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Abstract Amine-functionalized ordered mesoporous alu-

mina (NH2-OMA) was synthesized through a facile and

reproducible method. Its organic dyes adsorption character-

istics, including adsorption isotherms, adsorption kinetics, the

stability and reusability of the adsorbents were investigated.

This material exhibited strong affinity to methylene blue and

extremely high adsorption capacity. The maximum adsorp-

tion capacity value reached 657.89 mg g-1. Adsorption

kinetics was best described by the pseudo-second-order

model. Equilibrium data were well fitted to the Langmuir

isotherm model.

Keywords Mesoporous aluminium � Amine � Metylene

blue � Adsorption

1 Introduction

Wastewaters from industries like textile, dyeing, printing,

cosmetics, food coloring, papermaking, etc. are the major

contributors of colored effluents [1, 2]. With the develop-

ment of the dyeing and finishing industry, dye effluents

have become one of the major sources of pollution, espe-

cially in China. The dye effluents may present high bio-

toxicity and potential mutagenic and carcinogenic effects

[3–5].

Color is probably the only contaminant that could be

recognized in water even at minute levels [6]. Color has to

be removed from wastewater before discharging it into

water bodies as it impedes light penetration and retards

photosynthesis. The investigation on the removal of dyes

from effluent wastewater of various industries has been

going on for several years. There are three major tech-

nologies available to remove dyes from water (i.e., oxi-

dation, adsorption, and flocculation-precipitation) [7–9].

Only recently membrane separation technology has been

used for the separation of dyes from water. Among the

oxidation methods, UV/ozone or UV/H2O2 is one of the

best technologies for the total removal of dye from

wastewater [10]. These methods are only effective for low

concentrations of organic matter present in water. In other

words, significant dilution of the water containing dye is

necessary as a facility requirement for the effective use of

the oxidation method. In the flocculation-precipitation

process, the dye forms a complex with the flocculant [11].

Thus, the reuse of dye is impossible. At the same time, it

can also lead to secondary pollution from the excessive use

of coagulant compounds. The separation of dyes based on

adsorption on clay [12, 13], activated carbon [14], agri-

cultural waste biomass [15], and porous TiO2-chitosan [16]

have been proposed, and the adsorption kinetics have been

studied in detail. These adsorption methods are capable of

removing the dyes from concentrated wastewater. How-

ever, regeneration and separation of most of the adsorbents

are difficult except for activated carbon. Thus, it is desir-

able to use the adsorption technique with new adsorbent

materials for the removal of dyes from water that is simple,

cost-effective, and permits reuse of the dyes.

Recently, mesoporous materials have attracted great

interest as a new type of adsorbent for removing dyes, due

to their remarkable features of the large specific surface
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area, large and tunable pore channels, such as mesoporous

silica, mesoporous carbon, and mesoporous alumina [17–

20]. Chemical modifications of the pore with metals, metal

oxides, and organic moieties are successful in tailoring the

physical and chemical properties of these materials. Ef-

tekari et al. [21] reported modification of MCM-41 by

incorporation of aluminum can enhance adsorptive of MB.

Ho et al. [22] have shown that amino- and carboxylic-

functionalized MCM-41 are effective adsorbents for the

removal of Acid blue 25 and Methylene blue from water.

Polyelectrolyte-functionalized mesoporous silica was

proved to be potent adsorbents for anionic dye in an

aqueous solution [23]. The adsorption properties of sur-

face-functionalized mesoporous adsorbents have been

successfully prepared and shown to have remarkable

adsorption capacity [24–26].

Herein, we present an easily accessible, reproducible,

and high-throughput method to synthesize highly ordered

mesoporous amine-functionalized alumina via in situ sol–

gel reactions with NH4NO3 as amine source. Methylene

blue (MB), a water-soluble cationic dye, was used as a

target contaminant to characterize the adsorptive properties

of the amine-functionalized meosoporous alumina. Models

to fit the adsorption equilibrium and kinetic data were

presented.

