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In this study, a novel Zn–Al–O binary metal oxide adsorbent was prepared and used to remove the emerg-
ing polar contaminant benzotriazole from water. The adsorption behavior, kinetics and mechanism were
systemically studied. Results showed that benzotriazole was rapidly and effectively adsorbed by the
adsorbent. Instantaneous adsorption was observed under each studied condition, and the adsorption
reached equilibrium within 30 min. High initial benzotriazole concentration enhanced the adsorption.
The amount of absorbed benzotriazole increased with increasing adsorbent dosage, but decreased with
enzotriazole
olar contaminant
n–Al–O binary metal oxide
dsorption

increasing ionic strength. Solution pH had little effect on benzotriazole adsorption. The adsorption
isotherm was consistent with S-type. Langmuir isotherm model fitted the equilibrium data better than
Freundlich, Dubinin–Radushkevich and Temkin isotherm models. The maximum monolayer adsorptive
capacity of benzotriazole with and without electrolytes was 7.30 mg g−1 and 9.51 mg g−1, respectively.
Elovich and pseudo-second-order models were most suitable for describing the adsorption kinetics. Inter-
actions between the surface sites of the adsorbent and benzotriazole may be a combination of electrostatic

and
interaction, ion exchange

. Introduction

With a large number of applications of synthetic chemicals
n human daily lives, as well as in industrial and agricultural
roduction, various emerging contaminants are continually being

dentified. Benzotriazole is a typical emerging contaminant [1].
enzotriazole and its methyl substituted compounds are regarded
s potential hazards to aquatic organisms, and can cause long-term
dverse effects in aquatic environments [2,3].

Benzotriazole first became a concern because of the contamina-
ion caused by aircraft deicing fluids of which the primary agents
ere benzotriazole and its derivatives [4]. However, aircraft deic-

ng fluids are only one of the common uses of benzotriazole. As
class of important industrial auxiliary chemicals, benzotriazole

s widely used as a corrosion inhibitor, anti-freeze, UV absorber
nd anti-fog agents [2,3,5,6]. The annual production of benzotria-
ole is approximately 9000 tons worldwide [7]. Due to its extensive
ses, benzotriazole becomes a class of widespread environmental

ontaminants. It has been detected in seven rivers in Switzerland,
ith a maximum concentration of 6.3 �g L−1, giving a maximum

ontaminant flow of as much as 277 kg per week [3]. Benzotriazole
as also detected in wastewater treatment plants in Germany with
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influent concentrations of 12 �g L−1 and effluent concentrations in
the range of 7–18 �g L−1 [8,9].

Benzotriazole is characterized by a high water solubility
(28 g L−1), low vapor pressure, and low octanol water distribution
coefficients (log Kow = 1.23) [7]. It resists biodegradation and is only
partially removed by wastewater treatment [9,10]. The removal
efficiency of benzotriazole by conventional activated sludge was
only 37% [7]. The treatment of municipal wastewater in a lab-scale
membrane bioreactor slightly improved the benzotriazole removal
efficiency. Ozonation is an effective method for degrading benzo-
triazole in water. Almost complete removal achieved by ozonation
of the treatment plant effluent with 1 mg O3

• (mg DOC)−1 [7]. How-
ever, there are some drawbacks associated with ozonation such as
the complexity of the oxidation process, high costs, and uncertainty
about the types and toxicity of by-products.

Adsorption technology becomes a mainstream method for
water pollution control because of its low cost and easy operation.
Metal oxides have been widely used as adsorbents due to their
unique surface characteristics. Recent studies have reported the
removal of various contaminants using metal oxides adsorbents,
including arsenic [11–13], chromium [14], cadmium [15,16], dyes

[17,18], fluoride [19–21] and many others.

The objectives of this work were to synthesize a novel adsorbent
Zn–Al–O binary metal oxide and use it for benzotriazole removal
from water to develop an available method for benzotriazole pollu-
tion control. Adsorption experiments were carried out as a function

dx.doi.org/10.1016/j.jhazmat.2010.08.017
http://www.sciencedirect.com/science/journal/03043894
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after calcination at 300 C, both the surface area and pore vol-
ume of the Zn–Al–O binary metal oxide increased substantially,
which could provide more active sites for pollutant adsorption. The
isotherm of N2 absorbed on the Zn–Al–O binary metal oxide was
a typical IV-like adsorption isotherm with a hysteretic loop in the
48 B. Xu et al. / Journal of Hazard

f contact time, adsorbent dosage, solution pH, ionic strength and
nitial benzotriazole concentrations. Additionally, the removal effi-
iency, adsorption capacity, behavior, kinetics and mechanisms of
enzotriazole adsorption on Zn–Al–O binary metal oxide were sys-
ematically evaluated.

