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HIGHLIGHTS

« The ethylenediamine-modified hypercrosslinked resin was synthesized.

« The ethylenediamine-modified hypercrosslinked resins had different pore structure.

« The ethylenediamine-modified hypercrosslinked resins owned different polarity.

o The equilibrium and column breakthrough performance of the resin were determined.
« The separation performance of the resin from the mixed solution was measured.
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We developed an effective approach for increasing phenol uptakes on a hypercrosslinked polystyrene
resin and separating phenol from methyl orange or Congo red from the mixed solution. The
ethylenediamine-modified hypercrosslinked polystyrene resins were synthesized, the equilibrium and
breakthrough performance of the resins were determined on a selected resin named HJ-D33. The phenol

uptakes on HJ-D33 were remarkably larger than that on its precursor and the commercial adsorbents like
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XAD-4, D301. The breakthrough capacity of phenol on HJ-D33 was 50.37 mg/ml wet resin at an initial
concentration of 800.8 mg/L and a flow rate of 8.0 BV/h and the used HJ-D33 could be completely regen-
erated by a mixed solvent containing 0.01 mol/L of sodium hydroxide and 50% of ethanol. Methyl orange
(or Congo red) and phenol could be dynamically separated by HJ-D33 resin column as the effluent was in

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In 1969, Davankov and Tsyurupa proposed a fundamentally
novel approach to obtain a kind of uniformly crosslinked polysty-
rene [1], and which leads to a creation of a so called “hypercross-
linked polystyrene” resin which had unique structure and
extraordinary properties [2,3]. The hypercrosslinked polystyrene
was proven an efficient polymeric adsorbent for adsorptive
removal of aromatic compounds such as benzene, toluene and
phenol from aqueous solutions. It was also widely applied as
column packing materials in high-performance liquid chromatog-
raphy (HPLC), ion size-exclusion chromatography materials and
solid-phase extraction materials for gases, organic contaminants
and organic vapors [4-6].
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Hypercrosslinked polystyrene was generally prepared from a
linear polystyrene or a low crosslinked polystyrene by adding
typical bis-chloromethyl derivatives of aromatic hydrocarbons
such as 1, 4-bis-(chloromethyl)-diphenyl, p-xylylenedichloride,
1, 4-bis-(p-chloromethylphenyl)-butane or 1, 3, 5-tris-(chloro-
methyl) mesitylene by a Friedel-Crafts reaction under the help of
catalysts including anhydrous zinc chloride, iron (III) chloride or
stannic (IV) chloride [7,8]. After the corresponding reaction, inten-
sive networks with long-chain bridges between the initial polysty-
rene chains and the conformationally rigid links were formed
accordingly, and which results in a major shift of the pore width
distribution from predominately mesomacropores to meso/
micropores distribution as well as a sharp increase of the
Brunauer-Emmet-Teller (BET) surface area and pore volume
[9,10].

Hypercrosslinked polystyrene can also be prepared from low
crosslinked polystyrene using monochlorodimethyl ether as the
crosslinking reagent according to two continuous steps. The first
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step contains a chloromethylation of the polystyrene under mild
conditions and hence the chloromethylated polystyrene with
quantitative chloromethyl groups will be achieved, the introduced
chloromethyl groups can further react with another phenyl ring of
the polystyrene by formation of an equivalent number of
diphenylmethane-type rigid bridges through a typical
Friedel-Crafts reaction, resulting in the post-crosslinking of the
polystyrene and formation of hypercrosslinked polystyrene
[11,12]. It was deemed that the residual chlorine content of the
chloromethylated polystyrene reduced sharply after the Friedel-
Crafts reaction [13]. In particular, it declined rapidly at the begin-
ning and subsequently decreased slowly as the reaction proceeded,
and hence the hypercrosslinked polystyrene with different residual
chlorine content can be synthesized by regulating the Friedel-
Crafts reaction time [13,14]. The residual chlorine content of the
obtained hypercrosslinked polystyrene determines the pore struc-
ture and polarity of the products, and it is feasible to adjust the
pore structure and polarity of the hypercrosslinked polystyrene
by simply controlling the Friedel-Crafts reaction time. To the best
of our knowledge, this approach for optimizing the hypercross-
linked polystyrene is little reported in the literature yet.

