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Adsorption/reduction of N-dimethylnitrosamine from
aqueous solution using nano zero-valent iron
nanoparticles supported on ordered mesoporous silica
Xiaodong Xin, Shaohua Sun, Mingquan Wang, Qinghua Zhao, Yan Chen
and Ruibao Jia

ABSTRACT
N-Dimethylnitrosamine (NDMA) has aroused increasing concern among public health agencies. It is
necessary to develop some effective methods to remove NDMA from drinking water. A reductive
process has been investigated as an alternative treatment method for NDMA removal from water. In
this manuscript, zero-valent iron nanoparticles (ZVINPs) were synthesized, and then supported on
mesoporous silica materials with high surface area (MCM-41) to prepare a stable ZVINP/MCM-41
nanocomposite. X-ray diffraction measurements showed the stabilization of the ZVINPs upon their
support on MCM-41, which enhanced their activity. The ZVINP/MCM-41 nanocomposite was used for
the catalytic reduction of NDMA in the model solution, and the results showed the dependency of
the removal process on the ZVINP/MCM-41 mass, time of removal, and solution pH. The mechanism
of NDMA reduction by ZVINP/MCM-41 was studied, and the results showed the conversion of NDMA
to unsymmetrical dimethylhydrazine, dimethylamine (DMA) and NHþ
4 . The product analysis found
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that in the process of removal, adsorption and reduction existed at the same time.
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removal mechanism

INTRODUCTION
As the National Toxicology Program reported in 2011, N-

as a ‘Probable human carcinogen’. So it is necessary to

dimethylnitrosamine (NDMA) is reasonably anticipated to

develop some effective methods to remove it from drinking

be a human carcinogen. It is detected in many drinking

water.

water sources and rivers in some countries (such as China,

Reductive processes with or without the augment of

USA and Canada), and also in treated drinking water and

hydrogen have been investigated as alternative treatment

waste water (Mitch et al. ; Han et al. ). Subsequent

methods for NDMA removal. Catalysts, including Pd,

studies have demonstrated that NDMA is one disinfection

Pd-Cu, Pd-In, Ni and NiB, have shown the ability to

by-product of chlorination and chloramination of water

reduce NDMA with hydrogen (Davie et al. ; Frierdich

and waste water (Choi & Valentine ; Mitch & Sedlak

et al. ). Zero-valent iron and nickel-enhanced iron

). Besides, it can be formed during ozonation and

both transform NDMA to dimethylamine (DMA) and

other treatments with strong oxidants (Andrzejewski et al.

NHþ
4 without hydrogen (Odziemkowski et al. ). Like

; Yang et al. ; von Gunten et al. ). It arouses

many other nanomaterials, the zero-valent iron nanoparticle

increasing concern among public health agencies. The US

(ZVINP) is easy to agglomerate into large particles, resulting

Environmental Protection Agency classiﬁes it in group B2

in the decrease of surface area and reactivity performance,

doi: 10.2166/ws.2017.003

Downloaded from http://iwaponline.com/ws/article-pdf/17/4/1097/408952/ws017041097.pdf
by guest

1098

X. Xin et al.

|

Adsorption/reduction of N-dimethylnitrosamine using ZVINP/MCM-41

Water Science & Technology: Water Supply

|

17.4

|

2017

which limits its application in water treatment (Phenrat

bromide, and stirred for 30 min. After heat treatment at

et al. ). Therefore, researchers have paid attention to

80 C for 96 h, the product was retrieved. It was ﬁltered,

the modiﬁcation of nano zero-valent iron (He & Zhao

rinsed with cold ethanol and ﬁnally placed on a plate for

; Chun et al. ; Wang et al. ; Zhang et al. ).

air-drying.

W

Immobilization of ZVINP in mesoporous material is a prom-

ZVINP/MCM-41 was prepared by the liquid phase

ising approach to solve the problem above (Li et al. ; Lv

reduction method. Typically, FeSO4·7H2O (8.93 g) was dis-

et al. ). Mesoporous materials with large speciﬁc surface

solved in ethanol/water (4/6) solution (100 mL), followed

area, uniform aperture adjustment, morphology and active

by the addition of polyethylene glycol-4000 (0.125 g/g).

surface groups come onto people’s horizons. It is widely

MCM-41 (20 g) was added into the above solution and stir-

used in macromolecule adsorption and separation, biological

red well. Then, NaBH4 solution (0.45 mol/L) was added

medicine, chemical catalysis, chemical sensors, and the syn-

into the above mixed solution drop by drop. All of the reac-

thesis of nanomaterials (Wakayama et al. ; Fan et al.