2 Experimental

2.1 Materials

Pluronic P123 (EO20PO70EO20) was purchased from

Aldrich. Aluminum iso-propoxide, HCl, ethanol and

NH4NO3 were purchased from Shanghai Nanxiang

Reagent Co., Ltd., China. All chamicals were analytical

grade and used without further purification. MB supplied

by Zhongyuan Chemical Co., LTD (Beijing, china) selec-

ted for adsorption test.

2.2 Synthesis of amine-functionalized ordered

mesoporous alumina

The amine-functionalized ordered mesoporous alumina

(NH2-OMA) was prepared according to our previous

method with some modification [27–29]. In a typical syn-

thesis, 1 g of pluronic P123 was dissolved in 12 mL of

ethanol to obtain a absolute solution A. In solution B,

1.5 mL of 37 wt% hydrochloric acid was added dropwise

in 6 mL of ethanol, and 2.04 g of aluminum iso-propoxide

as precursor was portioned slowly to solution B under

vigorous stirring at 40 �C. Then solution B was blended

with the solution A. To this mixture, 3 g of NH4NO3 was

added as amine source. The resulting mixture was stirred at

40 �C water bath to form a clear sol, and further the

homogeneous sol was aging for 3 days at 40 �C. The

solution was put into a 60 �C drying oven to undergo the

solvent evaporation process. Finally, the resultant amino-

funcnalized mesoporous alumina was obtained by calcin-

ing the as-prepared samples at 400 �C for 4 h in air. The

additional synthesis of ordered mesoporous alumina with-

out modified was similar to that described above, in which

NH4NO3 was not been used.

2.3 Characterization

TEM were taken on the JEOL 2000 EX transmission

electron microscope under a working voltage of 200 kV.

The nitrogen adsorption and desorption isotherms at

78.3 K were measured using an ASAP 2020 analyzer

(Micromeritics Co. Ltd., USA). The pore size distributions

were derived from the desorption branches using the Bar-

rett–Joyner–Halenda (BJH) model. FTIR spectra were

recorded on a Nicolet Avatar 370 DTGS spectrometer. The

leached Al concentration in the supernatant was deter-

mined by an Aanalyst 800 atomic absorption spectroscopy

(AAS, Perkin-Elmer Corporation, America).

2.4 MB adsorption experiments

Batch adsorption experiments were carried out at

25 ± 1 �C in a thermostated shaker. At first, aqueous

solutions containing different concentrations of MB

(20–180 mg L-1) were prepared. The initial pH of solu-

tions was adjusted to about 7 by the addition of NaOH and

HCl solution. Then adsorption kinetics and adsorption

isotherms were studied separately. For the adsorption

kinetics tests, 0.01 g adsorbents were added to 50 mL of

MB (100 mg L-1) solutions under stirring, and stirring was

continued for a predetermined equilibrium time intervals.

To study the adsorption isotherms, 0.01 g adsorbents were

put into the flasks containing 50 mL of MB solution of

different initial concentrations (20–180 mg L-1). The

flasks were kept in an isothermal shaker for 24 h to reach

equilibrium of the solution and solid mixture. At last, after

adsorption process, the mixture of liquid and solid were

separated by centrifugation to measure the concentrations

of MB solution. The measurements of MB concentrations

were carried out using a UV–Vis spectrophotometer. The

amount of MB retained in the sorbent phase (mg g-1) was

obtained according to Eq. (1):

qe ¼
ðCi � CeÞV

m
ð1Þ

where Ci and Ce are the initial and final (equilibrium)

concentration of the MB in solution (mg L-1), V is the

solution volume (L), and m is the mass of sorbent (g).
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2.5 Regeneration

