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Abstract: The presence of priority and emerging aromatic-based pollutants in water sources is
of growing concern as they are not bioavailable and are present in reuse plant feed streams.
These pollutants have known mutagenic and carcinogenic effects and must therefore be removed.
Adsorption has been widely accepted as a suitable remediation technology due to its simplicity.
Clay-based adsorbents have attracted significant attention due to their low cost, environmentally
benign properties and regeneration potential. The present work focused on the thermal modification of
a commercial Layered Double Hydroxide (LDH) clay and its subsequent effectiveness as an adsorbent
in the removal of phenol from wastewater. Calcination of the neat clay resulted in the formation of
metal oxides with varying phases and crystallinity depending on the treatment temperature. The BET
surface area increased by 233% upon calcination at 500 ◦ C. The highest phenol removal (85%) was
observed in the clay calcined at 500 ◦ C compared to 10% for the neat clay. Optimization studies
revealed a maximum adsorption capacity of 12 mg/g at an adsorbent loading of 10 g/L at pH 7.
Phenol adsorption was postulated to occur via a two-stage intercalation and surface adsorption
mechanism. The equilibrium data were best fitted on the Freundlich isotherm model which describes
heterogeneous adsorption. The adsorption kinetics followed a pseudo-second-order kinetic model
with rate constants of 4.4 × 10−3 g/mg·h for the first 12 h and 6.1 × 10−3 g/mg·h thereafter.
Keywords: water treatment; hydrotalcite like; adsorption capacity; adsorption model

