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ABSTRACT: An investigation was undertaken regarding the removal of 2-chlorophenol
from solutions using highly crosslinked cationic starch containing a tertiary amine
group. The mechanism of removed 2-chlorophenol is affected by the pH of the aqueous
phase. The nonionized and ionized species are removed by the adsorption and ion-
exchange process, respectively. It has been found that the adsorption process predomi-
nated over the initial pH ranging from 2 to 6, the ion-exchange process predominated
at initial pH 12, and both processes coexist over the initial pH ranging from 8 to 10.
A method is suggested to determine the contribution of the nonionized and ionized
species to remove 2-chlorophenol over the test pH range. The adsorption process is
initially pH-independent, and the ion-exchange process is initially pH-dependent. The
adsorption and ion-exchange processes are concentration-dependent, endothermic, and
follow the Langumir isothermal adsorption. The DH is 2.504 kcal/mol for the adsorption
process and 3.580 kcal/mol for the ion-exchange process. The ion-exchange capacity is
larger than the adsorption capacity. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67:
1085–1092, 1998
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INTRODUCTION skins, 1,2 onion skins, 3 wool, 4–7 and cotton 8 for
the adsorption of toxic heavy metal ions) has
been previously reported. Also, it has been re-The removal of toxic heavy metal ions and or-

ganic compounds from sewage and industrial ported that the activated charcoal or the benton-
ite modified with tetraalkylammonium can bewastewater has received much attention in re-

cent years. However, the conventional precipita- used to adsorb organic compounds.9

Starch is a naturally low-cost polymer that cantion process does not always provide a satisfac-
tory removal rate to meet the pollution control be highly crosslinked with epichlorohydrin or
limits; synthetic ion-exchange resins are often other agents to make it water-insoluble. Chemical
quite expensive as well. Many low-cost agricul- modification of the crosslinked starch with vari-
tural byproducts can bind heavy metal ions ous reactive monomers yields ionomer products
by adsorption, chelation, or ion-exchange. The that can be used to remove heavy metal ions from
use of agricultural byproducts (such as peanut wastewater. Xanthation of a crosslinked starch

yields insoluble starch xanthate that has been
shown to remove effectively heavy metal cations

Correspondence to: W.-C. Chan.
from wastewater.10,11 Insoluble starch products
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nium have been shown to remove effectively sorption and ion-exchange processes at 30–607C
are also investigated.heavy metal anions from wastewater.12

Recently, we have indicated that water-insolu-
ble amphoteric starches containing the phosphate

EXPERIMENTALor sulfonate anionic group and the quaternary
ammonium or tertiary amine cationic group can

Corn starch powder (industrial grade) was driedsimultaneously remove heavy metal ions and phe-
at 1057C before use. Epichlorohydrin, chlorophe-nol organic compound from water solution effec-
nol (extra pure grade from Merck Chemical Co.,tively.13–16 The Cl0 of the tertiary amine group is
Darmstadt, Germany) and 2-chlorotriethylamineused to exchange ions and the tertiary amine
hydrochloride (extra pure from Aldrich Chemicalgroup is used to adsorb phenol molecular. The
Co., Milwaukee, WI) were used as received.functional groups used for adsorption and ex-

The procedures for preparing water-insolublechange processes are independent.16

cationic starch, and adsorption and ion-exchangeBecause phenolic compound is a weak acid and
experiments are described in our previouscan be dissociated into the phenolate anion in the
work.13–16 The initial pH value of solution for ad-aqueous phase, ionized and nonionized species co-
sorption and ion-exchange experiments is ad-exist in an aqueous solution. The removal of non-
justed with 0.1N HNO3 aqueous solution and 0.1Nionized species results primarily from van der
NaOH aqueous solution. The concentration of 2-Waals–London forces formed between the non-
chlorophenol in the solution before and after ad-ionized species and adsorbent. The removal of
sorption/ion-exchange was analyzed using a Shi-ionic species results primarily from exchange ions
matzu model UV-1201. The reaction process canbetween ionized species and an ion-exchanger.
be proposed as the following scheme13:Thus, the mechanism of removed nonionic and

ionized species is different; the former is adsorp-
tion process and the latter is ion-exchange pro-
cess. The pH value of the solution would affect
the removal of chlorophenolic compound due to
the pH affects, not only the ratio of ionized and
nonionized species, but also the surface character-
istics of the adsorbent. Thus, evaluating the effect
of the aqueous phase pH on the contribution of
the nonionized and ionized species to the removal
process is very important. Additional information
on the removal process would enhance the present
ability to predict the fate of such organic com-