tions were conducted in an anaerobic environment. After

). Mesoporous silica has attracted intense interest due

reaction, the products were washed three times with etha-

to its adsorption capacity, high surface area, porous structure,

nol, acetone, and anaerobic water (oxygen was removed

and relatively low cost. Mesoporous silica MCM-41 has been

from the water by passing nitrogen through the water)

proven to be generally quite effective for iron loading (Liu

respectively. The resulting precipitates (ZVINP/MCM-41)

et al. ). The combination of MCM-41 and ZVINP

were ready for characterization.

would take advantage of the two materials. It is interesting
to evaluate the efﬁciency of NDMA adsorption/reduction

Characterization

by ZVINP supported on MCM-41.
In this study, we designed and prepared a new kind of

The morphological structure of ZVINP/MCM-41 was

nanocomposite by loading nano zero-valent iron onto

observed by ZEISS scanning electron microscopy. All SEM

ordered mesoporous silica materials (ZVINP/MCM-41),

specimens were sputter-coated with a thin layer of gold palla-

which could reduce contact with oxygen. It could avoid

dium under vacuum in an argon atmosphere prior to

zero-valent iron oxide and increase adsorption at the same

examination. X-ray diffraction (XRD) patterns of the prepared

time. The prepared ZVINP/MCM-41 showed excellent

samples were acquired with a Tokyo Rigaku D/MAX 2200 X-

reductive performance towards NDMA.

ray diffractometer using CuKα radiation (40 kV, 300 mA) of
wavelength 0.154 nm to conﬁrm the structure of the materials.
Surface area measurements were performed on a Micromeri-

EXPERIMENTAL

tics ASAP 2020 surface area and porosity analyzer. Fourier
transform infrared (FTIR) spectra were recorded in the spec-

Materials and chemicals

tral range of 4,000–400 cm1 on a Perkin–Elmer Spectrum
One FTIR spectrometer.

All chemicals, obtained from Sinopharm Chemical Reagent
Beijing Co Ltd, China, are of analytical reagent grade or

Batch experiment for NDMA adsorption/reduction

better quality. Ultrapure water was used throughout the
experiment (18.2 MΩ cm).

In a typical batch experiment, 20 mg of the as-prepared
ZVINP/MCM-41 was added into a 1,000 mL 1.0 μg/L of

Synthesis of ZVINP/MCM-41

NDMA solution, the mixture was adjusted to pH 7.6 using
HCl and NaOH and stirred for 120 min. Thereafter,

MCM-41 was synthesized according to the literature as by

ZVINP/MCM-41 was separated by ﬁlter separation. In

Dimos et al. (). An amount of 50 g tetraethylorthosilicate

order to obtain the reaction kinetics of the NDMA solutions,

was added into a polyethylene bottle containing 417.5 g H2O,

different reaction times (15–240 min) were treated with the

268.5 g NH3 (25% wt) and 10.5 g cetyltrimethylammonium

same procedure as above. In order to obtain the removal
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RESULTS AND DISCUSSION

trations of individual NDMA solutions (1.0–6.0 μg/L) were
treated with the same procedure as above at room tempera-

Characterization of ZVINP/MCM-41

ture. Blank samples (containing only deionized water and
corresponding ZVINP/MCM-41) were prepared and moni-

The surface morphology of MCM-41 and ZVINP/MCM-41

tored for the duration of the experiment as a control.

can be seen from Figure 1(a) and 1(b). Compared with

The removal efﬁciency and the amount of NDMA
removed q (μg/g) were given according to the formula:
Removal efficiency (%) ¼

Figure 1(a), after loading with nano zero-valent iron, a
layer of spherical particles adhered to and was evenly distributed on the surface of the MCM-41, as shown in

c0  ct
× 100%
c0

(1)

Figure 1(b).
The XRD patterns of MCM-41 and ZVINP/MCM-41 are

(c0  ct ) × V
qt ¼
m

(2)

presented in Figure 1(c) and 1(d). Figure 1(c) compares the
X-ray diffraction patterns of MCM-41 before and after ZVINP

where ct (μg/L) is the concentration of NDMA at time t

loading. In Figure 1(c), there is an obvious zero-valent iron

(min), V (L) is the volume of NDMA solution, m (g) is the

characteristic peak at 2θ ¼ 43 –45 (α-Fe0), which is in accord-

mass of ZVINP/MCM-41, qt (μg/g) is the removal amount

ance with the report by Choi & Valentine (). It indicates

at time t (min).

that ZVINP was successfully loaded into MCM-41.

