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HIGHLIGHTS

« Cu?* or Cr** ions are immobilized with calcined Mg-Al LDHs.
« Cu?" or Cr3* enters the plate of LDHs forming a non-stoichiometric structure.
« Using slag can potentially mitigate the risk of heavy metal leaching by forming LDHs.
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The uptake mechanism of heavy metal ions in layered double hydroxides (LDHs) is investigated in this
paper via solid-solution exchange experiments and first principle study. The uptake capacities of C-
LDHs for heavy metal ions from solutions are experimentally investigated and the structures of LDHs
doped with various heavy metal ions are revealed. The doped structures of LDHs are further re-
established with first principle calculations. The results show that Cu?" or Cr>* ions are immobilized in
the form of isomorphic substitution for Mg?* and AI** in the plate of the layered structure, respectively,
during reconstruction of calcined LDHs, forming a non-stoichiometric structure. The structure of the Cu?*
doped LDHs is identified as [MgZ xy1_2)Cui_x)Alz (OH)2] ARjn-yH,0, where z is the molar ratio of Cu®* to
Mg?*. The structure of Cr** doped LDHs is identified as [Mg?" Cr3;Aly{1_,)(OH)2] Afzyn-yH20, where z is
the molar ratio of Cr>* to AI>*. The Cu?* or Cr>" ions in the hardened cement paste modified with calcined
Mg-Al LDHs as immobilizing admixture can be efficiently removed from the pore solution and chemically
stabilized in the structure of LDHs.
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1. Introduction

Heavy metal ion contamination of surrounding soil or ground-
water from industrial and municipal solid wastes has been a major
concern in the treatment of solid wastes globally [1-3]. Heavy
metal ions are persistent environmental contaminants since they
cannot be degraded or destroyed by biological metabolism [4].
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Therefore, heavy metal ions are reported as prior threats to human
health and ecosystem due to their biological toxicity and metabolic
stability [5].

Immobilization and stabilization of heavy metal contaminated
wastes with cement has been well established as an efficient tech-
nique for minimizing their environmental impacts with the advan-
tages of high strength, low permeability and high durability [6-8].
Meanwhile, whether the heavy metal ions in the wastes can be reli-
ably immobilized to the greatest degree in the process of cement
hydration remains as one of the major uncertainties [9-11].

Stabilization and solidification of heavy metal ions with Port-
land cement was first proposed for the solidification of nuclear
wastes in the 1950s [9]. Heavy metal ions accelerates the
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dissolution of Portland cement clinker, but retards the precipita-
tion of portlandite and calcium silicate hydrate (C-S-H), resulting
in prolonged setting time, low strength and high porosity [5]. Min-
eral additives such as fly ash (FA), ground granulated blast furnace
slag (GGBFS) and metakaolin (MK) are added into cement that
increases the strength and lowers the permeability of the matrix,
which promotes the immobilization degree of heavy metals ions
[11,12]. Alkali-activated slag binders are more advantageous for
immobilizing heavy metal ions owing to the higher amount of
gel pores and less capillary pores than ordinary Portland cement
pastes. Some extra negative charges are introduced into C-A-S-H
gels due to the substitution of Si** by AI** to form Q"(Al) sites.
Heavy metal ions are absorbed and immobilized into the cementi-
tious matrix by electrostatic attraction, since these heavy metal
ions show strong adsorption abilities in Q"(Al) sites [13,14].
Layered double hydroxides (LDH), also known as hydrotalcite-
like materials are a family of materials characterized by a layered
structure with the generic layer sequence [AcB Z AcB],,, where c rep-
resents layers of metal cations, A and B are layers of hydroxide
(OH7) anions, and Z are layers of other anions and neutral mole-
cules (such as water). The chemical formula of LDHs can be repre-
sented with a general formula [M$*,M3*(OH),] Ayn-yH20, where
M?2* and M>" are divalent and trivalent metal cations, A" is the inter-
layer anions and x is the M>*/(M?* + M®*) molar ratio [15]. The lay-
ered structure of LDHs is built by periodical stacking of positively
charged (M?*, M3*)(OH)s octahedral plates similar to brucite and is
negatively charged by interlayer groups consisting of anions. LDHs
have attracted considerable attention for removal of environmental
contaminants from surrounding solution owning to their ion-
exchange capacities and structure reconstruction abilities [16,17].
One-half of magnesium in the plate of LDHs lattice can be
replaced with other cations in the process of structural reconstruc-
tion [18]. LDHs can remove Cu?* and Pb?* from aqueous solution
and the main mechanisms are found to be surface adsorption
and precipitation [19]. LDHs modified with organic acid anions
such as citrate®>~, malate?~, and tartrate?~ can immobilize heavy
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Fig. 1. Schematic representation of the uptake mechanisms, reproduced from ref.
[23].
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metal ions through chelation reactions [20]. The M?* metal cations
in the plate of Mg-Al LDHs exchanges with the transition metal
jons such as Co?*, Ni%* or Zn?* forming [M?*Mg],Al(OH)sCl [21,22].

Five main processes including physical inclusion, precipitation,
surface absorption, isomorphic substitution and chelation reaction
are concluded in existing literature as the uptake mechanisms of
heavy metal ions in LDHs (Fig. 1) [8,22,23]. In the isomorphic sub-
stitution and chelation reaction processes, the heavy metal ions are
immobilized into the main plate and interlayer space of LDHs,
respectively. Carbonation reaction of chelated LDHs releases the
interlayer heavy metal ions because the carbonate anion has stron-
gest affinity in the interlayer space of LDHs [24]. [somorphic substi-
tution of heavy metal ions in the plate of LDHs is thus expected to
be the most stable and reliable process for immobilization.