1. Introduction
Fresh water scarcity has become a major global challenge as many resources have been
exhausted while others are being polluted due to rapid industrialization and increasing demand [1].
Emerging non-biodegradable organic pollutants are also becoming more prevalent in the effluent of
wastewater treatment plants due to the inadequacy of conventional wastewater treatment processes.
Phenol and its derivatives are some of the recalcitrant organic pollutants which are prevalent in
waterbodies and emanate from domestic waste, industrial effluents, municipal landfill leachates,
as well as agricultural runoffs. Phenolic compounds have been found to be mutagenic and carcinogenic
and may result in serious health risks for humans, animals, and aquatic life if left untreated [2].
The World Health Organization (WHO) stipulates that the maximum permissible limit for phenol in
drinking water is 2 ppm [3]. Water reuse has been touted as one of the most promising alternative
sources of drinking water, with several plants already in operation across the world [4,5]. The efficiency
of this technology depends on its ability to remove the intractable organic pollutants that remain
untreated in the effluent of conventional biological wastewater treatment plants [6]. Various physical,
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biological, chemical and electrochemical treatment technologies have been used for the removal of
such pollutants from water [7]. Adsorption-based processes have widely been used due to their low
operational cost, simplicity, high efficiency, ease of handling, low energy demand, minimal sludge
generation and the possibility of regeneration [8,9]. Activated carbon is the most widely used adsorbent
for the removal of refractory compounds due to its high surface area and hydrophobic surface. However,
the production and regeneration costs of activated carbon have limited its application in wastewater
remediation. This has led to the prospect of using alternative low-cost adsorbents such as clays for
wastewater remediation. Clay minerals can be divided into three categories according to their ion
exchange property, namely nonionic, cationic and anionic clays [10]. All three categories have been
found to be good adsorbents for various impurities in wastewater. For example, Cavallaro, Lazzara,
Rozhina, et al. [11] reported that halloysite, a nonionic clay, efficiently removed dyes from aqueous
solutions, while vermiculite, a cationic clay, was able to remove chromium from tannery effluent [12].
The present study focused on the use of anionic LDH clays and their potential.
LDH clays have been shown to possess properties which are favorable for adsorption of several
pollutants in aqueous solutions [13]. They are classified as anionic clays which consist of brucite-like
hydroxide sheets where partial substitution of trivalent with divalent cations results in a net positive
charge in the sheets which is counter balanced by anions within interlayer spaces [14]. In nature,
these clays can be found as minerals which result from the precipitation of basalts in saline water [15].
LDH clays can also be synthesized through relatively low-cost processes such as co-precipitation,
regeneration, hydrothermal crystallization urea hydrolysis and sol-gel methods [16]. Labuschagne,
Wiid, Venter, et al. [17] developed a green, zero effluent synthesis method which produces LDH in
an economic and environmentally friendly manner. LDH clays can remove impurities from aqueous
solutions through several mechanisms, such as surface adsorption, intercalation, adsolubilization of
organics with organo-modified LDH [18] and reconstruction of calcined clays. Numerous authors
have investigated the use of LDH clays as adsorbents for the removal of various impurities in aqueous
solutions such as dyes [19,20], heavy metal cations [21,22] and phenolic compounds [23]. Some of the
main LDH properties that give rise to good adsorption properties include surface area, crystallinity,
composition and surface chemistry [24]. Chen, Y., Chen, H.-R. and Shi [25] reported that a higher
adsorption capacity ca. 760 mg/g of LDH of diclofenac using LDH was mainly due to the large
surface area of the clay. Zaghouane-Boudiaf, Boutahala and Arab [19] reported that calcination of a
Magnesium-Nickel-Aluminium LDH resulted in the formation of amorphous metal oxides which had
