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Abstract Zinc oxide (ZnO) micro-tubes via self-assem-

bly of nanoparticles were synthesized by a simple precip-

itation process. Removal of As(III) (arsenite) from water

by ZnO micro-tubes through adsorption was investigated

with both lab-prepared and natural water samples. The

result showed that these self-assembled ZnO micro-tubes

are effective to remove As(III) from both lab-prepared and

natural water samples at near neutral pH environment.

These ZnO micro-tubes have a high adsorption capability

on As(III) at low As(III) concentration. When the equi-

librium As(III) concentration was around 0.1 mg/L, the

amount of As(III) adsorbed at equilibrium was over

10 mg/g. At high equilibrium concentration, the adsorption

capacity of these ZnO micro-tubes on As(III) reached over

39.4 mg/g. These ZnO micro-tubes could provide a simple

single-step treatment option to treat arsenic-contaminated

natural water, which requires no pre-treatment or post-

treatment pH adjustment for current industrial practice.

Introduction

Arsenic contamination in natural water poses a great threat

to millions of people in the world [1, 2]. Chronic arsenic

exposure could cause a lot of health problem, such as

cancers of liver, lung, kidney, bladder, and skin [3, 4],

cardio vascular system problem [5], and the affection on

the mental development of children [6]. In 2001, the US

Environmental Protection Agency (USEPA) revised the

maximum contaminant level (MCL) for arsenic in drinking

water from 50 to 10 lg/L and required its compliance since

January 2006 [7, 8]. Two major inorganic arsenic species,

namely As(III) (arsenite) and As(V) (arsenate), exist in

natural water. Among various arsenic removal techniques,

adsorption is believed to be a simple and cost-effective

process, especially when the arsenic concentration is low as

in the natural water environment [9, 10]. Due to the non-

ionic existence of As(III) as H3AsO3 in natural water with

pH value ranging from weakly acidic to weakly alkaline,

the adsorption performance of various adsorbents on

As(III) is usually poor [11–13]. A pre-treatment of oxi-

dizing As(III) to As(V) and/or pH adjustment is necessary

for its effective removal from water before coagulation–

precipitation or adsorption processes [14–17]. Thus, to

simplify the treatment process and lower the treatment

cost, it is desirable to develop adsorbents able to effectively

remove As(III) without the oxidation/pH adjustment.

Zinc oxide (ZnO) is an extensively investigated metal

oxide, and its research history could go back to many

decades [18, 19]. Due to its catalytic, electrical, optoelec-

tronic, and photochemical properties, it has been widely

utilized in various technical fields as pigments, rubber

additives, gas sensors, varistors, semiconductors, opto-

electronic devices, and solar cells [19]. Over the past

decade, nano/micro-sized ZnO had attracted extensive

research attentions. For example, ZnO nanobelts [20] and

nanowires [21, 22] had recently been synthesized with

unique optical properties. A lot of efforts had been made to

develop methods to synthesize ZnO into nano/micro-size
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structures with various morphologies [20–33], such as

vapor phase transport [20–22], seeded growth process [23],

precipitation [24], hydrolysis [25], pyrolysis [26], and

hydrothermal process [27, 28].

Herein, we report the synthesis of ZnO micro-tubes self-

assembled by ZnO nanoparticles via a simple precipitation

process and examined their adsorption effect on As(III)

with both lab-prepared and natural water samples at near

neutral pH environment. No report is currently available on

the systematic study of As(III) adsorption by ZnO in lit-

erature [34]. For the first time, a high degree of As(III)

removal effect was observed on these ZnO micro-tubes,

especially when the As(III) concentration is low as that in

most arsenic-contaminated natural water bodies. These

ZnO micro-tubes successfully removed the As(III) con-

tamination completely from natural water samples of Lake

Yangzonghai with a relatively low material loading. With

further development, this technology may offer a simple

single-step treatment option to treat arsenic-contaminated

natural water without the pre-treatment requirement for

current industrial practice.