The regeneration of NH2-OMA containing MB was

investigated by a chemical desorption method. A certain

amount of adsorbents were added into the flasks having the

MB solution (100 mg L-1) to be adsorbed and agitated in a

thermostated shaker at 25 �C for a certain time until

reaching requilibrium. The leached MB concentrations

were determined by a UV–Vis spectrophotometer. After

adsorption process, the collected adsorbents containing MB

was added to 100 mL NaOH solution (1 mol L-1) under

stirring using isothermal shaker. After removing NaOH

solution, the adsorbent was washed with 0.5 mol L-1

acetic acid solutions and deionized water. Then it was dried

at 60 �C. The regenerated adsorbent was further used for

adsorption/desorption test. The adsorption/desorption pro-

cess was cycled five times.

3 Results and discussion

3.1 Characterization of NH2-OMA

Evidence for the formation of mesostructures is provided

by small-angle X-ray diffraction patterns shown in Fig. 1.

The samples of OMA and NH2-OMA show a very strong

diffraction peak around 0.6�, which confirms the high

degree of ordering. The ordered mesoporous structure can

be observed by TEM images (Fig. 2). TEM images confirm

a hexagonally packed pore structure along with uniform

channels over a large area, suggesting a long-range ordered

mesostructure.

The nitrogen adsorption–desorption isotherms (Fig. 3) of

OMA and NH2-OMA yield type IV curves with H1-shaped

hysteresis loops, suggesting their uniform cylindrical pores

Fig. 1 Small-angle X-ray diffraction (SXRD) patterns for OMA

(a) and NH2-OMA (b)

Fig. 2 TEM images of OMA (a) and NH2-OMA (b)

Fig. 3 Nitrogen adsorption–desorption isotherms and pore size

distributions (inset) of OMA and NH2-OMA
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[30]. This is consistent with TEM electron microscopy

results. The amine-functionalized mesoporous alumina has a

large BET surface area of 305.47 m2 g-1 and a pore volume

of 0.5423 cm3 g-1. Amine modified mesoporous alumina

has a smaller pore diameter of about 7.1 nm. The adsorption

parameters for the samples studied are summarized in

Table 1. Narrow pore-size distributions are maintained

though the diameter decreases when amino functional

groups are grafted onto the ordered meosopous alumina. The

large surface area, large and tunable pore channels, and

narrow pore-size distribution enhance its adsorption capac-

ity of dyes since dyes are bulky molecules with sizes of over

1 nm.

FT-IR spectra of OMA and NH2-OMA are illustrated in

Fig. 4. The NH2-OMA characteristic peaks (due to –NH2

and –OH groups stretching vibrations at 3,450 cm-1) are

partially obscured by adsorbed water. For the –NH2 identi-

fication only could be considered the N–H for primary amine

band at 1,520 cm-1. Adsorptions at 3,450 and 1,640 cm-1

are attributed to –NH2 and –OH groups stretching vibrations

in the NH2-OMA [31, 32]. A schematic illustration of ami-

nated process is described in Fig. 5. The aminated reaction

occur involving two schemes as follow. Firstly, most of

supported NH4NO3 is decomposed to ammonia in the pro-

cess of calcination. Then, ammonia can be immobilized or

inconporated onto the surface of OMA frameworks and

reacted with the limited Al–OH, which is similar to the

process of nitridation reaction on the mesoporous silicon

oxynitride materials [33].

3.2 Adsorption kinetics

To determine the time necessary to get access to equilib-

rium adsorption, the effect of contact time on adsorption of

MB onto NH2-OMA was studied at the initial concentra-

tions 100 mg L-1. Figure 6 shows the effect of contact

time on the adsorption of MB on NH2-OMA and OMA. It

can be seen that a rapid adsorption of MB by NH2-OMA

occurred, with equilibrium reached in approximately

40 min for NH2-OMA. It was particularly noteworthy that

the process showed an extraordinarily high uptake of MB,

which can be verified by the fact that the amount of

adsorbed MB onto NH2-OMA within 40 min achieved

498.10 mg g-1.

