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Abstract
In this work, congo red (CR) was removed by applying carbonate intercalated Mg-Al-layered double hydroxide (Mg-
Al-LDH) nanocompound as an adsorbent. Batch adsorption experiments performed under various temperatures, ionic 
strengths, initial CR concentrations, alkalinities and shaking rates. The maximum adsorption capacities of Mg-Al-LDH 
for CR were 100, 105 and 86.8 mg g–1 at 308, 318 and 328 K, respectively. Adsorption sites of Mg-Al-LDH for CR were 
–OH groups attached to Al atoms of adsorbent layers. Adsorption isotherms of the process were studied by the ARIAN 
model and analysis of obtained data showed that there were two kinds of adsorption sites on the surface of Mg-Al-LDH. 
Results of instrumental analysis showed that these adsorption sites were –OH groups located on the surface of mesopores 
and micropores of adsorbent and were named MP and 003 sites, respectively. The kinetic data were studied by the KASRA 
model and ISO and intraparticle diffusion (pore-diffusion) equations which showed that CR molecules were adsorbed 
at first on the MP sites. Also, during the adsorption of CR on MP sites the interaction of CR with adsorbent surface was 
rate-controlling step. Furthermore, during CR adsorption on 003 sites, adsorption kinetics was diffusion-controlled.
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1. Introduction
Discharge of wastewater produced by industries is a 

main source of water pollution. These pollutants of the dis-
charged wastewater are harmful to environment and hu-
man and animal health. Dye substances are one detrimen-
tal group of these pollutant compounds.1 Large amounts 
of effluents containing dye compounds are generated by 
industries that produce paper,2 textiles,3 rubber,4 food,5 
cosmetics6 and leather.7 Various chemical, physical and bi-
ological methods are used to remove pollutants from 
wastewaters. Some of these methods are biological degra-
dation,8 coagulation/flocculation,9 membrane separa-
tion,10 chemical oxidation,11 ion exchange12 and adsorp-
tion.13 Among these methods, adsorption is a suitable 
candidate for dye removal due to its simplicity, high ad-
sorption capacity and non-toxicity.

Congo red (CR), the sodium salt of 3,3ʹ-([1,1ʹ-biphe-
nyl]-4,4ʹ-diyl)bis(4-aminonaphthalene-1-sulfonic acid), is 
a benzidine-based diazo anionic dye.14 CR is used as an 
acid-base indicator and for staining tissues in histology 
and microscopy.15 It is mainly used for dyeing cotton, 
hemp, silk and paper products.16 However, it is known to 
be carcinogenic.17 Moreover, due to its complex structure, 

it is very stable to biological degradation and remains in 
the environment for a long period of time.18

For removing CR from effluents, different types of 
adsorbents like activated carbon,19 shrimp shell powder,20 
mesoporous α-Fe2O3 nanorods,21 nano-Fe3O4,22 kaolin,23 
hydroxyapatite24 and biogas waste slurry25 have been used.

Layered double hydroxides (LDHs) or anionic clay 
or hydrotalcite-like compounds are natural or synthetic 
lamellar hydroxides. There are two types of metallic cati-
ons in their main layers and hydrated interlayer domains 
containing anionic species.26,27 The general formula of 
LDHs is [M2+

1−x,M3+
x(OH)2]x+(A)n−

x/n·mH2O, where the 
M2+ and M3+ cations occupy the octahedral holes in a bru-
cite-like layer surrounded by OH groups. The water and 
An− anions are in the interlayer spaces which An− anions 
balance the positive charge of M3+ cations in the layers.28,29 
LDHs are synthesized simply and have a high anion ex-
change capacity. The optical, thermal and mechanical 
properties of nanocomposites of LDH and polymers were 
improved compared to those of neat polymers.30,31 Also, 
LDHs are used as ion-exchange mineral,32 adsorbent,33 
catalysts34,35 and coatings to protect metallic alloys.36,37

In this work, the synthesized Mg-Al-LDH nanocom-
pound was characterized by different methods, like SEM, 
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BET, FTIR and XRD. The adsorption capacity of LDH for 
CR was measured under different experimental variables 
like CR concentration, pH, contact time, temperature, 
shaking rate and ionic strength. Adsorption mechanism of 
CR was studied by analysis of thermodynamics and kinet-
ics of this adsorption process using the ARIAN and KAS-
RA models respectively. These models made possible sur-
veying adsorption isotherms and kinetic curves.

2. Experimental
2. 1. Chemicals

Aluminum nitrate (Al(NO3)3·9H2O), magnesium 
nitrate (Mg(NO3)2·6H2O), sodium hydroxide, sodium 
carbonate, hydrochloric acid, sodium chloride and congo 
red were purchased from Merck. All chemicals were used 
without further purification.

2. 2. Synthesis of Mg-Al-LDH
Mg-Al-LDH was synthesized based on the published 

procedure.38 5.32 g of aluminum nitrate and 11.534 g of 
magnesium nitrate (Mg/Al molar ratio is 2/1) were dis-
solved in 60 ml of distilled water (Solution A). Similarly, 
4.8 g sodium hydroxide and 1.05 g sodium carbonate were 
dissolved by adding 60 ml of distilled water (Solution B). 
Then, the Solution B was added dropwise to Solution A 
while stirring at 300 rpm. The pH of mixture was moni-
tored by a pH meter. After adding Solution B to the Solu-
tion A the final pH of mixture was 10. Afterwards, the re-
sulting slurry was kept stirring at 300 rpm and the mouth 
of container was sealed by a single layer of Parafilm®. The 
container was subsequently heated at 60 °C in an oil bath 
for 24 h. Then distilled water was added to precipitate Mg-
Al-LDH. The LDH solid was separated from its superna-
tant by a centrifuge at 6000 rpm. This washing process was 
repeated 5 times and finally the participate was dried at 
room temperature.

