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We report an atom economic synthesis of a new type of dense
porous layered double hydroxides (SLDHs) using struvite which is a
commonly produced undesirable waste in wastewater treatment
plants. The obtained SLDHs exhibit significantly higher specific
surface areas and larger pore volumes than conventional copre-
cipitated LDHs but retain a comparable particle density.

Layered double hydroxides (LDHs) are a class of 2D
layered materials with the general formula
[(M,_F"M Y (OH),) Y (A"),m-mH,0), where M and M’ are typi-
cally di- or trivalent cations, respectively; and A is an n-valent
anionic moiety, either organic or inorganic. The overall metal
hydroxide layer charge (w) is controlled by w = z(1 — x) + xy — 2
which is compensated by w/n A" interlayer anions." Owing to
their distinguished properties such as compositional flexi-
bility, biocompatibility, acid/base tunability and anion exchan-
geability, LDHs have garnered increasing attention across a
wide range of fields (e.g.: catalysis, biology, environment and
energy) for both fundamental research and commercial
applications.>® LDHs are commonly synthesised at scale using
metal salts, such as nitrates and chlorides,” or oxides.®° There
continues to be scope for both increasing the atom efficiency
of LDH syntheses and utilising resources in a circular econ-
omic way. For example, at an commercial-scale LDH plant in
Dalian (China), magnesium aluminium LDHs were prepared
using magnesium chloride (MgCl,) from the bitterns remain-
ing after the crystallisation of sodium and potassium chloride
from seawater.”

Struvite (MgNH,PO,-6H,0) is a naturally occurring ortho-
phosphate mineral that precipitates in aqueous systems con-
taining high concentrations of ammonium and phosphate. It
was first identified in wastewater treatment plants (WWTPs) in
the late 1930s."® It can precipitate spontaneously in some
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areas of WWTPs where the pH, temperature, and magnesium/
phosphorus/ammonium ion concentrations are suitable."*
Struvite is sparingly soluble in water (169.2 mg cm™ at
25 °C)" and so creates significant problems for WWTPs, it
easily forms hard crystalline deposits that lead to pipeline
blockages, resulting in costly and time consuming cleaning
and maintenance.'® The intentional and controlled precipi-
tation of struvite in a dedicated vessel can be deployed by regu-
lating the concentrations of Mg®*, PO,*~ and NH," (eqn (1))."

Mgt + NH] + H,P0,®™~ + 6H,0
— MgNH, PO, - 6H,0 + nH*

(1)

This approach can effectively alleviate pipeline blockages,
but it results in the annual production of large quantities of
struvite solid discharge from WWTPs. It is of significant
importance to develop new efficient circular economic
approaches to reuse this waste mineral resource. The low solu-
bility and high nutrient content (magnesium/phosphorus/
nitrogen) of struvite make it a potential slow-release fertiliser
for agricultural use.'* However, there are some concerns that
the struvite sourced from WWTPs present a potential health
risk and as a result is not certified as end-of-waste in many
countries.'>'® Its application as a fertiliser is currently limited
by local policy. Therefore, the development of alternative uses
of this material is desirable in order to reduce the cost of
waste disposal and to increase the efficiency of our chemical
processes.

Herein, we explore struvite as a low-cost starting material to
synthesise novel morphology magnesium aluminium LDHs
using a bespoke in situ solid-solid growth method. This
method has the advantage over traditional route of LDH syn-
thesis of reducing the amount of waste from water treatment
plant, the use of expensive magnesium salts and the pro-
duction of saltrich effluent streams that are harmful to the
environment."”