Identifying the location of heavy metal ions in the structure of
LDHs after exchanges is important for understanding the uptake
mechanism and maximizing the immobilization capacities of
LDHs. Identifying the location of these ions in LDHs and conse-
quently the molecular structure of the modified LDHs requires a
comprehensive investigation on the interaction of atoms in the
plate structures. Nuclear magnetic resonance (NMR) analysis is
an important technique for revealing the chemical environments
surrounding specific atomic nucleus and the short-range order in
the material. NMR studies of LDHs are particularly attractive due
to the abundance of spin-active nuclei from which site-specific
structural information can be potentially extracted [25].

First principle calculations based on the Density Functional The-
ory (DFT) employing the Gauge Including Projector Augmented
Wave (GIPAW) algorithm enable the calculation of chemical
shielding, which establishes a clear link between the observed
spectra and underlying molecular structure [26-28]. Combined
with NMR tests and first principle calculation for NMR results,
the exact chemical environment of heavy metals and atomic struc-
tures of LDHs after immobilization can be identified. First principle
calculations have been proven to be a useful tool for promoting the
understanding on the absorption mechanism and adsorption
capacity of many absorption process [29,30] when the exact chem-
ical environment of atoms in the structure can be identified.

One of the unique properties of LDHs is that after being calci-
nated and re-mixed with water, they can restore the layered struc-
ture. LDHs loose the surface and interstitial water if heated below
250 °C, followed by decomposition of the interlayer anion groups
and dehydroxylation of the plates if further heated to 450 °C
[22]. The partially or fully dehydrated C-LDHs will rehydrate with
water and anions to reform the layered structure with great fide-
lity, which are illustrated by Fig. 2 [31].

Calcined LDHs are a kind of positive charge material on surface
with higher isoelectric points [32]. Very little work has been done
on the uptake mechanism of calcined LDHs for heavy metal ions in
the reconstruction process, though it has been found that the cal-
cined LDHs are much more efficient than the virgin ones [22,32].
There is a potential inference that the distorted plates in LDHs after

Fig. 2. Illustration for the rehydration process of C-LDHs to form R-LDHs, reproduced from ref. [32].
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calcination can uptake heavy metal ions through isomorphic sub-
stitution process during its rehydration [32,33], which still lacks
some evidences.

LDHs is a common hydration product of cement containing vit-
reous slags rich in magnesium, e.g. ground granulated blast furnace
slag, nickel slag, manganese slag or others [34,35]. Some of these
vitreous slags may contain high amounts of heavy metals as well,
shielding great potential risk for their use in cement production
[36-38]. The LDHs form simultaneously in the hydration process
of cement containing Mg rich slag, making it potentially a promis-
ing candidate for immobilizing heavy metal ions parallel to the
hardened process of concrete. The efficiency of LDHs for immobi-
lizing heavy metal ions in cement-based materials is thus greatly
interesting for evaluating the risks of using heavy metal containing
Mg-rich slags in cement.

The uptake mechanism of heavy metal ions in calcined LDHs
during the rehydration process are studied in this paper. The
inter-atomic interactions and the consequent atomic re-
arrangements in the plate of LDHs after the rehydration process
are revealed experimentally with NMR analysis based on outputs
of first-principle calculations. The uptake mechanism of heavy
metal ions in LDHs is thus established and molecular structural
model of the modified LDHs is proposed. The feasibility of using
LDHs as an immobilization agent for heavy metal ions in
cement-based materials is explored.

2. Materials and experiments
2.1. Materials

Mg-Al-CO3; LDHs is prepared with a co-precipitation method
using Mg(NO3)26H20, AI(N03)39H20, NaOH and Na,COs3
[2,24,39]. An aqueous solution containing 2 M Mg(NOs3),-6H,0
and 1 M AI(NOs);-9H,0 is added dropwise into a solution contain-
ing 3.4 M NaOH and 1 M Na,COs. The volumetric ratio of the solu-
tion containing Mg(NOs),-6H,0 and Al(NOs)3-9H,0 to the solution
containing NaOH and Na,COs3 is 0.50. The resulting slurry is
matured at 70 °C for 24 h followed by filtration and washing with
deionized water. The filtrate is dried at 120 °C [24] and ground in a
cradle into fine powder with particle sizes smaller than 80 pm. The
synthetic Mg-Al-CO5; LDHs is hereafter referred to as O-LDHs.

The O-LDHs is calcined in a muffle furnace with a heating rate of
3 °C/min up to 550 °C and continuously calcined for 5 h. The cal-
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containing CO3%~ and OH™ in O-LDHs and R-LDHs. The molar ratio
or Mg to Al in three types of LDHs varies in a small range close
to 2.0, probably due to technical limits of the XRF technique.

The three types of LDHs are analyzed with X-ray diffraction
technique (XRD, Model Rigaku MiniFlex600, Cu Ko, incident radia-
tion, 0.2°/min) and the results are shown in Fig. 3. The structure of
O-LDHs is identified as hydrotalcite with good crystalline state. The
layered structure of O-LDHs is degraded after being calcined at
550 °C and no crystalline phases are identified in the XRD pattern.
After rehydration of C-LDHs, the layered structure reforms and the
characteristic peaks of hydrotalcite appear but with a lower inten-
sity, indicating a poor crystallinity. This structure reconstruction
ability has been extensively used to absorb CO%~, SO3~ and CI~
by Mg-Al LDHs or Ca-Al LDHs to improve the durability of cemen-
titious materials [24,34,40,41].

