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ABSTRACT

Hierarchically porous y-AIO(OH)/CuMgAI-LDH with high specific surface area and superior
adsorption performance toward Congo Red (CR) were successfully synthesized by combining the
biotemplated and hydrothermal method. Hexagonal CuMgAI-LDH nanosheets and honeycombed
v-AlO(OH) nanosheets interwove into 3D hierarchically porous structure through in-situ growths
onto the surface of hollow Al,O, fibers that were made from kapok template. The effects of various
limiting factors including contact time, pH value and initial concentrate of CR on the adsorption
capacity were investigated. y-AlIO(OH)/CuMgAI-LDH synthesized under the hydrothermal tem-
perature of 160°C had the maximum monolayer adsorption capacity of 155.76 mg g, which was
attributed to the higher BET surface area and 3D hierarchically porous structure. It was found
that the CR adsorption by y-AIO(OH)/CuMgAIl-LDH was spontaneous and exothermic and the
adsorption process was well fitted with the Langmuir isotherm model and the pseudo second

order kinetics model.
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1. Introduction

With the development of the society, the demand of dye
increases in many areas, such as textiles, plastics, paper
and leather dyeing industries. It is important to note that
10-15% of the dyes release into the environment during
the processes of production and use. For the feature of
carcinogenicity [1], stabilization and degradation-resis-
tant, the emission of dye wastewater poses a great threat
to the health of humans and other organisms. Therefore,
the removal of dye has become a very serious and urgent
problem. Physical, chemical and biological methods have
been applied into the treatment of dye wastewater. Among
them, it is worth mentioning that adsorption treatment is
well recognized by people because of the high affinity for
numerous species of organic dyes. Most importantly, it will
not bring other by-products in the adsorption process.

*Corresponding author.

In recent years, the exploration of hierarchical structure
materials, which are combined by nanoparticles, nano fiber,
nanobelts and so on, has become a research hotspot. Hierar-
chical structure not only has the characteristic of nanostruc-
ture unit, but also has more excellent overall collaborative
properties, which can enrich the performance of nano
materials. Hierarchical y-AlIO(OH) (known as boehmite)
is widely used as adsorbents [2,3], catalyst supports [4,5],
pharmaceutical carriers [6], etc. Previous researchers have
studied the preparation of hierarchical aluminum hydrox-
ide with various structures, such as flower-like [7], hollow
microspheres [8] and urchin-like hollow ball [9] and so on.
Therefore it motivates us to fabricate 3D hierarchical mate-
rials with y-AlIO(OH) and hydrotalcite-like, which have
been considered to be preferable materials as adsorbent
for the special properties and unique pore structure [10,11].
Hydrotalcite-like (Layered Double Hydroxides, abbrevi-
ated LDH) is a hydrotalcite compound derived. Hydrotal-
cite-like structure can be expressed as
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where M?** and M?** are divalent and trivalent metal cations,
respectively. Intermolecular forces existed between object
anions and laminate molecules. Certain anions with spe-
cific function (e.g. anionic dye molecules of wastewater) can
be introduced into the LDH layers through these intermo-
lecular forces, achieving adsorptive separation of organic
pollutants. However, extremely limited interlayer space
restricts their practical application. One effective solution
is to design a structure of multi-dimensional micro-nano
composites based on LDH nanosheets and micron-sized
structural units.

In recent years, biotemplated method has been
regarded as one of the most direct and effective ways to
synthesize special materials with controlled morphology,
structure and unique properties. So far, there have been a
lot of biological materials used as templates, such as micro-
organisms [12], yeast [13,14], pollen [15,16], kapok [17],
protein [18], carbohydrates [19] and butterfly wings [20]
and so on. In the biological templated method, the target
materials are obtained by the transcription of multi-level
hierarchical structures with micropores, mesopores and
macro-pore, showing a tempting prospect on adsorption
separation technology. In this study, with the advantage of
hollow structure of kapok, y-AIO(OH) and CuMgAl-LDH
were assembled into 3D hierarchical structure by biolog-
ical template, forming hierarchically porous y-AIO(OH)/
CuMgAI-LDH adsorbent. The adsorption performance of
v-AlO(OH)/CuMgAIl-LDH was studied by the removal of
CR from aqueous solution.

