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Highlights

Calcined LDH (MMO) exhibits greater adsorption capacity than activated carbons
Evidence that dyes intercalate into interlayer region of regenerated LDH

RO16 undergoes higher adsorption than RB5 due to dye structure

Regeneration mechanism elucidated showing a ‘memory mechanism’
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Abstract

A novel pilot scale approach to continuous synthesis of layered double hydroxides (LDHS)
was used to produce Zn,Al-COs3. The Zn,Al-CO3 was calcined and used in the adsorption
of Reactive Black 5 (RB5) and Reactive Orange 16 (RO16) from water. The specific
surface area of the LDH was 50.1 m? g*, while the surface area of the calcined LDH
(MMO) was 57.8 m? g. X-ray diffraction indicated complete breakdown of the LDH at
500°C for 4 hours, with amorphous Al;O3 or AIOOH alongside ZnO. Reaction variables in
the adsorption system; temperature, adsorbent dose, pH, initial concentration and the
effect of competing anions were investigated across four temperatures from 10°C to
40°C. Maximum adsorption capacity calculated from the Langmuir isotherm was 895 mg
g! and 589 mg g! at 20°C, for RB5 and RO16, respectively. Intercalation of dye
molecules was the main mode of adsorption, as indicated by shifts in (003) reflection
from 11.5° to 4.5° and 3.2° for RB5 and RO16 respectively. Adsorption was best
modelled by the pseudo 2" order kinetic model. The intra-particle diffusion model

indicated multiple stages of adsorption; surface adsorption occurs initially, followed by,

2
Page 2 of 38



intra-particle diffusion of dye molecules into the interlayer region. Regeneration through

calcination resulted in an adsorption equal to 99+2%.
Keywords

Continuous Flow Synthesis; Layered Double Hydroxides; Reactive Dyes; Adsorption

Kinetics; Thermodynamics

1. Introduction

Textile manufacture and dyeing is a global industry, with synthetic dyes dominating the
textile industry. The most common type synthetic dye is the azo dye, so named since at
least one azo (R-N=N-R’) functional group is present in the chemical structure. Azo dyes
account for up to 70% of all synthetic dyes [1-3]. Reactive dyes are most typically applied
to cellulose substrates and are prevalent in the textiles industry [4]. Although reactive
dyes benefit from covalent bonding to the substrate resulting in good wash and light
fastness, they can hydrolyse under prolonged exposure to highly alkaline conditions. Dye
hydrolysis can result in fixation rates as low as 60% [1]. Many synthetic dyes are stable
and recalcitrant in natural environments, and biological wastewater remediation such as
activated sludge processes do not perform well when removing these dyes [5].Layered
double hydroxides (LDHs) have been utilised for dye remediation . LDHs are a range of
synthetic  anionic clay minerals that follow the chemical formula

[F‘llll_xhﬁn:jDH}z](ﬁar']x zH,0. MT and M™ are representative of cationic species (Mg?*,

Ca?*, Zn?*, AP*, Cr3*) while A™ is representative of interlayer anions that hold the M" and
M hydroxide layers together through electrostatic attractions [6, 7]. A characteristic of

LDHs, known as the memory effect enables them to be utilised for adsorption. The
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memory effect works by heating the LDH to a critical temperature that results in evolution
of the interlayer anion and dehydroxylation of the brucite like layers; rehydrating the
resulting mixed metal oxide (MMO) in the presence of anionic species causes the LDH to
reform with the anionic compound present in the interlayer region [8, 9]. The
temperature of calcination is important as overheating the LDH will result in spinel
structures forming that cannot undergo rehydration [10], while under-heating will result
in an incomplete degradation of the layered structure and the full capacity of the MMO
will not be achieved. The memory effect for MMO/LDH adsorption was first exploited in
the adsorption of halide ions such as fluoride and bromide as well as heavy metal
oxoanionic compounds that are typically found in wastewaters [11-14]. More recently
however, the capability of LDHs and MMOs as dye adsorbents has been studied. The
most extensive area of research into dye adsorption onto MMO/LDH adsorbents has been
focussed on acidic dyes with methyl orange, possibly due to its inherent toxicity, being a
recurring pollutant of interest [15-18]. Nevertheless, there is a substantial number of
LDHs and an even greater range of synthetic dyes [19-22] so more work is needed in this
area to establish LDH based adsorbents as a means of removing and recovering dyes
from wastewater streams. The work in this research aims to utilise a more novel
approach of large scale continuous synthesis of Zn,Al-CO3 LDHs and its application as an
adsorbent for Reactive dyes which, to the knowledge of the authors, have yet to be

investigated.

2. Experimental Section

2.1.Materials

All chemicals were used as received without further purification. Zinc nitrate hexahydrate

(>98%), aluminium nitrate nonahydrate (>98%), sodium hydroxide (>98%), sodium
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carbonate (>98%), Reactive Black 5 (RB5) (=50%), Reactive Orange (RO16) (=70%)

were purchased from Sigma Aldrich (Devon, UK). These dye compounds exhibit
differences in terms of size and chemical structure (Figure 1). Sodium sulfate (>98%)
was obtained from Fisher Scientific (Leicestershire, UK). Prior to experimentation all

relevant solutions were prepared fresh with deionised water.