Experimental

Materials system

Zinc acetate dihydrate (Zn(CH3COO)2�2H2O, C99.0%,

Shen Yang Kemiou Chemicals Co. Ltd., Shenyang,

P. R. China) and ammonium carbonate ((NH4)2CO3, NH3

C40.0%, Sinopharm Chemical Reagent Co., Ltd., Shang-

hai, P. R. China) were used for the synthesis of hydro-

zincite (Zn4CO3(OH)6�H2O) nanoparticles as received

without further purification. Sodium metaarsenite (NaAsO2,

Shanghai Tian Ji Chemical Institute, Shanghai, P. R. China)

was used to prepare As(III) stock solution, and concentrated

hydrochloride acid (HCl, 32–38%, Tianda Chemical

Reagents Factory, Tianjin, P. R. China) was used to stabilize

the arsenic species after treatment. Two commercially

available powders were used for the comparison with

ZnO micro-tubes on their As(III) removal performance.

One is ZnO powder of analytical reagent grade (ZnO,

C99.0%, Sinopharm Chemical Reagent Co., Ltd., Shanghai,

P. R. China). The other one is Degussa P25 TiO2 nanopar-

ticles (Evonik Industries, Germany), which is commercially

available and widely used in the study of arsenic adsorption

from water.

Synthesis of self-assembly ZnO micro-tubes

In a typical synthesis process, 1.756 g Zn(CH3COO)2�2H2O

was dissolved in 10 mL deionized (DI) water to obtain

solution 1, and 3.148 g (NH4)2CO3 was dissolved in 20 mL

DI water to obtain solution 2. After being stirred magneti-

cally for 30 min, solution 1 was added into solution 2

dropwise at room temperature, and the mixture was kept

stirring vigorously during the precipitation process. During

this process, the appearance of white precipitates could be

observed in the mixture. After being further stirred for 1 h,

the white precipitates were collected by centrifugation and

washed with DI water repeatedly until neutral pH. The pre-

cipitates were then dried at 60–70 �C for a day. The final

product was obtained by calcinating the precipitates at

300 �C for 2 h in air.

Characterization of ZnO micro-tubes

The crystal structures of the precipitates and ZnO micro-

tubes were analyzed by the D/MAX-2004-X-ray powder

diffractometer (Rigaku Corporation, Tokyo, Japan) with

Ni-filtered Cu (0.15418 nm) radiation at 56 kV and

182 mA. The thermal decomposition of the precipitates

was examined by TG–DSC (SETSYS Evolution18,

SETARAM Corporation, France) at the rate of 5 �C/min in

air. Field emission scanning electron microscopy (FESEM)

and transmission electron microscopy (TEM) were utilized

to examine their morphology. The SEM images were

obtained with a SUPRA35 Field Emission Scanning

Electron Microscope (ZEISS, Germany). SEM samples

were made by dispersing ZnO micro-tubes in ethanol,

applying a drop of the dispersion on a conductive carbon

tape, and drying in air for 12 h. Before imaging, the sample

was sputtered with gold for 20 s (Emitech K575 Sputter

Coater, Emitech Ltd., Ashford Kent, UK). TEM observa-

tion was carried out on a JEOL 2010 TEM (JEOL Ltd.,

Tokyo, Japan) operated at 200 kV, with point-to-point

resolution of 0.28 nm. TEM samples were made by dis-

persing a thin film of ZnO micro-tubes on a Cu grid. BET

surface area was measured by N2 adsorption/desorption

isotherm with an Autosorb-1 Series Surface Area and Pore

Size Analyzers (Quantachrome Instruments, Boynton

Beach, FL, USA). The zeta-potential curve of ZnO micro-

tubes was measured with an electrophoretic spectroscopy

(JS84H, Shanghai Zhongchen Digital Instrument Co., Ltd.,

Shanghai, P. R. China).

As(III) removal from water samples

A stock solution of 1.333 mM (*100 mg/L) As(III) was

prepared by dissolving NaAsO2 into DI water, and stored

in the dark in a refrigerator. To investigate the initial

As(III) concentration effect, the stock solution was diluted

to two initial As(III) concentrations (903.2 and 97.8 lg/L)

for the kinetic study of As(III) adsorption on ZnO micro-

tubes. 903.2 lg/L is in the high range of arsenic specie

concentration found in natural water around the world, and
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97.8 lg/L is in the middle to low range [35]. Both As(III)

solutions have the pH value of *7.0, near the neutral state.