In this study, four hypercrosslinked polystyrene resins were
synthesized from macroporous crosslinked chloromethylated
polystyrene through the Friedel-Crafts reaction by regulating the
Friedel-Crafts reaction time (0.5, 1.0, 3.0 and 5.0 h, respectively).
These hypercrosslinked polystyrene resin were then chemically
modified by an amination reaction with ethylenediamine to pro-
duce the ethylenediamine-modified hypercrossliked polystyrene.
Thereafter, the adsorption selectivity of the resins towards phenol
was confirmed by the batch adsorption, and the most promising
resin HJ-D33 was selected for detailed experimental studies for
adsorptive removal of phenol from aqueous solutions and separa-
tion of phenol from other molecules with larger molecular size
such as methyl orange and Congo red.

2. Experimental
2.1. Materials

Macroporous crosslinked chloromethylated polystyrene was
purchased from Langfang Chemical Co., Ltd., China, its crosslinking
degree was 6%, chlorine content was measured to be 17.3%, its
Brunauer-Emmett-Teller (BET) surface area was 28 m?/g with an
average pore width of 25.2 nm. Anhydrous iron (III) chloride, 1,
2-dichloroethane, ethylenediamine and ethanol was analytical
reagents. Phenol (CsHsOH, Molecular weight (MW): 94.1), methyl
orange (C;4H4N3Na03S, MW: 327.3) and Congo red (Cs;H,5NgNa,
06S2, MW: 696.7) applied as the adsorbates were analytical re-
agents and used without further purification.

2.2. Synthesis of ethylenediamine-modified hypercrosslinked
polystyrene resins

Ethylenediamine-modified hypercrosslinked polystyrene resin
was synthesized by two continuous steps (Scheme S1). One is
Friedel-Crafts reaction of macroporous crosslinked chloromethy-
lated polystyrene, which performed by a similar procedure in Refs.
[13,15], the hypercrosslinked polystyrene resin was obtained in
this step, and the other is amination reaction of the hypercross-
linked polystyrene resin. Typically, 1, 2-dichloroethane was
applied as the solvent to swell macroporous crosslinked chlorom-
ethylated polystyrene at room temperature for 24 h. Catalytic
amounts of anhydrous iron (III) chloride was used as the catalysts.
After refluxing reaction mixture for 0.5h, 1h, 3h and 5h,
respectively, the hypercrosslinked polystyrene resins named HJ-

05, HJ-11, HJ-33 and HJ-55 was obtained. After rinsing, the
hypercrosslinked polystyrene resins were mixed with superfluous
ethylenediamine and the reaction mixture was kept at 393 K for
20 h, and hence the ethylenediamine-modified hypercrosslinked
polystyrene resins were prepared (labeled as HJ-D05, HJ-D11,
HJ-D33 and HJ-D55).

2.3. Characterization of the resins and analysis of the adsorbates

The pore structure of the resins in the dry state such as the BET
surface area, Langmuir surface area, t-plot micropore surface area,
pore volume, t-plot micropore volume, average pore width and
pore width distribution of the resins were determined by the N,
adsorption and desorption isotherms at 77 K using a Micromeritics
Tristar 3000 surface area and porosity analyzer. The total surface
area and pore volume of the resins were calculated according to
BET model while the t-plot micropore surface area and t-plot
micropore volume were calculated by the Barrett, Joyner and
Halenda (BJH) method, the pore width distribution of the meso/
macroporus region of the resins was determined by applying BJH
method to the N, desorption data, while the pore width distribu-
tion of the microporous region of the resin was determined by den-
sity functional theory (DFT) (Model: Carbon, Slit pores; Method:
Non-negative regularization; No Smoothing, Standard deviation
of fit: 3.308 cm?/g) method using a Micromeritics ASAP 2020 Phys-
isorption Analyzer. The Fourier transform infrared spectroscopy
(FT-IR) of the resins was collected by KBr disks on a Nicolet 510P
Fourier transformed infrared instrument. The chorine content of
the resins was measured by the Volhard method [16] and the weak
basic exchange capacity of the resin was determined by another
established method [17]. The morphology of the resins was carried
out by scanning electron microscopy (SEM) performed on a JSM-
6360LV SEM tester. The concentration of phenol, methyl orange
and Congo red in aqueous solution was analyzed by UV analysis
at the wavelength of 269.5, 463.5 and 498.0 nm, respectively.