NaC. \\/ Na
\// /©/ \©\ \\/
/\ /\/\\ a) Reactive Black 5 (RB5) // \/\ /\\

\\/

\\
OO b
O\//

b) Reactive Orange 16 (R016)

Figure 1 Structure of Reactive dyes a) Reactive Black 5 (RB5) b) Reactive Orange 16 (RO16)

2.2.Layered Double Hydroxide and Mixed Metal Oxide Synthesis and

Characterisation

Zn,Al-CO3 was produced using a counter-current flow in a process similar to that reported
by Clark et al. [23]. However, the scale of the synthesis was increased by a factor of

approximately 20 from bench to pilot scale. Briefly a solution of Zn(NOs), (0.067 mol L?)
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and AI(NOs); (0.033 mol L) was pumped into the reactor via the up-flow feed at 200 mL
min?, while a solution consisting of NaOH (0.125 mol L) and Na;COs (0.0167 mol L)
was pumped at 400 mL min* via the down-flow feed into the reactor. The reactor was
comprised of Swagelock® 316 stainless steel tubing and fittings and pressure was
maintained in the system at 24 MPa by a back-pressure regulator (Pressure Tech, UK).
Following synthesis the wet product was allowed to settle, and the concentrated
suspension was washed by centrifugation with deionised water and freeze dried. X-ray
diffraction was carried out on a Bruker D8-Advance diffractometer with Cu Ka radiation
(A=1.5418 nm) in a Bragg angle range of 2-70°, 26 and a slit width of 6mm. Surface area
and pore size distribution were calculated from nitrogen adsorption isotherms. Nitrogen
adsorption was carried out using a Micromeritics Tristar II 3020 at -196°C. Samples were
outgassed at 105°C for 24 hours prior to analysis. Thermal stability of LDH powders and
water content was analysed using thermogravimetric analysis carried out on a TA Q500
thermogravimetric furnace in N, atmosphere (Flowrate = 40 mL min) up to 700°C. TEM
analysis was performed on a JEOL 2100F TEM with a LaB¢ filament and an acceleration
voltage of 200 kV. Samples were dispersed in and dropped onto lacy carbon films on 300
mesh copper grids (Agar Scientific). Images were captured using a Gatan Orius digital
camera. To prepare the LDH for adsorption experiments, the freeze-dried powder was

calcined in air at 500°C for 4 hours and labelled MMO.

2.3.MMO Stability in Air and Water

Samples of freshly calcined MMO were placed in storage at room temperature (291+2 K)
in the dark in sealed vials. Samples were stored in deionised water to establish the effects
of water on the crystal structure of the MMO and any detectable memory effect, during
term use. Dry stored samples were investigated to establish the effects of storage of the

MMO adsorbent. Samples were removed from storage every 2 weeks, for 8 weeks and
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analysed using X-ray diffraction to identify any changes to the crystal structure. Prior to
analysis, wet stored samples were freeze dried in the same way as freshly synthesised

LDH was prepared for characterisation.

2.4.Adsorption Experiments

Batch adsorption experiments were carried out in an incubator with magnetic stirring for
agitation. The effect of temperature, initial dye concentration, adsorbent dose, initial pH,
coexisting anions were all investigated as was the recycling and regeneration of the MMO.
Typically, 50 ml of RB5 or RO16 solution and 1 g L! of MMO were used in 250 mL conical
flasks. After adsorption, liquid aliquots were taken and centrifuged. The supernatant was
then analysed using a Shimadzu UV-mini 1240 spectrophotometer at the Amax for RB5
(Amax=597 nm) and RO16 (Amax=388 nm). Uptake of dye was calculated from the

following equation (eq.1) [24]:

h EC:'C:'}{'-.-'

Where q (mg g?) is the uptake, Co is the initial dye concentration and C is the sample dye
concentration (mg L) a given time (C) or at equilibrium (Ce), V is the volume of the dye

solution (L) and m is the mass of the adsorbent (g).

For experiments investigating the effect of temperature, aliquots were taken at
predetermined time intervals until equilibrium was reached. Experiments investigating the
effect initial dye concentration samples were allowed to reach equilibrium before aliquots
were taken for analysis. Initial dye concentration was adjusted between 100 and 1500 mg
L. Following analysis, the exhausted adsorbent was isolated from the supernatant,
washed to remove any residual dye and freeze dried. The freeze-dried adsorbent was the

analysed using XRD to establish changes in the interlayer region to determine if
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intercalation or surface adsorption has occurred. High temperatures, can be used to
increase fixation of dyes onto substrates [4]. The effect of temperature was investigated
at an adsorbent dose of 1 g L and initial dye concentration of 1500 mg L1. Temperature
was varied from 10°C to 40°C. Solutions were stirred and samples were taken and
analysed every 15 minutes until equilibrium was reached, which was typically between

two and three hours.