Analytical method

the range of 4,000–400 cm1 are shown in Figure 1(d). A

W

W

The FTIR spectra of MCM-41 and ZVINP/MCM-41 in
band at 3,445 cm1 in the spectra shows H–O–H hydrogenThe NDMA in the solution was analyzed using an Agilent

bonded water. The intensive band at around 1,040 cm1

7890A triple quadrupole gas chromatography–mass spec-

could be assigned to Si–O stretching vibrations. After loading

trometer. It was equipped with an HP-5MS column (30 m ×

ZVINP, the Fe–O and Fe–OH vibrations appeared at 1,400

0.25 mm, 0.25 μm) using helium (99.999%) as carrier gas

and 1,020 cm1, respectively.

(1 mL/min ﬂow rate). The column temperature was held at
W

W

W

40 C for 1 min, increased to 150 C at 5 C/min, and then
W

W

increased to 280 C at 20 C/min. Temperatures of the transW

W

fer line and source of ionization were 280 C and 230 C,

According to the Brunauer–Emmett–Teller (BET) analysis, after loading ZVINP, Barrett–Joyner–Halenda (BJH)
desorption cumulative volume of pores was 0.1785 cm3/g,
which was smaller than that before loading ZVINP

respectively. The injection port temperature was 250 C.

(0.2037 cm3/g) and the BET surface area was 30.58 m2/g,

The retention time of NDMA was 3.95 min.

which was larger than that before loading ZVINP

W

(UDMH)

(27.64 m2/g). This may be due to the loading of ZVINP on

measurement, the liquid samples were pretreated by 4-nitro-

the surface of the MCM-41, which could increase the

benzaldehyde, separated by the C18 column and detected

surface area.

For

unsymmetrical

dimethylhydrazine

by the ultraviolet detector (λ ¼ 390 nm). The acetonitrile
and water with a volume ratio of 4:1 were taken as the

Effect of operating variables on the removal of NDMA

mobile phases. DMA concentration was measured by an Agi-

using ZVINP/MCM-41

lent GC7890/FID after derivatization with benzenesulfonyl
chloride using the improved method by Yang et al. (). It

Comparison of different materials on removal

was equipped with an HP-5 column (30 m × 0.32 mm,
0.25 μm) using nitrogen (99.999%) as carrier gas (2 mL/min

Three kinds of materials, ZVINP, MCM-41, and ZVINP/

ﬂow rate). The column temperature was held at 120 C,

MCM-41, were used based on the same mass to remove

W

W

W

increased to 195 C at 40 C/min, held for 1 min, and then
W

o

increased to 290 C at 60 C/min. The injection port temperaW

ture was 280 C. The retention time of DMA was 6.56 min.
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Characterization of MCM-41 and ZVINP/MCM-41: (a) scanning electron microscopy of MCM-41; (b) scanning electron microscopy of ZVINP/MCM-41; (c) XRD diffraction pattern of
MCM-41 (black line) and ZVINP/MCM-41 (red line); (d) FTIR of MCM-41 (black line) and ZVINP/MCM-41 (red line). Please refer to the online version of this paper to see this ﬁgure in
colour: http://dx.doi.org/10.2166/ws.2017.003.

ZVINP and MCM-41. Therefore, ZVINP/MCM-41 was used

of pH, the 2 h removal experiments were carried out at

to remove NDMA.

25 C with the pH ranging from 4.3 to 9.2 in 1,000 mL

W

1.0 μg/L NDMA solution. The removal of NDMA using
ZVINP/MCM-41, ZVINP and MCM-41 increased signiﬁ-

Effect of ZVINP/MCM-41 concentration

cantly with increasing pH from 4.3 to 7.6, and decreased
In order to determine the effect of ZVINP/MCM-41 dose,

obviously at pH 9.2. It can be concluded that too much

the 2 h removal experiments were carried out at 25 C

acid or alkaline could affect the structure of ZVINP/

within the ZVINP/MCM-41 dosage range from 5 to 40 mg

MCM-41, which may reduce the NDMA removal rate

in 1,000 mL 1.0 μg/L NDMA solution. As shown in Figure

of ZVINP/MCM-41 (Figure 2(c)). Under pH 7.6, the

2(b), the removal of NDMA increased with the increase of

removal efﬁciency of NDMA using ZVINP/MCM-41 was

ZVINP/MCM-41 dose, and reached a plateau at the appro-

better.