The particle size distributions of O-LDHs, C-LDHs and R-LDHs
analyzed with a laser particle size analyzer (Model Malvern
Mastersizer 2000) are shown in Fig. 4. The average particle size
of O-LDHs, C-LDHs and R-LDHs are 13.43 pm, 14.89 pm and
12.56 pum, respectively. C-LDHs have relatively larger particle sizes
than the other two types of LDHs, suggesting the C-LDHs particles
are agglomerated and are more difficult to disperse than the other
two types of LDHs.

2.2. Experiments

C-LDHs are used in the immobilization experiment of heavy
metal ions in aqueous solution to explore the possibilities of
uptake heavy metal ions through isomorphic substitution in the
rehydration process. A sodium chloride solution with concentra-
tion of 0.5 mol/L is prepared. Heavy metal solutions with 5 mM

©03)
Hydrotalcite Mg4Al(OH)42C03-3H20

(006)

H
012) H

” (015) O-LDHs

cined powder is cooled in the furnace to the ambient temperature
and is then also ground in a cradle into fine powder with particle J ‘k R-LDHs
sizes smaller than 80 pum, hereafter referred to as C-LDHs. L P, S SR
C-LDHs is mixed with saturated calcium hydroxide solution in
the air, and stirred continuously for 24 h. The solid precipitate is
collected by filtration and dried at 105 °C for 24 h in vacuum and
ground into powder, hereafter referred to as R-LDHs. C-LDHs
The chemical compositions of the three types of LDHs (namely
O-LDHs, C-LDHs, R-LDHs) analyzed with X-ray fluorescence (XRF, A ) ) ) )
Model Axios Advanced) technique are listed in Table 1. The main 10 20 30 40 50
difference among the compositions of the three types LDHs is the 2 Theta (deg.)
loss on ignition (LOI), which corresponds to the volatile contents Fig. 3. XRD patterns of O-LDHs, C-LDHs and R-LDHs.
Table 1
Oxides composition of LDHs and Portland cement (mass %).
Oxide SiO, Al,04 Fe,03 Cao MgO Na,O SO3 K;0 LO.L Mg/Al molar ratio
O-LDH - 20.75 - - 3427 1.80 = - 41.02 2.11
C-LDH - 34.72 - - 55.07 2.64 - - 417 2.02
R-LDH - 22.46 - - 35.18 0.45 - - 38.57 2.00
Portland Cement 21.5 5.86 2.85 59.81 2.23 0.20 2.06 0.67 3.70 -

Note: “-", not detected.
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Fig. 4. Particle size distribution of LDHs powder before and after treatment.

and 10 mM concentrations are prepared by dissolving CuCl,-2H,0
or CrCl3-6H,0 in the sodium chloride solution. The initial concen-
tration of heavy metal ions have large effect on the uptake effi-
ciency. The concentration of heavy metal ions in real
environmental pollutants is much lower than that in the experi-
ments, leading to reduced uptake efficiency by LDHs [22,42]. A
combined system with C-LDHs and electrokinetic methods has
been applied for Cr(VI)-contaminated soil remediation [43] to
increase the uptake efficiency in the practical application. Thus,
some combined methods is promising in the in the practical
application.

The Cu?* ions will precipitate and form Cu(OH), in solutions if
the pH value is higher than 6.5 [44]. Similarly, Cr>* ions will precip-
itate and form Cr(OH); in solutions if the pH value is higher than
6.8 [45]. The pH value of the solutions containing heavy metal ions
is thus adjusted to 4.0 to assure that the heavy metal ions will not
precipitate out of the solution after equilibrium with C-LDHs. The
pH value is adjusted by adding 0.1 M NaOH solution or 0.1 M
hydrochloric acid into the solution till the pre-determined value.

Experiments on uptake capacities of C-LDHs to Cu* or Cr>* jons
are performed with solid-solution exchange tests. 2 g of C-LDHs
and 500 mL solution containing heavy metal ions are mixed
together in a polythene bottle and are placed into a horizontal agi-
tator for 24 h. The aqueous phase is separated by centrifugation
after 12 h and the final concentration of metal ions in the solution
is determined with Inductively Coupled Plasma (ICP, Model
Optima 4300DV). The amount of immobilized metal ions is calcu-
lated from the difference between the initial and final concentra-
tions and the volume of the solution. The filtrate is dried at 60 °C
for 24 h and tested with XRD, X-ray photoelectron spectroscopy
and Nuclear magnetic resonance (NMR). Transmission electron
microscopy (TEM Mode JEM-1400Plus, 120 kV) is used for struc-
tural analysis of rehydrated C-LDHs in Cr3* solution.

Kinetic experiment on uptake of Cu?' by reconstruction of
C-LDHs in a solution is performed at 25 °C. 50 mL aqueous solution
containing Cu®* ions (concentration 0.4 mM) is prepared by dis-
solving CuCl,-2H,0 into deionized water. The pH value is adjusted
to 4 using 0.1 M HCI solution. 100 mg C-LDHs is added into 50 mL
aqueous solution. At given time intervals, the solutions are cen-
trifuged and the supernatants are analyzed for metal ions concen-
tration with ICP.