a higher methyl orange adsorption capacity than the neat clay.
While the removal of dyes and other impurities, such as acidity of metal cations, have been
thoroughly articulated in literature, the removal of phenol and other non-polar compounds using
calcined LDH clays has not been well-investigated to the best of our knowledge. The current study
aims to evaluate the effectiveness of remediating phenol from wastewater using calcined commercial
Magnesium-Zinc-Aluminum LDH clay.
2. Materials and Methods
2.1. Materials
Magnesium-Zinc-Aluminum Carbonate (Mg-Zn-Al (CO3 )) hydrate clay, referred to as neat clay,
was obtained from Clariant, Germany. Phenol used to prepare the simulated phenolic wastewater
was obtained from Merck, South Africa. Analytical grade acetonitrile and acetic acid which were
used as mobile phase in High Performance Liquid Chromatography (HPLC) were procured from
Sigma Aldrich. The sodium hydroxide used for pH adjustment was also procured from Sigma Aldrich,
South Africa. Deionized water was used for all dilutions and standards preparations.
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2.2. Adsorption Experiments
2.2.1. Calcination
Calcination of the clay was carried out in an Aluminium Electric Muffle Furnace at 250, 500 and
1100 ◦ C, respectively. Neat clay samples weighing ca. 50 g were placed in porcelain crucibles and
covered with a lid before charging them into the furnace at the pre-set temperature for 4 h. The resultant
product was collected for further tests and analysis upon cooling. The residues obtained from the neat
clay calcined at 500 ◦ C are referred to as calcined clay in the subsequent sections of this work.
2.2.2. Adsorption
The first set of tests compared the adsorption efficiency of the heat-treated clays to that of the
neat clay. In these tests, 100 mL of simulated wastewater containing 40 mg/L phenol was contacted
with 10 g/L of clay in a 250 mL glass beaker. The resulting suspension was stirred continuously for
24 h to allow for maximum adsorption. The suspension was then centrifuged at 9000 rpm for 10 min,
the centrate was further refined by filtering through a 0.45 µm Millipore filter. The solids remaining
from the centrifuging process were left to dry in open air, after which they were milled and taken for
further analysis. Once the best performing clay was identified, it was used for further optimization
studies. The optimum clay loading was determined by adding clay loadings of 5, 10, 15, and 20 g/L to
40 mg/L phenol solutions and contacting for 24 h. Phenol adsorption using LDH clay was found to
reach equilibrium within 24 h [24], hence it was the longest residence time for this study. The effect
of pollutant concentration was determined by varying the phenol concentrations as follows: 20, 40,
80, 120 and 200 mg/L while maintaining an adsorbent loading of 10 g/L. The influence of solution pH
was investigated at values of 7, 9 and 12. A 1 M sodium hydroxide solution was used to adjust the
pH. It should be noted that no experiments were conducted in the acidic pH range since it is known
to damage the structure of the LDH clay [14,26,27]. Once the optimum conditions were determined,
adsorption tests were carried out under these conditions and samples were taken on an hourly basis
for the first two hours, and every two hours thereafter for 24 h in order to investigate the kinetics.
The solids collected after contacting the phenolic water for 24 h are referred to as spent clay in the results
section of this work. All the solution samples obtained from the above-mentioned experiments were
analyzed using a Waters Alliance 2695 Separations HPLC Module equipped with an auto sampling
unit and a Photodiode Array Detector (PDA). Separations were performed on a C18 waters column
using isocratic elution with 70% acetonitrile solution (99% (v/v) acetonitrile and 1% acetic acid) and
30% water (99% deionized water and 1% acetic acid) at a flowrate of 1 mL/min. The adsorption
efficiency in terms of percentage of phenol (R) and the equilibrium amount of phenol adsorbed (qe )
were determined as shown in Equations (1) and (2), respectively. Where Co , Ct and Ce (mg/L) represent
the initial phenol concentration, concentration at time = t and equilibrium concentration, respectively;
V (L) is the volume of the solution, while m (g) represents the mass of adsorbent used, qe (mg/g) is the
adsorption amount on clay at equilibrium.
!
Ct
R = 1−
× 100%
C0
qe =

