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dsorbents  for  the  removal  of  2,4-dinitrophenol  from  water  samples
ith  the  methyl  group  at  different  positions  of  imidazolium  ring
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Five  imidazole-modified  silica  adsorbents  were  synthesized.
The  five  adsorbents  are  of  primary  anion-exchange  and  electrostatic  nature.
The  electrostatic  nature  was  affected  by  the  methyl  group  of  imidazolium  ring.
The  five  adsorbents  are  suitable  for  adsorption  of  2,4-DNP  with low  pKa value.
The  adsorbent  was  regenerated  and reused  ten  times  by  washings  with  HCl  and  water.
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a  b  s  t  r  a  c  t

The  objective  of  this  work  was  to improve  the  understanding  the  influence  of  the  methyl  group  at
different  positions  of  imidazolium  ring  on  the adsorption  behaviors  of  imidazole-modified  silica  adsor-
bents.  Five  adsorbents  named  as SilprImCl,  SilprM1ImCl,  SilprM2ImCl,  SilprM4ImCl  and  SilprM1M2ImCl
were  synthesized  using  imidazole,  1-methylimidazole,  2-methylimidazole,  4-methylimidazole  and  1,2-
dimethylimidazole,  respectively.  These  adsorbents  were  characterized  by scanning  electron  microscope,
infrared  spectra,  thermogravimetric  analysis,  elemental  analysis  and  BET  analysis.  Firstly,  phenol,  2-
nitrophenol  (2-NP),  3-nitrophenol  (3-NP),  4-nitrophenol  (4-NP)  and  2,4-dinitrophenol  (2,4-DNP)  were
used  as  adsorbates  to  investigate  the selectivity  of SilprImCl  and  its adsorption  capacities  followed
the  order  of  2,4-DNP  � 4-NP  >  2-NP  �  3-NP  >  phenol.  Therefore,  2,4-DNP  was  used  to investigate  the
adsorption  behaviors  of  the  five  adsorbents.  It was inferred  that the  adsorbents  are  of  primary  anion-

exchange  and  electrostatic  nature.  The  electrostatic  nature  was  affected  significantly  by the  methyl
group  at  different  positions  of  imidazolium  ring.  The  adsorbed  amounts  of  2,4-DNP  decreased  in the
order  of: SilprM1M2ImCl  ≈ SilprM1ImCl  > SilprM4ImCl  >  SilprM2ImCl  > SilprImCl.  The  adsorption–elution
experiments  indicated  that  2,4-DNP  can  be removed  from  aqueous  solutions  by a SilprM4ImCl  packed
column  and  the  recovery  of  91.6%  was  obtained.  The  adsorbent  could  be  regenerated  and  reused  ten
times  at  least  by  simple  washings  with  HCl  and water  in  turn.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Phenolic compounds are main pollutants in surface waters or
roundwater and are considered as priority pollutants due to their

oxicity and possible accumulation in the environment. There-
ore, removal of phenolic pollutants from aqueous solutions is
ecessary for environment protection and has been investigated

∗ Corresponding author. Tel.: +86 373 3325971; fax: +86 373 3326336.
E-mail address: wzk@htu.cn (Z. Wang).

304-3894/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2013.06.061
by various physical, chemical and biological methods. A litera-
ture review shows that among these methods, adsorption method
is very effective and is still constantly investigated and devel-
oped due to its low initial cost, simplicity of design and ease
of operation [1–4]. Activated carbon [5–12] has been broadly
investigated as one of the most effective adsorbents to remove
phenolic compounds. However, its application is limited due to its

high cost. Research interests into the preparation of novel adsor-
bents to replace conventional activated carbon have intensified in
recent years. Many novel carbonaceous adsorbents such as acti-
vated carbon fiber [9,13], activated carbon cloth [14], multi-wall

dx.doi.org/10.1016/j.jhazmat.2013.06.061
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jhazmat.2013.06.061&domain=pdf
mailto:wzk@htu.cn
dx.doi.org/10.1016/j.jhazmat.2013.06.061
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Fig. 1. Chemical structures of phenol (1), 2-NP (2), 3-NP (3), 4-NP (4) and 2,
4-DNP (5).

Table 1
Chemical structures of studied adsorbents.

No. Name Structure

1 SilprImCl

2 SilprM1ImCl

3 SilprM2ImCl

4 SilprM4ImCl

5 SilprM1M2ImCl
56 Z. Wang et al. / Journal of Hazar

arbon nanotube [15], carbon nanosphere [16], carbon nanoporous
dsorbent [17] and a novel carbons prepared from olive stones
iomass and novolac resin [18] have been extensively examined.
nstead of carbonaceous adsorbents, researcher have worked on
ther materials such as sawdust [19,20], chitosan [21], MgAl-
ixed oxide [22], resin [23,24], polymer [25], bentonite [26–28],
anganese nodule leached residue [29] and salicylic acid type

dsorbent [30], which have high adsorption capacity for phenolic
ompounds.