To investigate the removal effect of ZnO micro-tubes on

arsenic-contaminated natural water, natural water samples

from Lake Yangzonghai (a major lake in Yunnan Province,

P. R. China) were also used in the As(III) removal exper-

iment, in which the As(III) concentration was found at

*78.1 lg/L and its pH value is *7.0. During the As(III)

removal experiment, the arsenic solution was stirred

magnetically to disperse ZnO micro-tubes to ensure a good

contact between ZnO and arsenic contamination. After

recovering the adsorbent by centrifugation, one drop of

concentrated HCl was added into the pellucid solution to

preserve its arsenic species. The samples were analyzed by

an atomic fluorescence spectrophotometer (AFS-9800,

Beijing KeChuangHaiGuang Instrument Inc., Beijing,

P. R. China) to determine the remaining concentration of

As(III).

Results and discussion

Characterization of self-assembled ZnO micro-tubes

The X-ray diffraction pattern of the white precipitate is

shown in Fig. 1a. It demonstrates that the precipitate

obtained by the chemical reaction between Zn(CH3COO)2�
2H2O and (NH4)2CO3 is mainly crystallized Zn4CO3

(OH)6�H2O. The TG–DSC curves of the precipitate are

shown in Fig. 1b. The TG curve indicates that a remarkable

mass loss (*23%) occurred during the precipitate’s thermal

decomposition, and the DSC curve indicates that it is an

endothermic process. The precipitate began to decompose

when the temperature was above 200 �C, and the decom-

position was complete at *270 �C. Thus, the calcination

temperature used in the synthesis process (300 �C) is ade-

quate to obtain pure ZnO final product. Figure 1c shows the

X-ray diffraction pattern of the ZnO final product after the

calcination. It demonstrates that the hexagonal phase of ZnO

was obtained. The average crystallite size of the hexagonal

phase is*22.5 nm, obtained by the Scherrer’s formula [36]:

D ¼ 0:9k=bcosh; ð1Þ

where k is the average wavelength of the X-ray radiation, b
is the line-width at half-maximum peak position, and h is

the diffracting angle.

The morphologies of the precipitate (Zn4CO3

(OH)6�H2O) and ZnO final product were examined with

FESEM and TEM. Figure 2a shows the FESEM image of

the precipitate, which demonstrated that an interesting

micro-tube structure was formed by self-assembly of nano-

sized particles during the chemical reaction between

Zn(CH3COO)2 and (NH4)2CO3. Figure 2b and c show the

FESEM images of the ZnO final product with different

magnifications. During the calcination process, this inter-

esting micro-tube structure was preserved. The length of

these self-assembled ZnO micro-tubes could be over

10 lm, and their diameter is around 2–3 lm (Fig. 2b).

From the high magnification FESEM image (Fig. 2c), it is

clear that these micro-tubes were self-assembled by nano-

particles in the range of 20–30 nm, which is very close to

the calculated hexagonal phase crystallite size. Figure 2d

and e show the HRTEM images of a single self-assembled

ZnO micro-tube, which clearly demonstrate that its micro-

sized tube structure is self-assembled from large numbers

of ZnO nanoparticles (*20–30 nm). Nano-sized ZnO had

been synthesized into various structures as nanoparticles,

nanobelts, nanowires, nanorods, and nanotubes. However,

this kind of ZnO micro-tubes self-assembled by nanopar-

ticles is new, and had not yet been reported before.

Surface properties of self-assembled ZnO micro-tubes

It is well known that there are two major requirements on

the adsorbent to obtain the efficient adsorption perfor-

mance. One is that the adsorbent should possess a large

surface area where the adsorption could occur, and the

other is that the adsorbent surface should have a good

affiliation to the substance that needs to be adsorbed.