V
(Co − Ce )
m

(1)

(2)

2.3. Characterization
The compositions and phases of the neat and calcined clays were analyzed using a PANalytical
X’Pert Pro powder diffractometer in θ–θ configuration with an X’Celerator detector and variable
divergence and fixed receiving slits with Fe-filtered Co-Kα radiation (λ = 1.789 Å). Samples were
prepared according to the standardized Panalytical backloading system which provides for near-random
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distribution of the particles. Data was collected in the angular range 5 to 90◦ 2θ with a step size
of 0.008◦ 2θ and 13 s scan step time. The mineralogy was determined by selecting the best–fitting
pattern from the Inorganic Crystal Structure Database (ICSD) to the measured diffraction pattern,
using X’Pert Highscore Plus software. The elemental composition of the clay samples was determined
by x-ray fluorescense (XRF) analysis. A Thermo Fisher ARL Perform’X Sequential XRF instrument with
Uniquant software was used to collect the data. The loss on ignition was determined by roasting the
sample (placed in alumina refractory crucible) at 1000 ◦ C. The average particle size and morphology of
the clays were analysed using scanning electron microscopy (SEM). The images were obtained using
a Zeiss Ultra Plus scanning electron microscope. SEM samples were prepared by distributing the
samples on carbon tape stuck to a microscopy stub; the samples were then sputter coated with carbon
under argon gas. The thermal phase transitions of the clay samples were tracked by weighing out
5.2, 4.5 and 4.8 mg of neat, spent and calcined clay into alumina crucibles before running the sample
on a TA instrument, Q5000 thermogravimetric analyzer (TGA). All the samples were subjected to a
temperature scan from 25 to 950 ◦ C at a heating rate of 10 ◦ C/min in nitrogen atmosphere. The Brunauer
Emmett Teller (BET) surface areas were determined using a Micrometrics Tristar 3000 BET analyser.
All samples were degassed for 24 h at 150 ◦ C under a 10−5 Torr vacuum before analysis.
3. Results
3.1. Characterization
X- Ray Fluorescence (XRF) analysis showed that the neat clay contained ca. 16, 23 and 19% (w/w)
aluminium, magnesium and zinc, respectively, with a loss on ignition of 42%. The corresponding molar
composition was determined to be 0.676 for the divalent metals and 0.324 for the trivalent aluminium
which is an almost perfect 2:1 divalent/trivalent ratio LDH. Based on these values, the chemical formula
of the neat clay was postulated to be: Mg3.27 Zn1.01 Al2 (0H )12.83 CO3 ·nH2 O. The compositions of CO3 2−
and OH− were calculated with the theoretical equations using the experimentally obtained metallic
ratios. This correlates exceptionally well with the general chemical formula for hydrotalcite-like
materials, Mgx Zn y Al2 (0H )2(2+x+ y) CO3 ·nH2 O where x and y are less than 4 while n is less than 10 [28].
3.1.1. Thermal Analysis
The thermogravimetric analyses of the neat, calcined and spent clay are shown in Figure 1.
A two-stage thermal decomposition of LDH clay is widely reported; at low temperatures (up to 225 ◦ C)
interlayer water was desorbed, while the decomposition of interlayer carbonate and dehydroxylation
of metal hydroxide occurred at higher temperatures (225–500 ◦ C) [29]. Zhao, Li, Zhang, et al. [30]
reported that decomposition at higher temperatures can occur in two distinct steps when the Mg2+ /Al3+
ratio is equal to two. The first of these two steps was attributed to the partial loss of OH− from
hydroxide layers while the second step was due to the complete loss of OH− and carbonate anions [31].
In the present study, the neat clay exhibits thermal decomposition in three stages which resembles the
behavior reported in literature for LDH having a divalent/trivalent ratio of 2, as shown in Figure 1a,b.
The maximum loss of interlayer water occurred at 190 ◦ C (13%), followed by what is envisaged to
be partial loss of OH− from hydroxide layers at 250 ◦ C (6%) until the complete dehydroxylation and
decomposition of carbonate occurred at 410 ◦ C. The latter step showed a wide peak indicating a
slow process and had mass loss of ca. 21%. The maximum loss of interlayer water in the spent clay
occurred at 100 ◦ C (9%), while dehydroxylation, decomposition of carbonate and any adsorbed phenol
occurred at 345 ◦ C (16%), as shown in Figure 1a,d. The shift in decomposition stages of spent clay to
lower temperatures can be attributed to the reduced strength of hydrogen bonding which is known to
keep water molecules in close interaction with interlayer carbonate anions and hydroxide layers [29].
The maximum weight loss for spent clay was low at 25% compared to 40% of neat clay because the
spent clay contained an appreciable amount of the stable spinel (MgAl2 O4 ) phase. No appreciable
mass loss was displayed by the clay calcined at 500 ◦ C and above, since its structure had already been
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converted to metal oxides, as displayed in Figure 1a,c. Any further increases in temperature were
likely to alter the crystal phase of the metal oxides. Milanovic [32] reported that the residues of a
complete dehydroxylation and decomposition of interlayer carbonate anions were mainly periclase
(MgO) and spinel (MgAl2 O4 ) phases.
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3.1.3. Brunauer Emmett Teller Surface Area
The BET surface area of clay calcined at 500 ◦ C (30 m2 /g) was 3 times higher than that of the
neat clay (9 m2 /g). The increase in surface area upon calcination is attributed to a combination of
phase changes from LDH to mixed oxides as a result of temperature treatments together with the
development of pores and channels which are formed when water and carbon dioxide are driven out
of the clay interlayers [32]. The clay calcined at 250 ◦ C showed a slight increase in BET surface area
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to 12 m2 /g compared to the neat clay. This can be attributed to the partial breakdown of the LDH
structure. There was a decrease in BET surface area on the clay calcined at 1100 to 19 m2 /g compared
to the clay calcined at 500 ◦ C as highly crystalline phases were formed.
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calcination, the ordered hexagonal platelets were destroyed, and irregular mixed metal oxide
particles were formed (Figure 3b). Figure 3c depicts the morphology of the particles obtained after
contacting the calcined clay with the simulated phenol wastewater. Though slightly more
agglomerated, these particles had a similar platelet-like morphology to that observed in Figure 3a.
This observation confirms the ability of LDH clays to reconstruct from their calcination products once
in contact with water. One of the key requirements for a practical adsorbent is its ability to be
regenerated; Figure 3d shows the particle morphology obtained following the recalcination of the
pollutant.