2 starch©OH 1 H¤C©CHCH¤Cl (Epichlorohydrin)

starch©O©[CH¤CHCH¤O]©starch

starch©O©[CH¤CHCH¤O]©starch

Cl©CH¤CH¤N(C¤Hfi)¤ ı HCl

OH

O

O©CH¤CH¤N1(C¤Hfi)¤Cl2

OH2

pounds in the environments. We have indicated
that the water-insoluble cationic starch simulta-
neously has adsorption and ion-exchange charac-

RESULTS AND DISCUSSIONteristics.16 The mechanism and thermodynamic
parameters of the removal phenolic compound

2-Chlorophenol dissolving in aqueous solution arefrom aqueous solutions process by using water-
dissociated into the phenolate anion. The equilib-insoluble cationic starch are not yet found in rele-
rium equation is shown as the following:vant literature.

In this study, a method is suggested to deter-
CPOH B CPO0 / H/ Kamine the contribution of the adsorption and ion-

exchange process to remove 2-chlorophenol from Å [CPO0 ] [H/] / [CPOH] (1)
a aqueous solution with a highly water-insoluble
cationic starch containing the tertiary amine where CPOH is the 2-chlorophenol (nonionized spe-
group over the test pH range (pH 2–12). The cies), CPO0 is the phenolate anion (ionized species)
effects of concentration, initial pH value, and tem- of 2-chlorophenol, and Ka is the dissociation equilib-
perature on the adsorption and ion-exchange rium constant, Ka ,207C Å 1008.55.17 The adsorption
processes of the removal of 2-chlorophenol are re- process involves attaching the nonionized species

on the active site of the cationic starch. The ion-ported. Thermodynamic parameters of the ad-
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exchange process entails exchanging the ionized fore, the adsorption and ion-exchange processes can
be proposed as the following scheme:species with the Cl0 of the cationic starch. There-

CPOH 1 HR‹N1Cl2 (2)CPOHCl2N1R‹H

H1

CPO2 1 HR‹N1Cl2 (3)CPO2N1R‹H 1 Cl2

(adsorption process)

(ion-exchange process)

where HR3N/Cl0 is the water-insoluble cationic chlorophenol removed by the cationic starch for
initial pH values of solution ranging from 2 to 12starch. Equations (2) and (3) reveal that the ad-

sorption process predominates in an acidic solu- at various initial concentration (15–75 ppm) and
307C is shown in Figure 1. The percentage of re-tion, and the ion-exchange process predominates

in a basic solution. moved 2-chlorophenol almost keeps constant over
the initial pH range from 2 to 6. It then increasesTo investigate the mechanisms of the adsorp-

tion and ion-exchange processes, we define a pa- with increasing initial pH for each initial concen-
tration. It is found that the initial pH range of therameter 1 that is the ratio of the equilibrium con-

centration of CPOH and of CPO0 at the desired constant percentage of removed 2-chlorophenol
corresponds to that of the predominated adsorp-initial pH and initial concentration (1 Å [CPO0 ] /

[CPOH]). The 1 values for various initial pH val- tion process. Thus, the percentage of 2-chlorophe-
nol removed by the adsorption process is initiallyues at the initial concentration range and 207C are

calculated by eq. (1) and Ka ,207C. The calculated 1 pH-independent.
Now, the average value of the percentages ofvalues of initial pH 2, 4, 6, 8, 10, and 12 areÇ 2.82