. Materials and methods

.1. Reagents

Benzotriazole was purchased from Sigma–Aldrich, USA with
urity greater than 98%. Other chemicals used in this study were
f analytical reagent grade and were used without further purifi-
ation. All stock solutions were prepared in deionized water.

All glassware used in the experiments was immersed in a solu-
ion of H2SO4–K2Cr2O7 overnight, and was then washed several
imes in both tap water and distilled water.

.2. Adsorbent preparation

The Zn–Al–O binary metal oxide that was used as the absorbent
n this study was prepared using a co-precipitation method with
Zn:Al molar ratio of 2:1. Zinc nitrate hexahydrate (0.1 mol) and

luminum nitrate nonahydrate (0.05 mol) were dissolved in 200 mL
eionized water, respectively. The two solutions were then mixed
venly in a water bath at a constant temperature of 80 ◦C. With
igorous magnetic-stirring, 20% NaOH solution was added drop
ise into the mixture, and solution pH was strictly maintained

n the range of 9.5–10. After addition of NaOH, the suspension
as continuously stirred for 1 h and aged at room temperature for

4 h. Then the suspension was filtered and washed with deionized
ater until the conductivity and solution pH of the supernatant

emained constant. The suspension was dried at 80 ◦C, the white
owder (Zn–Al–OH binary hydroxide) as the absorbent precursor
as obtained. The absorbent precursor was finally calcinated at

00 ◦C for 4 h, and the Zn–Al–O binary metal oxide was obtained.

.3. Adsorbent characterization

A crystal phase analysis of the Zn–Al–O binary metal oxide was
erformed using an X-ray diffraction (XRD) diffractometer (D/max-
TR III, Rigaku, Japan) with copper K�. The specific surface area,
ore volume, and pore size distribution of the Zn–Al–O binary
etal oxide were measured on an Automated Surface Area and

ore Size Analyzer (QuadraSorb SI, Quantachrome, USA) by nitro-
en adsorption–desorption. The functional groups of the Zn–Al–O
inary metal oxide were determined by Fourier transform infrared
FT-IR) spectra (Spectrum GX, PerkinElmer, USA) using a transmis-
ion model with the KBr pellet method. The zeta potentials of the
n–Al–O binary metal oxide were determined by a Zetasizer (Zeta-
izer Nano, Malvern, UK). The composition of the Zn–Al–O, i.e.,
n and Al, was determined by inductively coupled plasma mass
pectrometry (ICP-MS, Agilent 7500, USA) after acid digestion pre-
reatment.

.4. Experimental procedure

The adsorption isotherm and predominant factor investigations
ere carried out with batch experiments. Each batch experiment
as performed in a 500 mL glass vessel, with 100 mL of benzotri-

zole solution at different initial concentrations being used. The

olution pH was adjusted with 0.1 mol L−1 H2SO4 or NaOH solu-
ion. The adsorption of benzotriazole on the Zn–Al–O binary metal
xide reached equilibrium within 30 min based on the adsorption
inetics results. Therefore, after the addition of the Zn–Al–O binary
etal oxide, the suspension was mixed with a magnetic stirrer for
aterials 184 (2010) 147–155

30 min. Samples were collected at predetermined time intervals
and immediately filtered using 0.45 �m cellulose acetate mem-
branes to separate the adsorbent from the supernatant. The residual
benzotriazole concentrations were immediately analyzed.

A blank benzotriazole adsorption experiment without adsor-
bent was carried out to evaluate experimental uncertainties. The
results showed that the loss of benzotriazole without adsorbent
was less than 3%. To check reproducibility, all the adsorption exper-
iments were carried out in duplicate. The relative deviations were
less than 5%.

2.5. Analysis

Benzotriazole was analyzed by high performance liquid chro-
matography (HPLC, Agilent 1200, USA) with UV detection at
254 nm. The separation was performed with an Eclipse XDB-C18
column (150 mm×4.6 mm, 5 �m, Agilent) using an isocratic elu-
tion of 50% water and 50% methanol at a flow rate of 1.0 mL min−1.
The detection limit of benzotriazole was approximately 80 ng L−1

and the relative standard deviation was approximately 1.78%.