2. 3. Characterization of Mg-Al-LDH
The crystal structure of synthesized carbonate inter-

calated Mg-Al-LDH was characterized by a Rigaku D-max 
C III, X-ray diffractometer (XRD) using Ni-filtered Cu-Kα 
radiation (λ = 1.5406 Å). As shown in Fig. 1(a), XRD pat-
tern of Mg-Al-DH showed a typical layered structure of 
Mg-Al-LDH (Mg6Al2(OH)16CO3·4H2O) with peaks at 
11.6° and 23.1° corresponding to (003) and (006) planes of 
the Mg-Al-LDH phase. The interlayer distances d003 and 
d006 were 0.76 and 0.38 nm respectively which were con-
sistent with published papers.36

This information showed that the Mg-Al-LDH na-
nocompound with carbonate anions in the interlayer had 
been synthesized successfully.39 The average size of Mg-
Al-LDH particles, estimated by Debye–Scherrer formu-

la,36 was about 65 nm. Also, XRD spectra of CR-adsorbed 
Mg-Al-LDH and Mg-Al-LDH modified with alkaline 
solutions, Figs. 1(b)-1(d), were similar to the XRD spec-
trum of pristine Mg-Al-LDH.39

IR spectra of Mg-Al-LDH were taken by a Nicolet IR 
100 (Thermo Scientific) FTIR spectrophotometer using 
KBr pellet technique, Fig. 2(a). The bands at 3532.9 and 
1643.1 cm−1 in the IR spectrum of pristine Mg-Al-LDH 
were assigned to the stretching vibration of interlayer –OH 
groups of Mg-Al-LDH nanocompound and water mole-

Figure 1. XRD spectra of (a) Mg-Al-LDH, (b) CR-adsorbed Mg-Al-
LDH, (c) Mg-Al-LDH modified with NaOH solution at pH = 10 
and (d) Mg-Al-LDH modified with NaOH solution at pH = 13.

Figure 2. IR spectra of (a) Mg-Al-LDH, (b) CR-adsorbed Mg-Al-
LDH, (c) Mg-Al-LDH modified with NaOH solution at pH = 10 
and (d) Mg-Al-LDH modified with NaOH solution at pH = 13.
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cules adsorbed on Mg-Al-LDH surface, respectively.39–41 
The peaks at 1380.8 and 617.1 cm−1 and the shoulder at 
2977.6 cm−1 were attributed correspondingly to the C–O 
stretching mode of carbonate group, Al–O stretching 
mode and stretching vibration of carbonate–H2O in the 
interlayer.36,42,43

Scanning electron micrographs of Mg-Al-LDH were 
taken using a MIRA3 TESCAN instrument at 15 keV. SEM 
photos indicated that the surface morphology of Mg-Al-
LDH nanocompound and its samples modified with 
NaOH solutions at pHs of 10, 13 and 14 were aggregation 
of Mg-Al-LDH particles with a sand rose morphology, 
Figs. 3(a)–3(d). It seemed that after neutralization reaction 
of –OH groups of Mg-Al-LDH nanocompound with 
NaOH at alkaline solutions, Figs. 3(b)–3(d), repulsion in-
teraction between resulted –O– groups of these particles 
made changes in the morphology of adsorbent.

EDS (Energy Dispersive X-Ray Spectroscopy) 
spectrum of the synthesized Mg-Al-LDH nanocom-
pound was prepared by a MIRA3 TESCAN instrument. 

The results showed that atomic percentages of magnesi-
um and aluminum on its surface were 18.88 and 6.62% 
respectively which validated the Mg-Al-LDH formation, 
Fig. 4.

Figure 4. EDS spectrum of Mg-Al-LDH nanocompound.

Figure 3. SEM images of (a) Mg-Al-LDH and Mg-Al-LDH modified with NaOH solutions at pHs of (b) 10, (c) 13 and (d) 14.
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Also, EDS spectra of the CR-adsorbed Mg-Al-LDH 
sample and Mg-Al-LDH modified with NaOH solutions at 
pHs of 10, 12 and 13 showed small differences with pure 
Mg-Al-LDH nanocompound, Figs. 4 and S1(a)-(c).

The nitrogen-based BET specific surface areas of 
Mg-Al-LDH and Mg-Al-LDH modified with a NaOH 
solution of pH = 13 for 3 hours and after adsorption of CR 
in a neutral solution were measured by a Pore Size Micro-
metrics-tristar 3020 equipment, Figs. S2(a)-(c). These iso-
therms were Type IV and were implied that Mg-Al-LDHs 
are porous materials. Nitrogen molecules were condensed 
in the tiny adsorbent capillary mesopores and micropores. 
The BET surface area, adsorption average pore diameter 
(by BET), pore volume and micropore volume were 112.83 
m2 g–1, 22.6 nm, 0.64 cm3 g–1 and 0.012 cm3 g–1 for Mg-Al-
LDH, 89.45 m2 g–1, 24.1 nm, 0.54 cm3 g–1 and 0.009 cm3 
g–1 for Mg-Al-LDH at pH = 13 and 101.75 m2 g–1, 22.4 nm, 
0.57 cm3 g–1 and 0.015 cm3 g–1 for CR-adsorbed Mg-Al-
LDH sample, respectively. Results showed that the most of 
pores were mesopore (with an average diameter of 23 nm) 
and a small part of them were micropore and also verified 
that CR molecules were adsorbed on the mesopore and in-
terlayer micropore sites and also the neutralization of in-
terlayer –OH groups decreased adsorbent surface area. 
The hysteresis loop of these three BET isotherms were H1 
which was ascribed to agglomerates or spherical particles 
in a cylindrical pore geometry, indicating relatively high 
pore size uniformity and facile pore connectivity.45

2. 4. Adsorption Studies
2. 4. 1. Adsorption Experiments

The adsorption experiments were carried out in a se-
ries of 10-ml glass bottles. 0.0025 g of adsorbent (Mg-Al-
LDH) was added to each bottle and then charged with 10 
ml of CR solution with a certain initial concentration. The 
bottles were shaken at 100 rpm in a temperature controlled 
shaking water bath (Fater electronic Co., Persian Gulf 
model) at 308, 318 and 328 K within ±0.1 K for 6 h to reach 
equilibrium. The initial concentration ranges of CR were 3 
× 10–6–10–4 M. After adsorption, the CR concentration in 
each bottle was determined by photometry (UV mini 
1240V, Shimadzu) at their λmax values in these solutions. 
The λmax value of CR in water was 489 nm. The CR adsorp-
tion capacity on the adsorbent, qe (mg g–1), was calculated 
as follows

		  (1)

where c0 and ce are the initial and equilibrium concentra-
tions of adsorbate in each solution (M) respectively, v is 
the volume of solution (ml), w is the weight of the used 
adsorbent (g) and M is the molecular weight of adsorbate 
(mg mole–1).