In order to further understand the characteristics of the

adsorption process, the pseudo-first-order and pseudo-sec-

ond-order kinetic models were applied to fit experimental

data obtained from batch experiments. The pseudo-first-

order and pseudo-second-order kinetic models are expres-

sed in linear form as follows [34]:

lnðqe � qtÞ ¼ ln qe � Kt
1 ð2Þ

t

qt

¼ 1

K2q2
e

þ t

qe

ð3Þ

where qe and qt (mg g-1) are the amounts of MB adsorbed

at equilibrium and at time t (min), respectively. K1 (min-1)

is the pseudo-first-order rate constant and K2 (g mg-1 -

min-1) is the pseudo-second-order rate constant. The

kinetic parameters and the correlation coefficients (R2)

were determined by linear regression (Fig. 7) and were

given in Table 2. The calculated qe values (qe,cal) of the

pseudo-second-order kinetic model is close to the experi-

mental ones (qe,exp), and the plots show quite good linearity

with R2 above 0.9999. Therefore, the adsorption kinetics

follows the pseudo-second-order model well, suggesting a

chemisorption process.

The Weber’s intraparticle diffusion model was further

employed to identify the steps involved during adsorption

process [35], which is described as:

qt ¼ kit
1=2 þ C ð4Þ

where ki is the intraparticle diffusion rate constant

(mg g-1 min-1/2), C is a constant (mg g-1). From the plots

of qt versus t1/2 for various dyes, multilinearities are

observed in Fig. 8a, implying that more than one process

affects the adsorption. The initial region is a diffusion

adsorption stage, attributing to the diffusion of dye through

Table 1 Structural parameters of the OMA, NH2-OMA samples

Sample SBET

(m2 g-1)

Pore volumes

(cm3 g-1)

Pore size

(nm)

OMA 248.2 0.7954 12.82

NH2-OMA 305.4 0.5423 7.102

Fig. 4 FT-IR spectra of OMA (a) and NH2-OMA (b)
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the solution to the external surface of adsorbent (external

diffusion). The second region is a gradual adsorption stage,

corresponding to intraparticle diffusion of dye molecules

through the pores of adsorbent (intraparticle diffusion).

Therefore, both film diffusion and intraparticle diffusion

processes are simultaneously operating MB adsorption

onto NH2-OMA. The observed multilinearity also suggests

that intraparticle diffusion is not the rate-limiting step. The

values of ki and C were calculated from the slope and

intercept of plots of qt versus t1/2 (Fig. 8a) and were

summarized in Table 3.

To establish the actual rate-controlling step involved in

the MB adsoption processes, the adsorption kinetic data are

further fitted using the Boyd kinetic model [36], which is

expressed as:

F ¼ 1� 6

p2
expð�BtÞ ð5Þ

where F is the fraction of solute adsorbed at different time

t and Bt is a mathematical function of F and is given by

F ¼ qt

qe

ð6Þ

Fig. 5 Schematic depiction of

preparing process of NH2-OMA

Fig. 6 Adsorption rate curves for MB: circles are for OMA; squares

are for NH2-OMA

Fig. 7 a Pseudo-first-order and

b pseudo-second-order kinetics

for MB adsorption on NH2-

OMA
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Substitution of Eq. (5) in Eq. (6), the kinetic expression

can be represented as

Bt ¼ �0:4977� ln 1� qt

qe

� �
ð7Þ

Figure 8b shows the plot modeled by the Boyd kinetic

model. It shows that the plot is linear but don’t pass

through the origin. The R2 value of linear fitting is 0.9764,

indicating that the film diffision is the rate-controlling step

in the MB adsoption on NH2-OMA processes (Table 4).

3.3 Adsorption isotherms

The equilibrium adsorption isotherm is indispensable in

describing the interaction between pollutant and adsorbent.