2. Materials and methods
2.1. Materials

Aluminum nitrate nonahydrate (299.0%, A1, NO,-9H,0)
and ethanol absolute (299.7%, CH,CH,OH) were purchased
from Sinopharm Chemical Co., Ltd (Shanghai, China).
Magnesium sulphate (=99.0%, MgSO, -7H,O), cupric nitrate
(99.5%, Cu(NO,),:3H,0) and urea (299.0%, H,NCONH,)
were purchased from Guangcheng Chemical Co., Ltd (Tian-
jin, China). Sodium hydroxide (=96%, NaOH) and hydro-
chloric acid (36%—-38%, HCI) were purchased from Dengke
Chemical Co., Ltd (Tianjin, China). Congo red (C,,H,,N,
Na,O,S,) was purchased from Tianjin Chemical Co., Ltd
(China). Kapok template was natural kapok cotton obtained
from the local market, which was imported from Indonesia.

2.2. Synthesis of the y-AIO(OH)/CuMgAIl-LDH

In this study, kapok was used as the biological template.
At first, the kapok was took into the boiling water for 5 min
and dried for the next step. 0.4 g treated kapok was dipped
into ethanol (C,H,OH) solution containing AI(NO,),-9H,0
(0.25 mol) and then ultrasound for 1 h. After dried at 80°C
for 12 h, the samples were calcined at 550°C for 1 h, obtain-
ing hollow fibers of ALO,.

According to a certain molar ratio, AI(NO,),-9H,0O,
MgSO,-7H,0, 0.16 g of urea, and Cu(NO,),-3H,O were

dissolved in 30 mL distilled water and 0.16 g of the pre-
treated kapok was dipped in the mixed solution. Then the
mixed solution was transferred to Teflon-lined stainless
autoclave and further treated for 15 h at 80°C, 120°C and
160°C, respectively. The product was collected by filtration
and repeatedly washed with deionized water. Finally, the
as-prepared sample were dried at 80°C. Depending on the
special hydrothermal temperature, the obtained samples
were designated y-AIO(OH)/CuMgAl-LDH-N, where N
was the hydrothermal temperature.

2.3 Adsorption experiments

Congo Red (CR) was used to test the adsorption per-
pormance of the as-prepared samples. 50 mg y-AIO(OH)/
CuMgAIl-LDH was added into 100 mL CR solutions with
the initial concentration of 50 mg L. 5 mL of the solu-
tion was analyzed after various time intervals (1/6, 1/2,
1,2,3,5,10, 24 and 48 h) and centrifuged to remove the
adsorbent.

The concentrations of CR before and after treatment
were measured via UV-Visible spectrophotometer (U-3501,
Hitachi, Japan). The adsorption capacity, g, (mg g™'), was
obtained using the equation given by [21]:

(G -C)xV
= 2
= @
where C; (mg/L) and C, (mg/L) are the initial and equilib-
rium concentration of dyes, V' (L) is the volume of dye solu-
tion and W (mg) is the weight of the synthesized adsorbent.

2.4. Characterizations

The structure and the crystalline phases of the as-pre-
pared samples were investigated by X-Ray powder dif-
fraction (XRD) with Cu Ka radiation (A = 0.1540 nm).
The samples were operated at 40 KV and 100 mA and the
measurements were done at 20 values ranging from 5° to
80°. The morphology and the elements composition of the
samples were analyzed by field emission-scanning elec-
tron microscopy (SEM) and high resolution transmission
electron microscopy (HRTEM, Tecnai F20, Philips, Hills-
boro, OR, USA) equipped with EDS. FT-IR spectra of the
samples were recorded on FT-IR spectrometer (Thomas
Nicolet 380, USA) with the spectral range of 4000-500
cm™. The pore structures of the as-prepared samples were
measured by nitrogen adsorption-desorption at 77 K with
a surface area analyzer (ASAP2020M+C, Micrometrics).
The elemental composition on the surface of as-prepared
samples was characterized by X-ray photo-electron spec-
tra (XPS) analysis on a VG ESCALAB MKII XPS system
with Al K X-ray as the excitation. The surface areas of
samples were estimated by the Langmuir model and
Brunauer-Emmett-Teller (BET) model. The Barrett Joyner
Halenda (BJH) theory was used to estimate the pore size
distribution of the samples. Thermogravimetric Anan-
lysis (TG), obtained by a thermal analyzer (NETZSCH
STA 449), was used to analyze the thermal stability of the
product.
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3. Result and discussion