In adsorption kinetic experiments, 0.0025 g samples 
of Mg-Al-LDH were added to a series of bottles including 

10 ml of CR solutions with initial concentrations (10–5, 6 × 
10–5 or 9 × 10–5 M). The solutions were shaken at 30, 70 
and 100 rpm and at 308, 318 and 328 K. At determined 
contact times, the concentrations of CR in the solutions 
were measured by photometry at their λmax values. In this 
type of experiments, qe and ce in Eq. (1) were replaced by qt 
(adsorption capacity at time t) and ct (concentration of ad-
sorbate at time t), respectively.

2. 4. 2. �Adsorption Thermodynamic Isotherms 
and Models

The adsorption isotherms were studied by “adsorp-
tion isotherm regional analysis model” or abbreviated as the 
ARIAN model.46,47 It is good to say that ARIAN is a Per-
sian word meaning Iranian. This model has been intro-
duced for studying adsorption isotherms up to four re-
gions. In the ARIAN model, it is assumed that region I 
obeys the Henry’s law:

			   (2)

where K is the binding constant of adsorbate on the sur-
face and adsorption increases linearly with concentration. 
Region II starts from the starting second region concentra-
tion (abbreviated as ssc) point. In this region only mon-
olayer adsorption occurs and can be studied by an appro-
priate isotherm such as the Langmuir and Temkin 
equations and etc. The linearized form of the Langmuir 
equation48 is represented as

			   (3)

where qmax is the monolayer capacity of adsorbent and K is 
the Langmuir adsorption equilibrium constant. The Tem-
kin equation49 is given by

			   (4)

where c1 is a constant and c2 is adsorption equilibrium 
constant.

In region III, new surface aggregates of molecules (or 
admicelles) and new surface clusters (in the case of sur-
factants) form. The starting third region concentration (ab-
breviated as stc) point defines the beginning of this region. 
The bilayer isotherm, Eq. (5), and those derived from it, 
Eqs. (6) and (7) are used for analysis of data of this re-
gion.46 In region III, by assuming adsorption occurs most-
ly in the first and second layers, we have

		  (5)

where qmon and qe  are the monolayer and equilibrium ad-
sorption capacity, respectively. Ksa and x are the adsorp-
tion equilibrium constants of adsorbate molecules in the 
first layer surface aggregates and that of adsorbate mole-
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cules in all layers excluding the first layer, respectively. If 
adsorbate molecules are adsorbed mostly on the first lay-
er,46 Eq. (5) can be written as

			   (6)

which is used for surface low bilayer coverage (abbreviated 
as LBC isotherm) and if the adsorption process results in 
the formation of a monolayer,46 Eq. (5) is reduced to

			   (7)

where Eq. (7) is a Langmuir-type equation. The region IV 
starts where the adsorption capacity reaches the maxi-
mum, showing a plateau on the isotherm, or where the 
isotherm begins to go down. The second situation in re-
gion IV is called the reverse desorption and obeys from the 
reverse desorption equation.46 Depending upon the ad-
sorbate and adsorption sites characteristics, two or more 
sub-regions in each of regions II or III or IV may be ob-
served in an adsorption isotherm. Each of these sub-re-
gions are called a section and to discriminate between 
them, they are denoted using English capital letters and 
written as IIA, IIB etc.

Also, in some cases, due to some factors like repul-
sion interaction between adsorbate-adsorbed surface and 
free adsorbate molecules, adsorption process is stopped in 
a certain adsorbate concentration range.50 This adsorbate 
concentration range is called CRAC. CRAC is an abbrevi-
ation for “concentration range of leveling off between two 
successive adsorption isotherm curves”. Schematic adsorp-
tion isotherm of CR on Mg-Al-LDH according to the AR-
IAN model was shown in Fig. 5.

Figure 5. Typical adsorption isotherms of CR on Mg-Al-LDH na-
nocompound. Different regions according to the ARIAN model are 
shown in the diagram.

2. 4. 3. Adsorption Kinetic Equations and Models
The kinetic data were analyzed by several equations. 

The intraparticle diffusion equation51 is shown as:
		  (8)

Where kdif is the rate constant for intraparticle diffu-
sion and I is proportional to the boundary layer thickness.

Also, the KASRA model and KASRA equation47,52,53 
were used to analyze the adsorption kinetics. KASRA is an 
abbreviation for “kinetics of adsorption study in the regions 
with constant adsorption acceleration” and is a synonym of 
“king” in Persian. The KASRA model is based on the fol-
lowing assumptions: (1) each time range that adsorption 
acceleration in it is constant, is named a “region”, (2) there 
are two regions before reaching the plateau region, and (3) 
the boundaries between the first and second regions and 
the second and third (plateau) regions are named starting 
second region (abbreviated as ssr) point and kinetics of ad-
sorption termination (abbreviated as kat) point, respective-
ly. Both ssr and kat points are determined by the KASRA 
equation52 given as follows:

			   (9)

Where q0i, v0i and t0i are qt, velocity and time at the 
beginning of the ith region, respectively, ai is the accelera-
tion of adsorption kinetics in the ith region whereas i = 1–3. 
Each ai is a negative value because of the decrease in the 
adsorbate concentration during adsorption process. In the 
first region, t01 and q01 are equal to zero. The second region 
starts from ssr point which is assigned with the coordinates 
t02 and q02. Finally, plateau (third) region begins at the equi-
librium time, te and equilibrium adsorption capacity, qe 
which are coordinates of kat point. In this region, v03 = a3 = 
0, t03 = te and q03 = qe and Eq. (9) is simplified to qt = qe. Due 
to different features of the first and second regions, param-
eters obtained for these two regions such as rate constants 
are different from each other and the related equations for 
these regions come different pathways from the point qt = 0 
at t = 0.