Figure 9a typically shows the adsorption isotherms of MB

onto NH2-OMA at 25 �C. It was observed that the equi-

librium adsorption capacity qe, increased with an initial

steep rise followed by slight elevation to a more or less

plateau promptly along with the increase of equilibrium

concentration. The explicit isotherm of L-shape, according

Table 2 Kinetic parameters for adsorption of MB on NH2-OMA

C0 (mg L-1) qe, exp (mg g-1) First-order kinetic model Second-order kinetic model

qe,cal (mg g-1) K1 (min-1) R2 qe,cal (mg g-1) K2 (g mg-1 min-1) R2

100 498.10 190.3 0.0954 0.9764 510.2 0.0011 0.9999

Fig. 8 a Intraparticle diffusion

plots for the adsorption of MB

onto NH2-OMA; b Boyd plots

for the adsorption of MB onto

NH2-OMA

Table 3 Intraparticle diffusion model parameters and Boyd model parameters for the adsorption of MB onto the NH2-OMA

C0 (mg L-1) Intraparticle diffusion model Boyd model

Ki,1

(mg g-1 min-1/2)

C1 (mg g-1) R2 Ki,2

(mg g-1 min-1/2)

C2 (mg g-1) R2 Eq (Linear) R2

100 24.67 349.27 0.9976 3.74 466.57 0.8678 Bt = 0.4577 ? 0.0954t 0.9764

Table 4 Comparison of the

adsorption capacities of MB

onto various adsorbents

Adsorbent Maximum adsorption capacities Reference

Activated carbon 454.2 mg g-1 [5]

AlMCM-41 0.208 mmol g-1 [21]

Carboxylic-containing functional groups

onto MCM-41

223 mg g-1 [22]

Halloysite nanotubes 84.32 mg g-1 [26]

MTZ/imogolite 0.6513 mmol g-1 [41]

Highly-ordered mesoporous SBA-15 0.154 mmol g-1 [42]

Titania nanotubes 290 mg g-1 [43]

NH2-OMA 657.89 mg g-1 (2.06 mmol g-1) This work
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to Giles et al. [37], indicated that there was no strong

competition between the solvent and the dye to occupy the

NH2-OMA active sites. Moreover, this type of isotherm

implies Langmuir-type adsorption between MB and NH2-

OMA molecules. With the increase of initial MB concen-

tration from 20 to 180 mg L-1, the amount of the adsorbed

MB at equilibrium increased from 100 to 657.01 mg g-1.

The experimental results also showed a decrease of MB

removal at equilibrium condition. The removal percentage

dropped from 100 to 73 % (Fig. 9b) when the initial con-

centration rose from 20 to 180 mg L-1. This was due to

fast saturation on the surface of NH2-OMA as MB con-

centration was increased, leading to the decrease of

adsorption efficiency. The fact that the removal percentage

was higher at lower concentration showed that the avail-

able adsorbent surface area was the key factor to achieve

high adsorption efficiency.

To further describe the equilibrium adsorption isotherm,

the Langmuir isotherm and Freundlich isotherm models

were used for test study [38, 39]. Langmuir isotherm

assumes monolayer adsorption onto a surface containing a

finite number of adsorption sites of uniform strategies of

adsorption with no transmigration of adsorbate in the plane

of surface. However, Freundlich isotherm model assumes

heterogeneous surface energies, in which the energy term

in Langmuir equation varies as a function of the surface

coverage. The applicability of the isotherm equation is

compared by judging the correlation coefficients, R2. Both

isotherm models are represented as follow:

Ce

qe

¼ 1

KLqmax

þ Ce

qmax

ð8Þ

lg qe ¼
1

n
lg Ce þ lg Kf ð9Þ

where Ce (mg L-1) is the equilibrium concentration of MB

in solution, qe (mg g-1) is the amount of MB adsorbed per

unit weight of adsorbent at equilibrium, qmax and KL are

Langmuir constants related to the adsorption capacity and

rate of adsorption, respectively. Kf and n are Freundlich

constants with n giving an indication of how favourable the

adsorption process and Kf is the adsorption capacity of the

adsorbent. The isotherms based on the experimental data

and the parameters obtained from linear regression by both

models are shown in Fig. 10. The R2 values of Langmuir

and Freundlich models are 0.9979 and 0.7128, respectively,

indicating that the Langmuir model is suitable for

describing the adsorption equilibrium of MB onto NH2-

OMA. The monolayer adsorption capacity determined

from the Langmuir isotherm is 657.89 mg g-1. Table 3

compares the adsorption capacity of NH2-OMA obtained in

this study with different adsorbents previously used for

removal of MB from aqueous solutions. The adsorption

Fig. 9 a Adsorption isotherm

for the adsorption MB onto

NH2-OMA; b effect of initial

concentration on the adsorption

of MB onto NH2-OMA

Fig. 10 a Langmuir adsorption

isotherms and b Freundlich

adsorption isotherms for the

adsorption MB onto NH2-OMA
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capacity of MB onto NH2-OMA is higher than that of many

other previously reported adsorbents, suggesting that the

as-prepared NH2-OMA has great potential application in

dye removal from aqueous solution. And, the major

mechanism of MB adsorption onto the NH2-OMA was

electrostatic interaction.

The essential characteristics of Langmuir isotherm can

be expressed by a dimensionless constant called separation

factor or equilibrium parameter (RL), defined by Weber and

Chakkravorti as follow:

RL ¼
1

1þ KLCo

ð10Þ

The obtained RL values at different initial MB concen-

tration were in the range of 0.9765–0.9970, which lie

between 0 and 1, confirming that the adsorption of MB on

the NH2-OMA was favourable at the conditions being

studied.

3.4 Stability and reusability of the adsorbents

The stability and regeneration ability of the adsorbent is

crucial for its practical application. Considering that com-

ponent leaching from adsorbent to water environment may

cause secondary pollution, the stability of the NH2-OMA

composite was tested by monitoring the leached Al content.

In this case, no leaching of Al ions from the NH2-OMA

was detected during MB adsorption at natural pH by AAS,

indicating the high stability of NH2-OMA. S. Asuha has

reported that MO saturated on mesoporous TiO2 can be

successfully regenerated using sodium hydroxide [40]. To

further evaluate the performance of the adsorbent, the same

reuse experiments were carried out. The regenerated and

recycled results of NH2-OMA (Fig. 11) indicate that the

fading rate for the MB solution was almost unaffected even

after the fifth run with regenerated adsorbent. This behavior

indicates that the adsorbent can be easily recovered and

recycled efficiently and thus NH2-OMA has the potential

for application in industry.

4 Conclusion

In conclusion, amine-functionalized ordered mesoporous

alumina has been successfully synthesized by a facile sol–

gel method. Adsorption ability of the NH2-OMA is eval-

uated by choosing the methylene blue as an adsorbate. The

present study shows that the NH2-OMA, with the high

surface area of 305.47 m2 g-1, has great adsorption

capacities of MB. Adsorption kinetics follows the pseudo-

second-order model. The adsorption process is operated by

both film diffusion and intraparticle diffusion, and the film

diffusion is determined to be the rate-controlling step.

Equilibrium data are fitted by Langmuir and Freundlich

isotherms and the equilibrium data are better described by

Langmuir isotherm model, with maximum monolayer

adsorption capacity of 657.89 mg g-1. The NH2-OMA has

large pore channels with pore diameter of about 7.1 nm,

which improves its adsorption capacity of dyes since dyes

are bulky molecules with sizes of over 1 nm. The high

surface area, large pore channels and electrostatic attrac-

tion between NH2-OMA and MB account for the high

adsorptive performance of the NH2-OMA. Therefore, the

NH2-OMA is an economical and efficient sorbent and it

will have potential applications for removing residual dyes

from waste waters.
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