3.1. Structural characterization

The XRD patterns of kapok template and y-AlIO(OH)/
CuMgAI-LDH obtained at different hydrothermal tem-
peratures (80°C, 120°C and 160°C) are shown in Fig. 1a. For
the pre-treated kapok, one broad peak could be observed
clearly, which should be attributed to the amorphous ALO,
phase. For the y-AIO(OH)/CuMgAI-LDH samples hydro-
thermally treated at 80°C, no significant diffraction peak
appeared. With the increasing hydrothermal temperature,
the diffraction peaks of y-AIO(OH) and CuMgAl-LDH
became shaper and the intensities indicated the grain
growths of y-AlIO(OH) and CuMgAI-LDH. The significant
characteristic peaks of CuMgAIl-LDH were located at 11.2°,
22.7°, 33.4° and 35.6°, responding to the (003), (006), (012)
and (009) of CuMgAIl-LDH, while the characteristic peaks
of the y-AlO(OH) were observed at 13.8° and 27.8°, corre-
sponding to the (020) and (120) of y-AIO(OH). Moreover,
the peaks that appeared at 16.5° and 23.4° indicated the
presence of Mg,CO,(OH),-3H,0 impurity phase. This may
be due to excess content of Mg?*,which could react with OH-
and CO? to form the phase of Mg,CO,(OH),-3H,0O. How-
ever, hydroxyl derived from Mg,CO,(OH),-3H,0 could also
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make some contributions to the adsorption of dye. Potential
impurities could be removed by dilute acid.

FTIR spectroscopy of the as-synthesized y-AIO(OH)/
CuMgAI-LDH-160 is shown in Fig. 1b. As is shown, most of
the FTIR bands in the spectrum could be appointed estab-
lished in the contrast with those of y-AlIO(OH) and CuM-
gAl-LDH. The peaks at 1358 and 669 cm™ may be ascribed
to stretching absorption of COZ in C-O from the LDH.
The bands at 859, 720 and 583 cm could be assigned to the
Al/Mg/Cu-O vibration absorption from CuMgAIl-LDH.
The band at 3462 cm™ obviously may be correlated to the
stretching vibration of -OH. The bands at 1072, 1382, 1636
cm™ could be ascribed to the stretching and bending vibra-
tion absorption in AI-OH.

The TG curve of y-AlO(OH)/CuMgAIl-LDH-160 is
shown in Fig. lc. It could be observed that the weight of
v-AlO(OH)/CuMgAIl-LDH-160 decreased with the increase
of the temperature and then tended to a stable value. There
are three stages of weightlessness in y-AlO(OH)/CuM-
gAl-LDH-160 during the thermal decomposition process.
When the temperature was below 280°C, the weightless-
ness could be associated with the removal of crystal water.
Between 250°C to 450°C, it could be corresponded to the
decomposition of interlayer carbonate and hydroxyl. Mixed
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1. XRD patterns of Al O, fibers, y-AlIO(OH)/CuMgAIl-LDH-80, y-AlIO(OH)/CuMgAI-LDH-120 and y-AlO(OH)/CuMgAIl-LDH-160

(a), IR spectra(b), and TG curve(c) and N, adsorption-desorption isotherm and BJH pore size distribution(inset) (d) of y-AIO(OH)/
CuMgAI-LDH-80, y-AIO(OH)/CuMgAl- LDH -120 and y-AlIO(OH)/CuMgAIl-LDH-160.
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metal oxides were obtained when the calcination tempera-
ture was above 460°C [22].