In this work, to avoid confusion in relation to the re-
gions in isotherms and kinetic curves, kinetic regions are 
shown using numbers like region 1 and etc. A schematic 
adsorption kinetic curve of CR on Mg-Al-LDH according 
to the KASRA model was shown in Fig. 6.

Figure 6. Typical bi-curve adsorption kinetic diagram of CR ad-
sorption on Mg-Al-LDH. Different regions according to the KAS-
RA model are shown in the diagram.
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The ideal-second-order (or abbreviated as ISO) equa-
tion47,54 is shown as

		  (10)

where kI = kI
2qe [53] and kI

2 are the first- and second-order 
adsorption rate constants of the ISO equation in each re-
gion and are in M–1 mg g–1 min–1 and M–1 min–1, respec- 

tively and  where v is the vol- 

ume of solution (ml), w is the weight of the used adsor-
bent (g) and M is the molecular weight of adsorbate (mg 
mole–1). Some adsorbents have m different adsorption 
sites and adsorption occurs in sequence on their first, then 
second, . . . , (m–1)th and mth sites respectively. In these 
cases, there are m kinetic curves and in Eq. (10) qe and ce 
are used for mth site and for m – 1 other sites these sym-
bols are replaced with qt

i
,max  and ct,max,  where i = 1, ... m 

– 1. qt
i
,max and ct

i
,max are the maximum adsorption capacity 

of adsorbent and adsorbate concentration after absorption 
completion on the ith adsorption site, respectively. Thus, 
the ISO equation is used m times to analyze these m kinet-
ic curves. 50,54

As referred before, based on the KASRA model, 
there are two regions in adsorption kinetic curves before 
reaching the plateau which result from non-ideality in ad-
sorption. In the first one, completely ideal adsorption oc-
curs on the bare surface of adsorbent. The progressively 
changes occurred on the surface of adsorbent in region 1 
finally result in emerging another ideal region (region 2) in 
which adsorption carries out on a partly adsorbate-cov-
ered surface. Using the ISO equation shows that region 2 is 
composed of two another ideal parts that are named 2a 
and 2b. The first part of the second region, 2a, starts after 
ssr point and the second one, 2b, starts after starting second 
part (or abbreviated as sp) point and ends at the kat 
point.50,54

The ISO first-order rate constant of region 1 is shown 
with kI1 and those of the second region are shown with kI2a  
and kI2b. Also, the ISO second-order rate constant of re-
gion 1 is shown with kI

2
1 and those of the second region are 

shown with  kI
2
2a and kI

2
2b. As referred, in some adsorbents, 

there are two or more different adsorption sites which re-
sult in observing two or more successive adsorption kinet-
ic curves in adsorption kinetic diagram. In these cases, 
region 1, (completely ideal) is only observed in the first 
adsorption kinetic curve, Fig. 6.54

Sometimes, due to braking effect50 an interval is ob-
served between two successive adsorption kinetic curves 
or between regions 1 and 2 of the first adsorption curve. 
The “time range of interval between two successive adsorp-
tion kinetic curves” (abbreviated as TRAK) is used to com-
pare this effect in different cases.50 On the other hand, the 
initial concentration of adsorbate has an important role in 
appearing the TRAK in an adsorption kinetic curve. Thus, 

for comparing kinetic curves including TRAK(s) with to-
gether and other kinetic curves, their first-order rate con-
stants obtained from the ISO equation are used. Also in 
some cases, due to some factors like repulsion interaction 
between adsorbent surface and adsorbate, it takes time for 
adsorption process to occur and then region 1 starts with 
time delay. In this work, this time period is named TD 
which is an abbreviation for “Time Delay”. If adsorption 
results in a TRAK, qt,max and ct,max are replaced by qT

n and 
cT

n, respectively. qT
n and cT

n are adsorption capacity of ad-
sorbent and adsorbate concentration at the beginning of 
the TRAK between nth and (n + 1)th kinetic curves, re-
spectively. In these cases, kI = kI

2qT
n and subscript T is an 

abbreviation for TRAK.53

3. Results and Discussion
3. 1. �Thermodynamics of Adsorption of CR 

on Mg-Al-LDH in Neutral Aqueous 
Solutions

Using adsorption experimental isotherms and mod-
els is a very important tool to elucidate the mechanism of 
an adsorption process. In this study, Mg-Al-LDH nano-
compound was used as the adsorbent for CR molecules. 
Analysis of results by the ARIAN model showed that iso-
therms of this process composed of regions I and II and 
finally reached to region IV (plateau), Figs. 5 and 7 and 
Tables 1–3. Here, region II was formed from two sections 
that based on the nomenclature used in the ARIAN model 
were shown as sections IIA and IIB.

Figure 7. qe vs. ce for adsorption of CR on Mg-Al-LDH nanocom-
pound from neutral aqueous solutions at 308–328 K and from alka-
line and 0.1 M NaCl solutions at 318 K.

As shown in Fig. 8, hydrogen atoms of –OH groups 
attached to Al atoms of LDH layers were the adsorption 
sites for negatively charged oxygen atoms of sulfonate 
groups and delocalized electrons of CR molecules.

As seen in Fig. 1(a), XRD spectra of Mg-Al-LDH, 
peak at 11.6° corresponding to the basal spacing distances 
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d003 was equal to 0.76 nm and classified as micropore. Fur-
thermore, comparison of data of nitrogen-based BET spe-
cific surface area tests for average pore diameter for Mg-Al-
LDH and CR-adsorbed Mg-Al-LDH showed that CR 
molecules adsorbed on the mesopores didn’t occupy the 
pore apertures. On the other hand, the width and length of 
CR molecule were 0.7 and 2.5 nm, respectively and thus 
were less than interlayer distance of (003) indexed bru-
cite-like planes. Therefore, the two kinds of adsorption sites 
involved in the adsorption process were –OH groups placed 
in the micropores between (003) planes with 0.76 nm inter-
layer distance and –OH groups located in the mesopores. 
The former adsorption site was denoted as 003 and the latter 
one defined as mesopore (abbreviated as MP) adsorption 
sites. Based on the size of pores, CR molecules at first inter-
acted with MP sites and then by penetration into the inter-
layer galleries of 003 layers interacted with 003 sites.