2.5. Effect of Adsorbent Dose

Dye concentration were maintained at 1500 mg L of dye and 20°C. Adsorbent dose was
set at 0.5 g LY, 1 gLt 1.5 g L! and 2g Lt Samples were analysed at given time

intervals to evaluate the effect that adsorbent dose has on the uptake of dye over time.

2.6.Effect of Initial pH

High pH, can increase fixation of reactive dyes onto cellulose substrates [4].The effect of
initial pH was assessed at an adsorbent dose of 1 g L and initial dye concentration of
1500 mg L. Temperature was maintained at 20°C. Solution pH was adjusted using HCl
and NaOH. Solutions were stirred until equilibrium was reached before samples were

analysed.

2.7.Effect of Competing Anions

Electrolyte addition and addition of alkaline chemicals to dye baths can also promote dye
diffusion fixation and in the substrate [4]. Solutions of dye at 1500 mg L were prepared
with coexisting anions at concentrations between 0 to 10000 mg L. The co-existing
anions (COs%, SO4* and CI) were prepared in the same solution with the dyes, at varying

concentration, from their respective sodium salts. The samples were stirred at 20°C, with
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1 g L! of adsorbent, until equilibrium was reached. Samples were then analysed using

UV-Vis spectrophotometry.
2.8.Adsorbent Regeneration

Regeneration and recyclability of exhausted adsorbents is a key characteristic that
enhances sustainability of the adsorption process. A solution of RB5 (1500 mg L) was
stirred at 20°C with 1 g L of adsorbent until equilibrium was reached. From here two
post adsorption regeneration methods were investigated. After analysis the exhausted
adsorbent washed with water to remove any residual dye. The samples were then
calcined at 500°C for 4 hours as the generation of the MMO was carried out at this
temperature. This resulting powder was reused in the next adsorption cycle. The process
was followed for 4 cycles. An alternative to this method involved washing with Na,COs to
remove and recover the adsorbed dye. The adsorbent was then calcined at 500°C for 4

hours and re-used in adsorption experiments.

3. Results and Discussion

3.1.Adsorbent LDH and MMO Crystal Characteristics

The diffractograms for LDH and MMO samples are detailed in Figure 2. Intense symmetric
basal reflections for Zn,Al-COs are clearly defined in the diffractogram at 11.5° and 23.2°
relating to (003) and (006) respectively. LDH exhibits hexagonal crystal symmetry in a
rhombohedral setting with space group R3m [25]. Lattice parameters were calculated as
0.31 nm and 2.29 nm for g and c respectively. Crystal domain length (CDL) calculated
using the full width at half maximum (FWHM) of the (003) and (110) reflections and the
Scherrer equation. CDL of the LDH was calculated as 26 nm in the (003) plane and 50 nm
in the (110) plane. The diffractogram for the MMO sample shows reduced intensity of
reflections and the only observable reflections in the pattern pertain to ZnO as evidenced
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by reflections at 31.8°, 34.5° and 36.3° relating to (010), (002) and (011) respectively.
This could indicate that the AIOOH and Al,Os3 present in the sample were amorphous,
suggesting a mixture of metal oxides formed as opposed to a singular MMO. However, no
data was found in the Inorganic Crystal Structure Database (ICSD) that attributes to the
crystalline structure of MMO expected. Upon heating the LDH loses surface bound and
interlayer water. The LDH then undergoes dehydroxylation of the brucite-like layers and
then the interlayer COs* is evolved as CO,[17]. There are no visible reflections relating to
the LDH or spinel ZnAl,O4 structures. Lattice parameters for the ZnO in the MMO sample
were calculated as 0.32 nm and 0.52 nm for a and c respectively, which is in agreement

with literature [26].
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Figure 2 Diffractogram of Zn2AI-CO3 samples, before (LDH) and after (MMO) calcination
3.2.Stability of MMO in water

Prolonged storage of MMO samples in deionised water resulted in the rehydration of the
MMO and reformation of the Zn,Al-COs LDH (Figure 3). The reformation of the LDH was
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slow and the increasing crystallinity with increasing storage time suggests that use with
primarily low concentrations of contaminant dyes or excessive washing with clean water
will result in reductions in adsorption as the alkalinity of reforming LDH layers causes
increased absorption and adsorption of CO, and COs* respectively [27]. Despite the
reformation of the LDH to a large extent, within the samples there are reflections present
at 32° and 36° relating to the (010) and (011) reflections of ZnO. This is a result of some
irreversible ZnO formation during calcination. The regenerated samples after 6 and 8
weeks of storage show relative reflection intensity that is comparable to the fresh LDH,
and each other. This suggests that further regeneration is unlikely to occur with further

storage.
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Figure 3 Changes in diffraction patterns and crystal structures of mixed metal oxide during wet

storage
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3.3.Surface Area and Pore Size Analysis