The adsorption capacity of the material could be influ-
enced by the pore structure and specific surface area, since
more active binding sites are available on a material with
higher surface area. The nitrogen adsorption-desorption
isotherms and pore size distribution of the as-obtained
samples are shown in Fig. 1d. According to the classification
of the ITUPAC[23], N, adsorption isotherm of y-AIO(OH)/
CuMgAI-LDH-80, 7-AIO(OH)/CuMgAI-LDH-120 and
v-AlO(OH)/CuMgAI-LDH-160 belonged to type IV adsorp-
tion isotherm, which had hysteresis loop due to the capil-
lary condensation. When the P/ P increased, it showed the
phenomenon of capillary condensation firstly and achieved
the adsorption saturation later, which implied that pre-
pared y-AlO(OH)/CuMgAIl-LDH-160 belonged to the mes-
oporous material (2-50 nm). The specific surface area and
the total pore volumes, calculated by the BET model [24]
were 137.161, 144.537 and 167.638 m* g™ for y-AIO(OH)/
CuMgAI-LDH-80, 7-AlO(OH)/CuMgAI-LDH-120  and
v-AlO(OH)/CuMgAI-LDH-160, respectively. The corre-
ponding pore volumes were 0.257, 0.303 and 0.633 cm’g™.

XP spectra (Fig. 2) were used to determine the chem-
ical composition and elemental chemical status of the
prepared samples. It can be found that the y-AIO(OH)/
CuMgAI-LDH-160 is composed of Cu 2p, Mg 1s, C 1s, O 1s
and Al 2p peaks in Fig. 2a. As shown in Fig. 2b, the peaks at
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binding energy of 953.9, 933.6 eV could be attributed to Cu
2p, , and Cu 2p, ,, respectively. In addition, the shake-up
satellite peaks at 963.1 and 937.9-945.4 eV confirmed the
presence of Cu*". We could see that the peak in Mg 1s spec-
trum (Fig. 2c) at 1303.0 e V could be assigned to Mg(OH),
derived from the LDH structure. The characteristic Al 2p
peaks (Fig. 2d) at 76.6 and 74.3 eV could be assigned to
AP+ derived from the LDH structure and y-AIOOH, respec-
tively. The XPS results are consistent with the above XRD
and IR results to indicate the formation of y-AlIO(OH)/
CuMgAI-LDH-160.

Further FESEM study was used to get more information
about as-synthesized samples. Fig. 3a shows that kapok
template had hollow fibrous structure with smooth surface
and uniform diameter (about 15 pm). The SEM image of
AL, fiber is shown in Fig. 3b. Fig. 3c and Fig. 3d show the
SEM images of y-AlIO(OH)/CuMgAIl-LDH-160. As it was
observed, the product retained the microstructure of kapok
fibers, which could provide more space for the growth of
the LDH nanosheets. Furthermore, it also provided limited
growth region of the LDH sheets and was able to control the
morphology as expected. The obtained CuMgAI-LDH were
hexagonal nanosheets, which had the irregular edges but
uniform size. y-AIO(OH) had the honeycombed structure,
providing more specific surface areas and pore structure to
enhance its absorption capacity. The homologous EDS spec-
trum (Fig. 3e) shows a Cu: Mg: Al atomic ratio of around
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Fig. 2. XP spectra of y-AlIO(OH)/CuMgAI-LDH-160 (a) survey spectrum, (b) Cu 2p XP spectra, (c) Mg 1s,and (d) Al 2p XP spectra.
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Fig. 3. SEM images of kapok (a), AlL,O, fibers (b), (c-d), homologous EDS spectrum of y-AlIO(OH)/CuMgAIl-LDH-160; TEM. image (f)
and homologous EDS spectrum (g) of y-AlIO(OH)/CuMgAI-LDH-160.