Data obtained from analysis of adsorption isotherms 
at different temperatures were shown in Tables 1–3. To cal-
culate the thermodynamic parameters of region I, section 
IIA and section IIB the binding constants obtained from 
the Henry, Temkin and Temkin isotherms were used, re-
spectively.

As seen in Table 1, the adsorption binding constants 
of CR to the most active MP adsorption sites in region I at 
different temperatureswere comparable and the process 
was slightly endothermic and ΔH and ΔS values of the 
process in this region were 9.3 kJ mol–1 and –70.4 J mol–1 
K–1, respectively. But, the adsorption of CR on less active 
MP sites in section IIA was exothermic and ΔH and ΔS 
values of the process in this region were –32.4 kJ mol–1 and 
14.2 J mol–1 K–1, respectively, Table 2.

In region I, CR molecules were adsorbed on the bare 
surface of adsorbent. In section IIA, CR molecules were 
adsorbed on adsorption sites nearby adsorbed CR mole-
cules and due to spatial hindrance and negative charge of 
formerly adsorbed CR molecules adsorption in section IIA 
was exothermic.

On the other hand, adsorption binding constants to 
003 site in section IIB at different temperatures were small-
er than those in section IIA and the process was endother-
mic and ΔH and ΔS values of the process in this region 
were 50.8 kJ mol–1 and 262.9 J mol–1 K–1, respectively, Ta-
ble 3.

Direction of adsorbed CR molecules in 003 sites de-
pended on the distance between Mg-Al-LDH layers.41 It 

Figure 8. (a) Schematic representation of (A) MP and (B) 003 adsorption sites of Mg-Al-LDH and (b) CR molecule structure.

a) b)

Table 1. Parameters obtained from the Henry’s law an sscA and qsscA values for adsorption of 
CR on Mg-Al-LDH nanocompound in water and 0.1 M NaCl solutions in region I (on MP 
site) at 308–328 K.

Solvent	 T		  Henry’s law		  sscA	 qsscA
	 (K)	 A	 K	 R2	 (mM)	 (mg g–1)

Water	 308	 0.66	 5.48 × 106	 0.99	 3.51 × 10−3	 19.7
	 318	 1.00	 6.66 × 106	 0.98	 3.18 × 10−3	 21.6
	 328	 1.22	 6.82 × 106	 0.99	 4.30 × 10−3	 29.8
0.1 M NaCl	 318	 0.19	 1.65 × 108	 0.99	 9.99 × 10−5	 16.4
pH = 10	 318	 0.15	 1.79 × 107	 0.98	 4.07 × 10−4	   7.2
pH = 11	 318	 0.09	 6.99 × 106	 0.98	 8.61 × 10−4	   6.0
pH = 12	 318	  –0.09	 9.89 × 106	 0.99	 6.47 × 10−4	   6.6
pH = 13	 318	  0.20	 2.78 × 106	 0.99	 2.51 × 10−3	   6.9 
 

Dimensions of A and K are in mg g–1 and mg g–1 M–1, respectively. Henry’s law for experi-
mental data is as qe = Kce + A



450 Acta Chim. Slov. 2019, 66, 443–454

Beyranvand et al.:   Adsorption Mechanism of Congo Red on Mg–Al-layered   ...

was clear that CR molecules orientation in section IIB was 
parallel to 003 layers, Fig. 8, and due to the negatively 
charged adsorbent surface, the adsorption interaction was 
weaker than that in section IIA. Also, it was seen from IR 
spectra in Figs. 2(a) and 2(b) that due to the interaction of 
CR molecule with adsorbent, peaks of –OH group and 
Al–O stretching mode of Mg-Al-LDH at 3532.9 and 617.1 
cm–1 shifted to 3509.8 and 647.9 cm–1 at CR-adsorbed Mg-
Al-LDH. Here, the interaction of CR molecule with –OH 
group of adsorbent decreased its wavenumber and by 
shifting electron density of O–H bond toward the oxygen 
atom increased wavenumber of Al–O stretching mode. 
Besides, as seen from Table S1, a large decrease in the rela- 

tive magnitude of section IIB ( ) resulted in  

a disorder change of experimental maximum adsorption 
capacity (qe,max) with an increase in temperature, Table 3.

3. 2. �Effects of pH and Ionic Strength on the 
Adsorption of CR on Mg-Al-LDH
As shown in Tables 1–3, the increase in ionic strength 

in alkaline and 0.1 M NaCl solutions had different effects 
on the adsorption capacity of adsorbent and adsorption 

binding constants of adsorbate with MP (in region I and 
section IIA) and 003 (in section IIB) adsorption sites. The 
ionic atmosphere of Na+ ions surrounded interlayer car-
bonate ions of Mg-Al-LDH55 and CR molecules. The 
shielding effect of Na+ ions decreased the repulsion inter-
action between CR molecules and Mg-Al-LDH surface 
and consequently increased the adsorption binding con-
stant values in region I and section IIA compared to those 
values in water at 318 K. But, the increase in pH of solu-
tions and neutralization of more –OH groups of adsorbent 
increased its negative charge and finally resulted in a de-
crease in adsorption binding constant of the process at pH 
= 13 compared to that of neutral water at 318 K. Also, ad-
sorption of CR molecules on the Mg-Al-LDH surface in-
creased negative charge of adsorbent surface and finally 
decreased adsorption binding constant of CR on Mg-Al-
LDH from region I to section IIB, Tables 1–3.

On the other hand, the adsorption capacity of Mg-
Al-LDH for CR molecules in region I, section IIA and sec-
tion IIB and thus qe,max decreased with increase in pH of 
solution compared to those in water, Tables 1–3.

As reported,55 the point of zero charge (pzc) of Mg-
Al-LDH, i.e. the pH at which the surface charge is neutral, 
was at pH = 10 and the zeta potential of Mg-Al-LDH de-
creases with increase in pHs. Due to interaction of OH– ions 

Table 2. Parameters obtained from the Temkin and Langmuir equations and sscB and qsscB values for adsorption of CR on Mg-Al-LDH nano-
compound in water, 0.1 M NaCl and alkaline solutions in section IIA (on MP site) at 308–328 K.