Although struvite can be used directly to make LDHs we
have determined that a pre-treatment step significantly
improves the efficiency of the process. Struvite is initially sus-
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pended in aqueous sodium hydroxide (1 M) at 85 °C for
1 hour. Ammonia is liberated that can be collected using a
HCI trap to yield NH,Cl, an additional valuable by-product. To
obtain phase pure struvite-derived [Mgy ;5Al 25(OH),](CO3)0.175
(Mg3;Al-CO; SLDH) sodium carbonate and aluminium nitrate
are then introduced and this suspension is maintained at pH
11.5, 85 °C for 2 hours (by addition of NaOH). We do not
observe dissolution of the mineral precursor; imaging the par-
ticles before and after synthesis (vide infra) suggest that it may
be a solid-solid transformation. The struvite starting material
is highly crystalline with an orthorhombic unit cell containing
hydrogen-bonded PO,’” tetrahedra, NH," tetrahedra and dis-
torted Mg(H,0)>" octahedra (Fig. 1a)."' After the synthesis
reaction, filtration and drying the XRD pattern of the isolated
solid is shown in Fig. 1b. The Bragg reflections observed in the
XRD can indexed to 00/, 01/, 11/, corresponding to unit cell
dimensions of Mg;Al-CO; SLDH, no other crystalline phases
are observed.

Thermogravimetric analysis (TGA) of struvite (Fig. S1) exhi-
bits one main weight loss (approximately 45% of its mass)
before 150 ©°C, which is attributed to the liberation of
ammonia and surface water. Further heating causes the loss of
structural water and the formation of magnesium phos-
phates.'® At 800 °C, the material has lost around 55% of its
original mass. In comparison, the Mg;Al-CO; SLDH presents
the archetypical thermal decomposition profile of an LDH:"’
loss of surface and interlayer water (17.5 wt%) below 200 °C,
followed by dehydroxylation and loss of interlayer carbonate as
CO, above 200 °C, leading a total loss of 44.3 wt% at 800 °C.

A series of further spectroscopic studies were carried out in
order to fully understand the conversion process and the
nature of the Mg;Al-CO; SLDH product. Fourier-transform
infrared (FTIR) spectra are shown in Fig. S2,1 four main band
regions are observed for struvite (Fig. S2at). The broad bands

Intensity (a.u.)

2 Theta (Degree)

Fig. 1 Powder XRD diffractograms of (a) struvite and (b) MgzAl-COz
SLDH. *Bragg reflection due to the sample holder.
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in the range 2550-3300 cm™' are assigned to the antisym-
metric stretching vibration of NH, and the OH stretching
mode of H,0. The weak band between 2200-2500 cm™" is due
to hydrogen bonding between H,O and PO,. The bands
between 1300-1800 cm ™" are ascribed to the deformations of
H-O-H and H-N-H. Strong PO,’~ vibration bands can be
observed around 1000 cm™'.* After the synthesis reaction,
vibrational bands characteristic of LDH can be clearly observed
(Fig. S2bf): 3200-3700 cm™* (OH~ and H,O hydrogen
bonding), 1364 cm™' (v4/v, vibrations of CO;>7) and
600-1100 cm™' (O-M-O bending/stretching/deformation),
indicating the successful formation of an LDH.>" In addition,
all vibrations due to NH," were absent, confirming that
ammonia had been liberated during the synthesis. Vibrations
due to phosphate ions were much weaker in the final LDH
product, indicating phosphate is not the main interlayer anion
within the interlayer galleries. However, a small amount of
PO,’” remains in the Mg;Al-CO; SLDH, which can be detected
by solid state *'P NMR spectroscopy (Fig. S3f) and ICP-MS
(Table S17). The total phosphorus content in the sample was
typically 1.4 wt%. The ICP-MS data indicates that the Mg : Al
ratio in the SLDH is 2.99, which is close to the theoretical
value (3), indicating the magnesium has been fully incorpor-
ated in Mg;Al-CO; SLDH. Powder XRD diffractograms of car-
bonate and phosphate SLDHs for two different Mg/Al ratios
(Fig. S4t) and their corresponding d-spacing (Table S2t) show
the expected 00/ and interlayer distances.