SEM images of the neat (a), calcined (b), spent (c) and recalcined clay(d).
Figure 3.Figure
SEM3.images
of the neat (a), calcined (b), spent (c) and recalcined clay(d).

3.2. Adsorption Results
3.2.1. Effect of Calcination Temperature
Figure 4 shows phenol adsorption efficiencies of the neat and calcined clay at various
temperatures. Both the neat and 250 °C-calcined clay attained phenol removals below 10%; this was
expected since the structure and composition of the two clays were virtually similar despite the
thermal treatment. Higher phenol adsorption efficiencies of 85% and 50% were observed for clay
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3.2.1. Effect of Calcination Temperature
Figure 4 shows phenol adsorption efficiencies of the neat and calcined clay at various temperatures.
Both the neat and 250 ◦ C-calcined clay attained phenol removals below 10%; this was expected since
the structure and composition of the two clays were virtually similar despite the thermal treatment.
Higher phenol adsorption efficiencies of 85% and 50% were observed for clay calcined at 500 and
1100 ◦ C, respectively. These higher phenol removal values were ascribed to the presence of the
amorphous periclase (MgO) phase. This accession is in line with results from other researchers who
found excellent organic pollutant removal rates using amorphous nanosized metal oxides such as
MgO, CaO, Al2 O3 and MnO2 as adsorbents [35–37]. The decrease in adsorption efficiency of ca. 37%
when calcination temperature was increased from 500 to 1100 ◦ C was postulated to be a result of an
increase in the crystallinity and spinel content of the calcination products. It should also be noted
that the higher adsorption observed for clays calcined at 500 ◦ C and above can also be due to phenol
being incorporated into the interlayer galleries of the LDH during reconstruction. Since the LDH
clay calcined at 500 ◦ C had the highest phenol removal, it was used as the primary adsorbent in all
subsequent
experiments.
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decreased dispersion efficiency leading to agglomerate formation and blocking of adsorption sites. It
is hypothesized that a similar phenomenon might have taken place in the current study, leading to
the marginal increase in phenol removal beyond 10 g/L loading.
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was
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less
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work. due
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Based
on
this
background,
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conditions
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It
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equilibrium pH after 24 h contact time did not reveal a marked difference from the initial pH. The
that
measurements
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h contact
time did
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of phenol of
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LDHpH
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pHaofmarked
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water and
from
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pH.
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removal
of
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with
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LDH
clay
was
therefore
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the proceeding adsorption equilibrium tests were conducted at this pH.
pH of polluted water and the proceeding adsorption equilibrium tests were conducted at this pH.
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In order to gain some insights into the nature of interaction between the calcined LDH clay and
In order to gain some insights into the nature of interaction between the calcined LDH clay and
the phenol solution, experimental adsorption data was fit to the widely used Langmuir and Freundlich
the phenol solution, experimental adsorption data was fit to the widely used Langmuir and
isotherm models [7]. These models are represented by the terms in Equations (3) and (4), respectively.
Freundlich isotherm models [7]. These models are represented by the terms in Equations (3) and (4),
respectively.
QL KL Ce
qe =
(3)
𝑄𝑄𝐿𝐿 𝐾𝐾𝐿𝐿K𝐶𝐶L𝑒𝑒 Ce
𝑞𝑞𝑒𝑒 =1 +
(3)
1+𝐾𝐾 𝐶𝐶
𝐿𝐿 𝑒𝑒
1
1n