Solvent	 T		  Temkin			   Langmuir		  sscB	 qsscB
	 (K)	 c1

	
c2	 R2	 qmon 	 K	 R2	 (mM)	 (mg g–1)

Water	 308	 11.3	 1.86 × 106	 0.96	   56.0	 1.64 × 105	 0.98	 1.79 × 10−2	 38.3
	 318	 19.4	 1.00 × 106	 0.99	 100.0	 9.17 × 104	 0.98	 1.40 × 10−2	 50.8
	 328	 24.0	 8.64 × 105	 0.96	 111.1	 9.05 × 104	 0.97	 1.22 × 10−2	 60.9
0.1 M NaCl 	 318	   4.9	 3.27 × 108	 0.98	   34.6	 8.92 × 106	 0.99	 2.50 × 10−3	 37.2
pH = 10	 318	  5.6	 8.83 × 106	 0.98	   25.9	 9.37 × 105	 0.99	 1.08 × 10−2	 25.5
pH = 11	 318	   7.0	 2.64 × 106	 0.99	   32.8	 2.58 × 105	 0.99	 2.43 × 10−2	 29.8
pH = 12	 318	   7.0	 4.06 × 106	 0.98	   34.5	 3.71 × 105	 0.97	 1.07 × 10−2	 25.8
pH = 13	 318	 13.4	 7.19 × 105	 0.99	 450.5	 6.55 × 103	 0.97	 2.23 × 10−2	 36.3

Dimension of qmon and c1 is in mg g–1. Dimension of c2 and K is in M–1.

Table 3. Parameters obtained from the Temkin and Langmuir equations and cmax and qe,max values for adsorption of CR on Mg-Al-LDH nano-
compound in section IIB (on 003 site) in water, 0.1 M NaCl and alkaline solutions at 308–328 K.

Solvent	 T		  Temkin			   Langmuir		  cmax	 qe,max
	 (K)	 c1	 c2	 R2	 qmon	 K	 R2	 (mM)	 (mg g–1)

Water	 308	 47.8	 1.27 × 105	 0.98	 307.0	 8.36 × 103	 0.97	 6.79 × 10−2	 100.0
	 318	 37.6	 2.77 × 105	 0.99	 153.0	 3.60 × 104	 0.99	 5.66 × 10−2	 105.0
	 328	 29.7	 4.24 × 105	 0.97	 121.8	 5.47 × 104	 0.96	 5.27 × 10−2	  86.8
0.1 M NaCl	 318	 36.3	 4.18 × 105	 0.99	 158.0	 4.76 × 104	 0.99	 5.84 × 10−2	 116.0
pH = 10	 318	 34.0	 2.00 × 105	 0.99	 200.0	 1.49 × 104	 0.97	 6.07 × 10−2	  81.6
pH = 11	 318	 27.3	 1.23 × 105	 0.99	 120.5	 1.37 × 104	 0.99	 8.71 × 10−2	  63.8
pH = 12	 318	 17.4	 4.07 × 105	 0.98	  75.2	 4.80 × 104	 0.97	 7.83 × 10−2	  60.4
pH = 13	 318	 19.2	 2.67 × 105	 0.97	 76.9	 3.76 × 104	 0.98	 5.17 × 10−2	  51.1 

Dimension of qmon and c1 is in mg g–1. Dimension of c2 and K is in M–1.
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with a number of interlayer –OH groups of Mg-Al-LDH, 
Figs. 2(a), (c) and (d), –OH and the waveumbers of Al–O 
stretching modes of Mg-Al-LDH at 3532.9 and 617.1 cm–1 
shifted to 3502.1 and 655.7 cm–1 in Mg-Al-LDH at pH = 10 
solution and to 3478.9 and 655.7 cm–1 in Mg-Al-LDH at pH 
= 13 solution. It implied that in alkaline solution interaction 
of OH− ions with hydrogen atom of –OH groups of adsor-
bent surface decreased –OH wavenumber and by shifting 
electron density of O–H bond to its O atom caused an in-
crease in wavenumber of Al–O vibration stretching mode.

These evidence showed that an increase in pH value 
neutralized more –OH groups of adsorbent. In addition, 
there was a competition of OH– ions with CR molecules 
for interaction with adsorption sites which increased the 
repulsion interaction between Mg-Al-LDH surface and 
CR molecules and resulted in a decrease in the adsorption 
capacity of adsorbent.

By comparison of results of measurement of the ni-
trogen-based BET specific surface areas of Mg-Al-LDH 
and its sample after being in a solution at pH = 13, it seems 
that the hydrogen bonding between –OH and –O– groups 
of adsorbent caused its structure shrinkage. As it is clear 
from Tables 1–3, a decrease in BET surface area and pore 
volume of Mg-Al-LDH in alkaline solutions could also re-
sult in a decrease in the adsorption capacity of adsorbent 
for CR molecules in alkaline solutions and also the ran-
dom change in their adsorption binding constants, Tables 
1–3. Because of dissolution of adsorbent and precipitation 
of congo red in acidic solutions, experiments didn’t carry 
out in acidic pHs.

3. 3. �Adsorption Kinetic Equations and 
Modeling
The adsorption kinetic experiments were carried out 

in CR initial concentrations of 0.01, 0.06 and 0.09 mM, 
shaking rates of 30, 70 and 100 rpm, 0.1 M NaCl and alka-

line (pHs of 10, 12 and 13) solutions at 308, 318 and 328 K. 
The adsorption of 0.01 mM CR initial concentration was 
in region II (section IIA) of the ARIAN thermodynamic 
model and included just MP adsorption sites. However, 
the adsorption of 0.06 and 0.09 mM CR initial concentra-
tion were in the region II (section IIB) of this model and 
included both MP and 003 sites. The results were analyzed 
by the KASRA model and ISO and intraparticle diffusion 

Table 4. TDs and TRAKs for adsorption of CR on Mg-Al-LDH nanocompound in water, 0.1 M NaCl and alka-
line solutions at 308–328 K.