3. Results and discussion

3.1. Adsorbent characteristics

Comparing the XRD patterns of the absorbent precursor and
Zn–Al–O binary metal oxide (Fig. 1), it is confirmed that the adsor-
bent phase changed significantly after calcination at 300 ◦C. The
Zn–Al–O binary metal oxide was not in a simple composite form of
ZnO and Al2O3, but in a form of a ZnO solid solution into which Al
was inserted. The Zn–Al–O binary metal oxide is a hexagonal sys-
tem, and has a single phase with relatively narrow width diffraction
peaks, indicating an excellent crystalloid. The average crystal sizes
of the absorbent precursor and the Zn–Al–O binary metal oxide
were estimated using Scherer’s formula, and were 20.2 nm and
17.9 nm, respectively.

The surface area and porosity of the absorbent precursor and
the Zn–Al–O binary metal oxide were determined using nitrogen
adsorption–desorption isotherms (Fig. 2). The results showed that

◦

Fig. 1. XRD patterns of the absorbent precursor (a) and the Zn–Al–O binary metal
oxide (b).
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Fig. 2. N2 adsorption–desorption isotherms and BJH pore size distribution curve of
the absorbent precursor and Zn–Al–O binary metal oxide.

Table 1
BET results of Zn–Al–O binary metal oxide and its precursor.

ABET
a(m2 g−1) Vtal

b(mL g−1) Davg
c(nm)

Zn–Al–O 108 0.225 8.33
Adsorbent precursor 69.5 0.159 9.13
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a The surface area of metal oxide calculate by BET model.
b The total pore volume of the metal oxide.
c The average diameter of the pore of the metal oxide.

ange of 0.4–1.0 P/P0, indicating the presence of mesoporous mate-
ials. The pore size distribution (Fig. 2) was determined using the
arrett–Joyner–Halenda (BJH) method from the desorption branch
f the isotherm. The BET surface area, total pore volume and aver-
ge pore diameter of both the absorbent precursor and Zn–Al–O
inary metal oxide are shown in Table 1.

The FT-IR results of the absorbent precursor and the Zn–Al–O
inary metal oxide are shown in Fig. 3. For the Zn–Al–O binary
etal oxide, the adsorption bands at 3458 cm−1 and 1630 cm−1

orresponded to –OH stretching and bending vibrations, which

ere attributed to the adsorption of water molecules in the air and

he existence of surface hydroxyl groups. The absorption peaks at
90 cm−1 and 431 cm−1 originated from Al–O and Zn–O vibrations,
espectively [22,23]. Based on the changes in the –OH stretch-

ig. 3. FT-IR characterization of the absorbent precursor and Zn–Al–O binary metal
xide.
Fig. 4. Adsorptive capacity of benzotriazole by the absorbent precursor and
Zn–Al–O binary metal oxide. Reaction conditions: pH = 6.0±0.1, T = 25±1 ◦C,
[BTri]0 = 5 �mol L−1, and [adsorbent] = 5 g L−1.

ing and bending vibrations between the precursor and the binary
metal oxide, it is suggested that calcination resulted in decreases
of the surface hydroxyl group density on the metal oxide surface.
As shown in Fig. 3, the peaks associated with Al–O and Zn–O vibra-
tions were unclear and the relative peak intensity was weaker after
calcination. These results confirmed that the Zn–Al–O binary metal
oxide was not in a simple ZnO and Al2O3 composite form, but in a
ZnO solid solution form.

Based on the ICP-MS analysis results, the percentage com-
position of the Zn–Al–O was determined. Zn accounted for
approximately 40.85% of the Zn–Al–O binary metal oxide, while
Al accounted for approximately 11.14% of the total mass. Thus,
the empirical formula for the composition of the Zn–Al–O could
be expressed as Zn1.53AlO7.27.

3.2. Adsorption efficiency of benzotriazole

Efficiencies of benzotriazole adsorption onto Zn–Al–O binary
metal oxide and the absorbent precursor are shown in Fig. 4. The
Zn–Al–O binary metal oxide exhibited a fast adsorption rate and a
good adsorption capacity for benzotriazole. The benzotriazole con-
centration decreased after the first contact with the adsorbent, and
decreased to 12.6% in the first 5 min. The amount of adsorbed ben-
zotriazole increased steeply from 0 to 0.26 mg g−1 during the same
period. After 5 min, the removal efficiency remained constant. The
overall removal efficiency and adsorption amount achieved were
88.7% and 0.264 mg g−1, respectively.