Surface area is usually a key characteristic in adsorption, with high surface area a desired
trait in a material. Nitrogen adsorption isotherms of both the LDH and MMO exhibit a
Type-IV shape which suggests mesopores are present within the materials (Figure 4).
The adsorption branch of a Type-1V isotherm resembles a Type-II isotherm and shows
that there is mono and multilayer adsorption on pore walls up to high relative pressures
(P/Po, whereby P and Py are equilibrium and saturation pressures respectively), which is
followed by condensation in the mesopores. The hysteresis most closely resembles H3
hysteresis (according to IUPAC classifications), there is not significant plateau at the
highest point on either the adsorption or desorption branches of the isotherm. This
indicates that the gas adsorption was occurring between loosely packed agglomerates of
platelet like particles [28] which is supported by the layered structure of the LDH and
MMO materials detailed in (Figure 4). The slight increase in surface area (Sger) and
decrease in pore diameter between the LDH and MMO (Table 1) is attributed to increased
access to smaller pores in the agglomerates post calcination with the break-down of the
strict layered structure of the LDH. Increased specific surface area of MMO samples

compared to LDH samples is common in adsorption research [29-31].
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Figure 4 Nitrogen adsorption isotherm for Zn,Al-CO3 (LDH) and calcined Zn,Al-CO3 (MMO).

Inset; pore size distribution calculated from the desorption branch of the isotherm

Table 1 Specific surface area and pore diameter of LDH and MMO

Desorption BJH Pore

Sample Sger / m? gt
Average Diameter / nm
LDH 50.1 £ 0.2 15.3
MMO 57.8 £ 0.1 14.1

3.4.Effect of initial pH on Adsorption

Alkaline conditions, along with high temperature, is ideal for fixation of reactive dyes onto

cellulose substrates [3, 4]. Despite this, the effect of pH from 4-10 is shown to have little
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impact on the adsorption of dyes onto LDH (Figure 5), as evidenced by the mean qe of
RO16 remaining constant between 700 and 800 mg g. However, the mean ge of RB5
was lower at 500-600 mg g'. The reduced adsorption capacity of the MMO for RB5
compared to RO16 is most likely due to increased steric hindrance of RB5 due to its
bulkier size and the greater nhumber of R-SOs functional groups in the molecule, which
occupy a greater number of active sites on the LDH surface. Adsorption under
increasingly acidic conditions will diminish due to the dissolution of the MMO/LDH
structure [31]. Adsorption under increasingly alkaline conditions could also diminish due
to Zn?* and AP* dissolving into zincate and aluminate. The adsorbent however, does
remain stable at pH 4 and further reduction in pH is unlikely to occur due to the addition
of alkaline chemicals in the dyeing processes [3]. The implication of this data is that MMO
adsorbents exhibit comparable performance across a wide pH range, thus pH modification

would not be necessary prior to adsorption.

900
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1C_]RrRO16
800 T
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[
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Figure 5 Effect of pH on adsorption of Reactive Black 5 (RB5) and Reactive Orange 16 (RO16)

from simulated wastewater (Co=1500 mg L!; Vaye=50 mL; adsorbent loading=1 g L!; T=20°C)
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3.5. Effect of Adsorbent Dose

The adsorbent dose experiments for adsorption of RB5 (Figure 6a) indicate that there is a
small change in overall uptake, however the rate of uptake remains relatively constant
across adsorbent loading from 0.5-2 g L. Final adsorbate concentration (C.) decreases
with increasing adsorbent loading. The reduction in Ce is close to 250 mg L per 0.5 g L*!
increase in adsorbent loading. Adsorbent loading in RO16 adsorption is more variable
(Figure 6b). Equilibrium uptake (qe) varies from 589 mg g* with 0.5 g L to 867 mg g!
with 1g L. Equilibrium concentration is reduced with more variation compared with RB5.
Ce is reduced from 1104 mg L (adsorbent loading at 0.5 g L) to 604 mg L (adsorbent
loading at 1 g L'). The change in Ce from 1 g L' to 2 g L is more constant, being on
average 270 mg L. The data from the adsorption of RB5 indicates that the adsorbent
loading can be increased in adsorption processes compared to RO16 due to the higher qge
when adsorbing aqueous RO16 from solution. However adsorbent loading of
approximately 2 g L leads to inefficient adsorption as some MMO is left unsaturated.
This may also have further implications when looking into the regeneration and increased
buffering effect of LDH layers. The presence of unsaturated MMO will adsorb water and
dissolved CO, to reform carbonate intercalated LDH, which can further increase the
buffering effect and lead to great levels of CO, absorption and increase the potential of
COs* intrusion into the LDH layers, thus reducing the effective adsorption capacity of the
MMO. It therefore appears that adsorbent loading of 1-1.5 g L is optimum for adsorption

of RB5 and RO16.
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Figure 6 Effect of adsorbent dose on adsorption of a) Reactive Black 5 b) Reactive Orange 16 from

simulated wastewater (Co=1500 mg L!; Vaye=50 mL; adsorbent loading=1 g L'!; T=20°C)

3.6.Adsorption Isotherms

Isotherm characteristics of adsorption of RB5 and RO16 on Zn,Al MMO were modelled
using the Langmuir and Freundlich isotherm models. The Langmuir isotherm model can

be described in a non-linear (eq.2) and linear (eq.3) form [32]:

aHC
9e = Tekc. (2)
G, t
o 4. ka, (%)