2.4. Equilibrium adsorption

About 0.1000 g of the resin was accurately weighed and mixed
with 50 ml phenol aqueous solution at an initial concentration of
about 100, 200, 300, 400 and 500 mg/L in a conical flask. 1.0 mol/
L of hydrochloric acid or 1.0 mol/L of sodium hydroxide was
employed to adjust the solution pH. Sodium chloride and cadmium
nitrate were used to investigate the salinity and heavy metal ion
effect on the adsorption. The flasks were then continuously shaken
in a thermostatic oscillator at a desired temperature (300, 305 or
310 K) until the adsorption equilibrium was reached. The equilib-
rium concentration of phenol C, (mg/L) was calculated and the
equilibrium phenol uptakes on the resin q. (mg/g) was determined
as:

g = (Co—C)V/W (1)

where Cy is the initial concentration (mg/L), V is the volume of the
phenol aqueous solution (L) and W the mass of the resin (g).

2.5. Dynamic adsorption, desorption and separation

The resins were immersed in de-ionized water at room temper-
ature for 24 h and then packed in a glass column (inner diameter:
16 mm) densely to assemble a resin column. In the dynamic
adsorption experiment, the phenol aqueous solution at an initial
concentration of 800.8 mg/L was passed through the resin column
at a flow rate of 8.0 BV/h (1BV = 10 ml). In the dynamic separation
experiment, a synthetic mixed solution containing a prepared
solution containing 500.5 mg/L of phenol and 498.6 mg/L of methyl
orange or 504.8 mg/L of phenol and 502.3 mg/L of Congo red was
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passed through the resin column at a flow rate of 8.5 BV/h. The
effluents from the resin column were continuously collected and
the concentration of phenol as well as methyl orange or Congo
red was simultaneously monitored until it approached the initial
one. After the dynamic adsorption experiment, the resin column
was roughly rinsed by 10 ml of de-ionized water and then a
desorption solvent containing 0.01 mol/L of sodium hydroxide
and 50% of ethanol was applied for the desorption process.
100 ml of the desorption solvent was passed through the resin col-
umn at a flow rate of 4.0 BV/h and the concentration of phenol was
determined until it was about zero.

3. Results and discussion
3.1. Characteristics of the resins

After the Friedel-Crafts reaction, the chlorine content of the
hypercrosslinked polystyrene resins HJ-05, HJ-11, HJ-33 and
HJ-55 sharply decreased from 17.3% to 6.02%, 3.99%, 3.21% and
3.02%, respectively (Table 1), implying that the chlorine of the mac-
roporous crosslinked chloromethylated polystyrene was consumed
in the first step and a longer reaction time lead to lower chlorine
content. After the amination reaction, the chlorine contents of
the ethylenediamine-modified hypercrosslinked polystyrene res-
ins HJ-D05, HJ-D11, HJ-D33 and HJ-D55 were further decreased
and the final chlorine content of the resins was about 1.0%, which
suggested that uploading of amino groups on the resins was
performed successfully and the uploading amounts were quite dif-
ferent, HJ-D05 should have the highest uploading amount while
HJ-D55 might own the least. Meanwhile, the weak basic exchange
capacity of HJ-D05, HJ-D11, HJ-D33 and HJ-D55 was determined to
be 2.24, 1.42, 1.03 and 0.88 mmol/g, respectively, confirming that
substitution of chlorine by amino groups was successful and the
obtained ethylenediamine-modified hypercrosslinked polystyrene
resins possessed different polarity, HJ-D0O5 was the most polar re-
sin while HJ-D55 was the least polar resin.