In recent years, ionic liquid-modified silicas, which were pre-
ared by chemically bonding the functionalized ionic liquids on the
ilica surface, have attracted considerable attention as chromatog-
aphy stationary phases and solid phase extraction adsorbents
31–33]. Qiu et al. [34] synthesized imidazolium-modified silica
ith chloride as counter ion, which was successfully used to sepa-

ate common inorganic anions and some ordinary organic anions.
he imidazolium-modified silica has also been used for the sep-
ration of alkaloids [35], xylose, glucose [36], lactic acid from
ermentation broth [37] and organic acids, amines and aldehydes
rom atmospheric aerosol sample [38]. N-methylimidazolium-

odified silicas with chloride [35–41], tetrafluoroborate [41],
romide [42], hexafluorophosphate [41,43] as counter ions were
ynthesized, respectively. The other imidazoliums such as 1-
utyl-imidazolium [42], 2-ethyl-4-methylimidazole [35–37,44],
-(propyl-3-sulfonate) imidazolium [38,45] and octylimidazole
46] were also used to modify the silica. Generally, the alkyl chain
f ionic liquid-modified silicas between the silica and the imid-
zolium ring was propyl. However, these ionic liquid-modified
ilicas including methylimidazolium-modified silica, 1-butyl-
midazolium-modified silica, benzylimidazolium-modified silica
nd 3-(n-butanesulfonate)-imidazolium modified silica were syn-
hesized using octyl as the alkyl chain between the silica and the
midazolium ring [47–51]. Recently, a novel synthetic approach

as described, where the 3-mercaptopropyltrimethoxysilane-
odified silica was reacted with ionic liquids containing allyl

r vinyl as substituents of the imidazolium ring in the pres-
nce of azobisisobutyronitrile as the initiator through the radical
hain-transfer reaction [52–55]. Another �-complexing sorbents
ere also prepared by covalently immobilizing ionic liquids

nto silica and then coating this silica-supported ionic liq-
ids with silver salts [56,57]. Sun et al. [58] synthesized a
ovel ionic liquid bonded polysiloxanes with the anion of bis-
rifluoromethanesulfonylimide (NTf2

−) for gas chromatography. As
entioned above, imidazolium-based ionic liquids were usually

sed for the covalent modification of silica. On the other hand,
yridinium-based ionic liquids were also used to modify silica sur-
ace [59,60].

A survey of literatures shows that imidazolium-based ionic
iquid-modified silicas exhibit a possibility for removal of anionic
ompounds from aqueous solutions. However, little is known
bout the effect of methyl group attached to different positions
f imidazolium ring on the adsorption property of imidazole-
odified silicas. As far as we know, there is no published work

sing imidazolium-based ionic liquid covalently modified silicas
or the removal of phenolic compounds from aqueous solutions.
ased on these considerations, imidazole, 1-methylimidazole, 2-
ethylimidazole, 4-methylimidazole and 1,2-dimethylimidazole
ere used to synthesize the imidazole-modified silica adsor-

ents, respectively. In this paper, phenolic compounds, phenol,
-NP, 3-NP, 4-NP, and 2,4-DNP (Fig. 1), with different polarity,
queous solubility, and pKa values as adsorbates and the imidazole-
odified silicas, SilprImCl, SilprM1ImCl, SilprM2ImCl, SilprM4ImCl,
nd SilprM1M2ImCl (Table 1), as adsorbents were chosen to investi-
ate the adsorption mechanisms. The effects of pH, initial adsorbate
oncentration, shaking time, adsorbent dosage, temperature, flow
ate, elution solvent and sample volume were investigated.
2. Experimental

2.1. Materials

Phenol, 2-NP, 3-NP, 4-NP, 2,4-DNP and silica gel (200–300 mesh)
were purchased from Sinopharm Chemical Reagent Co., Ltd., while
imidazole (99%), 1-methylimidazole (99%), 1,2-dimethylimidazole
(99%), 2-methylimidazole (98%), 4-methylimidazole (98%) and 3-
chloropropyltriethoxysilane (98%) were obtained from Aladdin
Chemistry Co., Ltd. All solvents such as toluene, methanol and
ethanol were of analytical grade. Toluene was  purified by the fol-
lowing procedure: toluene was firstly dried with calcium chloride,
and then was further dried by standing with sodium. Finally, anhy-

drous toluene was  obtained by distilment.
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.2. Preparation of ionic liquid-modified silica

The preparation of imidazole-functionalized silica was  the same
s described in the literature [37]. In brief, silica was firstly
mmersed in hydrochloric acid for 24 h and then washed with
eionized water and dried at 100 ◦C for 8 h. The activated silica
6.0 g) was suspended in 60.0 mL  of anhydrous toluene and then an
xcess of 3-chloropropyltriethoxysilane (6.0 mL) was added. Then
he suspension was refluxed with stirring for 24 h. The product
chloropropyl silica, SilprCl) was filtered and washed with solvents
n the order of toluene, deionized water and methanol. Then the
ilprCl was dried at 60 ◦C for 10 h.

Second, the chemically bonded chloropropyl group on the
ilica surface was reacted with imidazole, 1-methylimidazole, 2-
ethylimidazole, 4-methylimidazole and 1,2-dimethylimidazole,

espectively. In brief, the dry SilprCl (5.0 g) was placed in a reac-
ion flask containing 50.0 mL  of anhydrous toluene and a large
xcess of imidazoles (5.0 g). And then the suspension was refluxed
ith stirring for 24 h. After refluxing, imidazole-modified silicas
ere obtained by filtration and washing with toluene, ethanol

nd methanol in turn and further dry at 60 ◦C for 10 h. The
ilica chemically bonded with imidazole, 1-methylimidazole, 2-
ethylimidazole, 4-methylimidazole and 1,2-dimethylimidazole
as named as SilprImCl, SilprM1ImCl, SilprM2ImCl, SilprM4ImCl

nd SilprM1M2ImCl, respectively.