Figure 3a shows the BET measurement curve of ZnO

micro-tubes. The BET-specific surface area of these ZnO

micro-tubes was found to be 51.42 m2/g, which is over 10

times larger than that of AR grade ZnO at 4.94 m2/g (see

Fig. 3b). The pore volume of these ZnO micro-tubes is

2.67 9 10-1 cm3/g, while the pore volume of AR grade

ZnO is only 7.37 9 10-3 cm3/g (*3% of that of these

ZnO micro-tubes). Thus, compared with commercially

available AR grade ZnO, the much larger surface area and

pore volume are beneficial for these ZnO micro-tubes to

have better contact efficiency to substances needing to be

adsorbed from aqueous environment. The pore size distri-

bution of these ZnO micro-tubes is demonstrated in

Fig. 3c. The two peaks at *10 and 20 nm, respectively,

should reflect the inter-nanoparticle mesoporosity of the

tube walls, while the long tail reflects the macropores of the

tubes. This observation is in accordance with the mor-

phology of these ZnO micro-tubes as demonstrated in their

HRSEM and HRTEM images. Figure 3d shows the zeta

potential of these ZnO micro-tubes. Their isoelectric point

(IEP) is determined at pH *6.0. When the pH value is

above 6.0, these ZnO micro-tubes are negatively charged.

Thus, at the near neutral aqueous environment (most nat-

ural water bodies), hydroxyl groups exist on the surface of

these ZnO micro-tubes, which is beneficial for an effective

As(III) adsorption as suggested by Pena et al. [35] in their

adsorption mechanism study of arsenic on TiO2.
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Kinetic studies on As(III) adsorption by self-assembled

ZnO micro-tubes

Batch experiment results of the kinetic studies on As(III)

adsorption by ZnO micro-tubes in lab-prepared water

samples are shown in Fig. 4. Two initial As(III) concen-

trations, 97.8 and 903.2 lg/L, were used in the study,

which could represent the concentration of As(III) in the

low to middle range, and the high range in natural water

environment, respectively. When the initial As(III) con-

centration is 97.8 lg/L (Fig. 4a), it is found that *62,

*93, and 100% of As(III) in the water sample could be

removed with 0.01, 0.02, and 0.04 g/L ZnO material

loadings, respectively. Thus, with just 0.02 g/L ZnO

material loading (20 ppm), the equilibrium As(III) con-

centration in the water sample was less than 7 lg/L after

the treatment, which meets the USEPA standard for arsenic

in drinking water. This small material loading equals to a

volume ratio of adsorbent to treated water at 3.5:106, which

demonstrates its high adsorption efficiency. When the ini-

tial As(III) concentration is 903.2 lg/L, *58, *90, and

100% of As(III) could be removed with 0.04, 0.08, and

0.10 g/L ZnO material loadings, respectively. Even for

such a high As(III) concentration, ZnO micro-tubes dem-

onstrated an excellent removal effect. When the ZnO

micro-tubes loading concentration was just 0.1 g/L, *80%

As(III) in the solution was removed in just 30 min, and

100% As(III) could be removed after the treatment. Thus,

a single-step high efficient As(III) removal process is

practical with these ZnO micro-tubes, which requires no

pre-treatment (oxidation and pH adjustment) and post-

treatment pH adjustment.

The kinetic study results could be best fitted into a pseudo-

second-order rate kinetic model as demonstrated in Fig. 4c

and d. A pseudo-second-order rate expression [37] is defined

by Eq. 2 and its integrated form is given in Eq. 3:

dqt=dt ¼ Kad qe � qtð Þ2 ð2Þ
t=qt
¼ 1
�

Kadq2
e

� �þ t=qe
; ð3Þ

where qe and qt are the capacities (mg g-1) of arsenic

adsorbed at equilibrium and at time t, respectively, and Kad

is the rate constant of adsorption (mg g-1 min-1). The

kinetic parameters obtained in fitting the experimental

data are summarized in Table 1. The applicability of

the pseudo-second-order rate model was quantified by the

square of the correlation coefficient R (R2), and the

closeness of R2 to 1 indicates that the model fitted

the experimental data accurately. With the increase of

adsorbent to As(III) ratio, the ratio of the amount of As(III)

adsorbed at equilibrium to the initial amount of arsenic

increases, and the rate constant (Kad) also improves indi-

cating a faster adsorption of As(III).