The BET surface area of HJ-05, HJ-11, HJ-33 and HJ-55 rapidly
increased from 28.0 m?/g to 784.8, 895.8, 901.3 and 918.8 m?/g,
respectively, meaning that a large quantity of methylene crosslink-
ing bridges with conformationally rigid links were formed between
the polystyrene chains in the Friedel-Crafts reaction and a longer
reaction time brought about more methylene crosslinking bridges.
In particular, the t-plot surface area and the t-plot micropore vol-
ume of the hypercrosslinked polystyrene resins accounted for
more than half of the BET surface area and pore volume, which
demonstrated that a large number of micropores were produced
in the first step. After the amination reaction, the BET surface area,
t-plot surface area, pore volume and t-plot pore volume of HJ-D05,
HJ-D11, HJ-D33 and HJ-D55 are relatively reduced, this may be
attributed to the fact that uploading of amino groups on the resins
has partially made the pores collapsed.

As shown in Fig. 1, the N, uptakes of the resins was much larger
than that of the chloromethylated polystyrene at the same relative

Table 1

pressure and all of the adsorption isotherms seemed close to type-
II. At a relative pressure below 0.05 and above 0.95, the N, uptakes
increased sharply with increasing of the relative pressure, demon-
strating that micropores are predominant and macopores are also
existent for the resins. The visible hysteresis loops of the desorp-
tion isotherm indicates that mesopores also exist. These analyses
agree with results of the pore width distribution of the resins in
Fig. S1. The Friedel-Crafts reaction results in a great transfer for
the pore width distribution of the resins, meso/macropores are
the main pores for the chloromethylated polystyrene, while
mesopores in the range of 2-5 nm play a dominant role for the
hypercrosslinked polystyrene resins as well as the ethylenedia-
mine-modified hypercrosslinked polystyrene resins and few
changes occur after the amination reaction.

After the Friedel-Crafts reaction, all of the vibrations of the
hypercrosslinked polystyrene resins remained while the represen-
tative strong vibration of CH,Cl groups at 1265 cm™! was signifi-
cantly weakened [18] (Fig. 2), which was in accordant with the
sharp decreasing of the chlorine content. Simultaneously, a new
moderate vibration appeared at 1705cm™! and this vibration
may be assigned to the carbonyl groups stretching resulted from
oxidation of CH,CI groups [12,19]. After the amination reaction, a
strong and wide vibrational band appeared at 3438 cm~! and this
vibration was concerned with the N-H stretching of -NH-/-NH,
groups of ethylenediamine [18]. Meanwhile, a vibrational band re-
lated to the N-H deformation was observed at 1511 cm™!, another
vibration associated with the C-N stretching was also arisen at
1103 cm™!, which confirmed the successful uploading of ethylene-
diamine on the resins. The SEM images of the chloromethylated
polystyrene, HJ-33 and HJ-D33 are presented in Fig. 3. It is interest-
ing to observe that the surface of HJ-33 is much smoother than that
of the chloromethylated polystyrene while the surface of HJ-D33 is
a little rougher than HJ-33 [13,15].

3.2. Adsorption selectivity

Section 3.1 indicated that the four ethylenediamine-modified
hypercrosslinked polystyrene resins had the different pore struc-
ture and polarity, HJ-DO5 possessed the lowest BET surface area
while the highest uploading amount of the amino groups, whereas
HJ-D55 held the highest BET surface area while the lowest upload-
ing amount of amino groups, indicative of their different adsorp-
tion selectivity. Fig. 4(a) compares the phenol uptakes of HJ-D05,
HJ-D11, HJ-D33 and HJ-D55 from aqueous solutions, and it is obvi-
ous that the phenol uptakes on the resins firstly increased and then
decreased with increment of the Friedel-Crafts reaction time and
HJ-D33 had the largest phenol uptakes among the four resins.
The BET surface area of HJ-D33 is much higher than that of
HJ-DO5 (difference: 279.3 m?/g), while the weak basic exchange
capacity of HJ-D33 is higher than that of HJ-D55 (difference
0.17 mmol/g). The higher BET surface area of HJ-D33 may result
in a higher physical adsorption of phenol on the resins by Van
der Waals forces [20], while the uploaded amino groups may cause

The structural parameters of the hypercrosslinked polystyrene HJ-05, HJ-11, HJ-33 and HJ-55 and the ethylenediamine-modified hypercrosslinked polystyrene resins

HJ-D05, H}-D11, HJ-D33 and HJ-D55.