Solvent	 T	 [CR]0	 rpm	 TD	 TRAKC1–C2	 TRAKC2–C3	 te	 qe
	 (K)	 (mM)		  (min)	 (min)	 (min)	 (min)	 (mg g–1)

Water	 318	 0.01	 100	 –	 –	 –	 150	 13.9
	 308	 0.06	 100	 –	 3–20	 –	 180	 48.0
	 318	 0.06	 100	 –	 3–20	 –	 150	 49.2
	 318	 0.09	 100	 –	 2–5	 –	 150	 74.2
	 318	 0.06	   70	 –	 3–5	 –	 180	 57.0
	 318	 0.06	   30	 0–0.5	 2–5	 –	 180	 54.4
	 328	 0.06	 100	 –	 2–3	 –	   30	 54.3
0.1M NaCl 	 318	 0.06	 100	 –	 1–3	 90–120	 210	 60.1
pH = 10	 318	 0.06	 100	 –	 0.75–5	 30–50	 180	 41.5
pH = 12	 318	 0.06	 100	 0–2	 10–40	 –	 120	 30.0
pH = 13	 318	 0.06	 100	 0–5	 20–50	 –	 240	 26.0

TRAKC1–C2 and TRAKC2–C3 are the observed TRAKs between the first and second kinetic curves and between the 
second and third kinetic curves, respectively. te and qe are the time and adsorption capacity of starting plateau 
and reaching equilibrium.

Figure 9. qt vs. ct for adsorption of CR on Mg-Al-LDH nanocom-
pound (a) from CR solutions at different temperatures, shaking 
rates and initial concentrations and (b) from 0.06 mM CR in water, 
0.1 M NaCl and alkaline solutions at 318 K and 100 rpm.
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equations, Figs. 9(a) and (b), Tables 4 and 5 and S2-S4. As 
shown in Table 4, there was a TD at the beginning of ad-
sorption in 0.06 mM of CR at 30 rpm and 0.06 mM of CR 
at 100 rpm and pHs of 12 and 13. The observed TD at 30 
rpm was due to the low rate of CR diffusion to the surface 
of adsorbent and the TDs at pHs of 12 and 13 were due to 
negatively-charged surface of adsorbent which was gener-
ated by the neutralization of a number of –OH groups of 
adsorbent.

In this study, TRAKC1–C2 showed the time delay 
range between adsorption on MP and 003 sites and 
TRAKC2–C3 identified the time delay range between two 
steps of adsorption on 003 sites. These TRAKs happened 
because of repulsion interaction between negatively 
charged CR-adsorbed Mg-Al-LDH with CR molecules in 
the solution.

The adsorption of 0.01 mM of CR initial concentration 
was in section IIA (based on the ARIAN thermodynamic 
model) and CR molecules were adsorbed on MP site. The 
analysis of kinetic data of 0.01 mM of CR initial concentra-
tion by the KASRA model showed that it was placed in re-
gions 1 and 2 of its kinetic curves. But, the adsorptions using 
the initial concentrations of 0.06 and 0.09 mM CR were in 
section IIB (based on the ARIAN thermodynamic model) 
and CR molecules were adsorbed on MP (in region I and 
section IIA) and 003 sites (in section IIB). The kinetic study 
of both concentrations (0.06 and 0.09 mM) by the KASRA 
model showed that they were in region1 (adsorbed on MP 
sites) and region 2 (adsorbed on 003 sites), Tables 5 and S2. 
An increase in ionic strength in 0.1 M of NaCl and pH = 10 
resulted in observing the third kinetic curves in these cases.

Also the analysis of adsorption results of CR on MP 
sites of Mg-Al-LDH by the KASRA model and intraparti-
cle diffusion equation showed that adsorption accelera-
tion, velocity and kdif increased with the increase of exper-
imental variables, such as initial concentration of CR, 
shaking rate, ionic strength and temperature. An opposite 
trend was observed to those kinetic parameters, when pH 
of solution was increased. This confirmed that adsorption 
kinetics on MP site was reaction-controlled, Tables 5 and 
S3. But, the adsorption acceleration and the velocity of ad-
sorption of CR on 003 sites were approximately constant 
with increase in above-mentioned factors. The results ver-
ified that the adsorption kinetics was diffusion-controlled, 
Tables S2 and 5. As the CR concentration in the solution 
dropped during the course of adsorption, the adsorption 
acceleration, velocity and kdif values decreased from region 
1 to region 2, Tables S2, S3 and 5.

As seen in Table 5, in 0.1 M NaCl and pH of 10 solu-
tions, adsorption was continued after the second TRAK 
and formed the third kinetic curves. This occurred be-
cause Na+ ionic atmosphere surrounding adsorbent sur-
face and CR molecules decreased the repulsion interaction 
between them. As shown in Table 5, kdif values of these two 
processes were similar to kdif values of other adsorption 
processes in the second kinetic curves. Thus, in the third 
kinetic curve, the adsorption kinetics of CR molecules to-
wards 003 sites was diffusion-controlled.

On the other hand, a detailed study of kinetic data by 
the ISO equation showed that kI1  values for the adsorption 
of CR on MP sites (similar to trend of changes in the ad-
sorption acceleration, velocity and kdif parameters) in-

Table 5. Adsorption acceleration values, intraparticle diffusion constants and ISO rate constants for kinetics of CR adsorption on Mg-Al-LDH na-
nocompound at different temperatures and in various shaking rates and initial CR concentrations.

