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a b s t r a c t
Adsorption method is one of the most important methods for the treatment of organic dye 
wastewater. Since the actual industrial wastewater generally contains multiple organic dyes, it 
is necessary to develop adsorbents that can remove multiple organic dyes simultaneously and 
efficiently. Some modified kaolin materials have the potential as adsorbents for the removal of 
numerous pollutants. In view of this, we prepared the aqueous solution containing methylene 
blue, rhodamine B and orange II and developed two modified kaolin materials called Fe-kaolin 
and kaolin, respectively. Then we studied the adsorption properties of the two materials in the 
solution containing three organic dyes. The results showed that among three organic dyes, both 
Fe-kaolin and kaolin had the largest adsorption capacity for methylene blue, followed by orange 
II, and finally rhodamine B. In addition, the quality of adsorbents, time, the concentration of Cl–, 
pH and temperature had great impact on the adsorption effect of organic dyes on these two mate-
rials. Among these factors, the quality of adsorbents had the greatest influence on the adsorption. 
Therefore, the regeneration or the best adsorption effect of the two modified kaolin materials on 
multiple organic dyes can be realized by adjusting these factors. For example, the activation and 
regeneration of adsorbents was achieved by adjusting pH. This technology had the advantages 
of simple operation and low cost. Furthermore, the mechanism of the three organic dyes by the 
modified kaolin materials was studied. The results showed the adsorption of these three organic 
dyes by the modified kaolin materials was a chemical adsorption process and an endothermic 
adsorption process. The adsorption of methylene blue by the two modified kaolin materials was 
monolayer adsorption. But it was difficult to judge whether the other two organic dyes adsorbed 
by the two modified kaolin materials was monolayer adsorption or multilayer adsorption. Last 
but not least, the adsorption of methylene blue by these two modified kaolin materials can usually 
proceed spontaneously while the adsorption of the other two organic dyes by these two modified 
kaolin materials usually cannot proceed spontaneously. In short, these two modified kaolin mate-
rials had the potential in the treatment of wastewater containing multiple organic dyes. This work 
has certain significance for the recycling applications of kaolin tailings and the development of 
novel modified kaolin materials that can remove multiple organic dyes in wastewater efficiently.
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1. Introduction

Organic dyes have been widely used in numerous 
fields. There have been many kinds of organic dyes with 
complex components. For example, methylene blue, a phe-
nothiazine salt, is relatively stable in air. Its aqueous solu-
tion is alkaline and toxic [1]. Methylene blue, a cationic dye 
[2], has been widely used in chemical indicators, dyes, bio-
logical stains and drugs [3,4]. Besides, rhodamine B, a cat-
ionic dye with a bright pink color [5], can be used as a kind 
of cell fluorescent staining agent in laboratories. Nowadays 
rhodamine B has been widely used in industries such as 
colored glass and special fireworks [6–8]. Orange II, an 
orange acicular crystal or powder with irritation, is an 
anionic dye [9] that can be used as acid-base indicator and 
biological stains. Nowadays orange II has been used in the 
extraction and photometric determination of cationic sur-
factants [10,11]. However, many organic dyes have their 
own toxic effects. For instance, high-concentration meth-
ylene blue solution can oxidize hemoglobin and make 
hemoglobin produce methemoglobin, which causes nau-
sea, abdominal pain, precordial pain, dizziness, headache, 
sweating, and unconsciousness [12]. Rhodamine B may 
retard the growth of rats, reduce their reproductive capac-
ity, and reduce the resistance of rats, resulting in decreased 
longevity of rats [13]. Orange II is a highly toxic anionic 
organic dye. High-concentration orange II solution can 
cause adverse reactions such as nausea, abdominal pain, 
precordial pain, dizziness, headache, sweating and uncon-
sciousness [14]. With the rapid development of the chem-
ical industry, the discharge of organic dye wastewater is 
also increasing in recent years. Most organic dyes in waste-
water are difficult to degrade in natural environment [15]. 
In addition, the salt content and organic dye concentration 
in wastewater are usually high [16]. In short, organic dye 
wastewater has caused great harm to the ecosystem and 
biological health [17–19]. Therefore, it is urgent to treat 
organic dye wastewater. Nowadays a lot of methods for 
treating organic dye wastewater have been developed. At 
present, the techniques used commonly for the treatment 
organic dye wastewater mainly include biological method 
[20], membrane separation method [21], oxidation method 
[22,23], catalytic degradation method [24], electrocoagula-
tion method [25] and adsorption method [26,27]. Among 
these methods, adsorption method, as a physicochemical 
method, has the advantages of simple equipment, low cost, 
short cycle, simple operation, small pH change and safety. 
Besides, the adsorbents can be recycled. More importantly, 
the adsorption method has better removal effect on diffi-
cult-to-degrade organic dyes [28]. Based on this, adsorp-
tion method has been used widely in the removal of organic 
dyes in wastewater. The effect of adsorption method 
depends on the performance of adsorbents because the 
realization of selective enrichment of pollutants on adsor-
bents depends on dense pores and huge specific surface 
area of adsorbents, as well as multiple forces between vari-
ous functional groups on the surface of the adsorbents and 
pollutants [29–31]. Inspired by this, various adsorbents for 
adsorb organic dyes have been developed in recent years 
[32–34]. For instance, Balarak et al. developed polypyrrole/
nanosilica composite (PPN/SiO2) for the removal of acid 

orange 7 dyes, and its removal efficiency was as high as 
99.4% under optimal conditions [26]. Besides, they devel-
oped a novel material called C-Fe2O3 by coating magnetite 
Fe2O3 nanoparticles on the surface of chitosan polymer.  
It was found that the removal efficiency of acid blue 113 dye 
by C-Fe2O3 reached 99.68% under optimal conditions [27].