HJ-05 HJ-11 HJ-33 HJ-55 HJ-D05 HJ-D11 HJ-D33 HJ-D55
BET surface area (m?/g) 784.8 895.8 901.3 918.8 527.9 692.1 807.2 895.1
Langmuir surface area (m?/g) 1156 1320 1336 1362 779.3 1027 1194 1323
t-Plot micropore surface area (m?/g) 426.5 484.3 493.8 495.3 279.7 384.6 445.0 517.2
Pore volume (cm?/g) 0.5033 0.5820 0.5751 0.6059 0.3627 0.4591 0.5242 0.5620
t-Plot micropore volume (cm?/g) 02319 0.2636 0.2701 0.2712 0.1513 0.2103 0.2429 0.2811
Average pore width (nm) 2.56 2.59 2.55 2.63 2.74 2.65 2.59 2.51
Chlorine content (%) 6.02 3.99 3.21 3.02 1.05 0.98 1.01 0.84
Weak basic exchange capacity (mmol/g) / / / / 2.24 1.42 1.03 0.88
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Fig. 1. N, adsorption and desorption isotherms of the hypercrosslinked polystyrene HJ-05, HJ-11, H]-33 and HJ-55 (a) and ethylenediamine-modified hypercrosslinked
polystyrene resins HJ-D05, HJ-D11, HJ-D33 and HJ-D55 (b).
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Fig. 2. FT-IR spectra of the hypercrosslinked polystyrene HJ-05, HJ-11, HJ-33 and HJ-55 as well as those of ethylenediamine-modified hypercrosslinked polystyrene resins
HJ-DO05, HJ-D11, HJ-D33 and HJ-D55.
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Fig. 3. Scanning electron microscopy (SEM) images of HJ-D33.
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Fig. 4. (a) Comparison of equilibrium phenol uptakes on HJ-D05, HJ-D11, HJ-D33 and HJ-D55 from aqueous solutions; and (b) adsorption isotherms of phenol on HJ-33,

HJ-D33, XAD-4 and D301 resin from aqueous solutions.

a chemical adsorption by acid-base interaction, hydrogen bonding,
etc. [13,15,21]. As a result, combinations of the appropriate pore
structure and the appropriate uploading amount of the amino
groups make HJ-D33 a better resin for phenol adsorption.

Fig. 4(b) compares the phenol adsorption isotherms on HJ-33,
HJ-D33, a commercial polystyrene resin XAD-4 and a commercial
dimethylamine modified macroporous polystyrene resin D301
from aqueous solutions. At an equilibrium concentration of
100 mg/L, the phenol uptakes on HJ-33, HJ-D33, XAD-4 and D301
are measured to be 66.28, 86.59, 34.37 and 18.24 mg/g, respec-
tively. Although the BET surface area of HJ-33 is relatively higher
than that of HJ-D33 (difference: 94.1 m?/g), the uploaded amino
groups on HJ-D33 enhances the phenol adsorption due to the
polarity matching [22,23]. This result demonstrates that chemical
modification of hypercrosslinked polystyrene resin by introducing
the amino groups on the resin is necessary and similar results are
reported in some other papers [13,15]. In addition, as compared
the phenol adsorption on HJ-D33 with some other adsorbents such
as XAD-4-1 (ketone carbonyl groups modified XAD-4 resin) [24],
XAD-4-11 (benzoyl groups modified XAD-4 resin) [24]|, DCX
modified XAD-4 resin [25], BCMBP modified XAD-4 resin [25],
HJ-MO5 (a diethylenetriamine-modified hypercrosslinked resin)
[26], HJ-L15 (a toluene-modified hypercrosslinked resin) [27],
HJ-KO1 (a methylamine modified hypercrosslinked resin) [28]
and HJ-Z01 (a N-methylacetamide-modified hypercrosslinked re-
sin) [29], it can be concluded that the XAD-4-series resins are infe-
rior to HJ-D33 for the phenol adsorption and the modified
hypercrosslinked polystyrene-type resins are comparable with
HJ-D33.