2.87:4.94:6.30. The spectra clearly demonstrate the presence
of copper, magnesium, aluminum, oxygen, and carbon,
which is in good agreement with the XRD observations.
The structure and morphology of as-synthesized samples
observed by TEM is shown in Fig. 3f and the homologous
EDS spectrum is shown in Fig. 3g. The TEM image implied
that CuMgAI-LDH revealed polygon sheet-like structure
and the 7-AIOOH exhibited black dots in the TEM images,
which was consistent with the results of SEM.

According to the above study, the possible mechanism
of the synthesis of the samples was proposed. For ALO,
fibers, firstly, precursor solution of AlO* was attracted by
active groups (-OH, -COOH and -OCH,) from cotton cel-
lulose according electrostatic interactions. During the cal-
cination, kapok fibers decomposed to produce CO, and
H,O gradually. Then the structures of the samples tended
to be stable and the amorphous AlO, fibers were obtained
ultimately, which retained the morphology of the kapok
template. v-AIO(OH)/CuMgAIl-LDH was synthesized with
urea hydrothermal method, which could effectively con-
trol the grain size of the crystal phase at high temperature
and pressure. In this way, the interlayer anions dispersed
better, which could contribute to the regular structure and
morphology. Urea was used as the precipitant to provide
alkaline environment, because it would be decomposed
into ammonia and carbon dioxide above 80°C. The reaction
equations are shown as:

3 H,0 + (NH,)CO — 2 NH,H,0 + CO,T 3)
NH,"+ OH < NH,H,0 <> NH,T + H,0O 4

Urea decomposed when heated to a certain temperature
to produce OH- and then attracted Cu**, Mg?* and Al** to
the surface of AlL,O, fibers, contributing to crystallization
and nucleation of the y-AIO(OH) and CuMgAI-LDH rap-
idly. Through the effect of hydrogen bonding, y-AIO(OH)
and CuMgAI-LDH grew in situ on the surface of fibers by
following reactions:

AP*+3 OH — Al(OH), - v-AIO(OH) + H,O
2 OH + (x+y+1.5z-1) CO,*+x Cu*+y Mg*+z AP*+n H,0O (5)

Cu Mg, Al (OH),(CO,) nH,0 6)

x+y+1.5z-1

3.2. Adsorption performance

Two kinetic models, pseudo-first-order and pseudo-sec-
ond-order, were introduced to explore the adsorption kinet-
ics of y-AlIO(OH)/CuMgAI-LDH. The pseudo-first-order
was given as [25]:

In(q, —¢,)=1Ing, - Kt @)
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where g, and g, are the adsorption capacity (mg g™) at equi-
librium and at time ¢ (h), respectively. K, is the adsorption
rate constant of pseudo-first-order. The pseudo-second-or-
der was given as [26]:

t 1 t
— = 4+ —

q  Kag’ g

®)

where g, (mg g) is the adsorption capacity at equilibrium
and g,is the adsorption capacity at any time ¢ (h). K, is the
adsorption rate constant of pseudo-second-order.

The fitting diagrams of dynamics simulation from
v-AlO(OH)/CuMgAIl-LDH-80, y-AlO(OH)/CuMgAl-LDH-
120 and y-AlO(OH)/CuMgAl-LDH-160 are shown in
Fig. 4a-b. The fitting parameters of pseudo-first-order and
pseudo-second-order are shown in Table 1. It was import-
ant to note that the R? in the pseudo-second-order was
higher than in the pseudo-first-order, which meant the
pseudo-second-order was fit to characterize the program
of adsorption. For CR, y-AlIO(OH)/CuMgAl-LDH-160
had the maximum saturated adsorption capacity of 155.76
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mg g’ The relationship between the contact time and
adsorption capacity of y-AlIO(OH)/CuMgAl-LDH-80,
v-AlIO(OH)/CuMgAI-LDH-120 and 7-AlO(OH)/CuM-
gAl-LDH-160 is shown in Fig. 4c. At the early time, the
adsorption of CR increased significantly, then slowed
down and tended to saturation after 48 h. y-AIO(OH)/
CuMgAI-LDH-160 showed the best performance in the
adsorption of CR and the color of CR changed from red
to transparent, which was corresponding to the adsorption
process. The sharp increase of adsorption amount in the
early stages should attribute to the large content of unsat-
urated adsorption sites. Organic functional groups of CR
could be adsorbed on y-AIO(OH)/CuMgAIl-LDH-160 by
electrostatic interactions. After a long time, a slow adsorp-
tion process appeared because of the reduced adsorption
sites. It can be seen from Fig. 4d that the adsorption capac-
ity of template-free y-AlIO(OH)/CuMgAl-LDH-160 was
much weaker than that of the sample synthesized by the
biological template method. The reason may be that the
application of the bio-template method allows the pre-
pared material having porous 3D structure. This 3D porous