However, many adsorbents have complex synthetic 
routes and high cost. In addition, some adsorbents may 
pollute the environment during the synthesis process. Last 
but not least, nowadays most studies mainly focused on 
the adsorption and removal of a pollutant by adsorbents. 
Thus, low-cost adsorbents prepared from natural materials 
or some wastes have attracted extensive attention recently 
[35]. For example, Balarak et al. used Azolla filiculoides 
aquatic fern as a good and an economical biosorption agent 
for the eradication of reactive black 5 dye in wastewater 
with acidic pH [36]. In addition, they also utilized canola 
residue for biosorption of acid orange 7 (AO7) from waste-
water [37]. These works have important significance and 
reference value for the treatment of organic dye wastewater 
and the recycling of some wastes.

Kaolin, as a natural silicate mineral material, is mainly 
used in the field of hollow stripping and slicing of glass, 
ceramics and concrete, and it is less used in other areas 
[35,38,39]. With the continuous development and utiliza-
tion of mineral resources, plenty of kaolin tailings have been 
produced. It is necessary to treat these kaolin tailings with 
appropriate treatment methods [40]. It is worth noting that 
kaolin has the potential as adsorbents for the treatment of 
pollutants due to the advantages of wide source, low price, 
neutral pH, non-toxic, large specific surface area and large 
adsorption capacity [41–43]. More importantly, the mod-
ification of clay minerals such as kaolin can increase the 
adsorption sites and functional groups on the surface of the 
clay minerals, thereby greatly improving the adsorption per-
formance of the clay minerals for environmental pollutants. 
Based on this, some clay mineral modification methods have 
been developed in recent years [44]. Utilizing the adsorp-
tion properties of kaolin or some modified kaolin materials 
to remove organic dyes from wastewater is conducive to 
turning waste into treasure, which has significant social and 
environmental benefits. For example, some modified kaolin 
materials have been used for the removal of methylene blue 
in wastewater [45–47]. However, an adsorbent usually only 
removes one organic dye in wastewater. But the actual indus-
trial wastewater generally contains multiple organic dyes. 
The study on the adsorption behavior and mechanism of 
multiple organic dyes by adsorbents is of great significance 
for the development of adsorbents that can remove multiple 
organic dyes. Nevertheless, the studying of the adsorption 
behavior of multicomponent adsorbates on adsorbents has 
not attracted enough attention [48].

In view of this, we prepared an aqueous solution con-
taining the three organic dyes mentioned above, that is, the 
aqueous solution containing methylene blue, rhodamine 
B and orange II. Besides, two modified kaolin materials 
named Fe-kaolin and kaolin, respectively, were developed 
in this paper. Then the two modified kaolin materials were 
added to the above solution containing three organic dyes, 
respectively, to study the adsorption properties of the two 
materials for multiple organic dyes. Besides, the effects of 
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the quality of adsorbents, time, the concentration of Cl–, 
pH and temperature on the adsorption of organic dyes by 
the adsorbents were studied. Moreover, the activation and 
regeneration technology of these two modified kaolin mate-
rials were also studied. Last but not least, the adsorption 
behavior and mechanism of these two modified kaolin mate-
rials to organic dyes were explored preliminarily through 
adsorption kinetics, adsorption isotherms and adsorption 
thermodynamics in this paper.

2. Materials and methods

2.1. Materials

The kaolin used in this study were acquired in Kermel 
(Tianjin, China), and other solvents and reagents were 
acquired in Sinopharm (Beijing, China). All the chemi-
cals were of analytical grade and used without further 
purification.

2.2. Mathematical model of adsorption

The following formulas and models were used to study 
the adsorption mechanism of organic dyes by adsorbents 
with reference to some previous studies [26,27].

The adsorption capacity (Qe) (mg  g–1) and removal rate 
(X) (%) of the modified kaolin materials to organic dyes 
was calculated by Eqs. (1) and (2), respectively:
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where c0 (mg L–1) represented the concentration of organic 
dyes before adsorption while ce (mg  L–1) represented the 
concentration of organic dyes after adsorption. V (L) was 
the volume of the aqueous solution containing organic 
dyes. m (g) was the quality of these two modified kaolin 
materials added.

Moreover, to further understand the adsorption mech-
anism, the thermodynamics and kinetics of the adsorp-
tion of organic dyes by the modified kaolin materials were 
studied preliminarily in this paper. For this purpose, two 
well-known kinetic model Eq. (3) (pseudo-first-order) and 
Eq. (4) (pseudo-second-order) were used to calculate the 
kinetic parameters of the adsorption process of organic dyes 
by the modified kaolin materials to obtain the adsorption 
kinetics fitting curve. The equations of these two dynamic 
models were described as follows:
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where t (h) represented the adsorption time. Qe (mg  g–1) 
was the equilibrium adsorption capacity of adsorbents. 
Qt (mg g–1) was the adsorption capacity at time t. k1 (h–1) and 

k2 (g mg–1 h–1) represented the first-order kinetic constant and 
the second-order kinetic constant, respectively.

Additionally, adsorption thermodynamic isotherms can 
be used to evaluate the surface properties and affinity of 
adsorbents. Langmuir adsorption thermodynamic isotherms 
[Eq. (5)] and Freundlich adsorption thermodynamic iso-
therms [Eq. (6)] were used to evaluate the adsorbents:

C
Q

C
Q Q K

e

e

e

m m L

= +
1 	 (5)

Q K Ce F e
n= ( )
1

	 (6)

where Qe (mg g–1) was the equilibrium adsorption capacity 
of adsorbents. Qm (mg  g–1) was the maximum adsorption 
capacity. Ce (mg L–1) represented the concentration of resid-
ual organic dyes in the aqueous solution when the reaction 
reached equilibrium. KL represented the adsorption rate con-
stant of Langmuir. The adsorption capacity and intensity 
constants of the Freundlich model were KF and n, respectively.