The absorbent precursor also exhibited a rapid initial adsorp-
tion, but the benzotriazole removal efficiency and adsorption
amount were only 57.7% and 0.172 mg g−1, respectively, which
were much lower than that of the Zn–Al–O binary metal oxide.
This may be related to the different physical and chemical prop-
erties of the absorbent precursor and Zn–Al–O binary metal oxide.
The smaller surface area and lower pore volume of the absorbent
precursor probably led to the decrease in adsorption sites and
adsorption amounts.

3.3. Effect of adsorbent dosage on benzotriazole adsorption
Different masses of the Zn–Al–O binary metal oxide were cho-
sen to study the effect of adsorbent dosage on benzotriazole
adsorption. Results are shown in Fig. 5. The amount of benzotri-
azole adsorbed increased with increasing adsorbent dosage. The
adsorbed amounts were 0.162 mg g−1, 0.221 mg g−1, 0.264 mg g−1
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ig. 5. Effect of adsorbent dosage on benzotriazole adsorption. Reaction conditions:
H = 6.0±0.1, T = 25±1 ◦C, and [BTri]0 = 5 �mol L−1.

nd 0.288 mg g−1 when the adsorbent was 1 g L−1, 2 g L−1, 5 g L−1,
nd 10 g L−1, respectively. The removal efficiency changed from
4.3%, 74.3%, and 88.7% to 96.8% at the corresponding reaction
onditions. A larger amount of adsorbent would provide more
dsorption sites, resulting in high levels of adsorbed benzotriazole
nd good removal efficiency.

.4. Effect of solution pH on benzotriazole adsorption

The removal of benzotriazole as a function of solution pH is pre-
ented in Fig. 6. It is clear that little benzotriazole was adsorbed
nto glass vessels surfaces at pH ranges from 3 to 11. The loss of
enzotriazole through adsorption to glass vessels was less than 3%
t any pH conditions, indicating that the adsorption by glass vessels
ould be ignored. Therefore, the benzotriazole adsorption was only
aused by the Zn–Al–O binary metal oxide. The results also showed
enzotriazole adsorption by the binary metal oxide was almost

ndependent of pH. The adsorption amounts were at high levels
or all pH values in the range of 4.0–11.0. The change in adsorp-
ion amount was less than 10% throughout the pH range. However,

he adsorbed amount appeared to decrease slightly under strongly
cidic condition (pH = 2.8), which was probably due to a reaction
etween the Zn–Al–O binary metal oxide and acid.

Benzotriazole is weak basic [7,24]. The pKa values of its neutral
nd protonated species are 8.6 and 1.6, respectively [25]. Therefore,

ig. 6. Effect of solution pH on benzotriazole adsorption. Reaction conditions:
= 25±1 ◦C, [BTri]0 = 5 �mol L−1, and [adsorbent] = 2 g L−1.
Fig. 7. Distribution of different benzotriazole species in water as a function of pH.

it becomes positively or negatively charged due to protonation or
deprotonation under different pH values (Eq. (1)) [26,27]:

BTAH2
+ acid←−HBTA

basic−→BTA− (1)

where HBTA indicates benzotriazole. Fig. 7 shows the predomi-
nant species of benzotriazole under different pH conditions. It is
clear that the protonated benzotriazole, benzotriazole molecule
and deprotonated benzotriazole were the predominant species
when the solution pH was lower than 1.6, between 1.6 and 8.6,
and greater than 8.6, respectively.

The surface of metal oxides can also become positively or neg-
atively charged at different pH conditions. The surface charges are
generated from the adsorption of H+ and OH− on the surface ion-
ized group [28]. Eqs. (2) and (3) show the proton balance equations
for metal oxides:

M–OH+H3O+
pH<pHIEP� M–OH2

+ +H2O (2)

M–OH+H2O
pH>pHIEP� M–O− +H3O+ (3)

The pH at which the zeta potential equals zero is called isoelec-
tric point (IEP). It can be used to qualitatively assess the surface
charge on the adsorbent and characterize the protonation and
deprotonation of the amphoteric surface functional groups [14,29].
The IEP of the Zn–Al–O binary metal oxide was determined to be
9.69 in this study (Fig. 8). Thus, when the pH was lower than 9.69,
the Zn–Al–O binary metal oxide was protonated making it elec-
tropositive. When pH was greater than 9.69, the deprotonation
occurred, resulting in an electronegative surface.