1 1007 , 2.82 1 1005 , 2.82 1 1003 , 2.82 1 1001 , removed 2-chlorophenol over the initial pH rang-
ing from 2 to 6 is calculated as the percentage of 2-2.82 1 101, and 2.82 1 103, respectively, over the

initial concentration of 2-chlorophenol, ranging chlorophenol removed by the adsorption process.
The percentage of removed 2-chlorophenol at thefrom 15 to 75 ppm. The 1 values are õ 1002 over

the initial pH 2–6. The 1 value is larger than 102 initial pH 12 is used as the percentage of 2-chloro-
phenol removed by the ion-exchange process. Be-at the initial pH 12. For the sorption of pentachlo-

rophenol onto natural solids collected by US EPA
(Environmental Protection Agency) from the
aqueous phase, it has been shown that ú 90% of
the sorption resulted from the sorption of ionized
pentachlorophenol as the initial pH of solution is
ú 7.18 Thus, when the 1 value is õ 1002 (1
õ 1002) , the mechanism of removed 2-chlorophe-
nol from solution is regarded as the adsorption
process that predominates. When the 1 value is
ú 102 (1 ú 102), the mechanism of removed 2-
chlorophenol from solution is regarded as the ion-
exchange process that predominates. Therefore,
we assume that the adsorption process predomi-
nates over the initial pH 2–6. The ion-exchange
process predominates at the initial pH 12. Both
the adsorption and ion-exchange processes coexist
over the initial pH 8–10.

Effect of Initial pH

From our previous work, the degree of substitu- Figure 1 Effect of initial pH value of solution on the
tion of tertiaryamine was calculated as 0.73, and removal of 2-chlorophemol at various initial concentra-
the theoretical adsorption capacity of the cationic tions and 307C: (L ) 15 ppm, (, ) 30 ppm, (n ) 45 ppm,

(h ) 60 ppm, and (s ) 75 ppm.starch was 2.80 mEq/g.13 The percentage of 2-
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Table I Percentages of 2-Chlorophenol Removed by the Adsorption and
Ion-Exchange Processes at 307C: Adsorption Process

Initial Concentration of 2-Chlorophenol (ppm)

Initial pH 75 60 45 30 15

2 17.01% 19.95% 22.44% 25.47% 38.67%
4 16.87% 18.25% 19.91% 23.77% 35.73%
6 17.03% 18.78% 20.42% 24.20% 36.40%
8 16.97% 18.99% 20.92% 24.48% 36.93%

10 16.97% 18.99% 20.92% 24.48% 36.93%
12 — — — — —

The initial pH 12 is the predominant ion-exchange process, and the percentage for initial pH
8 and pH 10 takes the average values of the percentages of initial pH 2–6.

cause the percentage of 2-chlorophenol removed of CPO0 species at the dissociation equilibrium
before ion-exchange. Thus, the percentage of 2-by the adsorption process is initially pH-indepen-
chlorophenol removed by the ion-exchange pro-dent, the calculated percentage of 2-chlorophenol
cess can be calculated in the initial pH rangeremoved by the adsorption process can be used as
where the adsorption and ion-exchange processesthat in the initial pH range of the adsorption and
coexist.ion-exchange processes coexisting. Then, the per-

The percentages of 2-chlorophenol removed bycentage of 2-chlorophenol removed by the ion-ex-
the adsorption and ion-exchange processes at var-change process in the initial pH range of the ad-
ious initial pH and concentration levels are list insorption and ion-exchange processes coexisting is
Tables I and II. The percentage of 2-chlorophenolcalculated using the following equations:
removed by the ion-exchange process over the test
initial concentration range (15–75 ppm) in-[CPOH] / [CPO0]
creasesÇ 1.63–2.64 times as the initial pH value

Å [CPOH]i
•(removed percentage) (4) increases from 8 to 12. The result indicates that

the percentage of 2-chlorophenol removed by the[CPOH] Å [CPOH]0
•(removed percentage

ion-exchange process is pH-dependent. Moreover,
by adsorption process) (5) the percentage of 2-chlorophenol removed by the

ion-exchange process is Ç 2.28–3.34 times that[CPO0 ] Å [CPO0]0
•(removed percentage

by the adsorption process. The result indicates
by ion-exchange process) (6) that the ion-exchange capacity is larger than the

adsorption capacity.
where [CPOH]i is the initial concentration of 2-

Effect of Concentrationchlorophenol, [CPOH]0 is the concentration of
CPOH species at the dissociation equilibrium be- The percentage of 2-chlorophenol removed by the

cationic starch for the initial concentration of 2-fore adsorption, and [CPO0 ]0 is the concentration