Eqs. (7)–(9) were used to better understand the adsorp-
tion mechanism of organic dyes by adsorbents:
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where Qe (mg  g–1) was the equilibrium adsorption capac-
ity of adsorbents. Ce (mg L–1) represented the concentration 
of residual organic dyes in the aqueous solution when the 
reaction reached equilibrium. KD was the adsorption ther-
modynamic equilibrium constant. ΔG was the standard 
Gibbs free energy variable of adsorption. R was the gas 
molar constant. T was the absolute temperature. ΔH was the 
change of the equivalent adsorption enthalpy. ΔS was the 
change of adsorption standard entropy.

2.3. Methods

The experiment was divided into six parts in this study:

2.3.1. Synthesis of Fe-kaolin and kaolin materials

First of all, 100 g kaolin was added to the aqueous solu-
tion and stirred thoroughly. Meanwhile, 1  g Fe(NO3)3 and 
100 g kaolin were added to the aqueous solution and stirred 
thoroughly. Then the two systems were aged for about 5 h 
and some powder materials with irregular shapes were got. 
After that, these powders were baked in the oven at 120°C 
for about 1  h. Finally, these powders were put in a muffle 
furnace and reacted at 450°C for about 2 h to obtain kaolin 
with white and Fe-kaolin with reddish brown.

2.3.2. Drawing of standard curve of the concentration of 
organic dyes and absorbance

A series of standard solutions with different concentra-
tions of these three organic dyes were prepared, respectively. 
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And then the relationship between absorbance (Abs) and 
concentration of organic dyes (mg  L–1) was measured by 
dual-beam ultraviolet/visible spectrophotometer (UV) (TU-
1901, Persee China). Based on this, the standard curve of 
the concentration of organic dye and absorbance was drawn.

2.3.3. Preparation of aqueous solutions 
containing three organic dyes

0.12  g methylene blue, 0.12  g rhodamine B and 0.12  g 
orange II were weighed and added into a beaker. Then 
deionized water was added into the beaker. After that, 
this mixed system was poured into a 1 L volumetric flask. 
Then deionized water was poured into the volumetric 
flask for constant volume. Thus, 1  L organic dye mother 
liquor with the concentration of these three organic dyes 
of 120  mg  L–1 was successfully prepared. Finally, 5  mL 
the above mother liquor was diluted with 45  mL deion-
ized water to prepare 50  mL aqueous solution containing 
these three organic dyes at a concentration of 12 mg L–1.

2.3.4. Characterization of Fe-kaolin and kaolin

The morphology and elemental composition of these 
two modified kaolin materials was characterized by scan-
ning electron microscopy coupled with energy-disper-
sive X-ray spectroscopy (SEM-EDS) (Oxford Instruments, 
UK). Besides, some information about chemical bonds and 
crystal structures of the modified kaolin materials were 
obtained by X-ray diffraction (XRD) patterns (Ultima IV 
Japan) and Fourier-transform infrared (FT-IR) spectrometer 
(PerkinElmer, USA). Besides, the specific surface area, pore 
size and pore volume of the two modified kaolin materials 
were analyzed by automatic specific surface area and pore 
size analyzer (Micromeritics ASAP2460, USA).

2.3.5. Studying of the adsorption behavior and mechanism of 
multi-component organic dyes on the modified kaolin materials

Fe-kaolin and kaolin were added to the 50 mL aqueous 
solution containing these three organic dyes at a concen-
tration of 12 mg L–1, respectively. Then these systems were 
put in a constant temperature water bath oscillator (SHA-
B, Suzhou Guofei Experimental Instrument Co., Ltd.) and 
reacted for about 48 h. After that, the systems were put in 
a desktop high-speed centrifuge (TQ16-WS, Cence, China) 
and centrifuged at 5,600  rpm for about 3  min. Then the 
supernatant was taken. After that, dual-beam ultraviolet/
visible spectrophotometer (UV) (TU-1901, Persee China) 
was used to detect the concentration changes of organic 
dyes. Finally, the adsorption capacity and removal rate 
of two modified kaolin materials for these three organic 
dyes was calculated by Eqs. (1) and (2) for the studying the 
adsorption of organic dyes on adsorbents. Based on this, 
Eqs. (3)–(9) were used to study the thermodynamics and 
kinetics of the adsorption of organic dyes by the modified 
kaolin materials.

2.3.6. Study on the regeneration performance of the adsorbents

The activation and regeneration technology of adsor-
bents is of great importance in practical applications.  

The adsorbents that had adsorbed organic dyes were 
treated with 5  mL of dilute HCl with a concentration of 
0.1 mol L–1 in this paper. Then the systems were oscillated 
at room temperature for about 12 h. However, the “acido-
sis” of the adsorbents may reduce the re-adsorption capacity 
of the adsorbent to organic dyes. Thus, 5 mL of dilute HCl 
with a concentration of 0.1 mol L–1 was used to neutralize 
dilute HCl to the systems and then oscillated at room tem-
perature for about 24  h. Finally, the re-adsorption capac-
ity of the activated and regenerated materials for organic 
dyes was also studied in this paper.

3. Results

3.1. Characterization of the modified kaolin materials

As can be seen from Fig. 1, the surface morphology of 
Fe-kaolin and kaolin was quite different from each other. 
Besides, although both Fe-kaolin and kaolin contained mul-
tiple metal elements and Si elements, the content ratio and 
types of elements in the two materials were quite different 
from each other. For example, Fe-kaolin contained more 
Fe and Pt compared with kaolin.

As was shown in Fig. 2, the diffraction patterns of these 
two modified kaolin materials were basically the same. 
This indicated that the crystal structures of these two mod-
ified kaolin materials used in this study were relatively 
close. Additionally, the diffraction patterns of these two 
modified kaolin materials showed that the composition of 
these two modified kaolin materials was very complex.

