is
important to highlight that neither of the final two studies discussed
include a direct comparison to LDH of the same composition which lack
a 3D structure. The characteristics and ratio of metals present in the LDH
has also been shown to impact the final 3D-structure, for example in a
ZnMgAl-LDHs when the concentration of Zn was increased the integrity
of the blossom sphere morphology observed decreased, observed
through SEM images, with the Zn/Mg= 0.125 ratio LDH showing the
greatest sorption capacity and most defined blossom sphere morphol-
ogies [55].

4. Translating LDH for Methyl Orange removal to wider organic
pollutants

Whilst there are numerous studies reporting the removal of MO using
LDHs, and some conclusions can be drawn about the sorption properties
for this pollutant there are of course a much more diverse array of
pollutants present in the environment which need to be removed. For
this reason it is important to understand if the same LDH properties are
important for the sorption of other organic pollutants to allow for
effective design of LDH sorbent materials for a wider array of arguably
more concerning pollutants. For example, pharmaceuticals are one class
of ECs which their presence in the environment is becoming ever more
concerning, and whilst there is literature showing that sorption is a
suitable remediation technique [66] to progress research in this area it is
important to know if finding from studies carried out on previously more
common pollutants can be translated to the removal of pharmaceuticals.
Ideally when making such comparisons, studies should be carried out
which look at the removal of an EC of interest, alongside a more
commonly studied pollutant, using the same sorbent material under the
same experimental conditions, however even in studies where this has
been highlighted as an important area of research only one or two lines
of the article have been dedicated to the sorption of the pharmaceutical
[45]. Therefore, in this section a broader approach is taken, to under-
stand if the overarching patterns observed from MO sorption studies can
be translated to the sorption of other ECs.

There are a number of differing studies which have looked at the
sorption of different organic pollutants, including dyes, pharmaceuticals
and pesticides, by LDHs (Table S.1). Before discussing the findings
regarding the properties and characteristics of the LDHs it is important
to consider the diversity of structures within the organic pollutants
presented. Properties of the pollutant such as the charge, functional
group and solubility may impact the sorption capacities which are re-
ported for each pollutant, and therefore it might not be possible to
compare the absolute sorption capacities between different pollutants.
In the most extreme example, no sorption will be observed for removing
certain pollutants from the water phase. This is the case for sorption of
pharmaceuticals onto MgAl-LDH, in which sorption was observed for
tetracycline and diclofenac, whereas no sorption was observed for
chloramphenicol [34]. This is due to the cationic nature of chloram-
phenicol in aqueous environments, resulting in no electrostatic in-
teractions or anion exchange being possible.

The number of functional groups and associated charge on the
organic pollutant can also impact sorption through differing number of
active sorption sites being occupied, and the cross sectional area of the
species can impact the sterics of the sorption process also playing a role
in overall sorption capacity [67,68]. The variation in sorption capacity is
not always discussed in detail which can lead to difficulties in under-
standing the impact of different properties of the pollutant on the
observed sorption capacity, for example no explanation is made for the
differences in sorption capacity observed for three different red dyes on
to a MgAI-LDH [69]. Finally, and important for the comparisons back to
MO as a model pollutant, as highlighted by Darmograi et al. [68] MO
shows a much higher sorption capacity than other orange dyes
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investigated (5.5 mmol/g compared to 2.7 and 1.7 mmol/g) due to MO
having smaller cross-sectional area and a single sulfonate functional
group. Hence, sorption capacities observed for organic pollutants which
are larger than MO possessing a greater number of functional groups
may not display such high maximum sorption capacities as those
observed for MO sorption. For this reason, no direct comparisons to
specific sorption capacities between MO and other pollutants are made
in this review, and the focus is on general trends in LDH structure.

4.1. Focus on pharmaceuticals as pollutants

Pharmaceuticals are a diverse class of compounds which have been
widely detected in aqueous environments across the globe [70]. As
pollutants in the environment the presence of pharmaceuticals is known
to being have both long- and short-term impacts, including negative
impacts on aquatic organisms [71] and contributing to the spread of
antimicrobial resistance [72,73]. Due the emerging nature of pharma-
ceuticals as environmental pollutants they are not as widely studied as
other pollutants such as organic dyes, however due to their clear con-
sequences on the environment and human health there is a need to
investigate their removal from water matrices [74].