The surface charge properties of the adsorbate and adsorbent
at different pH values resulted in multiple interactions occurring.
Hydrogen-bond interactions occurred between the neutral forms
of benzotriazole and the Zn–Al–O binary metal oxide, because they
could act as hydrogen-bond donors or acceptors. Electrostatic inter-
actions commonly occurred between the charged surface of the
adsorbate and adsorbent. Additionally, ion exchange would also
play a role in benzotriazole adsorption when only benzotriazole
had surface charges. Thus, the minor changes in the benzotriazole
adsorption capacity at the solution pH ranges from 4 to 11 prob-
ably indicates that the adsorption was due to the combination of
multiple interactions based on the surface charge properties of the
adsorbate and adsorbent.
3.5. Effect of ionic strength on benzotriazole adsorption

The effect of ionic strength on benzotriazole adsorption is shown
in Fig. 9. Sodium nitrate (NaNO3) was chosen as the electrolyte in
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ig. 8. Zeta potential of Zn–Al–O binary oxide before and after reaction with
enzotriazole. Reaction conditions: T = 25±1 ◦C, [BTri]0 = 5 �mol L−1, and [adsor-
ent] = 2 g L−1.

his study. The amount of adsorbed benzotriazole decreased with
ncreasing NaNO3 concentrations. The adsorbed amount decreased
rom 0.221 mg g−1 to 0.135 mg g−1 when the NaNO3 concentration
as increased from 0 mmol L−1 to 10 mmol L−1. This indicates that

he electrolyte competed with benzotriazole for adsorption sites
nd inhibited the benzotriazole adsorption.

There are two probable reasons for this competition. Under the
eaction condition (pH = 6.0), the surface of the Zn–Al–O binary
etal oxide may be positively charged or may still be neutral. Ben-

otriazole was probably in its neutral and protonated forms at the
ame solution pH. The surface charge properties of the adsorbent
nd adsorbate resulted in multiple interactions. When electrolytes
ere present, Na+ and NO3

− would compete with the neutral or
rotonated benzotriazole for adsorption sites and inhibit benzotri-
zole adsorption. On one hand, it was good for NO3

− to be adsorbed
nto the positively charged adsorbent by electrostatic interactions
30]. On the other hand, the hydrogen ion of the hydroxyl group on
he Zn–Al–O binary metal oxide surface would exchange with Na+
n solution due to ion exchange. Thus, the electrolyte preferred to
ccupy portion of the adsorption sites on the surface of the Zn–Al–O
inary metal oxide, resulting in poor adsorption of benzotriazole.

ig. 9. Effect of ionic strength on benzotriazole adsorption. Reaction conditions:
H = 6.0±0.1, T = 25±1 ◦C, [BTri]0 = 5 �mol L−1, and [adsorbent] = 2 g L−1.
Fig. 10. Adsorption isotherms of benzotriazole on Zn–Al–O binary metal oxide with
and without electrolyte. Reaction conditions: pH = 6.0±0.1, T = 25±1 ◦C, and [adsor-
bent] = 2 g L−1.

3.6. Adsorption isotherm

The adsorption isotherms of benzotriazole onto the Zn–Al–O
binary metal oxide with and without electrolytes at 25 ◦C are pre-
sented in Fig. 10. Based on the liquid-phase adsorption isotherm
classification by Giles et al. [31], the adsorption isotherm of benzo-
triazole onto Zn–Al–O binary metal oxide without electrolytes was
consistent with an S-type adsorption isotherm. When the NaNO3
concentration was 0.1 mmol L−1, the adsorption isotherm was still
an S-type isotherm, but shifted to the right side due to the partial
occupation of adsorption sites by the electrolyte.

Four adsorption isotherm models, i.e. the Langmuir [32], Fre-
undlich [33], Dubinin–Radushkevich [34], and Temkin [35] models,
were used to fit the equilibrium adsorption data. The linear forms
of the four models are as follows:

Langmuir isotherm :
1
qe
= 1

qmKLCe
+ 1

qm
(4)

Freundlich isotherm : log10 qe = 1
n

log10 Ce + log10 KF (5)

Dubinin–Radushkevich isotherm : ln(qe) = ln(qm)− KDRε2 (6)

ε = RT ln
(

1+ 1
Ce

)
(7)

Temkin isotherm : qe = RT

bT
ln KTCe (8)

where qe is the amount of benzotriazole adsorbed onto the
Zn–Al–O binary metal oxide per gram at equilibrium (mg g−1);
Ce is the residual concentration of benzotriazole in solution at
equilibrium (mg L−1); qm is the maximum monolayer adsorption
capacity (mg g−1); KL is the Langmuir isotherm constant related
to the affinity between the adsorbent and the adsorbate (L g−1);
KF is the Freundlich coefficient showing the adsorption capac-
ity [(mg g−1)(L mg−1)1/n]; n is the heterogeneity factor; KDR is the
porosity factor (mol2 J−2); ε is the Polanyi potential; R is the univer-
sal gas constant with a value of 8.314 J mol−1 K−1; T is the absolute
temperature (K); bT is the adsorption potential of the Zn–Al–O
binary metal oxide (kJ mol−1); and KT is the equilibrium constant