.3. Characteristic analysis

The surface morphology was examined using the scanning elec-
ron microscope (JEOL, JSM-6390 LV) and the FTIR spectra were
btained using a FTIR spectrophotometer (FT-IR NEXUS, Nicolet).
fter the samples were further dried by freeze dryer (ALPHA 1-2,
HRIST), the thermogravimetric curves were obtained on a thermal
nalyzer from instruments (Netzsh, STA449C). The carbon, hydro-
en and nitrogen of all the intermediates and final materials were
etermined by elemental analysis that performed on a Vario EL ele-
ental analyzer (Germany). Two parallel analyses were made for

ach material. Adsorption-desorption isotherms of the synthesized
amples were measured on surface area and pore size analyzer
NOVA 1000, Quantachrome Corporation, U.S.). Pore size distribu-
ions were evaluated by the BJH method, while surface areas of
amples were measured by BET method.

.4. Adsorption procedure

In order to obtain the equilibrium data and investigate the
nteractions between adsorbents and adsorbates, the adsorption
xperiments were investigated in a batch system. The bath system
as selected due to its simplicity. 0.1 mol/L HCl and 0.1 mol/L NaOH
ere used for pH adjustment using a Shanghai pHs-2 pH meter fit-

ed with a combination glass electrode. The solutions containing
henol were added to a series of conical flasks which were shaken
t 160 rpm for 5–300 min  at constant temperatures (20, 25, 30, 35,
0, 45 ◦C) to attain equilibrium conditions using a THZ-82(A) ther-
ostatic water-bath shaker (Jintan Scientific Analytical Instrument

o. Ltd., China). A predetermined amount of imidazole-modified
ilicas were added to the solutions. This was marked as the begin-
ing of the experiment. After shaking, the mixtures were filtrated
sing filter paper and the phenol concentrations were measured
sing a UV/visible spectrophotometer (UV-5100, Shanghai Metash
nstruments Co., Ltd., China). The amount of adsorbate adsorbed in
mol/g was calculated by the following Eq. (1).

 = V(Co − Ct)
MW

(1)
aterials 260 (2013) 955– 966 957

where Co (mg/L) and Ct (mg/L) are the liquid phase concentrations
of phenols at initial and at time t, respectively. V (L) is the volume
of the solution, M is the molecular weight of corresponding phenol
and W (g) is the mass of dry imidazole-modified silicas added.

2.5. Dynamic adsorption, elution and reuse

The dynamic adsorption, elution and reuse were further inves-
tigated on the basis of the batch experiments which could predict
and optimize separation conditions. SilprM4ImCl packed cartridges
were prepared by empty polypropylene cartridges with the length
of 66 mm and an inner diameter of 12.7 mm,  which were purchased
from Shenzhen Biocomma Biotech Co., Ltd. 250 mg  of SilprM4ImCl
was packed into the cartridge using an upper frit and a lower frit
to prevent loss of the adsorbent. Then, SilprM4ImCl packed car-
tridge was washed with 10 mL  methanol and 20 mL  de-ionized
water in turn. 250 mL  of 0.2 mg/L 2,4-DNP aqueous solutions with
pH 4.0 were uploaded onto a cartridge at a flow rate of 2 mL/min.
After washing with 20 mL  de-ionized water, 2,4-DNP was  eluted
by 4 mL  of 0.25 mol/L HCl. After the elution in each case, the
adsorbent in the cartridge was washed with 5 mL  of the elu-
ting solution and water subsequently. In order to determine the
reusability of the ionic liquid-functionalized silica adsorbent, con-
secutive adsorption–elution cycles were repeated ten times by
using the same adsorbent.

3. Results and discussion

3.1. Characterization of adsorbent

The morphological characteristics of silica, activated silica and
imidazole-modified silicas were evaluated respectively using a
scanning electron microscope (SEM) as shown in Fig. 2. It can be
seen from these figures that the surfaces of the imidazole-modified
silicas were rougher than that of activated silica, which may  be
attributed to the surface of activated silica modified by imidazoles.

Infrared spectroscopy has been proven to be a useful tool to
identify the chemical modifications [34,38–41]. The spectra of sil-
ica, activated silica, SilprCl and imidazole-modified silicas were
recorded respectively between 400 and 4000 cm−1 as shown in
Fig. 3. It can be seen from the spectra that O H vibration at
3450 and 1631 cm−1 was  attributed to the physical adsorbed
water and typical peaks of Si O Si could also be observed around
796 and 1090 cm−1. For the silica and the activated silica, the
absorption at around 950 cm−1 means the presence of silanol
groups (Si OH) [38]. For the SilprCl, the peak at 950 cm−1 dis-
appeared, which indicated the silanol groups were reacted with
3-chloropropyltriethoxysilane. And the adsorption at 700 cm−1

indicated the presence of C Cl group. The spectra of imidazole-
modified silicas also exhibited the characteristic absorption peaks
at 1519 cm−1, 1537 cm−1, 1577 cm−1 and 1591 cm−1 which belong
to the finger print region of C N vibration ranging from 1500 to
1600 cm−1. These results confirmed that imidazoles were success-
fully bonded on the surface of silica.