The uptake capacities of C-LDHs modified cement mortar are
investigated. Portland cement mortar specimens with a water/
cement ratio of 0.50 and cement/sand ratio of 1/3 are prepared

for the immobilization experiment of heavy metal ions. The oxide
composition of a Portland cement complying with the Chinese
Standard GB/T 175-2007 is listed in Table 1. C-LDHs are added to
cement with a dosage of 5% to the cement by mass. Solutions with
a concentration of 5 mM are prepared by dissolving CuCl,-2H,0 or
CrCl3-6H,0 into deionized water. The solution is used as mixed
water when preparing the cement mortar. The mortar without
C-LDHs addition is used as reference sample. The fresh mortar is
casted into 40 x 40 x 160 mm> steel moulds and cured for 24 h
followed by de-moulding. The specimens are cured for 14 days at
20+ 3°C and relative humidity above 95% RH. Compressive
strength of plain mortar and LDHs modified mortar are tested
according to the Chinese standard GB/T 17671-1999 with a fixed
loading rate at 2.4 kN/s.

The leaching rate of heavy metal ions out of the hardened mor-
tar is determined following the procedure given in the standard
GB5086.2-1997. The hardened mortar specimens are crushed and
about 20 g particles with sizes between 5 and 6 mm are collected.
The mortar particles are mixed with de-ionized water with a water
to solid mass ratio of 20, and placed into sealed glass bottles. The
bottles containing mortar and solution are fixed onto a horizontal
agitator and shaken with a frequency of 110 + 10 times/min for 8 h
to extract ions from the hardened mortar. The mixture is then fil-
tered and the filtrates are collected. The pH of the filtrates is
adjusted to 2 with HCI solution before measuring the concentra-
tion of leached heavy metal ions with ICP for preventing precipita-
tion out of solution.

Portland cement pastes are prepared for investigating the
mechanism of effective immobilization of heavy metal ions by
C-LDHs in cement materials. Paste samples are prepared with a
water/cement ratio of 0.40. Heavy metal ions solutions containing
5mM CuCl,-2H,0 or CrCl3-6H,0 are used as mix water when
preparing the cement paste. C-LDHs are added to cement with a
dosage of 5% by mass to the cement. The fresh paste is casted into
moulds sizing 20 x 20 x 20 mm?>. The paste is cured for 14 days
and is then ground to fine powders with particle sizes smaller than
80 um. The paste powder is analyzed with XRD and NMR.

2.3. Analysis techniques

XPS spectra are recorded on an ESCALAB 250Xi instrument. Alge,
X-ray beam (1486.6 eV) is generated from an aluminum rotating
anode. C 1s peak of the surface adventitious carbon at 284.6 eV
is used as reference for the binding energies of Cr*>* 2p and Cu®* 2p.

27Al and 'H magic angle spinning (MAS) NMR spectra are
recorded on an Agilent 600 DD2 spectrometer, equipped with a
14.1 T magnet, operating at a Larmor frequency of 600 MHz. The
experiments use a 4.0 mm doubleresonance 1H-X MAS probe and
a spinning frequency of 12.0 kHz for 2’Al and 15.0 kHz for 'H. AlCl;
salt and tetramethylsilane are used as reference for 2’Al and 'H,
respectively.

2.4. First principle calculations

The first principle calculations are performed with CASTEP
(Accelrys, Material Studio17.2) using DFT in the generalized gradi-
ent approximation GGA PBE function with plane wave basis [46].
The calculation is executed in three steps: geometry optimization,
energy calculation and chemical shielding calculation [47]. Geom-
etry optimization and energy calculation are carried out within
CASTEP using a k point grip of 3 x 3 x 1 and cut off energy of
500 eV. The core-valence interactions are described by ultrasoft
pseudopotentials. Little changes of unit cell and atomic positions
are allowed during geometry optimization. 'H chemical shielding
calculation is performed in the crystal frame. All-electron wave
function in the presence of a magnetic field is reconstructed with
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the gauge including projector augmented wave (GIPAW) algorithm
[26]. A k point grip of 3 x 3 x 1 and cut off energy of 400 eV are
used. The chemical shifts §., are obtained from chemical shielding
0.q With the relation:

5cal = Oref — Ocal (])

where the value of o for 'H is 30.09 ppm.

3. Results and discussion
3.1. Uptake of heavy metal ions in aqueous solutions

Ion concentrations of the solutions with an initial heavy metal
ions concentration of 5mM and 10 mM after reacting with
C-LDHs are listed in Table 2. The uptake capacity of C-LDHs for dif-
ferent ions is evaluated with a parameter named uptake efficiency
(Ue) that is calculated from the initial and final concentrations after
solution-solid interactions with the Eq. (2) as:

(Cinitial - Cfinal )

Ginitiat

Ue = x 100% (2)
in which Ue is the uptake efficiency (%), Ciniia (MM) is the initial
concentration of ion in the solution and Cg,q; (MM) is the concentra-
tion after interaction.

It can be concluded from Table 2 that the heavy metal ions Cu?*
or Cr>* are immobilized during rehydration of C-LDHs. The uptake
efficiencies are affected by the initial concentration and nature of
the ion. C-LDHs exhibits the best immobilization capacity with
Cu?* jon of which the uptake efficiencies reach 90.66% and
60.44% for the initial concentration of 5 mM and 10 mM, respec-
tively. The uptake efficiency of Cr** ion up to 30% is observed in
the experiments.

The uptake efficiency of Cu?* ion in hydrating C-LDHs after dif-
ferent hydration time is shown in Fig. 5. The uptake efficiency
increases rapidly during the first two hours, reaching 90.16%. The
uptake efficiency reaches 90.6% after about 5h, indicating an
uptake capacity at equilibrium (g.) of 11.3 mg/g which is calcu-
lated from Eq. (3).

_ Ue x Ciitir xV
m

3)

where ¢, is the uptake capacity at equilibrium (mg/g); V is the vol-
ume (L); m is the mass of C-LDHs (g).