W

priate dose of 20 mg. A dose of 20 mg of the nanocomposite
was chosen for the research.

The reaction time

Effect of initial pH

A dose of 20 mg ZVINP/MCM-41 was added into 1,000 mL
1.0 μg/L (0.0135 mmol/L) of NDMA solution at pH 7.6 and

The pH value of the solution was an important controlling

the remaining amount of NDMA in solution was detected

parameter in the removal process. To determine the effect

at 15, 30, 45, 60, 75, 90, 120, 150, 180, 210, and 240 min,
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Removal efﬁciencies of materials: (a) ZVINP, MCM-41, and ZVINP/MCM-41; (b) ZVINP/MCM-41 dose (5 to 40 mg); (c) initial pH (4.3 to 9.2); (d) and performing time
(15–240 min). (All experiments under the conditions of 1,000 mL 1.0 μg/L NDMA solution at 25 C.)
W

respectively. The results showed that the removal of NDMA

calculated and shown in Figure 3 and Table 1. The

by ZVINP/MCM-41 increased with time and reached equi-

measured kinetic data of NDMA removed by ZVINP/

librium at about 2 h (Figure 2(d)).

MCM-41 at pH 4.3, 6.5, 7.6 and 9.2 ﬁtted the second-

In Figure 2(d), the removal efﬁciency of ZVINP was low

order kinetic model with a correlation coefﬁcient (R 2) of

in the ﬁrst 90 min, increased after 90 min and got to equili-

0.998, 0.999, 0.998 and 0.999. The linear plots of 1/qt

brium after 210 min, and it is also shown that the removal

versus 1/t show good agreement between experimental

rate of ZVINP/MCM-41 was faster than ZVINP. Reaction

values (qe(exp)) and (qe(cal)), where qe (μg/g) is the

kinetics were needed to conﬁrm it.

removal amount at equilibrium. It suggested that the
removal process could be a rate-limiting step (Ho ).

Reaction kinetics
ln (qe  qt ) ¼ ln qe  k1 t

(3)

1
1 1 1
¼
 þ
qt q2e k2 t qe

(4)

In order to investigate the mechanism of reduction and
potential rate-limiting steps such as mass transport and
chemical reduction reaction processes, the reaction time
data of NDMA using ZVINP/MCM-41 and ZVINP were
analyzed by kinetic models, such as the ﬁrst-order kinetic
model

(Equation

(3)),

second-order

kinetic

model

qt ¼

 
 
1
1
ln (αβ) þ
ln t
β
β

(5)

(Equation (4)), Elovich model (Equation (5)), and intraparticle diffusion model (Equation (6)). The results are
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(a) First-order kinetics, (b) second-order kinetics, (c) Elovich model and (d) intraparticle diffusion model ﬁt of NDMA removal on ZVINP/MCM-41 at different pH (15–240 min
removal experiments were carried out at 25 C for the removal of 1,000 mL 1.0 μg/L NDMA solution onto 20 mg ZVINP/MCM-41).
W

Table 1

|

Constants and correlation coefﬁcients for the kinetic models

Model

Parameter

pH 4.3

pH 6.5

pH 7.6

pH 9.2

First-order model

qe(μg/g)
k1 (min1)
R2

13.96
0.0163
0.976

15.99
0.0192
0.994

17.92
0.0214
0.996

15.85
0.0187
0.986

Second-order model

qe(μg/g)
k2(μg/(g min))
R2

20.37
0.012
0.998

22.32
0.023
0.999

24.04
0.022
0.998

21.37
0.020
0.999

Elovich model

β(g/μg)
α(μg/(g min))
R2

0.223
0.541
0.989

0.198
1.073
0.997

0.185
1.092
0.986

0.202
0.901
0.996

Intraparticle diffusion model

C
kp
R2

0.526
1.132
0.974

2.427
1.259
0.945

2.403
1.336
0.926

1.567
1.236
0.957

Rate constants (k2) of ZVINP/MCM-41 at pH 4.3, 6.5,

ZVINP/MCM-41 under neutral or weak acid conditions

7.6 and 9.2 were 0.012 g μg1 min1, 0.023 g μg1 min1,

was faster than that under acidic or alkaline conditions. In

1

0.022 g μg
The

results

1

min

1

and 0.020 g μg

showed

that

the

1

min , respectively.

reduction

process

Downloaded from http://iwaponline.com/ws/article-pdf/17/4/1097/408952/ws017041097.pdf
by guest

of

addition, the removal capacity under neutral or weak acid
conditions was larger than that under acidic or alkaline