Where k (L mg?) is the Langmuir constant, gm (mg g!) and ge (mg g!) are the maximum
uptake capacity and the equilibrium uptake capacity, respectively, Cc (mg L?) is the
equilibrium adsorbate concentration. The non-linear (eq.4) and linear (eq.5) forms of the

Freundlich isotherm can be described as [32]:

!
q. =keC2 (4)
InI:qE]=In:ﬁﬁ|{f}+§ln:ﬁ:CE} (5)
16
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Where ki (mg g'.(L mg')¥") is the Freundlich isotherm constant and 1/n is the
heterogeneity factor. The Langmuir and Freundlich models for RB5 and RO16 are
illustrated in Figure 7 and Figure 8 respectively. The parameters for the Isotherm models
are outlined in Table 2. The linear regression fit for both adsorbates decreases with
increasing temperature. For both RB5 and RO16, K, and Kr decrease with temperature
suggesting an increased affinity between dye and adsorbent at low temperature and an
exothermic nature. The maximum uptake (qm) for RB5 decreases from 589 mg g (20°C)
to 544 mg g (40°C). The gm calculated for RO16 increases with increasing temperature
over the full experimental range (10°C-40°C). In the case of these temperatures 30°C-
40°C, the high gm calculation comes from the poorer fit of the isotherm model to the
data. The Langmuir isotherm fit is poor primarily because, at the higher temperatures,
with low Co, adsorption is inhibited (Figure 7 and Figure 8). The maximum uptake
capacity of the MMO for RB5 compared to RO16 is lower in all instances. This is due to
the fact that the adsorption of the dye molecules is through the memory effect and
regeneration of the LDH from the MMO. RBS5 is also bulkier in size and contains four R-
SOs functional groups where as RO16 contains only two. The general LDH formula
dictates that increasing negative charge of the interlayer anion results in reduced capacity
within the interlayer region. The qn value for temperatures above 30°C fit well with this
theory, however surface adsorption to the outer layers of the MMO/LDH adsorbent also
occurs which results in the deviation away from an expected ratio of qm of 2:1 for
RO16:RB5. Orthman et a/. identified a similar trend in the adsorption of acidic blue dyes,
where the larger molecules from direct and reactive dyes not adsorbed as well as smaller

acidic dyes [33].
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Table 2 Isotherm constants

Langmuir Freundlich
Temperature

Dye ki/L gmmg g ke / mg gt.(L mg

/ °C R? n R?
mg—l 1 1)1/n

RB5 10 0.217 566 0.999 180.92 5.27 0.900
20 0.076 589 0.998 105.44 3.52 0.639
30 0.018 550 0.989 28.78 2.20 0.928
40 0.003 544 0.931 7.68 1.52 0.914

RO16 10 0.089 694 0.997 178.07 4.39 0.707
20 0.053 895 0.999 122.36 2.84 0.712
30 0.029 1004 0.973 53.08 1.89 0.641
40 0.009 1210 0.962 26.94 1.57 0.867
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19
Page 19 of 38



800

1000

JE- s
. 800
600
\F < _ 6004
[=2] iy =)
E’ 400 4, E’
& o 4004
200
200 +
r = 10C IS & 20°C
Langmuir Model Langmuir Model
- - -Freundlich Model - - - Freundlich Model
0 T T T T 0 T T T T
0 200 400 600 800 0 150 300 450 600
E] -1
C,/mgL C,/mglL
1000 1000
800 800
™
o 6004 600
E
o
o
400+ 400
200+ 2004
A 30°C ] v 40°C
4 —— Langmuir Model v ——— Langmuir Madel
0 — - —Freundlich Model 0 — — —Freundiich Model
T T

0 150 300
C, /mglL"

450

T
150

300
C /mglL’

450

Figure 8 Adsorption Reactive Orange 16 from simulated wastewater with variable initial

concentration (Co=100-1500 mg L!; Vaye=50 mL; adsorbent loading=1 g L)

The data in Table 3 shows that MMO based adsorbents exhibit a much higher adsorption

capacity for RB5 dye compared with other adsorbents that have been investigated [34-

41]. Only chitosan exhibited a higher maximum uptake for the dye compared with the

MMO adsorbent and many of the reference adsorbents exhibit uptake below 100 mg g.

This suggests that MMO adsorbents can compete strongly with other adsorbents in terms

of capacity for dye uptake and could make them a useful material for dye wastewater

remediation.
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Table 3 Maximum uptake capacity (gm) of Reactive Black 5 onto other absorbents

Adsorbent gm mg g Reference
Zn,Al MMO 589 This work
Biomass Fly Ash 4 [34]
Peanut Hull 50 [35]
Aspergillus foetidus 65 [36]
Laminaria sp. 73 [37]
Chlorella vulgaris 476 [38]
Zeolite 64 [39]
Activated carbon
59 [40]
(Powdered)
Fly Ash 8 [40]
Chitosan 1100 [41]