The pseudo-first order and pseudo-second order model are used
to investigate the kinetic characteristics of the Cu?* uptake in C-
LDHs [42]. The pseudo-first order kinetic and pseudo-second order
kinetic model are shown as Eqgs. (4) and (5), respectively.

de

In(q.-q,)= Ing.-K;t 4)
t 1 1

LI L 5
qt KZ qe ()

where t is the reaction time (min); g, is the amount of Cu?" ions
removed at time t (mg/g); ¢. is the uptake capacity at equilibrium
(mg/g); K; and K are the rate constants of pseudo-first order kinetic
model and pseudo-second kinetic model (1/min), respectively.

Table 2
Ion concentrations of solutions after reaction with LDHs.

100

Uptake efficiency (%)
(=23
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Y
o
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Fig. 5. Uptake efficiency of Cu?* ion in hydrating C-LDHs (Initial concentration of
0.4 mM).

These two kinetic models are applied and fitted with experi-
ment data, which are shown in Fig. 6a and b. The theoretical g,
value calculated from the pseudo-second order kinetic model is
11.63 mg/g, which matches well with the experimental values.
These results show that the reaction of C-LDHs with Cu?" ions fol-
lows the pseudo second-order type kinetic reaction based on the
assumption that the rate-limiting step is chemical sorption involv-
ing valency forces through sharing or exchange of electrons
between sorbent and sorbate [48].

Uptake efficiency of around 70% in O-LDHs for Cu?* was
reported and around 100% in humate-modified LDHs through
chelation reaction [19,48]. By using C-LDHs, the uptake efficiency
of Cu?" is obviously promoted compared to the virgin LDHs (O-
LDHs). As discussed previously, the immobilization process of
heavy metal ions through the chelation reaction is reversible if
the LDHs are carbonated. It is therefore more reliable to use the
O-LDHs or the C-LDHs to immobilize the ions through isomorphic
substitution, which is clarified further in this study.

3.2. Mechanism of heavy metal ion uptake in C-LDHs

When the heavy metal ions contact with C-LDHs, these metal
ions firstly generated hydroxide precipitation onto the surface.
There is a potential inference that some metal ions can transfer
into the structure when the C-LDHs reconstruct the layered struc-
ture followed by surface absorption [32,33]. The mechanism of
immobilization of heavy metal ions with C-LDHs is investigated
through XRD, TEM, NMR and first principle calculations in this
paper.

XRD patterns of rehydrated C-LDHs after reaction with Cu®* or
Cr3* solutions are shown in Fig. 7. The broadening of characteristic
peaks of LDHs with heavy metal immobilization compared with O-
LDHs can be observed in XRD pattern, which is possibly due to
decreased crystallinity during the rehydration process of C-LDHs.

Ions Initial concentration (mM) Final concentration (mM) Change of concentration (mM) Uptake efficiency (%)
Cu® 5.0 0.467 4.533 90.66
crt 2.646 2.354 47.07
Cu® 10 3.956 6.044 60.44
crét 6.970 3.030 30.30
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In(ge-qt) = 0.646 - 0.007t
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Fig. 6. Fitness of the kinetic curve of LDH reacting with Cu* ion (Initial concentration of 0.4 mM). (a) pseudo first-order model, (b) pseudo second-order model.
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Fig. 7. XRD patterns of rehydrated C-LDHs after reaction with Cu®* or Cr®* solution (Initial concentration of 5 mM). (a) Cu?* solution, (b) Cr*>* solution.

The diffraction peaks of C-LDHs reacting with Cu?* or Cr>* ions are
similar to that of O-LDHs, indicating the structure of rehydrated C-
LDHs with presence of Cu?* or Cr** solution is identical to the orig-
inal LDHs before calcination. No metal hydroxides and metal car-
bonates are detected which agrees with literature [19,48]. No
new phases containing heavy metal ions are detected in XRD pat-
terns in Fig. 7a and b. Cu®" or Cr>" ions are supposed to be incorpo-
rated in the layered structure of LDHs. It can be observed from
Fig. 7a and b that all the characteristic peaks move to lower
degrees after reaction, indicating the d-spacings is increased. The
change of d-spacing accompanying with the incorporation of
Cu?* or Cr3* can be caused by the anion exchanges in the interlay-
ers or the isomorphic substitution in the plate [49,50]. Isomorphic
substitution affects the layered framework because of the differ-
ence in ionic radius (66 pm for Mg?*, 72 pm for Cu?*, 64 pm for
Cr®* and 55 pm for AI**). The structure of Cu?* or Cr*>* doped LDHs
will be discussed in detail with the help of TEM and NMR analysis.

The ratio of dissolved metal ions to the immobilized ions (D/I
ratio) in the solid-solution exchange reaction with LDHs is calcu-
lated as follow:

Table 3
Amount of metal ions dissolved and immobilized by LDHs.

D/ ratio — Cdisored_ (6)
Immobilized

It can be concluded that the D/I ratio of Cr** ion reaches 0.962,
indicating a uniform substitution. It seems that Cr ions are
homogenously distributed at previous Al sites in the main plate.
The D/I ratio of Cu®" ion is 0.246 indicating that the amount of
immobilized Cu?" ion is more than the dissolved Mg?" ion. The
chemical composition of Cu?* or Cr>* doped LDHs can be deter-
mined from Table 3.