As seen for MO sorption many of the studies reported are well
described by the Langmuir isotherm and pseudo-second order kinetics
(Table S.1). There are exceptions, such as the sorption of metronidazole
onto MgAI-LDHs being best described by the Sips isotherm, an isotherm
which combines both the common Langmuir and Freundlich isotherms
depending on the initial sorbate concentration [75]. The Sips isotherm
has also been observed in other studies including the sorption of
o-nitrophenol on to various M?*AI-LDH [76]. The Freundlich isotherm is
also found to be the best fitting for some studies, including the sorption
of norfloxacin onto MgAIl-LDH [77].

Clear parallels are seen to the MO sorption regarding the importance
of the anion exchange mechanism. Although much smaller sorption
capacities are observed, the sorption of norfloxacin onto MgAl-LDHs, the
CI-LDH was found to have a higher sorption capacity compared to the
CO3-LDH due to the anion exchange mechanism only being observed for
the CI analogue [77].

The impact of different metals used in LDH synthesis has been
explored, with several findings like those seen in the MO case study
examples. A study investigating the sorption of oxytetracycline high-
lights the impact the metals present within the LDH can have on the
impact of the sorption capacity, with the following sorption capacities
reported: CuAl-LDH, 109.0 mg/g; MnAl-LDH, 23.1 mg/g; CuMnAl-LDH,
156.9 mg/g. However, the reasons behind these differences are not well
discussed though data regarding the physiochemical properties of the
LDHs reported, but SEM images indicate different particle morphology
which has been highlighted in MO studies as a contributing factors to
differences in sorption capacity [78]. Worth highlighting is that
different metal salts were used in the synthesis, so it is unclear what the
characteristics of the anions are in each LDH and how this differs be-
tween the LDHs and the potential role this may be having on sorption
capacity.

Moaty et al. [79] also investigated the impact of different metals
comparing MgAl- and MgFe-LDH on the sorption of doxycycline. Pri-
marily, similar to a number of MO sorption studies, the hypothesis that
surface area of an LDH is not the key property behind improved sorption
capacity is backed up, as the MgFe-LDH has a surface area of 101.6 m?/g
whilst the MgAL-LDH only has a surface area of 4 m?/g whereas the
sorption capacities recorded are 71.6 mg/g and 100 mg/g respectively.
The authors of this study put the improved sorption capacity of the
Al-based LDH down to the differences in zeta potential of the two LDHs,
with the Fe-based LDH having a zeta-potential of —17.8, which would
result in electrostatic repulsion of the anionic form of the pharmaceu-
tical, hence decreasing the surface sorption on to the LDH, opposite to
the MgAIl-LDH which has a positive zeta potential of 26.6 [79]. How-
ever, a negative zeta potential is an unusual observation [80], and if this
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was the case there would be total electrostatic repulsion resulting in very
little sorption which is not the case in this study as a sorption capacity of
71.6 mg/g is still observed. For example, no sorption of chloramphen-
icol was observed on to MgAI-LDH, as it was present in cationic form in
solution, resulting in electrostatic repulsion with the positively charge
LDH surface [34]. It has also been reported that zeta potential of LDHs,
whist an interesting property, has no correlation to sorption perfor-
mance [21]. Not discussed by Moaty et al. [79] is the impact of the
difference of pore structures or Ny adsorption-desorption isotherms
observed which could be playing a role as differences have been seen in
previously discussed studies.

Overall, whilst there are only a relatively small number of compre-
hensive studies which have explored the sorption of pharmaceuticals on
to LDH materials, the patterns emerging are similar to those seen for MO
sorption. In the next section the scope of the pollutants in expanded to
consider if the findings are in line with the sorption of other organic
pollutants beyond pharmaceuticals.

