
INTRODUCTION

Chlorophenols, a group of compounds had been widely

used as important raw material in the production of petro-

chemicals, synthetic resins, pharmaceuticals, paints, herbicides

and insecticides1. Nowadays, the importance of chlorophenols

is proved by its ever increasing global consumption2. During

the production and application, chlorophenols were introduced

into the environment, inevitably. Owing to their toxicity and

unpleasant odour, the chlorophenols presence threatens the

use and reuse of water resources. Many chlorophenols are

considered as the priority pollutants for their negative impacts

on organisms and human health3. Increasing concern for public

health and environmental quality has led to the establishment

of rigid limits on the chlorophenols regulation. Thus, the

removal of chlorophenols from workshop or waste streams

becomes a great concern.

Various methods are feasible in the treatment of chloro-

phenols4,5, among these methods, adsorption has been proven

to be one of the most promising candidates for separating low

concentration of organic pollutants from large volumes of

aqueous solutions. The application of adsorption can recover

re-usable chemicals effectively, besides the removal of pollu-

tants6,7.

Thus, resins are widely employed in the treatment of

effluent contaminated by organic pollutants8,9. Here, we

prepared two hypercrosslinked adsorbents ZH-01 and ZH-03,

modified by 2-carboxybenzoyl and benzoyl functional group,
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respectively and investigated their absorption properties for

2-chlorophenol in the aqueous solution.

EXPERIMENTAL

Styrene and divinylbenzene (purity: 50.4 %) were purchased

from Dongda Chemical Co. (Shandong province, China).

Chloromethyl methylether was obtained from Langfang

Chemical Co. (Hebei province, China). Acetone, methanol,

zinc chloride, 2-chlorophenol, dibenzoyl peroxide and benzoyl

chloride were purchased from Shanghai Chemical Reagent

Plant (Shanghai, China) and used without further purification.

The spherical Amberlite XAD-4 resin was purchased from

Rohm & Haas Company (Philadelphia, USA).

ZH-01 and ZH-03 were synthesized as the method

mentioned in the literature10. The monomer structures of them

were illustrated in Fig. 1. Infrared spectra of the polymeric

adsorbent before and after the post-crosslinking reaction were

obtained from a Nicolet 170 SX IR spectrometer (USA) with

a pellet of powdered potassium bromide and resin.

Adsorption experiments: The isotherms were obtained

by variation of concentration and temperature in the adsor-

ption. For each sample, resin (0.100 g) and aqueous solutions

was mixed and agitated ca. 24 h, in a horizontal shaker

operated at 130 r/min to reach the equilibrium. Three kind of

adsorbents, including macroporous Amberlite XAD-4, ZH-

01 and ZH-03, were employed in adsorbing 2-chlorophenol

from the aqueous solutions with the initial concentration 200,
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Fig. 1. Monomers structure of ZH-01 and ZH-03

400, 600, 800 and 1000 mg/L at 303 K, to compare their

adsorption capacities. Adsorption kinetics was described based

on the concentration varation of 2-chlorophenol at correspon-

ding time intervals at 303 K, with the 2-chlorophenol initial

concentration about 600 mg/L.

The concentrations of 2-chlorophenol were measured by

gas chromatography (Agilent HP 6890 series II, USA) with a

Flame ionization Detector. The column was a 30 m × 0.32

mm I.D. fused-silica capillary column HP-5 and a stationary

phase thickness of 0.25 µm (Agilent USA). The oven tempe-

rature was programmed as follows: 40 ºC for 3 min, increasing

to 80 ºC at 10 ºC/min and holding for 2 min. The injector and

detector temperatures were set at 200 and 250 ºC, respectively.

Nitrogen (99.999 %) was used as carrier gas and make-up

gas.

RESULTS AND DISCUSSION

Comparing the IR spectra before and after the post-

crosslinking reaction, the C-Cl bands at about 670 cm-1 of ZH-

01 and ZH-03 decreased obviously. The band presented at

1645.95 cm-1 in ZH-01 and 1699.54 cm-1 in ZH-03 suggested

that the 2-carboxylbenzeoyl and benzeoyl groups have been

successfully bonded onto ZH-01 and ZH-03 resins, respec-

tively (Fig. 2). And the typical properties of the polymeric

resins were listed in Table-1.