Based on the assumption that a homogeneous phase is gener-
ated, and the possible chemical formula of products after immobi-
lization can be calculated from the ICP results and initial molar
fraction of C-LDHs. 2g of C-LDHs (6.875 mmol) contain
27.5 mmol Mg ions and 13.75 mmol Al ions in the main plates
according to its structural formula. After exchange with Cr>* ions,
1.458 mmol AI** ions are dissolved into the solution and 1.5 mmol
Cr ions are immobilized into the main plate. There are thus
27.5 mmol Mg ions, 12.25 mmol Al ions and 1.5 mmol Cr ions in
the re-constructed main plate. Therefore, the possible chemical

Reaction Immobilized (mM) Dissolved (mM) D/I ratio Calculated chemical formula
Ccu?* o3t Mgb Al3*

C-LDHs and Cu®* 4.533 - 1.117 - 0.246 Mgs.91Cug 33Al(OH)12C05-3H,0

C-LDHs and Cr3* - 3.030 - 2916 0.962 Mg4Al; 75Cro22(0H);,C05-3H,0
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formula of Mg4Al; 78Crg22(0H);2C03-3H,0 can be obtained for the
products containing Cr**. A possible chemical formula of Mgs g;-
Cug33Alx(0H);,C03-3H,0 is calculated for the products after the
immobilization tests for Cu?* ions following the same calculation
procedure. The M?*/M>*molar ratio of rehydrated LDHs after the
immobilization tests for Cu®* ions is 2.12, which is slightly chan-
ged. The results suggest that Cu®* ions in the solution are immobi-
lized through both isomorphic substitution and formation of Cu?*
doped layer framework with a non-stoichiometric structure [15].

In order to further identify whether Cr3* substitutes AI** in
LDHs layered framework and whether homogeneous Cu®* or Cr>*
doped LDHs is generated, the structure of layered framework after
reacting with Cr®* jons is analyzed with TEM. High resolution lat-
tice image and electron diffraction pattern of LDHs reacting with
Cr3* jons are shown in Fig. 8. The software Digital Micrograph is
used to calibrate the electron diffraction pattern, to measure the
radius of each diffraction ring and to calculate corresponding
d-spacing value. The calculated d-spacing values are compared

with pdf cards shown in Table 4 and the corresponding crystal
indices are identified.

The TEM images of the LDHs show a plate-like morphology with
no defined orientation. It can be seen from Table 4 that there exists a
match between d value calculated from calibration of electron
diffraction pattern and d-spacing in pdf card from standard material
(MgsCryCO3(0H);6-4H,0, PDF: 0045-1475). Therefore, new LDHs
structure with a chemical formula of MgsCr,CO3(0OH);6-4H,0 can
be identified from TEM analysis, which is not consistent with the
results from D/I ratio tests by ICP, indicating the exchanged layered
framework is heterogeneous in regard to the distribution of
Cr** ions.

XPS is used to further characterize the isomorphic substitution
of Cu?* or Cr** ions into the structure of LDHs, as shown in Fig. 9.
The high resolution XPS spectrum of Cu?* 2p shows the presence
of four peaks at 935.2, 943.5, 954.3, and 963.0 eV. The binding
energies of the Cu 2ps;; and Cu 2p;, peak are 963.0 and
935.2 eV, whereas their shake-up satellite peaks are 954.3 and

Fig. 8. TEM image and Electron diffraction pattern of LDHs containing Cr3*. (a) High resolution lattice image, (b) Electron diffraction pattern.

Table 4
Calculated d values and crystal indices.
Number Radius of diffraction ring (nm) d-spacing (nm) d (hkl) Plane (hkl)
1 7.0196 0.1425 0.1437 (2212)
2 4.9406 0.2024 0.1976 (0216)
3 4.1205 0.2427 0.2323 (0210)
2p:, (a)Cu2p 2p,, (b)Cr2p
2p,

shakeup 2p,,

Intensity (a.u.)

Intensity (a.u.)

Binding energy (eV)

930 935 940 945 950 955 960 965 570 575 580 585 590 595

Binding energy (eV)

Fig. 9. XPS spectra of rehydrated C-LDHs after reaction with Cu?* or Cr** solution. (a) Cu 2p high resolution XPS spectra; (b) Cr 2p high resolution XPS spectra.
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943.5 eV, respectively [32]. The peaks of Cr>* 2p at 577.3 and 587.3
are observed form the high resolution XPS spectrum (Fig. 9b). The
results from the XPS spectra of rehydrated LDHs suggest the iso-
morphic substitution of Cu?* or Cr3* ions into the LDHs structure.

Summarizing from the results and discussions above, Cu®* or
Cr3* jons are immobilized in the form of isomorphic substitution
and the Cu?" or Cr** doped LDHs has a non-stoichiometric struc-
ture. The method of NMR analysis combined with first principle
calculations are employed to reveal the inter-atomic interactions
and the consequent atomic arrangements in the non-
stoichiometric structure.

27A1 and 'H NMR spectra for LDHs samples reacting with Cu®* or
Cr®* ions are shown in Fig. 10. The peaks at 8-10 ppm in 2’Al NMR
spectra correspond to octahedral Al(OH)s structural unit in the
plate and slightly move to higher chemical shift after reaction with
Cu?* or Cr** ions, which indicates small alteration of chemical envi-
ronments of Al atoms. Since NMR signals are determined by
nearest-neighbor atoms while slightly affected by second-
nearest-neighbor atoms, 2’Al NMR spectra are not effective to clar-
ify alteration of LDHs structure induced by reaction with Cu*, Cr3*
ions.