The thermogravimetric analysis was obtained for silica,
activated silica, SilprCl, SilprImCl, SilprM1ImCl, SilprM2ImCl,
SilprM4ImCl and SilprM1M2ImCl in the temperature range of room
temperature to 800 ◦C. Based on the thermogravimetric curves pro-
vided in Fig. 4, it can be seen that there is an initial loss of weight
at a temperature below 100 ◦C for all samples. This is attributed
exclusively to the removal of adsorbed water molecules. Physically

adsorbed water is removed completed by further heating to about
200 ◦C. For the silica and the activated silica, the mass loss in the
region from 200 to 800 ◦C can be attributed to the condensation
of silanol groups [40,42,45,59]. Compared with the silica and the
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Fig. 2. SEM images of silica (a), activated silica (b), SilprCl (c), SilprImCl (d) and SilprM1ImCl (e), SilprM2ImCl (f), SilprM4ImCl (g) and SilprM1M2ImCl (h).



Z. Wang et al. / Journal of Hazardous Materials 260 (2013) 955– 966 959

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0

70

75

80

85

90

95

T
(%

)

cm-1

SilprM1M2ImCl

796

1090

3450

1537

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0

40

50

60

70

80

T
(%

)

cm-1

SilprM2ImCl

3450

1090

796

1
5

3
7

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0

40

50

60

70

80

90

T
(%

)

cm-1

SilprM4ImCl

1090

796

1
5

9
1

3450

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0
0

10

20

30

40

50

60

70

80

T
(%

)

cm-1

SilprImCl

1090

796

1
5

1
9 3450

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0

40

50

60

70

80

90

T
(%

)

cm-1

SilprM1ImCl

3450

1090

796

1
5

1
9

1577

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0
0

20

40

60

80

100

T
(%

)

cm-1

Activated silica

3450

1631

1090

9
5

0
7

9
6

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0
0

10

20

30

40

50

60

T
(%

)

cm-1

SilprCl

7
9

6

1090

7
0

0

1631

3450

0 50 0 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0
0

10

20

30

40

50

60

70

80

90

T
 (

%
)

cm-1

Silica

3
4

5
0

1
6

3
1

1090

9
5

0
7

9
6

(8)(7)

(6)(5)

(4)(3)

(2)(1)

Fig. 3. FTIR spectrum of silica (1), activated silica (2), SilprCl (3), SilprImCl (4), SilprM1ImCl (5), SilprM2ImCl (6), SilprM4ImCl (7) and SilprM1M2ImCl (8).
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Table  2
Mass loss of SilprCl and imidazole-modified silicas from 200 to 800 ◦C.

Name SilprCl SilprImCl SilprM1ImCl SilprM2ImCl SilprM4ImCl SilprM1M2ImCl

Mass loss (%) 13.4 15.7 18.6 16.4 17.1 20.3
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the sequence: 2,4-DNP � 4-NP > 2-NP � 3-NP > phenol. This trend
is not consistent with the polarity of these compounds: 4-NP (5.07
ig. 4. Thermogravimetric curves obtained for silica (1), activated silica (2), Sil-
rCl (3), SilprImCl (4), SilprM1ImCl (5), SilprM2ImCl (6), SilprM4ImCl (7) and
ilprM1M2ImCl (8).

ctivated silica, SilprCl showed a higher mass loss between 200
nd 800 ◦C due to the loss of the chloropropyl moieties attached to
he surfaces of silica [45,61]. For the imidazole-modified silicas, the
rganic content increases again. As shown in Table 2, imidazole-
odified silicas presented an even higher mass loss than that of

he SilprCl in the temperature range of 200–800 ◦C. It could be con-
luded that the ionic liquid was successfully bonded on the surface
f silica.

Carbon, hydrogen and nitrogen elemental analyses and the sur-
ace coverages of the SilprCl, SilprImCl, SilprM1ImCl, SilprM2ImCl,
ilprM4ImCl and SilprM1M2ImCl are presented in Table 3. Accord-
ng to Ref. [45], the surface coverages were calculated according to
he following equations:

urface coverage (�mol/m2) = %C
36 × (1 − %C − %H) × S

(2)

urface coverage (�mol/m2) = %N
28 × (1 − %C − %H − %N) × S

(3)

here %C, %H and %N represent the percentages of carbon, hydro-
en and nitrogen, respectively, as determined by elemental analysis
hown in Table 3, S is the specific surface area of the cor-

esponding silica support (605 m2/g, BET). Surface coverage of
ilprCl was calculated according to Eq. (2) based on the per-
entage amounts of carbon. The surface coverages of SilprImCl,
ilprM1ImCl, SilprM2ImCl, SilprM4ImCl and SilprM1M2ImCl were

able 3
lemental analysis and surface coverages of SilprCl and imidazole-modified silicas.

Materials C (%) H (%) N (%) Coverage (�mol/m2)

SilprCl 6.749 1.716 – 3.39
SilprImCl 8.774 1.770 2.917 1.99
SilprM1ImCl 10.58 2.151 3.198 2.25
SilprM2ImCl 9.873 1.889 2.641 1.82
SilprM4ImCl 10.94 1.986 3.253 2.29
SilprM1M2ImCl 12.12 2.356 3.105 2.22
Fig. 5. Pore size distributions of the SilprCl, SilprImCl, SilprM1ImCl, SilprM2ImCl,
SilprM4ImCl and SilprM1M2ImCl.

calculated according to Eq. (3) based on the percentage amounts
of nitrogen, respectively. The elemental analysis data proved that
immobilization on the surface was  successful.

Pore size distributions of the SilprCl, SilprImCl, SilprM1ImCl,
SilprM2ImCl, SilprM4ImCl and SilprM1M2ImCl are presented in
Fig. 5 and associated BET surface area, pore volume and average
pore radius values are listed in Table 4.