−1
corresponding to maximum binding energy (L g ).
The parameters of the four isotherms are summarized in

Table 2. It shows that the isotherm data were best fitted Lang-
muir isotherm when compared to other three isotherms based on
the high coefficient of determination (r2 = 0.992). The maximum
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Table 2
Isotherm model parameters for benzotriazole adsorption on Zn–Al–Oa.

Isotherm model Isotherm equation Model constants No electrolyte Electrolyteb

Langmuir 1
qe
= 1

qmKLCe
+ 1

qm
qm (mg g−1) 9.51 7.30
KL (L g−1) 0.103 0.932
r2 0.992 0.973

Freundlich log10 qe = 1
n log10 Ce + log10 KF KF [(mg g−1)(L mg−1)1/n] 0.907 0.643

n 1.11 1.00
r2 0.974 0.978

Dubinin–Radushkevich ln(qe) = ln(qm)−KDRε2 qm (mg g−1) 1.07 0.867
KDR (mol2 kJ−2) 0.065 0.819

ε = RT ln
(

1+ 1
Ce

)
E (kJ mol−1) −2.77 −2.47

r2 0.918 0.866

Temkin qe =
(

RT
bT

)
ln(KT)+

(
RT
bT

)
ln(Ce) KT (mol g−1) 9.63 6.79

bT (kJ mol−1) 5.73 6.05
r2
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a Reaction conditions: pH = 6.0±0.1, T = 25±1 ◦C, and [adsorbent] = 2 g L−1.
b Electrolyte: [NaNO3]0 = 0.1 mmol L−1.

onolayer adsorption capacity of benzotriazole was 9.51 mg g−1

ith no electrolytes, and decreased to 7.30 mg g−1 in the presence
f 0.1 mmol L−1 NaNO3. Freundlich coefficients without and with
lectrolytes were 0.907 and 0.643 (mg g−1)(L mg−1)1/n, respec-
ively. Heterogeneity factors without and with electrolytes were
.11 and 1.00, respectively.

Based on the isotherm data, it suggests that the Zn–Al–O binary
etal oxide has great potential for the application in removal

f trace amounts of benzotriazole from water. The adsorbent
osage should be increased when applied to compensate for the
ffects of electrolytes in water and meet the treatment needs.
ubinin–Radushkevich isotherm model was used to determine the
haracteristic porosity and the apparent free energy of adsorption,
hile Temkin isotherm model was used to determine the adsorp-

ion potentials of the adsorbent for adsorbates. Both of these models
ad less precise coefficients than those obtained from Langmuir
nd Freundlich isotherms (Table 2). The results also indicate that
he presence of electrolytes would inhibit benzotriazole adsorption
nto the Zn–Al–O binary metal oxide.
.7. Adsorption kinetics

The kinetics of benzotriazole adsorption onto the Zn–Al–O
inary metal oxide is shown in Fig. 11. The adsorption process can

ig. 11. Effect of contact time on benzotriazole adsorption under different
nitial concentrations. Reaction conditions: pH = 6.0±0.1, T = 25±1 ◦C, and [adsor-
ent] = 2 g L−1.
0.816 0.751

be divided into a rapid step and a slow one. Instantaneous adsorp-
tion occurred in all cases, indicating that the initial adsorption of
benzotriazole by the Zn–Al–O binary metal oxide probably took
place via external surface adsorption [36,37]. The slow adsorption
step represented a gradual uptake of benzotriazole at the inner sur-
face [20,38]. However, the slow step was insignificant for lower
initial concentrations of benzotriazole.