4.2. Applications beyond pharmaceutical pollutants

Congo Red (CR) is an anionic azo dye with similar properties to MO.
As discussed with MO studies the material which shows the highest
sorption of CR at 909.2 mg/g is a hierarchical porous NiCo-NO3-LDH,
with both anion exchange and electrostatic interactions observed as the
sorption mechanism [81]. The importance of the 3D morphology of the
LDH particle, the pore structure and surface area is observed in further
studies, including the sorption capacity of 521.2 mg/g observed for CR
sorption on to a NiCo-LDH structure described by the authors as a
nanoflower lantern, which was observed to have a hierarchically porous
structure, with specific surface area of 214.28 m?/g and pore diameters
distribution of 4.2-159.3 nm [82]. Again showing parallels to the
findings of the MO sorption studies the materials which showed lower
sorption capacities for CR (111 mg/g on to a MgAI-LDH) were found to
have carbonate contamination in the interlayer resulting in no anion
exchange [83]. Moving away from CR studies, the importance on the
anion exchange mechanism for improved sorption capacity is also seen
for the sorption of two dinitrophenol pesticides, 2,4-dinitrophenol
(DNP) and methyl-4,6-dinitrophenol (DNOC), on to MgAIl-LDH, with
the Cl-LDH showing higher sorption capacity than the carbonate based
analogue [31].

Highlighting the needed to consider physiochemical properties
resulting from the inclusion of different metals into the LDH is show
through a study investigating the sorption of Reactive Red dye onto
NiAl-, MgAl- and CoAl-LDH, which found that the Ni-based LDH showed
the highest sorption capacity (5.04 mg/mmol). This was attributed to
the improved morphology of the particles in the Ni-LDH which showed a
higher surface area and broader interlayer space (64.7 m?/g and 7.81 A
compared to 27.5 m?/g / 12.9 m?/g and 7.75 A / 7.66 A for the Mg-and
Co-based LDHs respectively which showed sorption capacities of 4.16
and 2.33 mg/mmol) [84]. The metal ratio of Ni/Al in this LDH was
greater than the M(II)/M(III) ratio than seen in the other LDHs (3.2
compared to 2.88 and 2.70 respectively for the others), impacting the
charge density, which may be playing a role in the difference in sorption
capacity. The impact of different metals in LDHs on the sorption of
fumonisin-B; has also been studied, with the overarching findings
showing that MgFe-LDHs, both with chloride and nitrate interlayer an-
ions, have lower sorption capacity than MgAl-LDH analogues [85]. No
data on physiochemical properties of the LDHs are presented in the
study beyond microscopic observations indicating that there were no
differences between the materials, hence it is difficult to draw any
conclusions about which properties the inclusion of Fe over Al in the
LDH structure is making. As in the MO studies, the impact the ratio of
metals and associated different in layer charge has been reported for
other pollutants, such as the sorption of DNP and DNOC on to
MgAl-LDH, with the maximum sorption capacity seen for Mg/Al ratio of
3 (4.89 mmol/g and 2.54 mmol/g respectively) [31].
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One additional area of research not discussed in MO or pharma-
ceutical sorption is the possible influence of the orientation of interlayer
anions on anion exchange mechanisms. A 2007 study shows the impact
that the ratio of metals in the MgAl- LDH impacts the orientation of the
nitrate anion in the interlayer [86]. Subsequently it has been observed in
a study of the influence of metal ratios on the sorption capacity of
MgAI-LDHs for 2,4-dichlorophenoxyacetic acid (2,4-D), that the change
in metal ratio and hence change in nitrate orientation may impact the
possibility of anion exchange [59]. It was found that a LDH with a Mg/Al
ratio of 7/2 has a lower sorption capacity and no observable anion ex-
change, whereas the LDH with a 2/1 Mg/Al ratio has a higher sorption
capacity, and this was put down to the perpendicular orientation of
nitrate interlayer anions in the latter LDH allowing for anion exchange
to take place which was not possible for the former LDH. This is not
something which have been considered in other studies, so is an area
where more attention could be paid in the future.

5. Environmental factors affecting organic pollutant sorption on
to Layered Double Hydroxides

Due to the nature of sorption process a wide range of environmental
parameters influence sorption capacity, hence the impact of operational
environmental conditions needed to be considered whilst designing
sorbent materials.