TH NMR spectra are sensitive to reflect slight changes of LDHs
structure [25]. Two chemical environments of H atoms of O-LDHs
are observed in '"H NMR spectra at 3.6 and 0.2 ppm, which are
attributed to Mgs-OH and Mg,Al-OH [15], respectively. The peaks
at 5.3 ppm correspond to H,O molecule in the structure of LDHs
[25]. More peaks around 2.8 and 2.3 ppm are detected in 'H

9.7

LDHs Cr

O-LDHs
1 1 1 1 1 1 1

40 30 20 10 0 10 20 -30 -40
Chemical Shift (ppm)

NMR spectra for LDHs reacted with Cu and Cr ions. The peaks
around 2.8 and 2.3 ppm are interpreted with the help of first prin-
ciple calculations rooting in DFT-GIPAW methods.

3.3. First principle calculations for NMR results

The unit cell of O-LDHs is built based on the unit of Brucite [51],
which is shown in Fig. 11. The unit cell of Brucite is prolonged
along the c axis to 0.772 nm firstly. Afterwards, the Mg atoms at
vertex is substituted by Al atoms and chlorides anions are put into
the interlayer of Mg(OH), layers. The final unit cell of O-LDHs is
obtained after geometry optimization performed with CASTEP
(also using a k point grip of 3 x3 x 1 and cut off energy of
500 eV) [52,53]. The parameters of unit cell after geometry opti-
mization is listed in Table 5. The periodical models of Cu?" or
Cr** doped LDHs are built based on O-LDHs with the above three
steps. Water molecules are ignored for increasing the calculation
efficiency.

Table 5
Calculated geometrical parameters and experimental values for O-LDHs.

Calculated Experiment (Dong, Zhang et al. 2015)
a(A) 6.286 6.130
c(A) 7.770 7.720
Mg-0 (A) 2.121 2.100
Al-O (A) 1.956 2.000
O-H (A) 0.995 1.000

3.6

15 10 5 0 -5 -10
Chemical Shift (ppm)

Fig. 10. 2’Al and "H NMR spectra for LDHs containing Cu®" or Cr** ions. (a) 2’Al NMR spectra, (b) "H NMR spectra * indicates spinning sidebands.

CH @0 Cd

© Al

© Mg

Fig. 11. Unit cell of Brucite and O-LDHs. (a) Brucite, (b) LDHs.
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At the molecular level, LDHs consists of single layers formed by
a hexagonal “honeycomb” arrangement of metal cations with
hydroxyl groups pointing alternatively up and down perpendicular
to the plane of the sheet. Mg atoms build a hexagonal two-

dimensional (2D) pattern while Al-OH-AI linkages are absent in
the hydroxide layers. Therefore, there are four possible environ-
ments of H atoms in Cu?* doped LDHs, which are Mgs;-OH, Mg,-
Cu-OH, MgCuAl-OH and Mg,Al-OH. Another three environments

CH @0 Cd ©OMg QA @ Cu © Cr

Fig. 12. Unit cell and chemical environments of H atoms of LDHs. (a) O-LDHs, (b) LDHs Cu, (c) LDHs Cr.
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of H atoms are supposed to be observed in Cr>* doped LDHs, which
are Mgs-OH, Mg,Cr-OH, Mg,Al-OH. All of these environments of H
atoms are present in the unit cell of Cu-LDHs and Cr-LDHs built
with Material Studio (Fig. 12). First principle calculations of NMR
chemical shifts are performed to interpret the NMR signals, and
the results of calculation are listed in Table 6. The calculated chem-
ical shifts based on '"H NMR analysis (Table 6) are close to the val-
ues obtained in the experiments (Fig. 10), indicating a high
precision of the DFT based calculation [54]. The chemical shifts
of H atoms with environments of Mg,Cu-OH and MgCuAI-OH are
0.10 and 2.79, respectively. Combining the calculation and the
NMR experiment (Table 6), the peak around 2.3 ppm in LDHs react-
ing with Cu" ions is assigned to H atoms with chemical environ-
ment of MgCuAl-OH, while the peak around 0.2 ppm can be
assigned to Mg,Cu-OH and Mg;-OH. The peak around 2.8 ppm in
Cr3* doped LDHs is assigned to H atoms with chemical environ-
ment of Mg,Cr-OH. The results of NMR tests and first principle cal-
culations also suggest the immobilization mechanism of
isomorphic substitution and formation of doped layer framework.

The Cu?" cations are immobilized through the mechanism of
isomorphic substitution during the structure reconstruction of C-
LDHs, while the Cu?' cations are only immobilized by surface
adsorption and precipitation with O-LDHs [19]. The results suggest
that heavy metal ions are more likely immobilized in the main
plate of LDHs through isomorphic substitution during the struc-
tural reconstruction. Moreover, the structure of Cu®>* doped LDHs
can be represented as [Mg& xi1_CUuE x-Ali (OH),] ARjn-yH,0,
where z is the Cu?*/Mg?* molar ratio; and the immobilization of
Cu can be expressed as below:

Table 6

Calculated 'H chemical shifts and experiment values.
Chemical environments Calculated Experiment
Mg;-OH 0.11 0.2
Mg,Cu-OH 0.10 0.2
MgCuAl-OH 2.79 2.3
Mg,Cr-OH 2.99 2.8
Mg,Al-OH 345 3.6

40
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Fig. 13. Compressive strength of plain mortar and LDHs modified mortar at
14 days.

Table 7
Concentration of metal ions in leachate from C-LDHs modified mortar (mM).