qe = K f C
(4)(4)
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓 𝐶𝐶𝑒𝑒𝑛𝑛e
Where, QL (mg/L) and KL (L/mg) are Langmuir constants related to the loading energy and
Where, QL (mg/L) and KL1/n(L/mg) are Langmuir constants related to the loading energy and
adsorption, Kf (mg/g), (L/mg)
and n are Freundlich constants.
adsorption, Kf (mg/g), (L/mg)1/n and n are Freundlich constants.
The Langmuir isotherm was developed with an assumption that homogeneous adsorption
The Langmuir isotherm was developed with an assumption that homogeneous adsorption
occurs on the adsorbent with all sites possessing uniform energy [41]. According to Dada, Olalekan,
occurs on the adsorbent with all sites possessing uniform energy [41]. According to Dada, Olalekan,
Olatunya, et al. [42], the Langmuir isotherm is valid for monolayer adsorption onto a surface containing a
Olatunya, et al. [42], the Langmuir isotherm is valid for monolayer adsorption onto a surface
finite number of identical sites. The Freundlich adsorption isotherm is mostly applied to heterogeneous
containing a finite number of identical sites. The Freundlich adsorption isotherm is mostly applied
adsorption and chemisorption processes [43]. Sepehr, Al-Musawi, Ghahramani, et al. [44] described
to heterogeneous adsorption and chemisorption processes [43]. Sepehr, Al-Musawi, Ghahramani, et
the Freundlich equilibrium isotherm as an empirical equation used for the description of multilayer
al. [44] described the Freundlich equilibrium isotherm as an empirical equation used for the
adsorption with interaction between adsorbed molecules. Equilibrium concentrations obtained
description of multilayer adsorption with interaction between adsorbed molecules. Equilibrium
at various initial concentrations were used to plot the adsorption isotherm profiles; whereby the
concentrations obtained at various initial concentrations were used to plot the adsorption isotherm
equilibrium amount (qe , mg/g) was plotted as a function of the equilibrium concentration in the
profiles; whereby the equilibrium amount (qe, mg/g) was plotted as a function of the equilibrium
solution (Ce , mgL). The non-linear form of both models was used in order to avoid changing the error
concentration in the solution (Ce, mgL). The non-linear form of both models was used in order to
structure of the experimental data during the transformation of adsorption isotherms to their linearized
avoid changing the error structure of the experimental data during the transformation of adsorption
forms [45]. Figure 7 and Table 1 show the adsorption data and adsorption isotherms parameters,
isotherms to their linearized forms [45]. Figure 7 and Table 1 show the adsorption data and
respectively. The equilibrium data was found to fit the Freundlich model better as it gave a correlation
adsorption isotherms
parameters, respectively. The equilibrium data was found to fit the Freundlich
coefficient (R2 ) of 0.998 as compared to 0.969 for the Langmuir isotherm. This indicates that the phenol
model better as it gave a correlation coefficient (R2) of 0.998 as compared to 0.969 for the Langmuir
adsorption onto LDH clay is a heterogeneous process. The heterogeneity factor was determined to be
isotherm. This indicates that the phenol adsorption onto LDH clay is a heterogeneous process. The
above unity and less than 10 at 2.2, indicating a physical adsorption process. The maximum adsorption
heterogeneity factor was determined to be above unity and less than 10 at 2.2, indicating a physical
capacity was estimated to be 12 mg/g through the Langmuir isotherm.
adsorption process. The maximum adsorption capacity was estimated to be 12 mg/g through the
Langmuir isotherm.
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Adsorption Isotherm