TABLE-1 

TYPICAL PROPERTIES OF THE POLYMERIC RESINS 

Property XAD-4 ZH-01 ZH-03 

Polarity Nonpolar Moderate 
polar 

Moderate 
polar 

Specific surface area (m2/g) 880 1118 883.4 

Average diameter (nm) 5.8 1.2 1.33 

Micropore area (m2/g) 3 686 492.6 

Average particle size (mm) 0.5 0.5 0.5 

Porosity (mL/g) 1.0 0.69 0.224 

Residual chlorine content (%) 0 2.8 4.4 

Colour White Brown Brown 

 
The equilibrium adsorption isotherms of 2-chlorophenol

from water on Amberlite XAD-4, ZH-03 and ZH-01 resins at

303 K were shown in Fig. 3. And it was found that the adsor-

ption capacities of ZH-01 and ZH-03 are relatively higher than

those of Amberlite XAD-4.

Batch equilibrium adsorption dates of 2-chlorophenol

were fitted to Freundlich adsorption isotherm equations, which

may be expressed as:
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Fig. 2. IR Spectra before(solid line) and after(dotted line) the post-

crosslinking reaction (a was for ZH-01 resin and b was for ZH-03

resin)
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Fig. 3. Adsorption isotherms of 2-chlorophenol on Amberlite ZH-01, ZH-

03 and XAD-4 at 303 K

where Qe was the equilibrium adsorption capacity (mmol/g),

Ce was the equilibrium concentration (mmol/L), Kf and n were

the characteristic constants. The experiments data were fitted

well to the Freundlich isotherm model (R2 > 0.95) and the

parameters were listed in Table-2.

The adsorption capacities on ZH-01 and ZH-03 were signi-

ficantly higher than that on Amberlite XAD-4, which could

be convinced by the value of Kf, a relative indicator of adsor-

ption capacity according to the Freundlich Theory11. And the
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parameters n drawn from the experiments data also suggested

stronger adsorption interactions presented by the surfaces of

ZH-01 and ZH-03 than that of Amberlite XAD-4.

Based on the data presented in Fig. 4, the isomeric

enthalpies of adsorption were calculated with a derivative van't

Hoff equation12.
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Fig. 4. (a) Adsorption isotherms of 2-chlorophenol on ZH-01, (b) ZH-03,

(c) Amberlite XAD-4
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where ∆H was the isomeric enthalpy of adsorption when Qe

was a fixed value, R was the gas constant, Ce was the equili-

brium concentration of solute at the absolute temperature T.

At different temperatures (288, 303 and 318 K), the Ce was

obtained from the Freundlich isotherms when Qe equals to

1.0, 1.5 and 2.0 mmol/g. ∆H was calculated from the slope of

line plotted by log (1/Ce) versus 1/T.

The free energies change of adsorption was calculated

with Gibbs equation13,14.

∫ −=
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where n was the characteristic constant of Freundlich equation.

The entropies change of adsorption was calculated with Gibbs-

Helmholz equation10.

STHG ∆−∆=∆ (4)

T

)GH(
S

∆−∆
=∆ (5)

A summary of the calculated values for the change of

enthalpy, free energy, entropy about ZH-01, ZH-03 and XAD-

4 adsorbing 2-chlorophenol were listed in Table-3.

Little variety of the enthalpy change at different Qe showed

the homogeneous nature of the adsorbent surface14. And the

heat quantities for ZH-01 and ZH-03 were more than XAD-

4's in the exothermic process. Thus, the adsorption abilities of

ZH-01 and ZH-03 are stronger than that of XAD-4, in 2-chloro-

phenol adsorption10. Generally, the adsorbate molecular would

cover the surface of adsorbent orderly after the adsorption14,

so the disorder and entropy all decreased.

Adsorption kinetic studies: The influence of contact time

on 2-chlorophenol removal by Amberlite XAD-4, ZH-01 and

ZH-03 were presented in Fig. 5. All the adsorbents showed

their ability to adsorb 2-chlorophenol with various efficiencies.