5.1. Role of pH

pH has great influence on adsorption processes and sorption capac-
ity, especially when electrostatic interactions are involved, due to role in
varying charge on functional groups of the pollutant and the surface of
the LDH. The impact of pH is illustrated by the sorption of sunset yellow
dye on to a CaAl-LDH, with the sorption capacity, which the maximum
sorption capacity peaks at pH 4. Below the pH of the point zero charge
(PZC) of the LDH surface (pH 7 for CaAl-LDH) the surface of the LDH is
negatively charged, which results in both of the sorption mechanisms
being less effective as electrostatic interactions between the anionic
pollutant and the charged surface can no longer take place, and the
anion exchange of the pollutant has to compete with free hydroxy rad-
icals [87]. The sorption capacity decreases when the pH is below 4 due
to the dissolution of the LDH, which is seen in multiple studies, such as
the limits of pH 4 and pH 10 seen for the sorption of MO onto
NiMgAI-LDH [54]. A slightly different pattern is observed in the case of
the sorption of MO onto NiAl-LDH, both flower-like and conventional
morphology, in which the removal efficiency is highest at acidic pH
(83—5) decreasing as the pH becomes more basic, up to pH 11, which is
put down to the enhanced electrostatic interactions between the LDH
and sorbents at acidic pH and enhanced stability of Ni containing LDHs
against other metal containing LDHs under acidic conditions [42]. So-
lution pH is playing a complex role in the sorption on to LDHs for all
pollutants, however many different LDHs perform well at neutral pH,
relating back to the pH-stability of the LDHs.

5.2. Role of temperature

Temperature impacts sorption processes due to the influence on
mobility and solubility of the pollutant. Investigations of thermody-
namic behaviour are also used in sorption studies to help aid an un-
derstanding of the sorption mechanism, through Gibbs free energy AG®,
entropy AS° and enthalpy AH°. Most sorption studies with LDH show to
be a spontaneous endothermic process, with a positive AS° and AH°
values observed. Many studies report that an increase in temperature
results in an increased sorption capacity and removal efficiency,
although these increases are not always significant. In the sorption of
MO onto NiFe-LDHs the sorption capacity increases by around 10 mg/g
over a temperature increase of 30 °C [43], and the removal efficiency of
both CR and MO onto MgFe-LDH increased by 3% and 5% respectively
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again with a 30 °C increase [53]. A more comprehensive study was
carried out looking at the sorption capacity of oxytetracycline onto
CuMnAIl-LDH at different temperatures (from 30 to 50 °C) for different
initial concentrations of oxytetracycline, and an increase in sorption
capacity was seen for all initial concentrations on sorbate at the highest
temperatures, with maximum sorption capacity of 250.07 mg/g re-
ported at 50 °C [78].

However there are some exceptions to these findings, such as the
sorption of MO onto CoCu-LDH was found to be exothermic in nature
with the sorption capacity of MO decreasing from 998 mg/g to 827 mg/
g with an increase in temperature from 25 to 40 °C [52]. This behaviour
was explained through the increase in randomness of the dye making
sorption more difficult. Similar findings were reported for the sorption
of norfloxacin onto MgAIl-LDH, with the sorption capacity decreasing
with an increase in temperature for varying initial concentration of the
antibiotic, again reporting that the exothermic nature of the process may
be due to the higher degree of mobility of sorbate at higher temperature
[771.

It would be expected that adsorption mainly characterised by phys-
isorption processes would be exothermic processes, however there are
some chemisorption processes which may be expected to display an
endothermic behaviour [88]. This of course becomes even more com-
plex when multiple sorption mechanisms, including anion exchange, are
likely to occur, with similar findings being highlighted in other reviews
[29].

The impact on sorption as a result of temperature does not seem to be
pollutant specific, with different relationships observed within studies of
the same pollutants, and in most cases the impact of changing temper-
ature is only minimal. However, it is important to consider if the opti-
mum temperatures investigated would be representative of the
temperatures of environmental wastewater effluent which would be
treated by such sorbent materials.