3.3. Equilibrium adsorption

Fig. 5 displays the phenol adsorption isotherms on HJ-D33 with
the temperature at 300, 305 and 310K, respectively. The phenol
uptakes increase with increasing of the equilibrium concentration
and decrease with increment of the temperature, implying that the
adsorption is an exothermic process [17,30].

Langmuir and Freundlich isotherms are two typical isotherms
for describing the adsorption on adsorbents from aqueous solu-
tions [31,32]. Langmuir was the first one proposing a coherent the-
ory of adsorption on a flat surface based on a kinetic viewpoint, and
the Langmuir isotherm assumes that the adsorption energy is con-
stant over all adsorption sites, the adsorption on the surface is
localized and each site can accommodate only one molecule [31].
Its linear equation can be given as:

140 T T T T T T T
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C, /(mg/L)

Fig. 5. Adsorption isotherms of phenol on HJ-D33 from aqueous solution at the
temperature of 300, 305, 310 K, respectively.

Ce/qe = Ce/qm + 1/(qnKL) )

where q,, is the monolayer uptakes (mg/g) and K is a constant
related to adsorption energy (L/mg).

The Freundlich equation is one of the earliest empirical
equations used to describe the equilibrium adsorption data, and
it describes the adsorption on a heterogeneous surface and its lin-
ear form can be expressed as [32]:

In(q,) = InKy + (1/n)InC. 3)

where Kr [(mg/g)(L/mg)"/"] and n are the characteristic constants.

The Langmuir and Freundlich isotherms were used to character-
ize the equilibrium isotherms by a linear and non-linear fitting
method, the corresponding fitted curves by the non-linear fitting
method are shown in Fig. 5, and the corresponding parameters
such as g, Ki, Kr and n as well as the correlation coefficients R?
by the linear fitting method are summarized in Table S1. Both of
the Langmuir and Freundlich isotherms are shown to be suitable
for fitting the isotherm data since R?>>0.98 and the Freundlich
isotherm appears to be more appropriate for the isotherm data
than the Langmuir isotherm due to R* > 0.99.

3.4. Effect of the solution pH on the adsorption

The phenol uptakes on HJ-D33 as a function of the solution pH
are displayed in Fig. S2. It is evident that the phenol uptakes on
HJ-D33 are very sensitive to the solution pH and they reach the
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largest as the solution pH is in the range of 7.30-8.05. The phenol
uptakes decrease about 15% at the solution pH < 6.0, and it de-
crease higher than 80% at the solution pH > 12.0. According to
the reported pK; of phenol (pK; = 9.89) and pK, of ethylenediamine
(pKp = 7.15), the dissociation curves of phenol as well as ethylene-
diamine in aqueous solution are predicted on dependency of the
solution pH and the results are exhibited in Fig. S2. It is clear that
the phenol adsorption on HJ-D33 has the same trend as the disso-
ciation curve of phenol as the solution pH is ranged in 8.05-13.01,
which indicates that the molecular form of phenol is favorable for
the adsorption. Additionally, the phenol adsorption on HJ-D33 has
the same tendency as the dissociation curve of ethylenediamine as
the solution pH is decreased from 8.05 to 1.11, which further con-
firmed that ethylenediamine was uploaded on the resin
successfully.

3.5. Effect of sodium chloride on the adsorption

Inorganic salts such as sodium chloride, sodium sulfate and so
on are coexistent in the industrial phenol wastewater, sometimes
the concentration of the inorganic salts possesses a very high level,
which may have a negative effect on the resin adsorption. There-
fore, the effect of sodium chloride on the ability of HJ-D33 for phe-
nol adsorption is determined from aqueous solutions and the
results are depicted in Fig. S3. It is observed that sodium chloride
exhibits the positive effect on the phenol adsorption on HJ-D33,
which may be from the so called “salting-out” effect.

3.6. Effect of Cd** on the adsorption

Heavy metals such as Hg?*, Pb?* and Cd?* may coexist with the
phenolic compounds in the wastewater. Cd** was chosen as a mod-
el heavy metal in this study and its effect on the phenol adsorption
on HJ-D33 is examined. As can be seen from Fig. S4, the phenol up-
takes change slightly with increasing of the concentration of Cd?*
as the concentration of Cd?" is in the range of 0-10 mg/L, demon-
strating that Cd>* poses a slight effect on the phenol adsorption.