3.7.Adsorption Kinetics

The effect of temperature on adsorption can have a profound impact on adsorption

kinetics [42]. The data from variable temperature adsorption was fit to three different

kinetic models; the pseudo 1% order, pseudo 2" order and the intra-particle diffusion

model. The pseudo 1% order model is expressed in non-linear (eq.6) and linear (eq.7)

forms [43] :

4=, l: l_ek:t:l

In(g.-a.)=In(q.) -kt

(6)

(7)
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Where g: (mg g*) and ge (mg g1!) are the adsorption at time (t; min) and at equilibrium
respectively and k; (min) is the pseudo 1% order rate constant. The pseudo 2" order

model can be expressed in both non-linear (eq.8) and linear (eq.9) forms as follows [43]

__kac
9= 1+kaqt (8)
t_ 1t
% 2 (9)

Where k; (g mg! min?) is the 2" order rate constant. The third model fitted to the

experimental data was the Weber-Morris intra-particle diffusion model (eq.10) [44]:

g =k T+C (10)

Where kiq is the intra-particle diffusion constant. Plots of the linear pseudo 1% order model
for RB5 and RO16 are displayed in 9a and 10a and the kinetic data is outlined in Table 4.
From the plots for RB5, adsorption at 10°C and 20°C occurs at similar rate, while
adsorption at 30°C and 40°C occurs at increasing rates (9a). RO16 adsorption occurs at
similar rates for 20°C and 30°C with adsorption at 10°C and 40°C occurring at much
slower and faster rates respectively (Table 4). The fit of the model show an increasing
trend with increasing temperature with respect to RB5 adsorption, however this appears
to have little influence on the qeal for each temperature. For low temperature reactions
the Qe value is significantly higher than the Qeexp value. The closest Qeca and Qeexp
values occur at 30°C, where the pseudo 1% order model has the poorest fit (R2=0.818).
The trend is also observed in the adsorption of RO16 where again the smallest difference
between qe,ca and Qe,exp is found at 30°C (Table 4). The pseudo 2™ order rate model is
the best fit to the data across all temperatures for adsorption of both RB5 and RO16, as

expected from other dyes in literature. [18, 20]. Linear regression analysis indicates a
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good fit for temperatures >30°C in the adsorption of RB5 and for all temperatures >20°C
for RO16. The shape of the linear pseudo 2™ order models indicates that at low
temperatures early stages of adsorption are slower than the models predict (9b and 10b),
this can account for the inferior fit of both RB5 and RO16 at the lowest temperatures
(£20°C). The rate constants for RB5 are similar being that they are close to 7 x10°-9x10
6 g mg! min for temperatures 10°C and 20°C. There is an increase, almost in an order
of magnitude, when increasing the temperature from 20°C to 30°C. The Qeexp and Qe,cal
for both RO16 and RB5 grow increasingly close with increasing temperature as does the
fit of the models. Suggesting that at higher temperatures the pseudo 2" order model is
the most appropriate. Compared with smaller acidic dyes, such as methyl orange, the
reaction rate is several orders of magnitude lower. This indicates that the adsorption of

the bulkier reactive dye molecules causes a slower regeneration of the LDH layers [18].

The intra-particle diffusion plots can be separated into three sections for adsorption
(Figure 9c and Figure 10c). The first stage of the adsorption is linked to the surface
adsorption of the dye molecules onto the surface of the MMO, while the second stage of
the adsorption is the migration the adsorbed dye molecules into the interlayer and the
resulting regeneration of the LDH. The 3 stage of adsorption is the reaching of the state
of equilibrium in the adsorption system and the adsorbent has become saturated [45]. At
higher temperatures the initial stage of surface adsorption occurs more quickly, due to
increased molecule energy and increased rate of collisions resulting in adsorption
occurring. The second and third stages of diffusion into the interlayer region and reaching
equilibrium occur at similar rates between all temperatures tested. The data indicates
that, for RB5 adsorption the diffusion of dye into the interlayer region is the rate limiting
step in the adsorption reaction [45, 46]. This is also the case for the adsorption of RO16,

however at 10°C the surface adsorption of RO16 onto the MMO is the rate limiting step.
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Table 4 Reaction rate constants for adsorption of Reactive Black 5 (RB5) and Reactive Orange

(RO16) from simulated wastewater

CIe,exp
Temperature
Sample / mg Pseudo 1% order Pseudo 2" order
/ °C
g-l

ki / Je,cal R? kz /g (e,cal / R?

min/ mg mg-1 mgg?
g! min!
RB5 10 572 0.0245 1046 0.925 7.211x10°% 1016 0.981
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20 570 0.0253 1032 0.957 8.949x10° 952  0.983
30 523 0.0316 524 0.818 7.434x10° 602  0.999
40 542 0.0540 427 0.992 2.377x10% 562  0.999
RO16 10 690 0.0316 1492 0.829 1.104x10° 1058 0.982
20 867 0.0455 1238 0.987 3.269x10° 1094 0.995
30 919 0.0419 921 0.917 5.302x10° 1067 0.999
40 998 0.0557 1294 0.902 7.760x10° 1105 0.999

3.8.Adsorption Thermodynamics

The thermodynamic parameters; enthalpy (AH) entropy (AS) and Gibbs free energy (AG)
inform on the energy within the system and the spontaneity of the adsorption process.