5.3. Role of initial concentration of pollutant

Finding the most effective ratio of sorbent to sorbate is key in
designing and operating an adsorption remediation technique in an
economical way. In many sorption studies the initial concentrations of
the pollutants used are usually at the mg/L range, whilst may be
representative of dyes concentrations in the environment which have
been reported to be up to 100’s mg/L [89], it is unlikely to be the case
for pharmaceuticals which are often reported to be found in concen-
trations down to ng/L in aqueous environments [74]. The initial
pollutant concentrations used in some of the studies are up to
1700 mg/L [68], much higher than nearly all concentrations reported in
the environment, hence could be skewing the assumptions regarding
potential performance of the LDHs in the environment, especially as
many studies found that the amount of pollutant adsorbed onto an LDH
increased with increasing initial concentration of the pollutant. This
increase at higher concentrations is likely to due to the diving force
concentration gradient which overcome the mass transfer resistance,
and this seen for different pollutants, both MO [40,48] and pharma-
ceuticals [78]. Other studies which have reported similar findings have
also indicated this is due to adsorption being in monolayer at low initial
MO concentration which then transition to a multilayer sorption as the
initial concentration increases [50]. However, such findings are not
universal, with Zaghouane-Boudiaf et al. [54] reporting that the
removal percentage of MO decreased when the concentration of MO
increased. This is explained through the finite number of adsorption
sites on the LDH available, which corresponds to the decreasing per-
centage removal of the MO at higher initial concentrations.

In addition, changing initial concentration of the pollutant 2,4-D was
found to result in different sorption mechanisms, seen through differing
XRD patterns of the LDH following sorption. At the lowest concentra-
tions of 2,4-D (below 0.4 mmol/L) there is no change in the XRD pattern
of the LDH compared to the pre-sorption XRD pattern, indicating no
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change in the interlayer spacing or associated anion exchange. However
at higher concentrations of 2,4-D (above 0.6 mol/L) changes in the XRD
associated with the expansion of the interlayer space are observed
indicating that anion exchange may be taking place [90]. This is not
something which is widely considered in many studies, so should be
something which more attention should be paid to understand if
different sorption mechanisms dominate depending on the initial
pollutant concentration and the role this may play in eventual sorption
capacity or performance over fluctuating pollutant concentrations.

5.4. Contact time

The kinetics of a sorption process are key to aid the understanding of
how a sorption process can be scaled up. Primarily pseudo-first order
and pseudo-second order kinetic models are used to investigate the
process, and as can be seen across the examples presented the pseudo-
second order model fits the sorption process. Although mass transfer
and bulk transfer stages of the sorption process may also be playing a
role, which may also impact the kinetics of the process [114,115].

Generally, it is found that adsorption onto an LDH is rapid over the
initial time period, followed by a period of slower uptake before
reaching a plateau at equilibrium. This is attributed to the greater
number of adsorption sites accessible and available initially available,
paired with the higher concentration of pollutant [40]. Various time
frames are observed in the literature, with studies showing rapid sorp-
tion between 20 and 30 min, progressing to the plateau after around
90-120 min [40,53]. Although longer time frames, taking up to 8 h to
reach equilibrium [91], and shorter time frames, reaching 100%
removal after 30 min, are also observed [46,47]. Moving away from MO,
pharmaceuticals pollutants have also observed similar findings, with the
removal of metronidazole onto a MgAI-LDH, reaching equilibrium after
around 100 min [75].

5.5. Presence of competing ions and real wastewater matrices

Whilst many studies focus on the removal of single pollutants from
aqueous solutions, in real wastewater matrices many different com-
pounds will be present, resulting in either a mutually enhancing (syn-
ergetic) or inhibiting (antagonistic effect) the sorption of the targeted
pollutant [92]. A decrease in removal efficiency was observed for MO
sorption on LDHs because of presence of completing ions. The scale of
the impact of each individual ion was put own to charge density and
ionic radii, which effects their ability to enter the interlayer region of the
LDH, with divalent and trivalent anions such as SO?{ and CO%’ having a
greater impact on the removal efficiency, decreasing from 95% down to
between 60% and 40%. PO is reported to have a different mechanism
of disruption in which the metal cations in the LDH can be dissolved
leading to a decrease in the adsorption capacity, rather than through
competition for the adsorption sites [46]. This is in line with the effects
of competing ions on the sorption of MO on to CoAl-LDHs [41]. Simi-
larly, pharmaceutical sorption studies have also observed a decrease in
removal efficiency with the presence of competing anions. However, a
variation in the relationship was seen for carbonate ions in solutions,
with the removal efficiency of metronidazole onto MgAl-LDH decreasing
at low concentrations of carbonate, but the removal efficiency increased
with increasing carbonate concentration which was attributed to the pH
buffering effect of carbonate in solution [75].