In addition, as can be seen from Fig. 3, the FT-IR spec-
tra of these two modified kaolin materials were slightly 
different. As can be seen from Fig. 3a, a medium intensity 
peak at 1,090 cm−1 related with Si–O stretching vibration in 
Fe-kaolin. Besides, a feeble absorption at 812  cm−1 related 
with Al–Mg–OH stretching vibration in Fe-kaolin. And a 
feeble absorption at 721 cm−1 related with Si–O–Al stretching 
vibration in Fe-kaolin. And a feeble absorption at 552  cm−1 
related with Si–O stretching vibration in Fe-kaolin [49].

As shown in Fig. 3b, a medium intensity peak at 
1083  cm−1 related with Si–O stretching vibration in kaolin. 
And a feeble absorption at 554  cm−1 related with Si–O 
stretching vibration in kaolin [49].

As can be seen from Fig. 4, the adsorption isotherms of 
Fe-kaolin and kaolin belonged to type III when nitrogen was 
used as the adsorbate. This indicated that the force between 
the adsorbents and nitrogen was quite weak. Thus, these 
two modified kaolin materials had poor adsorption effect on 
nitrogen. Besides, the adsorption curves of the two modified 
kaolin materials were basically similar, but the adsorption 
capacity of kaolin was greater than the adsorption capacity of 
Fe-kaolin. Moreover, the pore structure parameters of these 
two modified kaolin materials were shown in Table 1. As can 
be seen from Table 1, all pore structure parameters of kaolin 
were greater than that of Fe-kaolin. These results indicated that 
kaolin may have better adsorption properties than Fe-kaolin.

3.2. Characterization of the adsorption of organic dyes on the 
modified kaolin materials

The standard curve of the concentration of organic dyes 
and absorbance is shown in Fig. 5. The concentration of 
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methylene blue, rhodamine B and orange II can be obtained 
through the standard curve formula in Fig. 5. Based on this, 
the adsorption capacity (Qe) and removal rate (X) can be 
calculated for the studying of the adsorption of these three 
organic dyes on adsorbents.

3.3. Characterization of the adsorption behavior of organic dyes on 
the modified kaolin materials

As can be seen from Figs. 6 and 7, among these three 
organic dyes, both Fe-kaolin and kaolin had the largest 
adsorption capacity for methylene blue. But the adsorp-
tion effect on rhodamine B and orange II was relatively 

poor. Besides, the adsorption capacity of the adsorbents 
for rhodamine B and orange II in wastewater containing 
three organic dyes was improved compared with that in 
the aqueous solution containing one organic dye. This indi-
cated that different organic dyes may promote the adsorp-
tion of each other on adsorbents. Therefore, as shown in 
Figs. 6 and 7, in the aqueous solution containing three 
organic dyes, the absolute adsorption capacity of methy-
lene blue decreased due to the competition of adsorption 
sites on the surface of adsorbents. We speculated that 
stacking, hydrogen bonding and electrostatic attraction 
may be the adsorption mechanism of organic dyes by the 
modified kaolin materials.

Fig. 1. SEM micrograph of Fe-kaolin and EDS spectrum of the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.
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Additionally, as shown in Figs. 6 and 7, when the qual-
ity of the adsorbents added was small, the adsorption sites 
on the adsorbents were easy to reach saturation at this time. 
Therefore, the adsorbents had strong adsorption capacity 
for organic dyes while the removal rate of organic dyes was 
low. With the increase of the quality of adsorbents added, 
the adsorption sites of adsorbent gradually increased. The 
adsorption capacity of organic dyes by adsorbents decreased 
while the removal rate of organic dyes increased until the 
organic dyes in wastewater were completely removed.

Last but not least, it was necessary to determine the 
quality of adsorbents added to further study the adsorption 
behavior and mechanism. Comprehensively considering the 
quality of the adsorbents and the removal rate of organic 
dyes by the adsorbents, the lowest quality of adsorbents 
when the removal rate of methylene blue reached basi-
cally stable was taken. As can be seen from Figs. 6 and 7, 
the quality of kaolin added was 0.6  g while the quality of 
Fe-kaolin added was 0.48 g in this study.

3.4. Influence of some external factors on the adsorption behavior 
of organic dyes on the modified kaolin materials

The adsorption time has a great influence on the adsorp-
tion effect. With the extension of time, the adsorption capac-
ity of three organic dyes adsorbed by adsorbents increased 
as shown in Fig. 8. After about 3 h, the adsorption of organic 
dyes on adsorbents reached equilibrium basically. In order 

Fig. 2. XRD patterns of the modified kaolin materials.
Fig. 4. Nitrogen adsorption isotherms of the modified kaolin 
materials.

Fig. 3. FT-IR spectra of the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Table 1
Pore structure parameters of Fe-kaolin and kaolin

Samples Fe-kaolin Kaolin

Surface area (m2 g–1) 4.4199 7.3805
Pore volume (cm3 g–1) 0.008354 0.034403
Pore size (nm) 7.5603 18.6452
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to ensure that the adsorption-desorption of organic dyes 
on the adsorbents had reached equilibrium completely, the 
time for adsorbents to adsorb organic dyes was set about 
24 h. Besides, as shown in Table 2, the two modified kaolin 
materials had the largest adsorption capacity for methylene 
blue, followed by orange II, and finally rhodamine B. In addi-
tion, the adsorption effect of Fe-kaolin on the adsorption of 
methylene blue and orange II was better than that of kaolin. 

And the adsorption effect of kaolin on the adsorption of 
rhodamine B was better than that of Fe-kaolin.