3.7. Dynamic adsorption and desorption

In the above sections, the phenol uptakes on HJ-D33 is shown to
be quite large, enhanced with increasing of the concentration of so-
dium chloride and slightly changed with the concentration of Cd?*,
and it is hopeful that this resin has great application prospects for
adsorptive removal of phenol from aqueous solution. Dynamic
adsorption is a direct evaluation of an adsorbent’s efficacy during
the continuous column operation, hence the breakthrough charac-
teristics of HJ-D33 towards phenol was tested in a fixed-bed exper-
iment. For the column operation, the processing amount at the
breakthrough point (breakthrough capacity) is the most important
for judging whether the adsorbents can be applied in real field
application or not. In this study, the breakthrough point was set
to be C,/Co=0.05 and Fig. 6(a) indicated that the breakthrough
point of phenol adsorption on HJ-D33 is 62.9 BV at an initial con-
centration of 800.8 mg/L and a flow rate of 8.0 BV/h, which is much
higher than that of XAD-4 (28.2 BV) and HJ-33 (52.9 BV), respec-
tively. The breakthrough capacity of phenol by XAD-4, HJ-33 and
HJ-D33 can be calculated to be 22.58, 42.36 and 50.37 mg/ml
wet resin, respectively, which confirms that HJ-D33 is an efficient
polymeric adsorbent for adsorptive removal of phenol from aque-
ous solutions.

After the dynamic adsorption, the HJ-D33 resin column was
roughly rinsed by 10 ml of de-ionized water and different desorp-
tion solvents were then employed for the desorption process, and
the recovery ratio of the resin was depicted in Fig. 7(a). It is found
that water can hardly purge the resin column and only 6.25% of

phenol is desorbed from the resin column as water is utilized as
the desorption solvent. 0.01 mol/L of sodium hydroxide aqueous
solution can partly desorb phenol from the resin column and
75.6% of phenol is desorbed from the resin column, which in turn
confirms the correctness of the results of solution pH on the
adsorption. Ethanol aqueous solution can practically cleanse the
resin column and 50.3% of the recovery ratio is achieved as 50%
of ethanol aqueous solution is used. In particular, a mixed solution
between sodium hydroxide and ethanol can greatly improve the
recovery ratio of the resin and 99.6% of the recovery ratio is
achieved as a mixed solution of 0.01 mol/L of sodium hydroxide
and 50% of ethanol is employed hence it was applied for the
desorption process in the current study. At a flow rate of 4.0
BV/h, 100 ml of the desorption solvent was passed through the re-
sin column, only 6.0 bed volumes of the desorption solvent was
needed to completely regenerate the resin column and the
dynamic desorption uptakes were determined to be 624.3 mg
(Fig. 6(b)), which was very close the saturated dynamic uptakes
(630.9). The HJ-D33 resin was used repeatedly (Fig. 7(b)) and the
phenol uptakes decreased to approximately 97.2% after five cycles
of adsorption-desorption process, exhibiting an excellent reusabil-
ity and remarkable regeneration.

3.8. Dynamic separation of phenol from the mixed solution

Micropores were predominant for HJ-D33, which gives a prom-
ise of separation of the organic compounds with different molecu-
lar size by molecular sieving effect. However, the pore width
distribution of HJ-D33 in the microporous region is missing, and
hence the pore width distribution of HJ-D33 was further deter-
mined by DFT method using a Micromeritics ASAP 2020 Physisorp-
tion Analyzer and the results are shown in Fig. S5. Fig. S5 agrees
with Fig. S1 in the meso/macroporous region while it possesses a
more explicit pore width distribution in the microporous region.
It seems that the pores below 2 nm are the most predominant
pores for HJ-D33, which confirm its possibility for separation of
organic compounds with different molecular size [33]. The mole-
cules with small molecular size can diffuse into the pores of the re-
sin and the adsorption occurs normally, while the molecules with
large molecular size cannot pass through the pores of the resin
favorably, resulting in a smaller uptakes and even no adsorption.