Gibbs free energy can be calculated using two different equations (eq.11 & 12) [24]:

AGP=AH°-TAS® (11)

AGE=-RTInk, (12)

Where AG (kJ mol?) is Gibbs free energy, AH (kJ mol?) and AS (kJ K mol?) are system
enthalpy and entropy respectively, T (K) is the adsorption temperature, R is the gas
constant (J K mol!) and ks is the adsorption coefficient, in this case taken from the

Langmuir constant; k (L molt). Combining the equations for Gibbs free energy produces

eq 13 and 14:
AG®=-RTInk;=AH®-TAS" (13)
_As o
Inl{|— T (14)

The parameters can be evaluated using a Van't Hoff plot (Figure 11), which illustrates the

relationship between adsorption and temperature of RB5 and RO16. Plotting 1/T vs In(k)).
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The gradient of the regression line from the Van't Hoff plot can be used to calculate AH
and the intercept is used to calculate AS. The thermodynamic parameters for RB5 and
RO16 are detailed in Table 5. The data in Table 5 indicates that for all temperatures
investigated, adsorption is a spontaneous process, as evidenced by the negative AG value
for temperatures 10-40°C. This data is in agreement with previously published findings
regarding dye adsorption onto LDH/MMO adsorbents [18, 24]. The AH values for RB5 (-
102.33 kJ mol?) and RO16 (-56.07 kJ mol?!) indicate that the adsorption process was
exothermic in nature which is supported by the data relating to the isotherms, which
illustrates reduced gm with increasing temperature. The enthalpy values also indicate that
the process was primarily chemisorption rather than physisorption, occurring as a result
of the electrostatic attractions between the R-SOs functional groups and the regenerated
brucite-like layers, which further supports the idea that the LDH is adsorbing the dye
molecules through intercalation into the interlayer region of the LDH as seen in previous
literature [18, 47]. The negative entropy suggests a reduction in freedom of the
adsorbent-adsorbate interactions at the surface of the adsorbent, however as the
exothermic reaction progresses the entropy of the overall system would increase. The
data regarding both enthalpy and entropy is contradictory with much of the published
literature regarding dye adsorption onto MMO and LDH based adsorbents, in which many
of the processes are found to be endothermic in nature with positive AS also [18, 24, 47-

49].
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Figure 11 Van't Hoff plot for adsorption of Reactive Black 5 (RB5) and Reactive Orange 16 (RO16)

from simulated wastewater

Table 5 Thermodynamic parameters of Reactive Black 5 (RB5) and Reactive Orange 16 (RO16)

adsorption
AH / kJ mol? AS / kJ K mol? AG / kJ mol?
RB5 10°C 20°C 30°C 40°C
-102.33 -0.22 -40.21 -38.01 -35.82 -33.62
RO16 10°C 20°C 30°C 40°C
-56.07 -0.06 -39.11 -38.51 -37.91 -37.31

3.9. Effect of Coexisting Anionic Compounds

Electrolyte salts and alkaline chemicals are added to dye baths to enhance diffusion of

dye through the substrate and to enhance fixation [3]. These additives will be present in

the dye bath effluent and so investigating their effects on the adsorption of dyes is

essential. Increasing Na>COs; and Na,SO4 content, even to 1 g L, results in a reduction in
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adsorption capacity of both RB5 and RO16 (Figure 12). The charge density of CO3? and
S04% ions outweigh that of the adsorbate dye molecules, in accordance with previously
reported literature, the fact that SO4> has less of an impact on adsorption compared with
COs% is in accordance with previously reported results by Parker et al [50]. NaSO4
causes a reduction in concentration of RB5 of 6+2% with 10 g L* compared with 7+2%
for Na,COs. Regardless of the amount of Cl- added the reduction in concentration remains
at approximately 37%. The reduction of RO16 concentration for the carbonate and
sulfate additives is more polarised, with Na,COs resulting in a near complete inhibition of
dye removal at 10 g L!, whereas sodium sulfate results in 34+3% reduction in RO16 at
10 g L. The presence of NaCl in solution appears to have little impact on adsorption
suggesting that Cl" do not present a large enough charge density to impact adsorption of
RO16 and reduction in concentration remains between 55-60%. The reduction in capacity
as a result of COs* and SO4* presence is of concern as the presence of alkaline
carbonates is common in the fixation of dyes and additional adsorbent would be required

to remove the carbonate due to the high specificity of MMO/COs? interactions.
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Figure 12 Effect of competing anions on adsorption of a) Reactive Black 5 b) Reactive Orange 16
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3.10. Adsorbent Regeneration

Regeneration and subsequent capacity is one of the key aspects in the choice of
adsorbent, as poor regenerative capacity will reduce the lifetime effectiveness of
adsorption media [51]. Thermal regeneration via calcination was conducted at 500°C
because the MMO was initially generated by thermal degradation of the LDH at 500°C.
Thermogravimetric analysis indicated that there is a breakdown of the layered structure
above 400°C, however thermal generation, and regeneration, at temperatures above
600°C starts to produce spinel structures which cannot reform LDH structures and the

adsorption capacity is reduced [30, 31].