Cl– is one of the common ions in water. Therefore, it 
is necessary to study the effect of Cl– on the adsorption 
of organic dyes by adsorbents. 5 g L–1 NaCl solution were 
used to adjust the concentration of Cl– in aqueous solution 
in this study. As was shown in Fig. 9a, with the increase of 
the concentration of Cl–, the adsorption capacity of meth-
ylene blue and orange II adsorbed by Fe-kaolin decreased 
gradually. And when the concentration of Cl– was relatively 
low, the adsorption capacity of rhodamine B adsorbed by 
Fe-kaolin increased with the increase of the concentration 
of Cl–. But when the concentration of Cl– reached a certain 
concentration, Cl– inhibited the adsorption of rhodamine 
B on Fe-kaolin with the increase of the concentration of 
Cl–. Nevertheless, when the concentration of Cl– was rel-
atively high, with the increase of the concentration of Cl–, 
the adsorption capacity of rhodamine B increased slightly.

The effect of Cl– on the adsorption of organic dyes by 
kaolin was more complicated. As can be shown in Fig. 9b,  
when the concentration of Cl– was relatively low, the 
adsorption capacity of organic dyes adsorbed by kaolin 
increased with the increase of the concentration of Cl–. 
But when the concentration of Cl– reached a certain con-
centration, Cl– inhibited the adsorption of organic dyes 
on kaolin with the increase of the concentration of Cl–. 
However, when the concentration of Cl– was relatively high, 
with the increase of the concentration of Cl–, Cl– promoted 
the adsorption of organic dyes on kaolin.

As can be seen from the above experimental results, the 
regeneration of the adsorbents or the removal of multiple 
organic dyes can be realized by adjusting the concentration 
of Cl– in wastewater.

pH also has a great influence on the adsorption of 
organic dyes by adsorbents. In order to avoid the interfer-
ence of Cl–, dilute HNO3 and dilute NaOH were used to 
adjust the pH of wastewater in this study. As can be seen 
from Fig. 10a, the excessive concentration of H+ and OH– 
inhibited the adsorption of methylene blue by Fe-kaolin. 
Therefore, the adsorption of methylene blue by Fe-kaolin 
usually needs to be carried out in a neutral environment. 
Besides, the excessive concentration of H+ and OH– pro-
moted the adsorption of orange II by Fe-kaolin. H+ pro-
moted the adsorption of rhodamine B on Fe-kaolin while 
OH– inhibited the adsorption of rhodamine B on Fe-kaolin.

The change of the pH had little effect on the adsorp-
tion of methylene blue by kaolin as shown in Fig. 10b. 
Besides, the excessive concentration of H+ and OH– greatly 
promoted the adsorption of rhodamine B and orange II by 
kaolin. Accordingly, the regeneration of the adsorbents or 

Fig. 5. Standard curve diagram of the concentration of the 
three organic dyes and absorbance: (a) methylene blue, 
(b) rhodamine B, and (c) orange II.

Table 2
The maximum adsorption capacity of the modified kaolin 
materials for organic dyes (in mg g–1)

Fe-kaolin Kaolin

Methylene blue 1.0990 0.9570
Rhodamine B 0.1650 0.2660
Orange II 0.7190 0.4720
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Fig. 6. Effect of the quality of Fe-kaolin on the adsorption: (a) the aqueous solution containing one organic dye and 
(b) the aqueous solution containing three organic dyes.
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Fig. 7. Effect of the quality of kaolin on the adsorption: (a) the aqueous solution containing one organic dye and 
(b) the aqueous solution containing three organic dyes.
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Fig. 8. Effect of time on the adsorption of organic dyes by the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Fig. 9. Effect of the concentration of Cl– on the adsorption of organic dyes by the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Fig. 10. Effect of pH on the adsorption of organic dyes by the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.
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the removal of multiple organic dyes can also be achieved 
by adjusting pH in wastewater.

Temperature usually has great effect on the adsorp-
tion process. As can be seen from Fig. 11, the change of 
temperature had little effect on the adsorption capacity 
of the two modified kaolin materials to adsorb methy-
lene blue and rhodamine B. And the adsorption capacity 
of orange II adsorbed by the modified kaolin materials 
increased with the increase of temperature.

3.5. Adsorption mechanism of organic dyes by 
the modified kaolin materials

The studying of adsorption mechanism is of great prac-
tical significance for the development of efficient adsor-
bents for organic dyes. As can be seen from Figs. 12–17, 
compared with the pseudo-first-order kinetics, the points 
of the pseudo-second-order kinetics distribution of the 
two modified kaolin materials for adsorbing organic dyes 
were closer to the oblique line. Besides, as can be seen 
from Tables 3–8, the adsorption capacity calculated by 

pseudo-second-order kinetic model was closer to the equi-
librium adsorption capacity of organic dyes adsorbed by 
adsorbents. Moreover, the correlation coefficient of pseu-
do-second-order dynamics was closer to 1. Therefore, the 
adsorption mechanism was more in line with the pseu-
do-second-order adsorption kinetic model. This indi-
cated that the adsorption of organic dyes by the modified 
kaolin materials was a chemical adsorption process.

Moreover, we also studied the isotherms and adsorp-
tion thermodynamics of the two modified kaolin materials 
for organic dyes. As can be seen from Figs. 18 and 19, the 
Langmuir isotherms model had a higher linear fit than the 
Freundlich isotherms model. Moreover, as can be seen in 
Tables 9 and 10, compared with Freundlich isotherm model, 
the R2 value of the Langmuir isotherm model was closer to 
1. Accordingly, the adsorption of methylene blue by these 
two modified kaolin materials was monolayer adsorption.

However, the adsorption isotherms of the two modi-
fied materials for the other two organic dyes were different 
from those of the two materials for methylene blue. As can 
be seen from Figs. 20–23, the Freundlich isotherms model 

Fig. 11. Effect of temperature on the adsorption of organic dyes by the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Fig. 12. Kinetic models of adsorption of methylene blue on Fe-kaolin: (a) pseudo-first-order and (b) pseudo-second-order 
kinetic model.
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Fig. 13. Kinetic models of adsorption of methylene blue on kaolin: (a) pseudo-first-order and (b) pseudo-second-order kinetic 
model.