Further studies have also observed decrease in removal efficiency
through the presence of competing anions in the water matrix, and
interestingly it was also found that the impact differed depending on the
metals present in the LDH [76]. This is not something which is routinely
considered in sorption studies, but of course will have a great impact on
the applicability of the materials in environmental applications. More
work is needed to understand how the anions disrupt the sorption, and
how this could impact sorption capacity in real world situations.

Studies have also investigated co-adsorption, through the effect of
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metal ions in solution (Cu(II) and Cr (VI)) on oxytetracycline sorption on
to CuMnAIl-LDH. In this study the presence of both metals resulted in a
decrease of adsorption capacity of oxytetracycline, with an increased
impact at higher metal concentrations [78]. Such an effect may have a
greater influence depending on the composition of the wastewater
effluent to be treated by the sorbent material.

The removal of pollutants from environmental wastewater matrices
has been highlighted in a limited number of studies. One such example is
the use of the various LDHs as sorbent materials from an industrial dying
factory, with the focus of this study on the removal of colour and
decrease in chemical oxygen demand (COD) of the sample, with findings
showing that 90% of the colour was removed through the use of ZnAl-Cl-
LDH [93], However, in this study very limited data is presented about
the specific characteristics of the waste water or how these may fluctuate
over time, nor how the matrix of other chemicals present in the sample
are impacting the behaviour of the LDH. Further work is needed to
investigate how the performance of LDHs as sorbents is impacted by use
in environmental wastewater systems moving on from synthetic waste
waters, and this has been highlighted in other reviews which have
considered LDH based materials on the removal of varying pollutants
[94].

6. Considerations for technology transfer of LDHs

Further to the optimisation of operating conditions of an LDH based
sorption solution for water remediation there are a range of other con-
siderations for scaling up such a technology for pilot or even commercial
applications. The reusability of such sorbent materials has a significant
impact on their overall economic considerations and environmental
impact [37]. There are two main pathways for the regeneration of LDHs,
either through a thermal process or chemical approach leading to
desorption of the pollutant. Thermal treatment approaches rely on the
memory effect of LDHs, and include the calcination of the LDH materials
to the mixed metal oxides before a subsequent exposure to aqueous
environments containing the pollutant; whereas chemical options
include washing the LDH with various solvents allowing for removal of
the pollutant from the LDH, with examples of both seen in the literature
(Table 2). As can be seen in Table 2, most of the studies are only looking
at up to 5-6 regeneration cycles, however one study looked at up to 12
cycles, with the removal efficiency dropping off after the 7th cycle [95],
highlighting the need for studies to consider greater numbers of cycles to
explore the long-term possibilities for reuse of LDH sorbents. It is of
course worth bearing in mind that this is not just an issue with LDHs, and
is also an issue for other high-value sorbent materials [96]. Additionally
the properties impacting the reusability of LDH has not been widely
investigated, however it has been suggested that the metals present in
the LDH may play a role in the sorption/desorption cycles through
variation in pore structures, however this is not something which has
been extensively explored in the literature [32].