In this study, three model molecules with different molecular
size such as phenol, methyl orange and Congo red were selected
and firstly the isotherms of the three adsorbates were respectively
measured and the results are shown in Fig. 8(a). The phenol uptakes
on HJ-D33 are the largest while the Congo red uptakes are the
smallest, which follows an order as: ge(phenol) > Qe (methylorange) >
(e(Congoredy. The molecular sizes of phenol, methyl orange and
Congo red are predicted to be 0.58 nm, 1.19 nm and 2.29 nm,
respectively, which has an order as: phenol < methyl orange <
Congo red, and the molecular size of Congo red is almost equal to
the average pore diameter of HJ-D33. In conclusion, the adsorbate
with the largest molecular size (Congo red) possesses the smallest
uptakes on HJ-D33 while the adsorbate with the smallest molecular
size (phenol) has the largest uptakes, suggesting a potential molec-
ular sieving effect of H]-D33 for the three adsorbates [15,33]. Some
relatively large micropores (>1.2 nm), mesopores (2-50 nm) as well
as macropores (>50 nm) were found for H]-D33, which are respon-
sible for the methyl orange adsorption. As for Congo red, only the
macropores (>2.5 nm) are accessible and useful, so its uptakes are
the smallest.

Furthermore, the dynamic adsorption of HJ-D33 from the mixed
solution between phenol and methyl orange or phenol and Congo
red were measured and the results are displayed in Fig. 8(b).
Fig. 8(b) indicates that the breakthrough point phenol, methyl
orange and Congo red on HJ-D33 are quite different from the
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Fig. 6. (a) Dynamic adsorption curves of phenol adsorption on XAD-4, HJ-33 and HJ-D33 resin column with the initial concentration of 800.8 mg/L and a flow rate of 8.0 BV/h;
and (b) dynamic desorption curves of phenol from HJ-D33 resin column as a mixed solution of 0.01 mol/L of sodium hydroxide and 50% of ethanol is employed as the
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Fig. 8. (a) Adsorption isotherms of phenol, methyl orange and Congo red on HJ-D33 resin from aqueous solutions; and (b) dynamic adsorption and separation of phenol and
methyl orange as well as phenol and Congo red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mixed solution. The breakthrough point of methyl orange was
measured to be 21 BV, which was much lower than that of phenol
(60 BV). That is HJ-D33 can separate methyl orange from phenol as
the effluent is in the range of 21-60 BV. Congo red cannot be ad-
sorbed on HJ-D33 and it is leaked out directly after starting the dy-
namic adsorption experiment while phenol does not leaked out
until 60 BV, so HJ-D33 can separate Congo red from phenol as
the effluent ranges from O to 60 BV.

4. Conclusion

Four ethylenediamine-modified hypercrosslinked polystyrene
resins HJ-D05, HJ-D11, HJ-D33 and HJ-D55 were prepared by con-
trolling the Friedel-Craft reaction time and they were shown to
possess different pore textural property and surface functionality,
indicative of their different adsorption selectivity towards phenol.
HJ-D33 had the highest phenol uptakes among the four resins and
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it was superior to its precursor HJ-33 and many other commercial
resins. The Langmuir and Freundlich isotherms correlated well the
phenol isotherms and Freundlich isotherm characterized better. At
an initial concentration of 800.8 mg/L and a flow rate of 8.0 BV/h,
the breakthrough capacity of phenol on HJ-D33 was 50.37 mg/ml
wet resin, which were much higher than that of XAD-4
(22.58 mg/ml wet resin) and HJ-33 (42.36 mg/ml wet resin). The
HJ-D33 resin column loaded by phenol could be regenerated by
60 ml of 0.01 mol/L of sodium hydroxide and 50% of ethanol aque-
ous solution completely and the phenol uptakes decreased to
approximately 97.2% after five cycles of adsorption-desorption
process. HJ-D33 could separate methyl orange from phenol as
the effluent was in the range of 21-60 BV and it could separate
Congo red from phenol as the effluent ranges from 0 to 60 BV.
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