Due to the various differences in the experimental

conditions, it is not possible to directly compare the

adsorption efficiency among reports in literature. In Ref.

[17], Meng and co-workers synthesized a nanocrystalline

TiO2 with a large specific surface area of 330 m2/g. In their

study, the initial As(III) solution concentration is 2.0 mg/L,

the pH value is 7.0, and the amount of TiO2 is 0.2 g/L. The

Fig. 1 a X-ray diffraction

pattern, b TG–DSC curves of

the precipitate, and c X-ray

diffraction pattern of ZnO

micro-tubes
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reported adsorption Kad is 0.199 lmol-1 g h-1, which

equals to 0.015 mg-1 g h-1. With even smaller powder to

arsenic species ratio (about 88.6%) in our experiment

(initial As(III) concentration at 0.9032 mg/L, pH value

at 7.0, and the amount of ZnO at 0.08 g/L), the Kad is

determined at 0.3 mg-1 g h-1, about 20 times of their

reported value. When the material loading of ZnO increa-

ses to 0.1 g/L, which provides a powder to arsenic species

ratio about 10% higher than that used in their experiment,

the Kad is determined to be 0.9 mg-1 g h-1, about 60 times

of their reported value. These ZnO micro-tubes have a

much smaller surface area (about one-sixth) compared with

their TiO2 nanoparticles. Thus, these comparisons dem-

onstrate that these ZnO micro-tubes possess a very good

affiliation to As(III).

Equilibrium adsorption isotherm study on As(III)

adsorption by ZnO micro-tubes

The equilibrium adsorption isotherm study was conducted

to investigate the adsorption capacity of these ZnO micro-

tubes on As(III) at near neutral pH environment. Because

Fig. 2 a FESEM image of the

precipitate, b and c FESEM

images of ZnO micro-tubes,

d and e HRTEM images of ZnO

micro-tubes
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the concentration of As(III) in contaminated natural water

bodies is usually low, equilibrium adsorption isotherm

under low equilibrium As(III) concentration was also

investigated, besides of the commonly demonstrated

equilibrium adsorption isotherm under high equilibrium

As(III) concentration. The parameters obtained in fitting

the experimental data are summarized in Table 2.

Figure 5a demonstrates the equilibrium adsorption iso-

therm when the equilibrium As(III) concentration was from

Fig. 3 a BET curve of ZnO

micro-tubes, b BET surface

areas and pore volumes of ZnO

micro-tubes and AR grade ZnO

powder, c pore size distribution,

and d zeta-potential

measurement of ZnO micro-

tubes

Fig. 4 Adsorption kinetics of

As(III) on ZnO micro-tubes:

a initial As(III) concentration is

*97.8 lg/L and b initial

As(III) concentration is

*903.2 lg/L. c and d The

pseudo-second-order rate

kinetic model fitting of the

adsorption kinetics studies

demonstrated in a and b,

respectively

Table 1 Kinetic parameters for As(III) adsorption onto ZnO micro-

tubes

Initial As(III) concentration

(mg/L)

0.0978 0.9032

Materials loading (g/L) 0.01 0.02 0.04 0.08 0.1

qe (mg g-1) 6.360 4.731 13.193 10.367 8.805

Kad (mg-1 g min-1) 0.007 0.010 0.003 0.005 0.015

R2 0.999 0.999 0.995 0.999 0.999
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0.07 to 0.4 mg/L. Under such a low equilibrium As(III)

concentration, the amount of As(III) adsorbed at equilib-

rium follows a linear relationship with the equilibrium

As(III) concentration. When the equilibrium As(III) con-

centration is around 0.1 mg/L, the amount of As(III)

adsorbed at equilibrium could be over 10 mg/g, which

indicates that these ZnO micro-tubes could possess a high

As(III) removal efficiency from contaminated natural water

bodies usually with low As(III) concentrations.