Four kinetics models, including pseudo-first-order model [39],
pseudo-second-order model [40,41], Elovich equation [42] and
intraparticle diffusion model [43] were used to describe the adsorp-
tion process, of which the linear forms are as follows:

Pseudo-first order equation : ln(qe − qt) = ln(qe)− k1(t) (9)

Pseudo-second order equation :
t

qt
= 1

h
+ 1

qe
t (10)

h = k2q2
e (11)

Elovich model : qt = 1
ˇ

ln(˛ˇ)+ 1
ˇ

ln(t) (12)

Intraparticle diffusion model : qt = kpt1/2 + C (13)

ln

[
1−

(
qt

qe

)2
]
= −�2D

r2
t (14)

where qt is the amount of benzotriazole adsorbed onto the Zn–Al–O
binary metal oxide per gram at any time t (mg g−1); qe is the
amount of benzotriazole adsorbed at equilibrium (mg g−1); k1 is
the rate constant of the pseudo-first order model (min−1); k2 is the
rate constant of the pseudo-second order model (g mg−1 min−1);
h is the initial adsorption rate of the pseudo-second order model
(mg g−1 min−1); ˛ is the adsorption velocity constant for benzotri-
azole (mg g−1 min−1); ˇ is the desorption constant (g mg−1); kp is
the intraparticle diffusion constant (mg g−1 min−1/2); and C is the
intercept of the line which is proportional to the boundary layer
thickness.

The kinetic parameters depend on different initial concentra-
tions of benzotriazole, and are summarized in Table 3. The data
obtained from the pseudo-first-order model was not applicable for
describing benzotriazole adsorption onto the Zn–Al–O binary metal
oxide. The calculated adsorption amount obtained from pseudo-
first-order kinetic model did not give acceptable values. The high

coefficient of determination (r2 > 0.95) confirmed that benzotria-
zole adsorption onto the Zn–Al–O binary metal oxide was well
represented by the pseudo-second-order kinetics model. The calcu-
lated amount of benzotriazole adsorbed at equilibrium agreed with
the experimental data. The rate constant of pseudo-second order
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model decreased with increasing initial concentrations of benzo-
triazole. The adsorption amount increased from 0.069 mg g−1 to
2.10 mg g−1 as the initial concentrations of benzotriazole increased
from 0.238 mg L−1 to 5.95 mg L−1, indicating that the Zn–Al–O
binary metal oxide was good for removing the polar contaminant
benzotriazole from water. It was noted that the initial adsorption
rate increased from 0.236 mg g−1 min−1 to 4.06 mg g−1 min−1 as the
initial concentrations of benzotriazole increased from 0.238 mg L−1

to 5.95 mg L−1, suggesting that high initial concentrations would
enhance the adsorption process.

Elovich equation was the most applicable for describing ben-
zotriazole adsorption onto the Zn–Al–O binary metal oxide as the
coefficient of determination was greater than 0.99. The adsorp-
tion velocity constant (˛) was quite similar under different initial
concentrations, but the desorption constant (ˇ) decreased from
18.4 g mg−1 to 0.624 g mg−1 as the initial concentrations of ben-
zotriazole increased from 0.238 mg L−1 to 5.95 mg L−1. This result
suggests that adsorbate molecules that had adsorbed onto the
adsorbent surface could inhibit desorption and promote adsorp-
tion.

Due to the porosity of the Zn–Al–O binary metal oxide, the intra-
particle diffusion kinetic model was expected to have a role in
the adsorption process. Boundary layer diffusion and intraparti-
cle diffusion effects would occur during the adsorption process
based on relationships between the adsorption capacity and the
square root of the contact time (data not shown here) [20,38]. The
diffusion driving force increased with increasing initial benzotri-
azole concentrations, which resulted in the intraparticle diffusion
constant increasing except for the initial concentration of benzo-
triazole being 2.38 mg L−1.

3.8. Adsorption mechanism

For adsorption onto a solid surface, the adsorption mechanisms
may include electrostatic interactions, ion exchange, hydrogen
bonding, hydrophobic interactions or other else [44]. Based on the
characteristics of the adsorbate and adsorbent, the mechanism of
benzotriazole adsorption by the Zn–Al–O binary metal oxide was
very complex. Benzotriazole adsorption was thought to mainly
take place via surface adsorption. After adsorption sites were occu-
pied, benzotriazole molecules would diffuse into the pores of the
Zn–Al–O binary metal oxide for further adsorption. The surface
adsorption mechanisms can be explained by electrostatic interac-
tions, ion exchange and hydrogen-bond interactions at different pH
values.

Benzotriazole is an ionized organic pollutant, while the Zn–Al–O
binary metal oxide has an amphoteric surface. Thus, both the adsor-
bate and adsorbent may have multiple species in the solution due
to their surface charge properties at different pH values. As seen in
Table 4, electrostatic interactions that commonly occurred between
the different charged surfaces of the adsorbate and adsorbent prob-
ably occurred at pH values≤8.6 (Eq. (15)) and pH < 9.69 (Eq. (16)):

M–O− + BTAH2
+ →M–O−· · ·BTAH2

+ (15)

M–OH2
+ + BTA− →M–OH2

+· · ·BTA− (16)

However, the IEP showed almost no decrease before and after
the adsorption reaction (shifting from 9.69 to 9.66), suggesting that
the presence of benzotriazole did not make the adsorbent sur-
face more positively or negatively charged in this study. The very
minor change in the IEP may indicate that electrostatic interactions

were not the main mechanism of benzotriazole adsorption onto the
adsorbent.