The morphologies of the materials before and after the syn-
thesis reaction have been investigated using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 2a, struvite presents as coffin-shaped
prismatic crystals with dimensional ranges 20-80 pum x
10-20 pm. The SEM images reveal the surface of the struvite
crystals are stone-like and smooth (Fig. 2b). After the reaction,
the isolated material retains a large particle morphology, but
the surface of the particles is now much rougher with small
particles observed on the surface (Fig. 2c). TEM imaging after

Fig. 2 SEM images of (a) and (b) struvite, (c) MgszAl-CO3 SLDH, and TEM
image of (d) MgzAl-COz SLDH.
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sonication of these particles in ethanol reveals a classical
rosette shape clusters that are composed of primary LDH
nanosheets (Fig. 2d).

To better understand the formation process of Mg;Al-CO;
SLDH from struvite, we first isolated the material following
pre-treatment of struvite in sodium hydroxide at 85 °C for
1 hour. The high resolution (HR) SEM and energy dispersive
X-ray (EDX) reveal that the original coffin-lid crystals become
cracked and fragmented (Fig. S61). Sodium, magnesium and
phosphorus are uniformly distributed over these particles,
which suggests the formation of a metastable intermediate in
which the ammonium ions within the original struvite struc-
ture are replaced by smaller sodium cations (eqn (2)).

MgNH, PO, - 6H,0 + NaOH )
— MgNaPO, - 6H,0 + NH;+H,0

ICP-MS data of this material has a Mg:Na:P ratio of
2:1:2 indicating partial exchange of the ammonium cations
(Table S37).

Hence, we postulate that Mg3;Al-CO; SLDH formation pro-
ceeds via a reactive intermediate that is unique to the synthesis
route. The struvite-like structure of  proposed
“MgNa,(NH,),PO,-6H,0” (MgNa, 5(NH,),.5PO,-6H,0 according
to the ICP-MS data in this case) material provides a framework
to grow Mg3;Al-CO; SLDH nanosheets. Nucleation and growth
of the Mg3;AI-CO; SLDH proceeds directly on the surface of this
intermediate via a dissolution-crystallisation process, giving
rise to a struvite-like porous framework composed of hierarchi-
cal LDH rosettes. This is confirmed by characterisation by
powder XRD, solid state NMR spectroscopy and specific
surface area and pore volume measurements (Fig. S7-S117).

We ascribe this dissolution-crystallisation process on the
surface of the intermediate magnesium phosphate as the
origin of the unique porosity of Mg;Al-CO; SLDH. The specific
surface area and pore volume of Mg;Al-CO; SLDH as measured
by N, BET measurements are 184 m”> g~' and 0.75 cm® g,
respectively (Fig. 3 and S5f). These values are significantly
higher than conventional water-washed Mg;Al-CO; LDH
(43 m* g~" and 0.11 cm® g™") synthesised by traditional co-pre-
cipitation methods.>* In fact, these porosity figures resemble
those obtained in the aqueous miscible organic solvent treat-
ment method (AMOST) to yield AMO-Mg;Al-CO; LDH (212 m?
g~ ' and 0.75 cm® g7").>*** Fig. S51 also shows the different
shapes of N, adsorption/desorption isotherms of SLDH and
AMO-SLDH above P/P, = 0.7 which suggests different origins of
the porosity. It is likely inter-particle porosity for AMO-SLDH
with straight and parallel adsorption and desorption branches
until higher adsorbed N, volume while the hysteresis loop
suggests intra-particle porosity SLDH. AMO-LDHs with high
specific surface area typically possess very low powder den-
sities (tap density ca. 0.2 g em™>),>* this feature can create
some powder handling challenges especially during large scale
production. Interestingly, the Mg;Al-CO; SLDH developed in
this study exhibits not only high surface area and pore volume,
but also relatively high particle density (tap density = 0.64 g
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Fig. 3 N, BET specific surface areas and powder tap densities of
different materials. The c-LDH is a conventional water-washed MgsAl-
CO3 LDH. The AMO-LDH is an MgzAl-COz LDH post synthesis dispersed
in acetone.?

em™?) which is three times higher than that of a typical
AMO-LDH. We concluded that the high surface area and pore
volume created in Mg;Al-CO; SLDH is derived by the internal
void structure of the aggregated SLDH particles that is a direct
consequence of using a struvite-derived precursor during
synthesis.