Figure 5b demonstrates the equilibrium adsorption iso-

therm when the equilibrium As(III) concentration was high

(up to 110 mg/L). The adsorption data could be best fitted

with the Freundlich isotherm as given in Eq. 4:

qe ¼ KF � c1=n
e ; ð4Þ

where qe is the amount (mg g-1) of As(III) adsorbed at

equilibrium, ce is the equilibrium As(III) concentration

(mg/L) in water samples, and KF and n are the adsorption

constants. Figure 5b shows the adsorption capability of

these ZnO micro-tubes on As(III) is no less than 39.4 mg/g,

and it could further increase with the increase of the

equilibrium As(III) concentration.

As(III) removal performance compared with AR grade

ZnO powders and Degussa P25 TiO2 nanoparticles

Obvious differences on As(III) adsorption performance were

observed between ZnO micro-tubes, AR grade ZnO pow-

ders, and Degussa P25 TiO2 nanoparticles (Fig. 6a). With the

same material loading of 0.04 g/L, AR grade ZnO powders

and Degussa P25 TiO2 nanoparticles could only remove

about 60 and 50% As(III) in the water sample after 8 h

treatment, respectively. ZnO micro-tubes, however, could

remove As(III) from the water sample completely to meet the

USEPA standard for arsenic in drinking water within just

2 h. The enhanced As(III) adsorption performance of ZnO

micro-tubes may be attributed to their larger surface area,

higher pore volume, and very good affiliation to As(III).

As(III) removal on natural water samples from Lake

Yangzonghai by ZnO micro-tubes

To examine the removal effect of these ZnO micro-tubes in

the natural water environment, kinetic studies of their

As(III) adsorption performance on natural water samples

from Lake Yangzonghai was conducted, which was

recently contaminated by arsenic from industrial pollution.

Figure 6b shows the decrease of As(III) concentration in

the water sample from Lake Yangzonghai with the increase

of the treatment time. These ZnO micro-tubes also dem-

onstrated a good adsorption performance on As(III) in the

natural water sample, although there might be competition

effect from other species in natural water. With only a low

material loading of 0.06 g/L (60 ppm), the As(III) con-

centration in this contaminated lake water sample dropped

to *10 lg/L in 30 min, and further dropped to zero within

4 h. Thus, these ZnO micro-tubes are capable to remove

As(III) in natural water bodies to meet the USEPA standard

for arsenic in drinking water.

Conclusions

The ZnO with an interesting micro-tube structure was

synthesized by a simple precipitation process, and its

As(III) removal effect from water was investigated in both

lab-prepared and natural water samples. ZnO micro-tubes

demonstrated an effective As(III) removal performance on

both lab-prepared and natural water samples. The amount

of As(III) adsorbed at equilibrium could be over 10 mg/g at

Table 2 Equilibrium adsorption isotherm fitting parameters for

As(III) onto ZnO micro-tubes

Equilibrium As(III)

concentration upper

limit (mg/L)

113

Freundlich isotherm KF 13.779

n 4.579

R2 0.976

Fig. 5 The equilibrium adsorption isotherm of As(III) on ZnO

micro-tubes: a the equilibrium As(III) concentration was low

(up to 0.4 mg/L) and b the equilibrium As(III) concentration was

high (up to 113 mg/L)
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near neutral pH environment when the equilibrium As(III)

concentration is around 0.1 mg/L, which indicates that

these ZnO micro-tubes could possess a high As(III)

removal efficiency from contaminated natural water bodies

usually with low As(III) concentrations. With only a rela-

tively low material loading of 0.06 g/L, these ZnO micro-

tubes successfully removed the As(III) contamination

completely from natural water samples of Lake Yang-

zonghai. Thus, these ZnO micro-tubes could provide a

simple single-step treatment option to treat arsenic-con-

taminated natural water, which requires no pre-treatment or

post-treatment pH adjustment and could lower the cost and

the pollution risk from adding large amount of chemicals

into natural water bodies. The desorption of adsorbed

As(III) on ZnO micro-tubes could be easily achieved by

their interaction with weak alkaline solution. These ZnO

micro-tubes could then be recycled to reduce the operation

cost, and arsenic in the enriched weak alkaline solution

could be extracted by standard industry practices for vari-

ous applications.
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