And the kinetics adsorption data was processed to investigate

the dynamics of the adsorption process in terms of the rate

constant drawn from the first-order equation15,
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Fig. 5. Influence of contact time on removal of 2-chlorophenol by

Amberlite XAD-4, ZH-01 and ZH-03
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where Qe was the equilibrium adsorption capacity (mmol/g),

Qt was the adsorption capacity when the contact time t (mmol/

g), F was the fractional attainment of the equilibrium and k

was the overall rate constant (min-1), which showed the intra-

particle diffusion would not be the rate limiting for the straight

line did not pass through the origin. The values of the rate

constant k was calculated from the slope of the plots obtained

from -ln (1-F) versus the contact of 2-chlorophenol time t were

0.0113, 0.0185 and 0.0111 min-1 for ZH-01, ZH-03 and XAD-4,

respectively.

Conclusion

Two hypercrosslinked polymeric adsorbent (ZH-01 and

ZH-03) for adsorbing 2-chlorophenol from their aqueous

solutions was prepared and the equilibrium adsorption capacities

for 2-chlorophenol on ZH-01 and on ZH-03 were markedly

higher than those on XAD-4, which attributed to its high specific

surface area, high micropore area and the right adsorbates

molecular volume.

The batch kinetic studies and the adsorption capacities

comparisons about XAD-4, ZH-01 and ZH-03 for 600 mg/L

2-chlorophenol indicated the advantages of adsorbent ZH-01

or ZH-03 for adsorbing 2-chlorophenol. Both of the dynamics

and the thermodynamics studied draw the same conclusions

for adsorbing 2-chlorophenol on ZH-01 or ZH-03 that there

were physical adsorption processes and showed the homo-

geneous nature of the adsorbent surface.

All the isotherm data for 2-chlorophenol on the XAD-4,

ZH-01 and ZH-03 could be satisfactorily fitted with the Freundlich

equations. The data of the thermodynamics studies for 2-chloro-

phenol on XAD-4, ZH-01 and ZH-03 showed the adsorption

process of an exothermic, spontaneous and disorder decreasing.

And the data of the kinetics were fit for the first-order equa-

tion. The two hypercrosslinked resins could effectively remove

the 2-chlorophenol from aqueous solution. The new feasible

measure for resolve 2-chlorophenol was offered in groundwater

micropollution.
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TABLE-2 

EVALUATED CONSTANTS DRAWN FROM FREUNDLICH EQUATION 

Adsorbents T (K) Freundlich equation Kf n R2 

288 log Qe = 0.3411 log Ce + 0.3578 2.2793 2.9317 0.9991 

303 log Qe =0.4744 log Ce + 0.2411 1.7422 2.1079 0.9997 ZH-01 

318 log Qe =0.3543 log Ce + 0.1348 1.3639 2.8225 0.9993 

288 log Qe =0.3878 log Ce + 0.3342 2.1587 2.5786 0.9996 

303 log Qe = 0.5204 log Ce + 0.1717 1.4849 1.9216 0.9992 ZH-03 

318 log Qe = 0.4921 log Ce + 0.0665 1.1654 2.0321 0.9992 

288 log Qe = 0.3347 log Ce +0.1564 1.4335 2.2523 0.9996 

303 log Qe = 0.4437 log Ce + 0.0490 1.1194 2.006 0.9999 XAD-4 

318 log Qe = 0.5254 log Ce – 0.1017 0.7912 1.7185 0.9996 

 
TABLE-3 

THERMODYNAMIC PARAMETERS 

∆G (kJ/mol) ∆S (J/mol/K) 
Adsorbent Qe (mmol/g) ∆H (kJ/mol) 

288 K 303 K 318 K 288 K 303 K 318 K 

1.0 -54.41 -165 --162 -148 

1.5 -43.49 -127 -126 -113 ZH-01 

2.0 -37.01 

-7.02 -5.31 -7.46 

-104 -104 -92.9 

1.0 -42.77 -127 -125 -118 

1.5 -37.01 -107 -106 -99.5 ZH-03 

2.0 -32.96 

-6.17 -4.84 -5.37 

-93.9 -92.8 -86.8 

1.0 -38.64 -115 -111 -107 

1.5 -27.43 -76.53 -73.9 --72.0 XAD-4 

2.0 -19.46 

-5.39 -5.05 -4.54 

-48.9 -48.2 -46.9 
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