X. Xin et al.

1103

|

Adsorption/reduction of N-dimethylnitrosamine using ZVINP/MCM-41

Water Science & Technology: Water Supply

|

17.4

|

2017

conditions. NDMA can exist stably under acidic or alkaline
conditions. The difference at different pH was due to the structure of ZVINP/MCM-41. Conditions that were too acidic or
alkaline could change the ZVINP in ZVINP/MCM-41.
Under acidic conditions, ZVINP could transfer to Fe3þ in solution, which reduced the ZVINP content of ZVINP/MCM-41.
Under alkaline conditions, Fe(OH)3 could be generated on the
surface of ZVINP, which could block the reaction of ZVINP
and NDMA.
Adsorption isotherms
The adsorption capacities of the as-obtained ZVINP/MCM-41
to NDMA were measured individually at pH 7.6 with 20 mg
ZVINP/MCM-41 and varied NDMA concentration (1.0–
6.0 μg/L). The Henry, Langmuir, and Freundlich models
expressed in Equations (7)–(9) were used for modeling these
adsorption isotherm data. All the isotherms showed a similar
shape and were nonlinear over a wide range of aqueous equilibrium concentrations, shown in Figure 4.
qe ¼ kce

qe ¼

bqm ce
1 þ bce

qe ¼ KF ce1=n

(7)

1
1 1
1
¼
 þ
qe bqm c qm

(8)

1
ln qe ¼ ln KF þ ln ce
n

(9)

The ﬁtted constants along with regression coefﬁcients (R 2)

Figure 4

|

(a) Langmuir, (b) Freundlich, and (c) Henry adsorption isotherm ﬁts of NDMA
removal on ZVINP/MCM-41.

are summarized in Table 2; qm is the maximum adsorption
capacity (μg/g). The data for NDMA adsorbed at equilibrium
(qe, μg/g) and the equilibrium metal concentration (ce, μg/L)

adsorption on the adsorbent surface is uniform; (3) there is

were ﬁtted to the Langmuir adsorption model. The data ﬁt

no interaction among adsorbed molecules. Therefore, the

2

well to the model with correlation coefﬁcients (R ) of 0.996.

removal of NDMA onto ZVINP/MCM-41 is monolayer uni-

The Langmuir model is based on three assumptions: (1) the

form adsorption. From Table 2, the calculated maximum

adsorption of molecules is a monolayer adsorption; (2) the

adsorption capacity is 23.5 μg/g, which is in agreement with

Table 2

|

Constants and correlation coefﬁcients of adsorption isotherms

Model

Langmuir

Freundlich
2

Parameter

qm

B

R

Results

23.5 μg/g

0.053 L/μg

0.996
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CONCLUSIONS

kinetics.
In the study, ZVINP/MCM-41 was prepared, and batch equilibrium removal of NDMA onto ZVINP/MCM-41 was
NDMA reduction products and proposed mechanism

carried out. Removal of the NDMA onto ZVINP/MCM-41
reached equilibrium within 120 min at pH 7.6, which

Figure 5 shows the products of NDMA reduction. At the ﬁrst

agrees well with the second-order kinetic model. The product

30 minutes, the concentration of NDMA decreased, total

analysis found that in the process of removal, adsorption and

nitrogen in the solution decreased, but UDMH and DMA

reduction exist. Furthermore, the reduction reaction occurred

were hardly found in the solution. It could be explained

after the adsorption reaction. It showed that this removal pro-

that at this stage adsorption was dominant. After that, the

cess was one of adsorption and reduction synergies.

concentration of NDMA decreased with time, and UDMH
and DMA could be detected in the solution. This showed
that after 30 min, ZVINP in the ZVINP/MCM-41 began to
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in the previous studies on NDMA reduction have been
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4 ) (Davie et al. ; Frierdich
et al. ). This can explain some nitrogen loss. Others
may be adsorbed into ZVINP/MCM-41.
From the whole process we could infer that the removal
of NDMA from water involves three main steps: (1) ZVINP/
MCM-41 adsorbed NDMA onto the surface; (2) ZVINP/
MCM-41 reduced NDMA to DMA and ammonium;
(3) DMA was desorbed into the solution.

Figure 5

|

Products of NDMA reduction with ZVINP/MCM-41 (0–240 min removal experiments were carried out at 25 C for the removal of 1,000 mL 1.0 μg/L NDMA
W

solution onto 20 mg ZVINP/MCM-41).
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