3.2. Selectivity of adsorbents

In order to investigate the selectivity of the five adsorbents,
SilprImCl was  selected as adsorbent, and phenol, 2-NP, 3-NP,
4-NP and 2,4-DNP were used as adsorbate, respectively. Previ-
ously experimental results showed that phenol was almost not
adsorbed onto the SilprImCl at initial concentration 50 mg/L, shak-
ing time 4 h, shaking speed 160 rpm, temperature 30 ◦C and wide
pH range from 2 to 11. Compared with phenol, the substituted
phenols demonstrated higher adsorption capacities at initial adsor-
bate concentration 50 mg/L, shaking speed 160 rpm, shaking time
4 h, temperature 30 ◦C and pH 4.0, as shown in Fig. 6. It can be
concluded that the adsorption of phenolic compounds followed
D) > 2,4-DNP (3.3 D) > 2-NP (3.14 D) > phenol (1.22 D).  Moreover, the
aqueous solubility of these compounds also do not match with the

Table 4
Surface areas, pore volumes and average pore radiuses of SilprCl and imidazole-
modified silicas.

Materials Surface area
(m2/g)

Pore volume
(cm3/g)

Average pore
radius (nm)

SilprCl 261.75 0.06 15.54
SilprImCl 260.13 0.10 15.56
SilprM1ImCl 90.31 0.09 21.94
SilprM2ImCl 218.12 0.13 18.52
SilprM4ImCl 160.93 0.09 17.46
SilprM1M2ImCl 54.75 0.07 25.78
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dsorption sequence previously mentioned: phenol (93 g/L) > 2,4-
NP (5.6 g/L) > 2-NP (2.0 g/L) > 4-NP (1.69 g/L) > 3-NP (1.35 g/L).
owever, the adsorption sequence was opposite to the sequence
f the pKa values of these compounds: 2,4-DNP (3.96) < 4-NP
7.15) < 2-NP (7.17) < 3-NP (8.28) < phenol (9.89). That is to say,
ilprImCl showed high adsorption activity toward phenolic com-
ounds with low pKa value. Based on these results, it is clear that
henolic compounds adsorption onto SilprImCl improved when
here is a nitro functional group in the molecule of phenol. This
act could be attributed to the electron-withdrawing effects of nitro
unctional group added to different positions of phenol, which
ecreases the electron density of the aromatic rings of the phe-
olic compounds, decreasing the pKa values of these compounds.
herefore, 2,4-DNP was  used as the adsorbate to further investigate
he effect of methyl group attached to different positions of imid-
zolium ring on the adsorption property of imidazole-modified
ilicas.

.3. Effect of pH

The effect of pH on 2,4-DNP adsorption was determined for

ifferent pH values ranging from 2.0 to 9.0 at initial concentration
0 mg/L, shaking speed 160 rpm, shaking time 4 h and temperature
0 ◦C (Fig. 7). It could be seen from this figure that the total
mount of adsorption of 2,4-DNP on SilprImCl, SilprM2ImCl and
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SilprM4ImCl increases significantly with an increase of pH from
2.0 to 4.0. The adsorption capacity reached a maximum at pH
4.0 and decreased with an increase of pH from 4.0 to 9.0. But for
the adsorption of 2,4-DNP on SilprM1ImCl and SilprM1M2ImCl,
the total amount of adsorption increases significantly with an
increase of pH from 2.0 to 5.0 and maintained a stable value of ca.
0.1684 mmol/g in the pH range of 5.0–9.0. Moreover, over the wide
pH conditions ranging from 5.0 to 9.0, the adsorbed amounts of 2,4-
DNP on different imidazole-modified silicas decreased in the order
of: SilprM1M2ImCl ≈ SilprM1ImCl > SilprM4ImCl > SilprM2ImCl >
SilprImCl. This trend is not consistent with the sequence of
the pKa values of the alkylimidazoles: 1,2-dimethylimidazole
(8.21) > 2-methylimidazole (8.10) > 4-methylimidazole (7.80) > 1-
methylimidazole (7.21) > imidazole (6.97) [62].

To explain the effect of pH, we need to clarify the type of inter-
action between 2,4-DNP and SilprImCl, SilprM1ImCl, SilprM2ImCl,
SilprM4ImCl and SilprM1M2ImCl. 2,4-DNP (pKa = 3.96) would act
like weak acids in aqueous solutions, the dissociation of hydrogen
ion from the 2,4-DNP molecules strongly depends on the pH level
of solutions and can be expressed as Eq. (4).

POH � PO− + H+ Ka = [PO−][H+]
[POH]

(4)

where POH and PO− represent the molecular and dissociated ionic
species of 2,4-DNP, respectively and Ka is the dissolution con-
stant of 2,4-DNP. Thus the distribution of PO− can be calculated
as a function of solution pH. As shown in Fig. 8, the 2,4-DNP is
mainly in molecular form at pH < pKa and in deprotonated form
at pH > pKa. It is widely recognized that imidazole-modified sil-
icas are anion-exchangeable material. Thus, the total amount of
adsorption of 2,4-DNP increases significantly with an increase of
pH at pH < pKa regardless of the types of the adsorbent. According
to the above anion-exchange adsorption mechanism, Cl− in solu-
tions would decrease adsorption of 2,4-DNP by the shift of Eqs.
(5)–(9) in the left direction.