Fig. 14. Kinetic models of adsorption of rhodamine B on Fe-kaolin: (a) pseudo-first-order and (b) pseudo-second-order kinetic 
model.

Fig. 15. Kinetic models of adsorption of rhodamine B on kaolin: (a) pseudo-first-order and (b) pseudo-second-order kinetic model.
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Fig. 16. Kinetic models of adsorption of rhodamine B on Fe-kaolin: (a) pseudo-first-order and (b) pseudo-second-order kinetic 
model.

Fig. 17. Kinetic models of adsorption of rhodamine B on kaolin: (a) pseudo-first-order and (b) pseudo-second-order kinetic model.

Table 3
Fitting parameters of the kinetic model for adsorption of 
methylene blue by Fe-kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 1.0990

Pseudo-first-order
Qe,cal (mg g–1) 0.4355
k1 (h–1) 0.1904
R2 0.4782

Pseudo-second-order
Qe,cal (mg g–1) 1.0986
k2 (h–1) 2.6846
R2 0.9987

Table 4
Fitting parameters of the kinetic model for adsorption of 
methylene blue by kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 0.9570

Pseudo-first-order
Qe,cal (mg g–1) 0.3210
k1 (h–1) 0.2451
R2 0.6041

Pseudo-second-order
Qe,cal (mg g–1) 0.9566
k2 (h–1) 8.2238
R2 0.9998
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had a higher linear fit than the Langmuir isotherms model. 
Moreover, as can be seen in Tables 11–14, compared with 
Langmuir isotherm model, the R2 value of the Freundlich 
isotherm model was closer to 1. Therefore, it was difficult to 
judge whether rhodamine B and orange II adsorbed by the 
two modified kaolin materials was monolayer adsorption or 
multilayer adsorption.

Last but not least, we also studied the adsorption 
thermodynamics of organic dyes on the two materi-
als. The value of ΔH and ΔS of the adsorption process of 
methylene blue by the two materials were derived from 
Fig. 24. The value of ΔH and ΔS of the adsorption process 
of rhodamine B by the two materials were derived from  
Fig. 25. And the value of ΔH and ΔS of the adsorption 

Table 5
Fitting parameters of the kinetic model for adsorption of 
rhodamine B by Fe-kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 0.1650

Pseudo-first-order
Qe,cal (mg g–1) 0.0735
k1 (h–1) 0.2088
R2 0.6577

Pseudo-second-order
Qe,cal (mg g–1) 0.1685
k2 (h–1) 9.0099
R2 0.9882

Table 6
Fitting parameters of the kinetic model for adsorption of 
rhodamine B by kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 0.2660

Pseudo-first-order
Qe,cal (mg g–1) 0.1072
k1 (h–1) 0.3172
R2 0.8819

Pseudo-second-order
Qe,cal (mg g–1) 0.2673
k2 (h–1) 15.3713
R2 0.9991

Table 7
Fitting parameters of the kinetic model for adsorption of 
orange II by Fe-kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 0.7190

Pseudo-first-order
Qe,cal (mg g–1) 0.3295
k1 (h–1) 0.1024
R2 0.4299

Pseudo-second-order
Qe,cal (mg g–1) 0.6990
k2 (h–1) 2.8703
R2 0.9887

Table 8
Fitting parameters of the kinetic model for adsorption of 
orange II by kaolin

Kinetic models Parameters c0 = 12.0000 mg L–1

Actual amount of 
adsorption

Qe,exp (mg g–1) 0.4720

Pseudo-first-order
Qe,cal (mg g–1) 0.3371
k1 (h–1) 0.1161
R2 0.7686

Pseudo-second-order
Qe,cal (mg g–1) 0.4699
k2 (h–1) 1.6590
R2 0.9808

Fig. 18. Thermodynamic models of adsorption of methylene blue on Fe-kaolin: (a) Langmuir and (b) Freundlich isotherms models.
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process of orange II by the two materials were derived from 
Fig. 26. As was shown in Tables 15 and 16, the adsorption 
of methylene blue by the two modified kaolin materials can 
usually proceed spontaneously because ΔG was less than 0. 
Nevertheless, as can be seen from Tables 17–20, the adsorp-
tion of rhodamine B and orange II by these two modified 
kaolin materials usually cannot proceed spontaneously 
because ΔG was greater than 0. Besides, as can be seen from 

Tables 15–20, the value of ΔG of organic dyes adsorbed by 
adsorbents decreased with the increase of the tempera-
ture. Thus, these two modified kaolin materials were more 
likely to adsorb these three organic dyes spontaneously 
with the increase of the temperature. Furthermore, the 
adsorption of organic dyes by these two modified kaolin 
materials was an endothermic adsorption process because 
both ΔH and ΔS were greater than 0.

Fig. 19. Thermodynamic models of adsorption of methylene blue on kaolin: (a) Langmuir and (b) Freundlich isotherms models.

Fig. 20. Thermodynamic models of adsorption of rhodamine B on Fe-kaolin: (a) Langmuir and (b) Freundlich isotherms models.

Table 9
Fitting parameters of adsorption isotherm for adsorption of 
methylene blue by Fe-kaolin

Adsorption isotherms

Langmuir
Qm (mg g–1) KL R2

1.1094 –193.8538 0.9995

Freundlich
KF n R2

1.0934 –28.9352 0.9018

Table 10
Fitting parameters of adsorption isotherm for adsorption of 
methylene blue by kaolin

Adsorption isotherms

Langmuir Qm (mg g–1) KL R2

0.9408 –6,551.6710 1.0000
Freundlich KF n R2

0.8667 –44.2674 0.9701
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Fig. 21. Thermodynamic models of adsorption of rhodamine B on kaolin: (a) Langmuir and (b) Freundlich isotherms models.