The simple thermal regeneration resulted in ge being reduced from 560+11 mg g to
24135 mg g after the first cycle (Figure 13). The adsorption capacity at equilibrium is
effectively reduced to almost nothing by the fourth cycle, where ge is 1£10 mg g*. In an
effort to mitigate the poor regeneration of the MMO/LDH adsorbent, an extra step of
COs% ion exchange was implemented prior to thermal regeneration. Washing the spend
MMO adsorbent with Na,COs resulted in an increase in adsorption capacity compared with
simply thermally regenerating the MMO. The g. after cycle four was 102+1 mg g?,
reduced from 566+19mg g* during the first adsorption experiment (Figure 13). The
reduced uptake is attributed to thermal degradation products of the adsorbed dye. Upon
heating the spent MMO adsorbent thermal decomposition products from the RB5 dye,
some carbonaceous material and residual sulfur are left in the MMO matrix [24].
Elemental analysis of fresh MMO and material recovered from thermal regeneration
indicates that there is sulfur present in the regenerated material (Figure 14). The sulfur
present is likely to impact on adsorption capacity by blocking the active sites and reducing
the available space for subsequent adsorption. The reduced adsorption capacity in spite

of CO3% washing is attributed to not achieving complete ion exchange between the R-SO5-
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and COs? functional groups in the washing stage. The slow adsorption kinetics of the dye
during LDH reformation may be indicative of longer washing times needed compared with
what was used (2 hours). Some other research investigations have however found that
regeneration of LDH/MMO adsorbents vyields high adsorption for more than one
adsorption cycle [52, 53]. The work by Chen et al. is carried out using a composite
Fe;04@MgAI-CO3 composite and Congo red dye with catalysed advanced oxidation, to
regenerate the MMO [52]. This is a key area of research that will need to be investigated

if LDHs are to serve as a useful and sustainable adsorbent.
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Figure 13 Reactive Black 5 adsorption after thermal regeneration
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Figure 14 Energy dispersive X-ray spectra of calcined ZnAI-CO3 (MMO) and Zn2Al after dye

adsorption (note trace contamination of Pt, possibly introduced during sintering)

3.11. Proposed Adsorption Mechanism

The primary method of adsorption is the regeneration of LDH platelets and intercalation
of dye molecules into the interlayer region. This is evident from the shift to lower Bragg
angle of the most intense reflections in the LDH diffractograms in Figure 15. The
diffractogram for the fresh LDH, also seen in Figure 2, has an intense reflection at 11.5°
20 relating to the dooz basal spacing, whereas this reflection has shifted to 4.5° and 3.1°
for the RB5 and RO16 regenerated samples respectively. This shift in basal spacing is due
to the greater molecular weight and size of the dye molecules compared to COs? ions
present in the fresh LDH. The basal spacing for the RB5 and RO16 adsorbed samples was
calculated as 1.9 nm and 2.8 nm respectively. Figure 13 shows a proposed schematic of
RB5 adsorption. There are also some minor reflections relating to the doos basal spacing

of COs% intercalated LDHs in
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Figure 15. The Zn,Al-COs reflections suggest that without complete decarbonation of the
water and a CO, free atmosphere COs? ions will intercalate as a result of residual COs* in

the water and the alkaline buffering effect of LDH layers dissolving CO, from the

atmosphere [27].
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Figure 16 Adsorption schematic illustrating the memory effect
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4. Conclusions

The inherent stability of synthetic dyes makes their removal from waste water more
difficult than many other types of organic contaminant. Layered Double Hydroxides have
shown great potential in literature due to their ability to adsorb large quantities of dye

through the memory effect.

In this work, large scale continuous synthesis of Zn,Al-CO; LDHs alongside adsorption of
dyes Reactive Black 5 and Reactive Orange 16 were investigated to determine the
effectiveness of large scale production and application of LDHs as precursors for

adsorbents.

The adsorption capacity of RO16 (qm=895 mg g*) was greater than RB5 (589 mg g*).
This was due to the size of the dye molecules and the increased number of R-SOs
functional groups present in RB5 occupying adsorbent active sites. The larger size of RB5
also sterically hinders the adsorbate from interacting with adsorbent surface. Competing
anions were investigated along with a range of pH values which may be found in
commercial dyebath effluent. Initial pH was found to have little impact on adsorption of
both RB5 and RO16. The addition of Na,COs and Na,SO4 reduced adsorption, while the
addition of NaCl resulted in no change in ge. Adsorption capacity was reduced after the

first adsorption-regeneration cycle and continued to reduce with subsequent cycles.

Zn,AlCOs has a high adsorption capacity for RB5 and RO16 as well as regeneration
potential, which suggests that LDHs may have a real-world application for the
remediation of dyes from wastewater. The uptake capacity of the MMO adsorbent, and
continuous synthesis ensures a rapid controlled scalable process for adsorption reactions

of reactive dyebath effluents with high concentrations of synthetic dyes.
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