Adsorption Isotherm
Parameter
Freundlich
Langmuir
Parameter
Freundlich
Langmuir
K
0.053
L
KL
0.053
QL
12.1
QL
12.1
KF
1.36
KF n
1.36
2.21
-2
n R
2.21
0.998
0.969
R2
0.998
0.969
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Figure 8 shows the XRD spectra of the neat and the calcined clay before and after adsorption
Figure 8residence
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XRD The
spectra
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neat and
the diffraction
calcined clay
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and2θ
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values
with
planes
of (003) and (006) and small diffraction peaks at higher 2θ values, which can be expected from LDH
ofclays
(003)[46].
and The
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which
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expected
from LDH
of diffraction
mixed-metal
oxides
from the
calcined
clay was
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through
their
◦
◦
◦
◦
clays
[46].
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of
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oxides
from
the
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through
their
respective diffraction peaks: MgO (2θ = 52 and 70 ) and MgAl2 O4 (2θ = 37 and 43 ). The diffraction
respective
diffraction
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MgO
(2θ(003)
= 52° shifted
and 70°)toand
4 (2θ = 37° and 43°). The diffraction
peaks after
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plane
theMgAl
lower2O2θ
values; this was attributed to an
peaks
after
adsorption
at
the
plane
(003)
shifted
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the
lower
2θ
values; this
was attributed
to an
increase in d-spacing due to adsorbed phenol. The d-spacing after adsorption
as determined
by Bragg’s
increase
d-spacing
to adsorbed
phenol. The
d-spacing
after
adsorption
as determined
by
law wasin
8.25
Å havingdue
increased
from a d-spacing
of 7.57
Å (for neat
clay).
It was further
observed that
Bragg’s
law
was
8.25
Å
having
increased
from
a
d-spacing
of
7.57
Å
(for
neat
clay).
It
was
further
the clay fully reconstructed after 12 h, however, phenol adsorption efficiency at that time was ca. 65%,
observed
thatinthe
clay 6.
fully
reconstructed
after
12h, however,
phenol
efficiency
that
as displayed
Figure
There
was no further
increase
in d-spacing
after adsorption
12 h even though
moreatphenol
time
was
ca.
65%,
as
displayed
in
Figure
6.
There
was
no
further
increase
in
d-spacing
after
12h
even
was removed from wastewater. This showed that no further intercalation occurred after 12 h. Therefore,
though
more
phenolthat
wasa dual
removed
from
wastewater.
This
that no further
it can be
concluded
process
mechanism
exists
forshowed
phenol adsorption
usingintercalation
calcined clay.
occurred
after
12h.
Therefore,
it
can
be
concluded
that
a
dual
process
mechanism
exists
forthereafter,
phenol
Both intercalation and adsorption occur in the early stages until the clay is fully reconstructed;
adsorption
using
calcined
clay.
Both
intercalation
and
adsorption
occur
in
the
early
stages
until
surface adsorption becomes the dominant process. Chen, H., Hu, Chen, M., et al. [23] reported the
that
clay
fully reconstructed;
thereafter, by
surface
adsorption
the Mg-Al-CO
dominant process.
Chen,
H.,
the is
degree
of phenolate adsorption
intercalation
intobecomes
a calcined
—LDH
was
about
3
Hu,
Chen,
et of
al.phenolate
[23] reported
the degree
phenolate
byphenol
intercalation
into
a
3.6%,
withM.,
most
ions that
adsorbed
on theofsurface.
Thisadsorption
showed that
removal
from
calcined
Mg-Al-CO
3—LDH was about 3.6%, with most of phenolate ions adsorbed on the surface.
aqueous solutions with LDH clay is achieved through a two-stage process mechanism. They concluded
This
that phenol
frombecause
aqueousthe
solutions
with LDH clay
is achieved
a twothatshowed
less phenolate
was removal
intercalated
bulky hydrophobic
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ring inthrough
phenolate
was
stage
process
mechanism.
They
concluded
that
less
phenolate
was
intercalated
because
the
bulky
unable to provide electrostatic interaction with the hydroxide layer, thereby showing weaker affinity
hydrophobic phenyl ring in phenolate was unable to provide electrostatic interaction with the
hydroxide layer, thereby showing weaker affinity for LDH clay. Figure 8 further shows the
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3.2.6. Adsorption Kinetics
3.2.6. Adsorption Kinetics
Modelling of the adsorption rate and the establishment of time dependence under various
Modelling of the adsorption rate and the establishment of time dependence under various
process conditions helps with practical applications of adsorption such as process design and control.
process conditions helps with practical applications of adsorption such as process design and control.
The kinetics of a process details how fast the rate of chemical reaction occurs and the factors affecting
The kinetics of a process details how fast the rate of chemical reaction occurs and the factors affecting
it. The two frequently used kinetics models for adsorption processes are the pseudo-first-order
it. The two frequently used kinetics models for adsorption processes are the pseudo-first-order and
and the pseudo-second-order models. The linearized equations for the pseudo-first-order and
the pseudo-second-order models. The linearized equations for the pseudo-first-order and pseudopseudo-second-order models shown by Equations (5) and (6), respectively. Chingombe, Saha and
second-order models shown by Equations (5) and (6), respectively. Chingombe, Saha and Wakeman
Wakeman [47] reported that sorption reactions can be represented by three mechanisms, namely:
[47] reported that sorption reactions can be represented by three mechanisms, namely: (1) film or
(1) film or surface diffusion where sorbate is transported from the bulk solution to the external surface
surface diffusion where sorbate is transported from the bulk solution to the external surface of the
of the sorbent; (2) intraparticle or diffusion, where sorbate molecules move into the interior of the
sorbent; (2) intraparticle or diffusion, where sorbate molecules move into the interior of the sorbent
sorbent particles and (3) sorption on the interior sites of the sorbent.
particles and (3) sorption on the interior sites of the sorbent.
k
log(q − q ) = log q − 1𝑘𝑘1t
(5)
(5)
log(𝑞𝑞𝑒𝑒 e− 𝑞𝑞t𝑡𝑡 ) = log 𝑞𝑞e 𝑒𝑒 −2.303 𝑡𝑡
2.303
 