SilprIm-Cl + PO− � SilprIm-PO + Cl− (5)

SilprM1Im-Cl + PO− � SilprM1Im-PO + Cl− (6)

SilprM2Im-Cl + PO− � SilprM2Im-PO + Cl− (7)
SilprM4Im-Cl + PO− � SilprM4Im-PO + Cl− (8)

SilprM1M2Im-Cl + PO− � SilprM1M2Im-PO + Cl− (9)
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Fig. 8. Effect of pH on anionic form of 2,4-DNP.
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ig. 9. Effect of NaCl concentration on the adsorption of 2,4-DNP. Initial concen-
ration: 50 mg/L; solution pH: 4.0; shaking speed: 160 rpm; shaking time: 4 h;
emperature: 30 ◦C.

In order to investigate the effect of excess Cl− concentration on
he adsorption of 2,4-DNP, Cl− ions in the form of NaCl were added
nto the solutions. As indicated in Fig. 9, the adsorption amount
f 2,4-DNP onto imidazole-modified silicas decreases significantly
ith the NaCl concentration increasing from 0 to 0.2 mol/L. The

xperimental result was in agreement with the anion-exchange
dsorption mechanism. In anion exchange adsorption, it is typi-
al to observe an increase in the adsorption amount of an acidic
ompound as the pH of the solutions is increased. However, our
xperimental results suggest that there is other key interaction
aking place besides anion-exchange that could be electrostatic in
ature. Imidazolium is a large organic cation, phenolate and OH−

ons are attracted simultaneously by the positive imidazolium in
asic solutions. Thus, the low adsorption at high pH is probably
ue to the presence of OH− ions competing with the phenolate for
he residual positively charged adsorption sites on the imidazole-

odified silicas surface. The electron density of imidazolium ring
hould be taken into account for its effect on electrostatic interac-
ions. It is well known that the methyl group, electron-donating
roup, can strengthen the electron density of imidazolium ring.
his could suppress the electrostatic interactions of the imidaz-
lium cation with OH− ions. Therefore, compared with SilprImCl,
ilprM2ImCl and SilprM4ImCl have high adsorption capacities for
,4-DNP in the investigated pH range. As shown in Fig. 7, the dif-
erences between the adsorbed amounts of 2,4-DNP on different
midazole-modified silicas may  be attributed to the effects that
he methyl group was connected at different positions of imid-
zolium ring. For example, when the methyl group is connected
ith N of imidazolium ring, the electron density of imidazole ring

ecomes denser than that of the methyl group on other positions
f imidazole ring. This is contributed that N atom of imidazole
ing is more electronegative than C atom of imidazole ring. The
lectron-withdrawing inductive effect of N atom could further
educe electrostatic interactions because of weakening the positive
midazolium. Therefore, for SilprM1ImCl and SilprM1M2ImCl, this
ould be the reason that the total amount of adsorption maintained

 stable value in the pH range of 5.0–9.0.
.4. Effect of initial concentration and adsorbent dosage

The effect of initial 2,4-DNP concentration on adsorption capac-
ty on the five adsorbents was investigated at pH 4.0, shaking
Fig. 10. Effect of initial concentration on the adsorption of 2,4-DNP. Solution pH:
4.0; shaking speed: 160 rpm; shaking time: 4 h; temperature: 30 ◦C.

speed 160 rpm, shaking time 4 h, temperature 30 ◦C. As shown
in Fig. 10(a), the adsorption capacity increased sharply with the
increasing of initial concentration of 2,4-DNP from 5 to 100 mg/L.
This can be attributed to the increase in the mass-transfer driving
force due to the increase of initial concentration. It is evident from
Fig. 10(b) that the high removal percentage was obtained for the
five adsorbents even the initial concentration was  increased from
5 to 100 mg/L. The influence of dosage of the five adsorbents was
investigated at different dosages ranging from 10 to 80 mg, while
other variables were kept constant. As illustrated in Fig. 11, the
amount of 2,4-DNP adsorbed per unit mass of adsorbent decreases
with increasing of adsorbent dosages. This could be explained as
follows: increasing adsorbent dosage will provide larger surface
area, the concentration of initial 2,4-DNP was fixed. Hence, the
adsorbent was excessive with the further increasing of adsorbent
dosage. On the other hand, the low adsorption of 2,4-DNP with
much adsorbent dosage is possibly due to raising pH accompanied
with excessive adsorbent dosage for SilprImCl, SilprM2ImCl and
SilprM ImCl [63].
4

In order to further elucidate the interaction of 2,4-DNP with
adsorbents, the adsorption isotherm models of Freundlich and
Langmuir, which were shown in the linearized form of Eqs. (10)
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Fig. 12. Effect of shaking time on the adsorption of 2,4-DNP. Initial concentration:
50  mg/L; solution pH: 4.0; shaking speed: 160 rpm; temperature: 30 ◦C.
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nd (11), respectively, were used to evaluate the adsorption exper-
mental data provided from Fig. 10.

n qe = ln kf + 1
n

ln Ce (10)

1
qe

= 1
qm

+ 1
bqm

1
ce

(11)

here kf and 1/n  are the constant indicative of the relative adsorp-
ion capacity of the adsorbent and the constant indicative of the
eterogeneity factor of Freundlich adsorption isotherm, respec-
ively. qm and b are the monolayer adsorption capacity (mmol/g)
nd the constant related to the free energy of adsorption of
angmuir, respectively. qe and Ce are the equilibrium adsorp-
ion capacity (mmol/g) and the equilibrium concentration (mg/L),
espectively.