Ions Plain mortar LDHs modified mortar
Ccu®* 0.661 0.299
cret 1.904 1.192

X an- X 24
Mg, _AlOq 5 + HA + (y+ 1 +§)H20+z(1 -Xx) Cu”" —

Mg(],x)(],Z)Cuz(l,X>A1X(0H)2} Al -yH,0 + x OH"
+2(1-x) Mg* (7

The structure of Cr>* doped LDHs can be represented as [Mg?*
_xCras Al _,(OH),] Agjn-yH,0, where z is the Cr**/AI** molar ratio.
and the immobilization of Cu can be expressed as below:

X - X
Mg, AL+ A" + (y+1+5)H0+20 0 —

[Mg(lfx)crzxAlx(l—z)(OH)Z]A%F . szo +x0OH™ +zx AIEJr (8)

3.4. Feasibility of using LDHs to immobilize heavy metal ions in
cementitious materials

Compressive strength of the plain mortar and LDHs modified
mortar cured for 14 days is shown in Fig. 13. It can be seen that
adding C-LDHs slightly increases the compressive strength of mor-
tar samples. The strength enhancement is due to the absorption of
water during the rehydration of C-LDHs, leading to slightly
reduced water to binder ratio.

Concentration of heavy metal ions in leached liquids from
C-LDHs modified mortar is shown in Table 7. Quantities of leached
heavy metal ions are reduced significantly in C-LDHs modified
mortars. Heavy metal ions are reported to be immobilized by
hydroxide precipitation in cementitious material matrix, because
of the high alkaline pore solution [6,14]. Adding C-LDHs clearly
enhance the immobilization of Cu®>* and Cr®* in cementitious mate-
rials. These results bring hopes that by using slags rich in Mg,
though they may contain remarkable amount of heavy metals, for-
mation of LDHs from the Mg from slag and Al from Portland clinker

'

E Ettringite
HT hydrotalcite like phases
P Portlandite
C C38 P
Cc
LDHs Cr Cement

c P
KWW.A

HT HT Pl ¢

plain Cr Cement

LDHs Cu Cement

plain Cu Cement

g

10 20 30
2theta (deg.)

Fig. 14. XRD patterns of LDHs modified cement pastes containing Cu?* or Cr** ions.
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Fig. 15. Deconvolution of '"H NMR spectra of LDHs modified cement pastes containing Cu?* or Cr*>" ions. (a) Cu?*, (b) Cr**

or slag can immobilize a significant amount of heavy metal ions.
The risk of leaching heavy metals from the cementitious materials
containing waste slag could thus be overestimated if the formation
of LDHs and the consequent heavy metal binding capacities pro-
vided by the LDHs is ignored. Using slags rich in Mg can also be
a possible solution for mitigating the risk of heavy metal leaching
whenever admixtures containing heavy metals are used in cement
production.

The immobilization mechanism and the location of Cu?* or Cr>*
in C-LDHs modified cement are investigated with XRD and 'H
NMR. Ettringite, Portlandite and residual CsS are identified in plain
cement pastes containing Cu®* or Cr>* ions (Fig. 14). Peaks of
Ettringite, and Portlandite are observed in all patterns, which are
typical hydration products of Portland cement. The characteristic
peaks of hydrotalcite-like phases are also detected in the patterns
of LDHs modified cement pastes, which are resulting from rehydra-
tion of C-LDHs in cement [40]. Some shifts of these characteristic
peaks of hydrotalcite-like phases are observed due to isomorphic
substitution and disordered sites during the formation of layered
structure. No heavy metal hydroxides and metal carbonates are
detected. It is most likely that hydrotalcite-like phases leads to
the enhanced immobilization of Cu?* and Cr®* in cementitious
materials.

TH NMR spectra of C-LDHs modified cement pastes containing
Cu?* or Cr*" ions are shown in Fig. 15. The peak around 5 ppm
are assigned to H,O molecule in the structure of C-S-H gels, while
the peaks around 7.1 and 8.5 ppm are assigned to Si-OH groups or
Si-OH---Ca groups. Moreover, H atoms located at MgCuAIl-OH, Mg,-
Cu-OH and Mg,Cr-OH are also identified in the pastes which fur-
ther proves that Cu?* or Cr** ions are immobilized as layered
hydrotalcite-like structures.

4. Conclusion

The uptake mechanism of heavy metal ions in calcinated LDHs
during the rehydration process are studied in this paper. The inter-
atomic interactions and the consequent atomic re-arrangements in
the plate of LDHs after the rehydration process are revealed exper-
imentally with NMR analysis based on outputs of first-principle
calculations. The following conclusions can be drawn based on
the outputs of experimental study and simulation work:

1. Cu?* or Cr** ions in an aqueous solution can be efficiently
immobilized with calcined Mg-Al LDHs during its rehydration
process. Calcined LDHs show more effective immobilization
effect than O-LDHs. The reaction kinetics of Cu?* follows the

pseudo second-order type reaction and the saturated uptake
capacity (g.) of Cu?* in calcined LDHs is about 11.3 mg/g.

2. Cu®* or Cr** enters the plate of LDHs through isomorphic substi-
tution for Mg?* or AI** and forms a Cu?* or Cr>* doped layer
framework with a non-stoichiometric structure.

3. The structure of Cu?* doped LDHs is identified as [Mg§ y)
(1-2)CU AL (OH),]A%n-yH20, where z is the Cu®*/Mg** molar
ratio. The structure of Cr>* doped LDHs is identified as [Mg7*, Cr3*
xzAl3(1_2)(OH); A% yH,0, where z is the Cr**/AP* molar ratio.

4. Cu®*and Cr** ions are efficiently immobilized by the reconstruc-
tion process of calcined LDHs in cement. Cu®>* or Cr>* ions are
immobilized with the formation of a substitutional solid solu-
tion in the layered structure of hydrotalcite-like phases.

5. Using slags rich in Magnesium could potentially be an effective
solution for mitigating the risk of heavy metal leaching by form-
ing LDHs in the hydration products in cementitious materials.
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