Fig. 22. Thermodynamic models of adsorption of orange II on Fe-kaolin: (a) Langmuir and (b) Freundlich isotherms models.

Fig. 23. Thermodynamic models of adsorption of orange II on kaolin: (a) Langmuir and (b) Freundlich isotherms models.



Z. Huang et al. / Desalination and Water Treatment 250 (2022) 266–287282

3.6. Activation and regeneration technology 
of the modified kaolin materials

As can be seen from Table 21, combining dilute HCl 
with dilute NaOH can realize the desorption of most meth-
ylene blue and orange II. But the adsorption capacity of 
rhodamine B increased at this time because the adsorption 
sites increased at this time. But the adsorption capacity of 
rhodamine B was still relatively poor.

As shown in Table 22, compared with the results of 
Table 2, the maximum adsorption capacity of Fe-kaolin 
after regeneration for methylene blue and rhodamine B 
increased slightly. But the maximum adsorption capacity of 
Fe-kaolin after regeneration for orange II reduced greatly. 
Besides, the maximum adsorption capacity of kaolin after 
regeneration for methylene blue increased slightly. But the 

maximum adsorption capacity of kaolin after regeneration 
for orange II and rhodamine B reduced greatly.

These results indicated that the activation and regener-
ation technology of the adsorbents had the advantages of 
simple operation and low cost. Moreover, these two mod-
ified kaolin materials after regeneration can be reused 
to remove organic dyes, especially methylene blue, in  
wastewater.

4. Discussion

•	 When the quality of the adsorbents added was small, the 
adsorption sites on the adsorbents were easy to reach 
saturation, which limited the total amount of organic 
dyes adsorbed by the adsorbents. The adsorption sites 
of adsorbent gradually increased with the increase of 

Table 11
Fitting parameters of adsorption isotherm for adsorption of 
rhodamine B by Fe-kaolin

Adsorption isotherms

Langmuir Qm (mg g–1) KL R2

0.0817 –0.1541 0.9712
Freundlich KF n R2

145.1068 –0.3560 0.9857

Table 12
Fitting parameters of adsorption isotherm for adsorption of 
rhodamine B by kaolin

Adsorption isotherms

Langmuir Qm (mg g–1) KL R2

0.0828 –0.1653 0.9903
Freundlich KF n R2

54.7195 –0.4082 0.9953

Table 13
Fitting parameters of adsorption isotherm for adsorption of 
orange II by Fe-kaolin

Adsorption isotherms

Langmuir Qm (mg g–1) KL R2

0.1119 –0.1998 0.9206
Freundlich KF n R2

22.0623 –0.5033 0.9584

Table 14
Fitting parameters of adsorption isotherm for adsorption of 
orange II by kaolin

Adsorption isotherms
Langmuir Qm (mg g–1) KL R2

0.0596 –0.1776 0.8539
Freundlich KF n R2

42.8202 –0.4071 0.9364

Fig. 24. Thermodynamic analysis of adsorption of methylene blue on the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.
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the quality of adsorbents added, which improved the 
removal rate of organic dyes.

•	 The minimum mass of Fe-kaolin was about 0.48  g when 
the removal rate of methylene blue reached basically sta-
ble in the aqueous solution containing three organic dyes. 
And the minimum mass of kaolin was about 0.6 g when 

the removal rate of methylene blue reached basically stable 
in the aqueous solution containing three organic dyes.

•	 These two modified kaolin materials usually had the 
largest adsorption capacity for methylene blue, followed 
by orange II, and finally rhodamine B. Stacking, hydro-
gen bonding and electrostatic attraction may be the 

Fig. 25. Thermodynamic analysis of adsorption of rhodamine B on the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Fig. 26. Thermodynamic analysis of adsorption of orange II on the modified kaolin materials: (a) Fe-kaolin and (b) kaolin.

Table 15
Thermodynamic parameters for adsorption of methylene blue by Fe-kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 1.0983 –2.7225 105.5358 363.3530
303.15 1.6824 –4.2403
308.15 2.8975 –7.4233
313.15 2.9883 –7.7801
318.15 3.8327 –10.1379
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Table 16
Thermodynamic parameters for adsorption of methylene blue by kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 3.5740 –8.8593

97.2004 355.9244
303.15 4.1474 –10.4531
308.15 5.0347 –12.8987
313.15 5.5897 –14.5529
318.15 5.9578 –15.7590

Table 17
Thermodynamic parameters for adsorption of rhodamine B by Fe-kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 –3.7132 9.2044

29.9753 70.6569
303.15 –3.2781 8.2621
308.15 –3.1559 8.0853
313.15 –2.9681 7.7275
318.15 –2.9077 7.6912

Table 18
Thermodynamic parameters for adsorption of rhodamine B by kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 –3.6045 8.9349

15.4170 21.5420
303.15 –3.5370 8.9146
308.15 –3.4204 8.7629
313.15 –3.3992 8.8499
318.15 –3.1797 8.4106

Table 19
Thermodynamic parameters for adsorption of orange II by Fe-kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 –3.9271 9.7346

69.8255 203.6221
303.15 –3.1583 7.9601
308.15 –2.3709 6.0741
313.15 –2.2711 5.9129
318.15 –2.1236 5.6171

Table 20
Thermodynamic parameters for adsorption of orange II by kaolin

T (K) lnK ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

298.15 –4.6831 11.6086

93.2993 272.2897
303.15 –4.2759 10.7769
308.15 –4.0628 10.4087
313.15 –2.9838 7.7684
318.15 –2.3730 6.2768
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adsorption mechanism of organic dyes by the modified 
kaolin materials.

•	 Different organic dyes may promote the adsorption of 
each other on the modified kaolin materials. Besides, the 
quality of adsorbents, time, the concentration of Cl–. pH, 
temperature had great effects on the adsorption behavior 
of organic dyes by adsorbents. Among these factors, the 
quality of adsorbents had the greatest influence on the 
adsorption.