104(b) Pseudo-second-order
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Fig. 4. Linear fitting of pseudo-first-order (a), and pseudo-second-order (b), effect of contact time on adsorption capacity (c) of
v-AlO(OH)/CuMgAIl-LDH-80, y-A10(OH)/CuMgAIl-LDH-120 and y-AIO(OH)/CuMgAI-LDH-160 and effect of template on adsorp-
tion performance of y-AIO(OH)/CuMgAIl-LDH-160 (PH = 6).
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Table 1
Parameter of kinetic model

Kinetic model Parameter v-AlO(OH)/ v-AlO(OH)/ v-AlO(OH)/
CuMgAI-LDH-80 CuMgAI-LDH-120 CuMgAI-LDH-160

Pseudo first-order q,(mg/g) 49.83 72.62 69.54

K, (h™) 4.68 0.30 0.41

R? 0.9423 0.6697 0.7538
Pseudo second-order g, (mg/g) 62.27 81.23 85.62

K, (g/mgh) 0.01 0.01 0.01

R? 0.9779 0.9958 0.9951

structure combined with the lamellar LDH form a 3D open
structure, which could increase the transport speed of solu-
tion, provide more active sites, and improve the adsorption
performance.

Langmuir and Freundlich models were introduced to
learn the adsorption isotherms. The Langmuir isotherm is
given by:

o ©)
q e qmaxKL qmax
1
R =—— 1
"1+K,G, (10)

where C, (mg L) and C, (mg L) are the initial and equi-
librium concentration of dyes and q,(mg g™) is the amount
of the dye adsorbed at equilibrium. K, (L mg™) is the Lang-
muir adsorption constant, corresponding to the strength of
adsorption capacity [26], and g, is the maximum saturated
adsorption amount of surface monolayer onto the adsor-
bent. The Freundlich isotherm is given as:

1
lgqe = ngF + ;lg Ce (11)

where K, (L mg™) is Freundlich adsorption constant and
n is empirical parameters. Langmuir and Freundlich iso-
therm models of y-AIO(OH)/CuMgAIl-LDH-160 are shown
in Fig. 5a-b and the relationship between the initial con-
centration and adsorption capacity is exhibited in Fig. 5c.
Accordingly, the parameters of isotherm models are shown
in Table 2. It could be observed that R*in Langmuir model
was significantly higher than that in Freundlich model,
which means the adsorption of CR onto y-AIO(OH)/CuM-
gAl-LDH-160 was monolayer. Accordingly, y-AlO(OH)/
CuMgAI-LDH-160 had the maximum monolayer adsorp-
tion capacity of 155.76 mg g™'. Absorbents of various mate-
rials for CR are shown in able Table 3. It could be seen
that as-synthesized sample makes a good performance
in adsorption of CR. In addition, dispersion coefficient R,
was related to the shape of the isotherm, which was judg-
ing whether the adsorption reaction was unfavorable (R, >
1), favorable (0< R, <1), linear (R, = 1) or irreversible (R, =
0). In this work, R, calculated from the equation was 0.02,
indicating that the adsorption of CR was favorable. It also
could be proved in Freundlich isotherm model. Index mag-
nitude 1/n gives an indication of the favorable adsorption.

When n > 1 (n = 19.19), it represents a favorable adsorption
conditions.