According to the analysis results, the experimental data are
escribed by Langmuir model better than by Freundlich model. The
alculated values of the Langmuir and Freundlich constants and the
orrelation coefficients are presented in Table 5. Since the intercept
f the Langmuir for SilprM1ImCl adsorbent was smaller than zero,
he qm and b were not given.

.5. Effect of shaking time

The influence of shaking time on 2,4-DNP adsorption from
queous solutions was given in Fig. 12 at initial concentration
0 mg/L, solution pH 4.0, shaking speed 160 rpm and tempera-
ure 30 ◦C using SilprImCl, SilprM1ImCl, SilprM2ImCl, SilprM4ImCl
nd SilprM1M2ImCl as adsorbent, respectively. In order to further
nvestigate the mechanism of adsorption of 2,4-DNP on the five
dsorbents, the kinetic data shown in Fig. 12 were statistically
nvestigated using the pseudo-first order, pseudo-second order and
ntraparticle diffusion kinetic models, respectively. It was demon-
trated that the rate of adsorption fits the pseudo-second order
xpression as shown in Eq. (12) quite well.

t

qt
= 1

kq2
e

+ 1
qe

t (12)
here qe and qt are the adsorption capacity at equilibrium and
t time t, respectively (mmol/g) and k is the rate constant of the
seudo-second order adsorption (g/mmol min).
Fig. 13. Pseudo-second order kinetics of 2,4-DNP adsorption on five adsorbents.
Conditions are same as Fig. 12.

Eq. (12) reveals that there must be linear relation between t/qt

and t. When Eq. (12) was applied to the data shown in Fig. 12, the
t/qt versus t for different adsorbents was  drawn in Fig. 13. As can
be seen from the figure, the plots of t/qt versus time are straight,
with a correlation coefficient (R2) higher than 0.9998. The values
of qe and k for five adsorbents can be calculated from the slopes
and intercepts of these pseudo-second order kinetic plots by using
Eq. (12). When t → 0, h can be defined as the initial adsorption rate,
hence:

h = kq2
e (13)

Table 6 presents the values of the correlation coefficients, the
rate constant, the equilibrium adsorption capacity and the initial
adsorption rate.

3.6. Effect of temperature
Experiments were also conducted to investigate the effect of
temperature on 2,4-DNP adsorption from aqueous solutions. The
temperatures used were 20, 25, 30, 35, 40 and 45 ◦C, the other
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Table  5
Langmuir and Freundlich isotherm constants.

Adsorbents Langmuir constants Freundlich

qm (mmol/g) b (L/mg) R2 kf (mmol/g)(mg/L)n 1/n R2

SilprImCl 0.7955 0.0368 0.9653 0.0303 1.2870 0.9669
SilprM1ImCl – – 0.9959 0.0216 1.0557 0.9863
SilprM2ImCl 0.2704 0.2443 0.9707 0.0471 1.3212 0.9693
SilprM4ImCl 0.3028 0.6375 0.9965 0.0972 2.0243 0.9567
SilprM1M2ImCl 0.2459 0.5999 0.9611 0.0844 2.3821 0.9971

Table 6
Parameters for the adsorption of 2,4-DNP on five adsorbents calculated by the
pseudo-second order kinetic model.

Adsorbents qe (mmol/g) k (g/mmol min) h (mmol/g min) R2

SilprImCl 0.144 3.958 0.082 0.99984
SilprM1ImCl 0.155 23.95 0.574 0.99994
SilprM ImCl 0.166 24.78 0.681 0.99998
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Table 7
Comparison of adsorption capacities of 2,4-DNP onto SilprImCl, SilprM1ImCl,
SilprM2ImCl, SilprM4ImCl and SilprM1M2ImCl with different adsorbents.

Adsorbents Initial
concentration
(mmol/L)

Adsorption
capacity
(mmol/g)

Reference

AP-55 (activated carbons
from apricot stone shells

0.326 1.521 [6]

Granular activated carbon 0.326 0.179 [6]
Charcoal activated powder 0.326 1.016 [6]
Activated carbon fibers – 2.272 [13]
Carbon nanospheres 1.086 0.178 [16]
Yellow bentonite 0.082 0.054 [27]
MIP-SiO2 1.901 0.085 [64]
Olive wood – 0.032 [65]
Cotton cellulose C2 0.2 0.061 [66]
SilprImCl 0.326 0.181 This study
SilprM1ImCl 0.326 0.184 This study
SilprM2ImCl 0.326 0.195 This study
2

SilprM4ImCl 0.171 126.4 3.675 0.99998
SilprM1M2ImCl 0.164 1.823 0.049 0.99996

ariables were kept constant. As shown in Fig. 14, the adsorption
apacity rose with the decrease of the temperature, indicating the
pparent exothermic nature of the entire process. Similar effect has
een reported by other authors [7,12,19,21]. It may  be concluded
hat the low temperature is favorable for the adsorption process.

.7. Comparison with other adsorbents

A comparison between the adsorption capacities of 2,4-
NP onto the SilprImCl, SilprM1ImCl, SilprM2ImCl, SilprM4ImCl,
ilprM1M2ImCl and other adsorbents are listed in Table 7. It can
e concluded that the five types of adsorbents have been used to
emove 2,4-DNP from aqueous solutions as effectively as the other
dsorbents reported in the literatures.