Solvent	 T	 [CR]0	 rpm		 KASRA region 1 			  KASRA region 2 (1st curve)
	 (K)	 (mM)			   (1st curve)			 

				    a1	 kdif	 kI1	 a2	 kdif	 kI2a	 kI2b	 a3	 kdif	 kI2b

Corresponding to thermodynamic	 ARIAN region I (MP Site)	 ARIAN section IIA (MP Site)
Water	 318	 0.01	 100	 –0.45	 1.85	 6.34 × 104	 –0.001	 1.0	 3.05 × 104	 6.81 × 104	 –	 –	 –

Corresponding			      KASRA region 1 (1st curve)	 KASRA region 2 (2nd curve)	 KASRA region 2 (3rd curve)
to thermodynamic	 ARIAN region I and section II A	 ARIAN section IIB (003 Site)	 ARIAN section IIB
	 (MP Site)		  (003 Site)

Water	 308	 0.06	 100	 –3.54	 4.36	 1.75 × 105	 –0.002	 4.2	 1.57 × 104	 2.35 × 104	 –	 –	 –
	 318	 0.06	 100	 –5.70	 15.5	 5.01 × 105	 –0.002	 2.8	 2.00 × 104	 4.76 × 104	 –	 –	 – 
	 318	 0.09	 100	 –20.40	 21.7	 1.22 × 106	 –0.003	 4.5	 1.64 × 104	 5.97 × 104	 –	 –	 –
	 318	 0.06	 70	 –3.52	 11.4	 3.18 × 105	 –0.002	 3.3	 1.64 × 104	 3.72 × 104	 –	 –	 –
	 318*	 0.06	 30	 –1.52	 20.9	 2.15 × 105	 –0.002	 3.8	 1.13 × 104	 3.69 × 104	 –	 –	 –
	 328	 0.06	 100	 –14.66	 25.9	 7.37 × 105	  –0.05	 4.5	 1.13 × 105	 6.33 × 105	 –	 –	 –
0.1M NaCl 	 318	 0.06	 100	 –11.69	 8.6	 3.65 × 105	 –0.008	 4.3	 2.72 × 104	 –	 –5.4 × 10–4	 4.9	 2.93 × 104

pH = 10	 318	 0.06	 100	 –29.94	 7.5	 5.26 × 105	 –0.034	 2.8	 5.33 × 104	 –	 –0.004	  4.7	 2.16 × 104

pH = 12*	 318	 0.06	 100	 –0.25	 8.0	 5.67 × 104	 –0.002	 3.2	 4.90 × 103	 1.59 × 104	 –	 –	 –
pH = 13*	 318	 0.06	 100	 –0.06	 2.8	 1.77 × 104	  –3.0 × 10–4	 2.3	 5.22 × 103	 2.51 × 104	 –	 –	 –

Units of a1, a2 and a3 are in mg g–1 min–2. Unit of kdif is in mg g–1 min–0.5. Units of kI1 , kI2a and kI2b are in mg g–1 M–1 min–1. Except for 0.01 mM of 
CR, there is a TRAK between each two successive kinetic curves (Table 4). *There is a TD (time delay) before the first curve (Table 4).
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creased with increase in initial concentration of CR, shak-
ing rate, ionic strength and temperature and decreased 
with the increase in solution’s pH values, Tables S4 and 5. 
An increase in pH increased the negative charge of adsor-
bent surface and thus increased the repulsion interaction 
between CR molecules and adsorbent. This consequently 
decreased kinetic parameters values.

Results showed that kinetics of adsorption of CR on 
MP site was reaction-controlled51 and its Eact by using kI1 
values at 308-328 K was 60.7 kJ mol–1.

For the adsorption of CR on 003 sites, kI2a values (in 
part 2a), except at 328 K and pHs of 12 and 13, were similar 
to each other and kI2a values in the range of 308–328 K did 
not obey the Arrhenius equation. This showed that in part 
2a the diffusion of CR molecules towards adsorbent sur-
face was rate-controlling step, Table 5, which was similar 
with the adsorption of CR on GO/PAMAM.49 A decrease 
in kI2a values with the increase in pH was due to an in-
crease in the repulsion interaction between the adsorbent 
surface and adsorbed CR molecules. Also, kI2b values did 
not obey from Arrhenius equation which showed that in 
part 2b (like part 2a) kinetics of CR adsorption was diffu-
sion-controlled,49 Table 5.

4. Conclusions
Adsorption of congo red (CR) on Mg-Al-LDH was 

carried out under different CR initial concentrations, alka-
line pHs, temperatures, ionic strengths and shaking rates. 
Based on adsorbent structure and IR spectra it was clear 
that adsorption site of adsorbent were –OH groups at-
tached to Al atoms of adsorbent layers. Analysis of adsorp-
tion isotherms by the ARIAN model showed that there 
were two types of adsorption sites on the adsorbent. These 
adsorption sites were –OH groups attached to Al atoms 
located in the surface of mesopores (named as MP sites) 
and micropores located in interlayer galleries between 
(003) layers (named as 003 sites) of adsorbent. Based on 
the ARIAN model, MP sites were in region I and section 
IIA and 003 sites were in section IIB. Adsorption in region 
I and sections IIA and IIB were endothermic, exothermic 
and endothermic, respectively. Kinetic data were analyzed 
by the KASRA model and ISO and intraparticle diffusion 
equations. It was verified that CR adsorption at first oc-
curred on MP sites and its adsorption kinetics was reac-
tion-controlled. Then, CR was adsorbed on 003 sites and 
the kinetics of adsorption on them was diffusion-con-
trolled.
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Povzetek
V delu je opisana uporaba plastovitih Mg-Al- dvojnih hidroksidov (Mg-Al-LDH) z interkaliranim karbonatom kot ad-
sorbentom za odstranjevanje kongo rdečega (CR). Šaržni adsorpcijski eksperimenti so bili izvedeni pri različnih tem-
peraturah, ionski moči, začetnih koncentracijah CR, alkalnosti in stresanju. Maksimalne adsorpcijske kapacitete Mg-Al-
LDH za CR so znašale 100 mg g–1 pri temperaturi 308 K, 105 pri 310 K in 86.6 pri 328 K. Adsorpcijska mesta na katere 
se je CR vezal so bile –OH skupine vezane na Al atome. Adsorpcijske izoterme so bile analizirane z modelom ARIAN. 
Izkazalo se je, da obstaja dva tipa adsorpcijskih mest na površini Mg-Al-LDH. Rezultati instrumentalne analize so poka-
zali, da gre v obeh primerih za –OH skupine, enkrat prisotne v mezoporah, poimenovane MP, in enkrat v mikroporah, 
poimenovane 003. Rezultati kinetičnih meritev so bili analizirani z modelom KASRA, ISO ter enačbami, ki opisujejo di-
fuzijo v porah. Analiza je pokazala, da se CR molekule najprej vežejo na MP mesta, kjer predstavlja interakcija s površino 
limitni korak. Po drugi strani pa se je izkazalo, da je adsorpcija na 003 mesta difuzijsko omejena.
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