11 = 11 11 + 1 1
(6)
=
(6)
2 � �+
𝑞𝑞qt 𝑘𝑘k2 q𝑞𝑞e 2 t 𝑡𝑡 qe𝑞𝑞
𝑡𝑡

2 𝑒𝑒

𝑒𝑒

−1
where
k2 (g/mg·h)
represent
the pseudo-first-order
and pseudo-second-order
rate constants
1 (h)-1and
) and
k2 (g/mg.h)
represent
the pseudo-first-order
and pseudo-second-order
rate
wherek1k(h
respectively;
qe (mg/g) andqeqt(mg/g)
(mg/g) represent
the amount
of phenol
at equilibrium
and time
constants respectively;
and qt (mg/g)
represent
the adsorbed
amount of
phenol adsorbed
at
tequilibrium
(h), respectively.
and time t (h), respectively.

In the present study, surface or film diffusion can be ignored since vigorous, turbulent mixing
was maintained throughout the experiments. Therefore, a two-stage adsorption mechanism as
detailed in Section 3.2.5 was proposed. Phenol adsorption kinetics fit the pseudo-second-order model
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Figure 9. Phenol adsorption kinetics ((a) represents kinetic data up to 12 h; (b) represents kinetic data
Figure 9. Phenol adsorption kinetics ((a) represents kinetic data up to 12h; (b)represents kinetic data
from 14 h to 24 h).
from 14 h to 24 h).

3.2.7. Clay Regeneration and Reusability
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4. Conclusions
4. Conclusions
Calcination of commercial Magnesium-Zinc-Aluminium Carbonate LDH clay at 500 ◦ C produced
Calcination of commercial Magnesium-Zinc-Aluminium Carbonate LDH clay at 500 °C
mixed metal oxides which served as good adsorbents for phenol as more than 85% phenol was adsorbed
produced mixed metal oxides which served as good adsorbents for phenol as more than 85% phenol
over 24 h. A clay loading of 10 g/L and neutral pH conditions were found to be the optimum conditions
was adsorbed over 24h. A clay loading of 10 g/L and neutral pH conditions were found to be the
for phenol removal from wastewater. A two-stage phenol removal mechanism was hypothesized
optimum conditions for phenol removal from wastewater. A two-stage phenol removal mechanism
and comprised of intercalation and surface adsorption during the first 12 h, followed by surface
was hypothesized and comprised of intercalation and surface adsorption during the first 12h,
adsorption up to 24 h. The reaction kinetics were best-described by the pseudo-second-order model
followed by surface adsorption up to 24h. The reaction kinetics were best-described by the pseudowhile the adsorption equilibrium data indicated a heterogeneous distribution of the adsorbate since
second-order model while the adsorption equilibrium data indicated a heterogeneous distribution of
the Freundlich isotherm model showed the highest regression coefficient values.
the adsorbate since the Freundlich isotherm model showed the highest regression coefficient values.
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