Table II Percentages of 2-Chlorophenol Removed by the Adsorption and
Ion-Exchange Processes at 307C: Ion-Exchange Process

Initial Concentration of 2-Chlorophenol (ppm)

Initial pH 75 60 45 30 15

2–6 — — — — —
8 21.43% 25.38% 29.41% 34.87% 51.50%

10 22.26% 25.91% 31.99% 38.11% 53.79%
12 56.68% 60.39% 67.20% 76.88% 84.13%

The initial pH 2–6 is the predominant adsorption process.
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as the initial concentration decreased from 75 to
15 ppm. The percentage of 2-chlorophenol re-
moved by the ion-exchange process increased from
56.68 to 84.13% (Ç 1.48 times), as the initial con-
centration decreased from 75 to 15 ppm. The re-
sults indicate that removal of 2-chlorophenol by
the adsorption process is more highly concentra-
tion-dependent than that by the ion-exchange pro-
cess.

Adsorption Isotherm

The adsorption and ion-exchange isotherm for the
removal of 2-chlorophenol by the cationic starch
can be analyzed by the Langmuir adsorption iso-
therm expressed as:

C
qe
Å 1

Qb
/ C

Q
(7)

Figure 2 Effect of initial concentration on the re-
moval of 2-chlorophenol at various initial pH’s and

where C is the equilibrium concentration of 2-307C: (h ) pH 2, (n ) pH 4, (s ) pH 6, (j ) pH 8, (m ) pH
chlorophenol in solution (mg/L), qe is the milli-10, and (l ) pH 12.
gram of removed 2-chlorophenol per gram of cat-
ionic starch (mg/g), Q is the maximum amount
of removed 2-chlorophenol per gram of cationicchlorophenol ranging from 15 to 75 ppm at vari-

ous initial pH’s (2–12) and 307C is shown in Fig- starch (mg/g), and b is the Langmuir constant
(L/mg). Thus, a plot of C /qe versus C should yieldure 2. The percentage of removed 2-chlorophenol

over the test initial pH range increased Ç 1.48– a straight line having a slope of 1/Q and an inter-
cept of 1/Qb from which the values of Q and b can2.41 times, with decreasing initial concentration

of 2-chlorophenol from 75 to 15 ppm. The result be readily attained.
The Langmuir plot of the data of 2-chlorophenolindicates that the removal of 2-chlorophenol is

concentration-dependent. The percentage of 2- removed by the cationic starch at various initial
pH’s 2–12 and 307C are shown in Figure 3 (onlychlorophenol removed by the adsorption process

increased from 16.97 to 36.93% (Ç 2.18 times), initial pH’s 4 and 10 are shown). The relationship

Figure 3 Langmuir plots of the removal of 2-chlorophenol at initial pH 4 and pH 10,
and 307C: (a) initial pH 4 and (b) initial pH 10.
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Table III Langmuir Constant at Various Initial pH’s

Initial pH

Langmuir Constant 2 4 6 8 10 12

Q (mg/g) 1.72 1.75 1.77 1.79 1.97 5.17
b (L/mg) 0.0443 0.0352 0.0362 0.0444 0.0836 0.1147

between C/qe and C is linear, indicating that both iors also follow the Langmuir adsorption isotherm
at 40, 50, and 607C. The change of apparent en-the adsorption and ion-exchange behaviors follow

the Langmuir adsorption isotherm. The Q and b thalpy (DH), free energy (DG), and entropy (DS)
were calculated using the relationship:values are listed in Table III. The Q values of initial

pH’s 2, 4, and 6 are 1.72, 1.75, and 1.77 mg/g, re-
spectively, which is nearly constant. The Q values ln b Å ln b0 0 DH /RT (8)
of initial pH’s 8, 10, and 12 are 1.79 mg/g, 1.97 mg/
g, and 5.17 mg/g, respectively, which increase with ln b Å 0DG /RT (9)
increasing initial pH. The results indicate that the