The pH value is a significant parameter in adsorption
process, which can influence the adsorption amount of
as-synthesized samples toward CR. Fig. 5d shows the effect
of pH values on the adsorption of the CR onto y-AIO(OH)/
CuMgAI-LDH-160. The pH was studied from 3 to 11. The
adsorption of CR decreased with the increasing pH value,
indicating that the adsorbent made better performance
in the adsorption of CR in acidic or neutral reaction con-
ditions. Molecular anionic dye (D-SOj;) and cations (Na*)
could be generated by the ionization of D-SO, Na of the
aqueous solution CR:

D-S0O,Na—"22 5D -S0, +Na" (12)

As some published literatures reported, the pH_ of
LDHs was larger than 9.5 [42]. When the pH < PH_ , the
LDH was positively charged. In that situation, it facilitated
the electrostatic attraction of SO; of CR onto the adsor-
bent. Otherwise, in the higher pH range, the SO; would be
repelled by the LDH. While the density of laminates pos-
itive charge increased in acid environment, the repulsion
between the laminates enhanced, facilitating the introduc-
tion of adsorbate into the interlayer.

For adsorbent, the temperature of the adsorption sys-
tem is an important factor. The influence of reaction tem-
perature on the adsorption capacity is shown in Fig. 6a. It
can be observed that the adsorption capacity increased with
increasing temperature within a certain range. To further
investigate the thermodynamics from the adsorption of
CR, three parameters (standard enthalpy change (AH®), the
standard free energy change (AS°) and the standard Gibbs
energy change (AG°)) were obtained from the equations
given by:

AS°  AH’

InKa= - (13)
R RT
qe
Ko =—+% 14
C. (14)
AG® =—RTInKa (15)

where T (K) is the temperature of the solution and Ka. is the
constant of equilibrium adsorption. R is the atmospheric
constant 8.3144 ] mol' K.



C. Xu et al. / Desalination and Water Treatment 76 (2017) 254-264

a .
06+ @) Langmuir
0.5
0.4
& 03
\0
S |
0.2
0.1
0.0
T T T T T
0 20 40 60 80 100
1
C,(mgL")
1554 (©)
150 =
Top 1451
o0
g
© 140
-
135 -
1304 @
T T T T T T T T T T
0 20 40 60 80 100
-1
Ce (mgL™)

261

2.20

| (b) Freundlich

2.18 4 -

2.16

2.14 4

log q (mgL")

2.12 4

2.10 — — . .
0.6 0.8 1.0 1.2 ’1.41 1.6 1.8 2.0
logC (mgL")

90 (d)
88 i
86 i
o]

82+
80 ®

q (gmg’)

78 4

76

Fig. 5. Langmuir (a), and Freundlich (b) isotherm model, and effect of initial concentration (PH = 6) (c) and pH value (d) on the
adsorption capacity (y-AIO(OH)/CuMgAIl-LDH-160, 0.05 g, 100 mL, 50 mg L™).

Table 2
Parameters of isotherm models

Isotherm models Parameter Value

Langmuir K, (Lmg™) 0.09
I (Mg g™ 155.76
R, 0.02
R? 0.9997

Freundlich K. (Lmg™) 125.03
n 19.19
R? 0.7123

AH° and AS° were calculated by the slope and intercept
of the curve (Fig. 6b) and the results are summarized in
Table 4. It could be seen that AH® (52.90 K] mol™) was posi-
tive, proving that the adsorption reaction was endothermic.
As for AG® with negative values, which indicated the reac-
tion was spontaneous, reduced from -2.38 KJ mol™ (30°C)
t0 —9.85 KJ mol™ (70°C) and this could confirm the view that
increasing temperature promoted the adsorption of CR. In

addition, AS° (182.99 ] mol™ K™ ) was positive, indicating
that the entropy in the system of adsorption-desorption was
increased.