For large-scale commercial usage of LDHs as sorbent materials a
transition from batch sorption to alternative continuous sorption pro-
cesses is required. Different approaches are reported in the literature,
such as LDHs being used in dispersed powder form and in granular form
in a fixed-bed [24]. Examples of LDH being tethered to solid supports
can also be found. MgAI-LDH nanosheets and directionally arranged
y-AlO(OH) nanowires on to the surface of amorphous carbon have been
utilised for minocycline removal [97]. There have also been reports of
improved removal capacities, such as for the sorption of doxycycline
using MgAI-LDH multiwalled carbon nanotubes against sorption onto
free MgAl-LDH [79]. An alternative approach to commercial application
of LDHs as sorbent materials is through the use of fixed-bed reactors
[98]. MgAl-LDH and ZnAl-LDH have been used in fixed bed reactors for
the sorption of the protein bovine serum albumin, which showed
promising findings for the sorption and subsequent elution/regeneration
of the LDH [99]. Fixed-bed column experiments also been used for the
sorption of two pharmaceuticals by a ZnTiAl-LDH, however in this
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Table 2
Summary of regeneration and reuse cycles of LDH sorbent materials.
LDH Sorbate Regeneration technique Number of cycles Main findings Reference
considered
CoCu-LDH Methyl - 5 Removal percentage decreased from 99.7% down to 79.5% over  [52]
nanosheets Orange fiver cycles.
FeMg-LDH Congo Red; Memory effect 6 Removal efficiency decreased from 98% to 86% [53]
FeMg-LDH Methyl Memory effect 6 Removal efficiency decreased from 90% to 80% [53]
Orange
NiAl-LDH Methyl Washing with distilled water 5 Removal efficiency decreased from 95% to 70% [42]
Orange
NiAl-LDH o-nitrophenol ~ Memory effect Calcination at 250 °C 5 Sorption capacity decreased from approx. 125-65 mg/g — with [76]
forl1h the top sorption capacity maintained over 4 cycles
CaAl-LDH o-nitrophenol ~ Memory effect Calcination at 250 °C 5 Sorption capacity decreased from approx. 130-40 mg/g. [76]
for1h Decrease in sorption capacity seen after the first reuse cycle
ZnAl-LDH o-nitrophenol Memory effect Calcination at 250 °C 5 Sorption capacity decreased from approx. 130-30 mg/g. [76]
for1h Decrease in sorption capacity seen after the first reuse cycle
NiCo-LDH Congo Red Washing with 15% dilute ammonia 5 Removal efficiency decreased from 99.5% to 73.2% [81]
solution
NiCo-LDH Congo Red Washed with ethanol at 80 °C 5 Removal efficiency stable across five cycles, from 100% to [82]
around 93.2%
NiCo-LDH Rhodamine B Washed with ethanol at 80 °C 5 Removal efficiency stable across five cycles, small decrease from [82]
around 80-70.6%
MgAl-His-LDH Congo Red Washed with mixture of ethanol and 12 Removal efficiency achieved above > 95% in first 7 cycles, then ~ [95]
NaNOs until colourless slowly decreasing with increasing cycles
MgAl-His-LDH Indigo Washed with mixture of ethanol and 12 Removal efficiency achieved above > 95% in first 7 cycles, then ~ [95]
Carmine NaNOj3 until colourless slowly decreasing with increasing cycles
MgAl-His-LDH Sunset Washed with mixture of ethanol and 12 Removal efficiency achieved above > 95% in first 7 cycles, then ~ [95]
Yellow NaNOs until colourless slowly decreasing with increasing cycles

research the LDH was calcined prior to application as a sorbent [100].
There are limited examples of studies in literature of LDHs being used in
their uncalcined state as sorbent materials in fixed bed reactors and
there is a clear opportunity for more research in this area due to the
established nature of fixed-bed reactors.

Finally, to be able to utilise LDH materials on a large scale there is a
need to be able to manufacture them on a commercial scale. Whilst
batch coprecipitation is the most common preparation technique for
LDHs there are drawbacks including difficulties in controlling particle
size and distribution of the LDHs, and inherent issues with scaling up a
batch process. Various solutions have been cited including a technique
utilising separate nucleation and aging steps [101], a novel in-line dis-
persion-precipitation method [102] and utilising a continuous flow
hydrothermal method [22]. The final technique has been shown to be
scalable, producing up to 10’s of kg per hour of LDH material, with the
LDHs displaying similar properties to the particles produced in bench
scale reactors [103]. Few of these approaches have been used to syn-
thesis LDHs then utilised as sorbent materials for ECs, which is an area of
research which requires further development.