We have also prepared porous Mg,Al-CO; SLDH by adjust-
ing the ratio of struvite to aluminium nitrate (Fig. S4t). By
omitting the Na,CO; in the synthesis and operating under a
nitrogen atmosphere we can utilise the phosphate anions
within the struvite to make Mg,Al-PO, SLDH (n = 2, 3)
(Fig. S41). We observe a slight increase in the interlayer separ-
ation from 7.78 A to 7.93 A between Mg;Al-CO; SLDH and
Mg;Al-PO, SLDH (Table S2t). We have also carried out SLDH
synthesis using two commercial waste water treatment plant
(WWTP) struvite samples (Table S4, Fig. S131). Although
technologies used to precipitate these commercial struvites
differ and as a result the composition and morphology
(Fig. S14-S171) of the struvite samples differ from that
observed of the pure struvite purchased from Alfa Aesar both
produced SLDHs with excellent yield and purity. Some differ-
ences in pore volume were observed (Fig. S187).

We believe that this new class of dense and porous SLDH
will be an attractive material in many applications such as
heterogeneous catalysis, adsorption, and energy storage.
Therefore we have performed some preliminary studies on
carbon dioxide (CO,) capture to demonstrate that an LDH
derived from struvite waste could be a promising candidate as
a low-cost, efficient carbon capture material. It is well known
that LDHs can be transformed into uniquely structured mixed
metal oxides (LDOs) by calcination at temperatures in the
range 300-550 °C.>>?° Calcination of Mg;AlI-CO; SLDH above
400 °C produces an SLDO which shows a complex aluminium/
magnesium phase that possess both basicity and acidity in the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 CO, adsorption of struvite and MgzAl-CO3 SLDO at 40 °C and
100 kPa. The samples were initially calcined at 400 °C for 2 hours.

medium-high strength range (Fig. $197).>”>° In addition, the
specific surface area (Fig. S201) and pore volume (Fig. S21t)
further increases up to 203 m”? ¢~' and 0.84 cm® g™, respect-
ively, when it is calcined at 400 °C for 2 hours. All these
materials features are particularly appropriate for the adsorp-
tion of CO,.

Fig. 4 shows the CO, adsorption performances of struvite
and SLDO. Struvite exhibits poor CO, adsorption capacity
(0.18 mmol g™' at 40 °C and 100 kPa), which includes
0.16 mmol g~" of physisorption and 0.02 mmol g~* of chemi-
sorption. This is mainly due to its low specific surface area
and almost no active sites for CO, adsorption. In contrast, the
CO, adsorption capability of Mg;Al-CO; SLDH is 0.9 mmol
g~', four times higher than that of struvite, 74% of this
capacity is due to physisorption, which is ascribed to high
specific surface area and large pore volume, whilst 26% is che-
misorption that is ascribed to the presence of moderate basic
sites in the SLDO.***°

In summary, we have shown that struvite (including waste
water treatment plant samples) can be both an efficient, green
source of magnesium and phosphate and create a structural
scaffold for the preparation of a new class of dense porous
Mg,Al-A SLDHs (n = 2, 3; A = CO3, PO,). Our preliminary
studies suggest the transformation proceeds via a dissolution-
crystallisation mechanism; possesses high surface area, large
pore volume and high tap densities, a combination not found
in conventional LDHs and AMO-LDHs.

Additionally, the SLDO derived from Mg3;Al-CO; SLDH exhi-
bits four times higher CO, adsorption than that of struvite.
These findings demonstrate that the synthesis in this study
can upgrade the struvite mineral into valuable LDH-based
materials.
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