According to above discussions, the five adsorbents are of pri-
ary anion-exchange and electrostatic nature. The methyl group

t different positions of imidazolium ring affected significantly
he adsorption behaviors of 2,4-DNP onto the imidazole-
odified silica adsorbents. The adsorption capacities of 2,4-DNP
nto the SilprImCl, SilprM1ImCl, SilprM2ImCl, SilprM4ImCl and
ilprM1M2ImCl at initial concentration 50 mg/L, pH 4.0, adsor-
ent dosage 30 mg,  shaking speed 160 rpm, shaking time 4 h,
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ig. 14. Effect of temperature on the adsorption of 2,4-DNP. Initial concentration:
0  mg/L; solution pH: 4.0; shaking speed: 160 rpm; shaking time: 4 h.
SilprM4ImCl 0.326 0.201 This study
SilprM1M2ImCl 0.326 0.192 This study

temperature 30 ◦C are 0.144, 0.155, 0.167, 0.174 and 0.162 mmol/g,
respectively.

3.8. Dynamic adsorption, elution and reuse

SilprM4ImCl has higher adsorption capacity and rate at opti-
mized conditions, judging from Figs. 12 and 13. So it was selected
as adsorbent in the dynamic adsorption experiments. The influ-
ence of flow rate of sample solutions was investigated under the

optimum conditions by passing 250 mL  of 0.2 mg/L 2,4-DNP sam-
ple solutions with pH 4.0 through the cartridge. The flow rates
were adjusted in a range of 1–10 mL/min. As shown in Fig. 15, it
was found that the recovery was practically not changed up to
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Fig. 15. Effect of sample flow rate on the recovery of 2,4-DNP. 250 mg of
SilprM4ImCl, sample volume 250 mL,  concentration 0.2 mg/L, pH 4.0 and temper-
ature 25 ◦C.
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ig. 16. Effect of concentrations and volumes of HCl on the recovery of 2,4-DNP.
50  mg of SilprM4ImCl, sample volume 250 mL,  concentration 0.2 mg/L, pH 4.0 and
emperature 25 ◦C.

 mL/min. The recovery decreased significantly when the flow rate
s over 5 mL/min. Thus, the flow rate of 2 mL/min was  preferred to
ubsequent work. The elution condition was investigated by using
arious concentrations and volumes of HCl for the desorption of
etained 2,4-DNP. As shown in Fig. 16, the recovery of 2,4-DNP
ncreased with the increase of the concentration and volume of
Cl, respectively. The maximum quantitative recovery (91.6%) was
btained with 4 mL  of 0.25 mol/L HCl. So, 4 mL  of 0.25 mol/L HCl
as recommended as eluent in further experiments. In order to

btain high pre-concentration factor, the effect of sample volume
n the recovery was investigated in the range of 50–500 mL  con-
aining 50 �g of 2,4-DNP. The results are presented in Fig. 17.
rom this figure, it can be seen that the maximum sample vol-
me  could be up to 500 mL  with the recovery >91%. In the present
tudy, a high pre-concentration factor of 125 was obtained because

 mL  of 0.25 mol/L HCl was used as eluent in these experiments.
he stability and potential regeneration of the column were also
nvestigated. When the adsorbed 2,4-DNP was eluted, the column

acked with SilprM4ImCl can be reused after washing with 10 mL
ethanol and 20 mL  de-ionized water, respectively. The recovery

f 2,4-DNP within at least 10 adsorption–elution cycles did not
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ig. 17. Effect of sample volume on the recovery of 50 �g 2,4-DNP. 250 mg of
ilprM4ImCl, pH 4.0 and temperature 25 ◦C.
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decrease significantly, which indicated that this sorbent possesses
stable characteristics.

Previous optimization indicated that 250 mL  of 0.2 mg/L
2,4-DNP sample solutions with pH 4.0 were loaded onto a
SilprM4ImCl-packed cartridge at the flow rate of 2 mL/min. The
recovery was  more than 91% when 4 mL  of 0.25 mol/L HCl was  used
as eluent. And the adsorbent could be regenerated and reused ten
times at least.

4. Conclusions

The five types of adsorbents are of primary anion-exchange
and electrostatic nature, which show high adsorption activity
toward phenolic compounds with low pKa value. Moreover, the
electrostatic nature was  affected significantly by the methyl
group at different positions of imidazolium ring. Over the
wide pH conditions ranging from 5.0 to 9.0, the adsorbed
amounts of 2,4-DNP decreased in the order of: SilprM1M2ImCl ≈
SilprM1ImCl > SilprM4ImCl > SilprM2ImCl > SilprImCl. The pseudo-
second order kinetic model gives satisfactory fitting. The adsorbent
could be regenerated and reused ten times at least by simple
washings with HCl and water in turn. It is reasonable to say that
the recommended imidazole-modified silica adsorbents for the
removal and recovery of 2,4-DNP from aqueous solutions are feasi-
ble in technique. Though ionic liquid-modified silicas are growing
promptly mainly due to the adjustable nature of both cation and
anion, their potential application as adsorbents might be limited
because of the high price of ionic liquids. When production on a
mass scale will start the price of ionic liquids is expected to drop
significantly, which would promote the applications of ionic liquid-
modified silica adsorbents. It should also be pointed out that the
limited pH stability of silica might be the potential drawback of
this method. Further work is underway in our laboratory to exploit
novel ionic liquid-modified silica adsorbents for the removal and
recovery of phenolic compounds from aqueous solutions by adjus-
ting the nature of ionic liquids.
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