To understand if adsorption technologies would be suitable for
commercial use each of the factors impacting potential commercial use
of such materials need to be considered from a holistic point of view.
This can be carried out through metrics such as a life cycle assessment
(LCA) or technoeconomic analysis, which considers the manufacture,
application, and regeneration of the LDH sorbent. To date, very few LCA
or techno-economic analysis have been conducted on any aspects of
LDH, particular in relation to the pharmaceutical industry and/or
municipal waste waters which contain pharmaceutical pollutants. There
are limited studies which have focused directly on LCA on such aspects
of other materials such as synthesis of metal oxides [104] or comparison
of sustainability of adsorption and ion exchange technologies for Arsenic
removal [105]. Furthermore, recent LCAs explore the efficiency of ad-
sorbents on pharmaceuticals wastes, such as granular activated carbon
[106], wood biomass and charcoal [107], and hydrochar adsorbents
[108].

The scope of any LCA analysis on LDH adsorbents need to consider
the LDH manufacture and pollutant adsorption phases to ensure that
whole life cycle impacts are considered. When combined with Life Cycle
Costing (LCC) this allows the optimal business proposition to be
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identified. Corominas et al. [109] recently proposed guidelines for LCAs
for wastewater treatment systems to enable comparison between sys-
tems and technologies. A further consideration for LDHs’ is the differ-
ence in bench scale produced and applied LDHs and full scale LDHs and
application, which has shown not to be comparable in terms of opera-
tional parameters [103]. Future studies should include techno-economic
and environmental analysis to gain a fuller appreciation of the viability
and efficiency of LDH adsorbents for pharmaceutical remediation.

7. Summary and future recommendations

The diversity of different studies reported demonstrates the clear
potential for LDHs to be applied as a simple, cost effective sorbent ma-
terials for removing ECs and other organic pollutants from water
streams. However, further research is required to understand which LDH
properties are most important for sorption applications to allow for
more tailored design of the most effective LDHs for the sorption of
organic pollutants. This improved understanding would allow re-
searchers to truly utilise the tuneable nature of LDHs arising from the
range of metal cations and anions which can be combined and the host of
different preparation techniques available. There are a range of prop-
erties of the LDH which play a role in the performance of individual
LDHs as sorbent materials including the ratios of the divalent and
trivalent metals and the nature of the initial interlayer anions, and this
holds true over a range of different organic pollutants. The textual
properties of the LDHs also impact the sorption performance of LDHs.
Whilst the specific surface area of the LDH particles is often reported,
other properties such as morphology of the particles and associated pore
structure are not often discussed, and if these were to be reported more it
would aid advancing the understanding of this complex structure-
activity relationship. Further to this, the synthesis method used in the
preparation of the LDH also play a role, especially in the light of po-
tential carbonate contamination known to block anion exchange - and
for a similar reason a detailed characterisation of the nature of the
interlayer anion should be provided to allow for an understanding of
which sorption mechanisms may be taking place, which in turn can
impact the preferred divalent to trivalent metal ratio.

For the purpose of comparing findings across different pollutants it is
important to consider that whilst there are general similarities in the



A.-L. Johnston et al.

findings and trends, the characteristics of the pollutant does play a role
in the sorption capacity of the LDH. There is a lot of scope for further
work in this area to be able to design more targeted high-performing
sorbent materials. In the first instance more comparative studies
should be reported, concentrating on the impact of single variables on
the physiochemical properties of the LDHs and subsequent sorption
capacity. Additionally, novel LDHs, including those which display 3D
morphologies should be considered for the removal of ECs, such as
pharmaceuticals, over the more traditional dye studies. Further to this,
for any future commercial application of such a technology issues such
as reuse cycles, application in dynamic and continuous fixed bed systems
and the LDH performance under realistic environmental pollutant con-
ditions should be considered more widely in future studies. Such studies
should also include a consideration of the performance of the LDH sor-
bent materials on waste waters taken from the environment, as well as
on spiked or synthetic water. As highlighted, there are also a lack of
studies considering the full life cycle assessment, technoeconomic or
cost analysis of such processes, and such studies would add valuable
insights into the viability of LDHs as sorbent materials.
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