DS Å (DH 0 DG ) /T (10)adsorption capacity is initial pH-independent and
the ion-exchange capacity is initial pH-dependent;
and the ion-exchange capacity is larger than the The values of DH , DG , and DS at each tempera-

ture are also listed in Table IV.adsorption capacity, as previously discussed.
The Q values of the initial pH 4 increased from

1.75 to 2.02 mg/g, and those of the initial pH 10
Effect of Temperature increased from 1.83 to 2.11 mg/g, as the tempera-

ture increased from 30 to 607C. Results indicateTo investigate the temperature effect between the
adsorption and ion-exchange processes, we select that both the adsorption capacity and ion-ex-

change capacity increase with temperature. Thethe initial pH’s 4 and 10 as the test conditions for
a series of various temperatures in the later experi- DH values of the initial pH 4 and pH 10 are 2.504

and 3.580 kcal/mol, respectively. The result dem-ments. The Langmuir plots of the data of 2-chloro-
phenol removed by the cationic starch for initial pH onstrates that both the adsorption and ion-ex-

change processes are endothermic. The DH value4 and pH 10 at 40, 50, and 607C are shown in Fig-
ures 4–6. It is found that both the adsorption (ini- of the adsorption process is smaller than that of

the ion-exchange process. The reason for such atial pH 4) and ion-exchange (initial pH 10) behav-

Figure 4 Langmuir plots of the removal of 2-chlorophenol at initial pH 4 and pH 10,
and 407C: (a) initial pH 4 and (b) initial pH 10.
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Figure 5 Langmuir plots of the removal of 2-chlorophenol at initial pH 4 and pH 10,
and 507C: (a) initial pH 4 and (b) initial pH 10.

discrepancy is that the covalent bond formed be- that the adsorption process predominates over the
initial pH, ranging from 2 to 6; the ion-exchangetween the ionic species and cationic starch in the

ion-exchange process is stronger than the hydro- process predominates at initial pH 12; and both pro-
cesses coexist over the initial pH, ranging from 8 togen bond formed between the nonionic species and

cationic starch in the adsorption process. 10. A method is suggested to determine the contri-
bution of the nonionized and ionized species to re-
moval of 2-chlorophenol over the test pH range (pH
2–12). The adsorption process is initially pH-inde-CONCLUSIONS
pendent, and the ion-exchange process is initially
pH-dependent. The adsorption and ion-exchangeA highly crosslinked cationic starch containing a

tertiary amine group can be used to remove 2- processes are concentration-dependent, endother-
mic, and follow the Langumir isothermal adsorp-chlorophenol from aqueous solutions. The mecha-

nism of removing 2-chlorophenol depends on the tion. The DH is 2.504 kcal/mol for the adsorption
process and 3.580 kcal/mol for the ion-exchange pro-initial pH of solution. The nonionized and ionized

species are removed by the adsorption and ion- cess. The capacity of the ion-exchange process is
larger than that of the adsorption process.exchange process, respectively. It has been found

Figure 6 Langmuir plots of the removal of 2-chlorophenol at initial pH 4 and pH 10,
and 607C: (a) initial pH 4 and (b) initial pH 10.
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Table IV Q, b, DH, DG, and DS Values of Initial pH 4 and pH 10 at Various
Temperatures

Temperature Q b DG DS
Initial pH (7C) (mg/g) (L/mg) (kcal/mol) (kcal/mol)

4 30 1.75 0.0351 2.017 1.61
40 1.81 0.0436 1.948 1.78
50 1.84 0.0480 1.949 1.72
60 2.02 0.0514 1.964 1.62

10 30 1.83 0.0681 1.618 6.48
40 1.89 0.0705 1.649 6.17
50 1.94 0.0978 1.492 6.47
60 2.11 0.1110 1.455 6.38

DH of initial pH 4 and pH 10 are equal to 2.504 and 3.580 kcal/mol, respectively.
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