Ion exchange would have a role in benzotriazole adsorption
when only the benzotriazole was surface charged. The Zn–Al–O
binary metal oxide had surface hydroxyl groups that could be con-
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Table 4
Probable species forms and presumed interactions under different solution pH values.

pH condition Probable species of adsorbent Probable species of adsorbate Presumed interactions

pH≥9.69
M–O− BTA− M–OH + HBTA→M–OH · · ·BTA
M–OH HBTA M–OH + BTA−→M–BTA + OH−

8.6 < pH < 9.69

M–O− BTA− M–OH + HBTA→M–OH · · ·HBTA
M–OH HBTA M–OH + BTA−→M–BTA + OH−

M–OH2
+ M–OH2

+ + BTA−→M — OH2
+ · · ·BTA−

M–OH + HBTA→M–OH · · ·HBTA

− BTA− + +

HBTA
BTAH

v
t
z
h
z

M

M

M

m
Z
a
g
g
t
h
o
o
f
i
f
w
s
g
t
p
m
z

F
Z

pH≤8.6

M–O
M–OH
M–OH2

+

erted into ion exchangers in solution. Thus, the hydrogen ion of
he surface hydroxyl groups would exchange with protonated ben-
otriazole at pH≤8.6 (Eq. (17)). In addition, the neutral surface
ydroxyl groups may also exchange with deprotonated benzotria-
ole (Eq. (18)):

–OH+ BTAH2
+ →M–OBTAH2 +H+ (17)

–OH+ BTA− →M–BTA+OH− (18)

–OH+HBTA→M–OH· · ·HBTA (19)

Finally, hydrogen-bond interactions were considered to be the
ain adsorption mechanism (Eq. (19)). Both benzotriazole and the

n–Al–O binary metal oxide could act as hydrogen-bond donors or
cceptors due to the imido group of the benzotriazole and hydroxyl
roups on the Zn–Al–O binary metal oxide surface (Fig. 12). Hydro-
en atoms of the surface hydroxyl groups could interact with
he nitrogen atoms of the imido groups of benzotriazole to form
ydrogen bonds. Because there is a lone pair of electrons on a
xygen atom of the water molecule, the surface hydroxyl groups
n the adsorbent could also interact with that oxygen atoms to
orm hydrogen bonds. The electro-negativity of the oxygen atom
s greater than that of the nitrogen atom, so it is much easier
or the surface hydroxyl groups to form hydrogen bonds with
ater molecules. That is, water molecules competed for adsorption

ites with benzotriazole during the adsorption process. The oxy-

en atoms of adsorbed water molecules would also interact with
he nitrogen atoms of the imido groups to form hydrogen bonds,
romoting benzotriazole adsorption. Moreover, the benzotriazole
olecule could also form hydrogen bond with another benzotria-

ole molecule, leading to synergistic adsorption.

ig. 12. Possible hydrogen-bond interaction of benzotriazole adsorption on
n–Al–O binary oxide.
M–OH + BTAH2 →M–OBTAH2 + H
M–OH + BTA−→M–BTA + OH−

2
+ M–OH2

+ + BTA−→M–OH2
+ · · ·BTA−

M–O− + BTAH2
+→M–O− · · ·BTAH2

+

4. Conclusions

Based on above experimental results, the following conclusions
can be drawn:

(1) The Zn–Al–O binary metal oxide has great potential for appli-
cation in removal of trace amounts of polar benzotriazole from
water. Benzotrizole adsorption was almost independent of pH.
The adsorption amount increased with increasing adsorbent
dosage and initial benzotriazole concentration, but decreased
with increasing ionic strength in the water.

(2) Langmuir isotherm model provided the best fit for the adsorp-
tion behavior of benzotriazole onto Zn–Al–O binary metal
oxide. Elovich equation and pseudo-second-order kinetic mod-
els were more applicable for describing the adsorption process.

(3) Benzotriazole adsorption was primarily via the surface adsorp-
tion. The surface adsorption mechanisms are likely to be a
combination of electrostatic, ion exchange and hydrogen-bond
interactions.
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