Further UV-visible spectra and FTIR were used to
investigate the mechanism of adsorption of as-synthesized
sample. Fig. 7a exhibits the variation of UV-Visible spec-
tra of aqueous solutions of CR after various time intervals
upon the addition of the y-AlO(OH)/CuMgAl-LDH-160.
With the increasing of the adsorption time, absorption
spectra changed gradually. It could be pointed that the
concentrate of CR obviously decreased in the first 5 h and
then gradually slowed down. FTIR of CR, y-AlO(OH)/
CuMgAI-LDH-160 (before adsorption), y-AlIO(OH)/CuM-
gAl-LDH-160 (after adsorption) are shown in Fig. 7b,
respectively. As it was shown, the peaks at 3462 cm™, 1636
cm™ and 1358 cm™ became weak, showing a decrease in
the content of hydroxyl groups and COZ" on the adsorbent,
which indicated that hydroxy and CO2 were involved in the
process of adsorption. The band at 1176 cm™ of y-AIO(OH) /
CuMgAI-LDH-160 after adsorption significantly had an
additional peak, which was assigned to the symmetric and
asymmetric absorption peak of sulfonic group (5=O) of
CR. The fingerprint region (590 cm™ ~1030 cm™) also had
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Table 3
Adsorption capacity of CR onto various adsorbents

q,..(mg g™ Absorbent References
155.76 v-AlO(OH)/CuMgAIl-LDH-160 This work
10741 Ca-bentonite [27]
59.50 Porous ZrO, hollow sphere [28]
141.64 La,O,-doped TiO, nanotubes [29]
526.30 237 nm NiO [30]
176.70 v-ALO, [31]
35.84 Na bentonite(clay materials) [32]
253.8 Iron oxide (a-Fe,0,) nanoparticles and nanowhiskers [33]
113.6 Hollow microspheres Ni(OH),-Si [34]
1175 Mg(OH),-GO 0.5% [35]
167.73 NiO nanosheets [36]
241.5 Co Fe,0,(S5) [37]
357 NiO-ALO, [38]
277.78 Leonardite(900) [39]
163 CMOPP [40]
123.89 Ni O/graphenenanosheets (NGNS) [41]
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Fig. 6. Effect of temperature on the adsorption capacity (a), and Van’s Hoff plot of adsorption of CR (b) (y-A1O(OH)/CuMgAl-LDH-160,
0.05 g, 100 mL, 50 mg L' PH = 6).

Table 4

Thermodynamic parameters of adsorption of y-AlO(OH)/CuMgAI-LDH-160

Concentration AH° AS° AG? (K] mol™) with different temperatures (°C)

(mg/L) (KJ mol™) (J mol*K™) 30 40 50 60 70
100 52.90 182.99 -2.38 —4.58 -6.33 790 -9.85

a significant change because of impact of the introduced model, effects of PH and UV-visible spectra of y-AIO(OH)/
new groups of CR, proving the adsorption of CR onto CuMgAIl-LDH-160, the mechanism of adsorption toward
v-AlO(OH)/CuMgAI-LDH-160. According to the analysis ~CR included electrostatic attraction of surface charge,
of FTIR, adsorption thermodynamics, adsorption isotherm  hydrogen bond and anion exchange interlayer.
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Fig. 7. UV-visible absorption spectra during adsorption process of CR (a), FTIR spectra of CR, y-AIO(OH)/CuMgAI-LDH-160, and
v-AlO(OH)/CuMgAIl-LDH-160 adsorbed with CR(b) (y-A1O(OH)/CuMgAI-LDH-160, 0.05 g, 50 mg L, 100 mL).

4. Conclusion

In summary, biomorphic hierarchical y-AIO(OH)/
CuMgAI-LDH was synthesized by combining the
bio-templated and hydrothermal method. 2D LDH
nanosheets and honeycomb y-AlIO(OH) were fabricated
into 3D biomorphic micro-nano structures by means of
in situ growth, which exhibited high adsorption capacity
toward CR. The maximum saturated adsorption capacity
toward CR was 155.76 mg g'. It was found that the CR
adsorption process could be well matched with the pseu-
do-second-order model and Langmuir model, respec-
tively. According to the thermodynamic analysis, the CR
adsorption onto y-AlO(OH)/CuMgAI-LDH was spon-
taneous and endothermic. The main adsorption mecha-
nisms of y-AlIO(OH)/CuMgAI-LDH included electrostatic
adsorption of surface charges, hydrogen bond and anion
exchange interlayer.
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