•	 The regeneration of the adsorbents can be achieved by 
adjusting the concentration of Cl– and pH. Thus, these 
two modified kaolin materials had the potential in the 
treatment of wastewater containing multiple organic 
dyes.

•	 Combining dilute HCl with dilute NaOH can realize the 
desorption of most methylene blue and orange II. But 
the adsorption capacity of rhodamine B increased at this 
time because the adsorption sites increased at this time. 
But the adsorption capacity of rhodamine B was still rel-
atively poor.

•	 The maximum adsorption capacity of Fe-kaolin after 
regeneration for methylene blue and rhodamine B 
increased slightly. But the maximum adsorption capac-
ity of Fe-kaolin after regeneration for orange II reduced 
greatly. The maximum adsorption capacity of kaolin 
after regeneration for methylene blue increased slightly. 
But the maximum adsorption capacity of kaolin after 
regeneration for orange II and rhodamine B reduced 
greatly. These results indicated that these two modified 
kaolin materials after regeneration can still be reused 
to remove organic dyes, especially methylene blue, in 
wastewater.

•	 The adsorption mechanism of organic dyes by these two 
modified kaolin materials was in line with the pseu-
do-second-order adsorption kinetic model. This indi-
cated that the adsorption of organic dyes by the modified 
kaolin materials was a chemical adsorption process.

•	 The adsorption isotherms of the two modified materials 
for methylene blue was the Langmuir isotherms model. 
Therefore, the adsorption of methylene blue by the 
two modified kaolin materials was monolayer adsorp-
tion. However, the adsorption isotherms of the two 

modified materials for the other two organic dyes was 
the Freundlich isotherms model. Thus, it was difficult 
to judge whether rhodamine B and orange II adsorbed 
by the two modified kaolin materials was monolayer 
adsorption or multilayer adsorption.

•	 The adsorption of methylene blue by these two modi-
fied kaolin materials can usually proceed spontaneously 
because ΔG was less than 0. But the adsorption of the 
other two organic dyes by these two modified kaolin 
materials usually cannot proceed spontaneously because 
ΔG was greater than 0. This may be the reason why these 
two modified kaolin materials adsorb methylene blue 
selectively while the adsorption effect on rhodamine B 
and orange II was relatively poor.

•	 The value of ΔG of organic dyes adsorbed by adsor-
bents decreased with the increase of the temperature. 
The adsorption of these three organic dyes by the two 
modified kaolin materials was an endothermic adsorp-
tion process because both ΔH and ΔS were greater than 
0. Thus, these two modified kaolin materials were more 
likely to adsorb these three organic dyes spontaneously 
with the increase of the temperature.

5. Conclusions

In conclusion, we prepared an aqueous solution con-
taining methylene blue, rhodamine B and orange II and 
developed two modified kaolin materials called Fe-kaolin 
and kaolin, respectively, in this paper. Then the adsorption 
properties of the two modified kaolin materials for three 
organic dyes were studied preliminarily. It turned out that 
both Fe-kaolin and kaolin had the largest adsorption capac-
ity for methylene blue, followed by orange II, and finally 
rhodamine B. More importantly, different organic dyes may 
promote the adsorption of each other on these two modified 
kaolin materials.

Moreover, time, the concentration of Cl–, pH and tem-
perature had great impact on the adsorption behavior of 
organic dyes on these two materials. Therefore, the adsorp-
tion effect of the two modified kaolin materials on multiple 
organic dyes can be optimized by adjusting these factors, 
thereby achieving efficient treatment of wastewater contain-
ing multiple organic dyes. Among these factors, the quality 
of adsorbents had the greatest influence on the adsorption 
of organic dyes by adsorbents. It was possible to achieve 
the of activation and regeneration of these two modified 
kaolin materials by adjusting the concentration of Cl– and 
pH. These two modified kaolin materials after regeneration 
can be reused to remove organic dyes, especially methylene 
blue, in wastewater. The activation and regeneration tech-
nology has the advantages of simple operation and low cost.

Finally, the adsorption mechanism of these three organic 
dyes by the modified kaolin materials was studied. The 
results showed that the adsorption of these three organic 
dyes by the modified kaolin materials was a chemical 
adsorption process and an endothermic adsorption pro-
cess. Besides, the adsorption of methylene blue by the two 
modified kaolin materials was monolayer adsorption. But it 
was difficult to judge whether the other two organic dyes 
adsorbed by the two modified kaolin materials was mono-
layer adsorption or multilayer adsorption. Furthermore, the 

Table 21
The adsorption capacity of organic dyes on the modified kaolin 
material after desorption

Methylene blue Rhodamine B Orange II

Fe-kaolin 0.0701 mg g–1 0.3880 mg g–1 0.0420 mg g–1

Kaolin 0.0725 mg g–1 0.5120 mg g–1 0.00714 mg g–1

Table 22
The maximum adsorption capacity of the modified kaolin 
materials after regeneration for organic dyes

Methylene blue Rhodamine B Orange II

Fe-kaolin 1.171 mg g–1 0.1921 mg g–1 0.1167 mg g–1

Kaolin 0.9700 mg g–1 0.1506 mg g–1 0.1797 mg g–1
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adsorption of methylene blue by these two modified kaolin 
materials can usually proceed spontaneously while the 
adsorption of the other two organic dyes by these two modi-
fied kaolin materials usually cannot proceed spontaneously.

In short, these two modified kaolin materials had the 
potential in the treatment of wastewater containing multi-
ple organic dyes. This work not only provides two low-cost 
and environmentally friendly adsorbents for the treatment 
of organic dye wastewater, but also provides ideas for the 
development of fantastic modified kaolin materials and 
the recycling and reuse of kaolin tailings.
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