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ABSTRACT: A novel amphoteric chelating polymer flocculant (ACPF) was synthesized. The synthesis involved the copolymerization of

dimethyldiallylammonium chloride and acrylamide to prepare poly(dimethyldiallylammonium chloride-co-acrylamide) [P(DMDAAC-

co-AM)], Mannich reaction of P(DMDAAC-co-AM) with triethylenetetramine and formaldehyde to prepare P(DMDAAC-co-AM)-

graft-TETA, and xanthogenation of P(DMDAAC-co-AM)-graft-TETA with CS2 and NaOH. The removal performance of ACPF toward

Cu2þ was investigated, and the ACPF structure was characterized. ACPF performance considerably improved at 121–187 mL/g intrin-

sic viscosity, 20.78–28.32 mol % cationic degree of P(DMDAAC-co-AM), and 22.11–28.44% sulphur content of ACPF. The Cu2þ

removal rate was above 99% at a 1.98 : 1 molar ratio of -CSS� to Cu2þ. This rate was 5.86% higher than that using polyacrylamide-

graft-triethylenetetramine-dithiocarbamate (PAM-graft-TETA-DTC). The zeta potential and sedimentation rate of flocs obtained from

ACPF were higher and their volume was smaller than those from sodium triethylenetetramine-multidithiocarbamate and PAM-graft-

TETA-DTC at the same sulphur dosage. This result indicates that the positive charges of ACPF polymeric chains effectively neutralize

excess negative charges in flocs, which benefits the bridging of flocs with negative charges to promote their formation and growth.

These positive charges can also cause the flocs to become larger and tighter, thereby improving flocculation and settling performance.
VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012

KEYWORDS: amphoteric chelating polymer flocculant; xanthation; chelation; flocculation; removal efficiency

Received 12 November 2010; accepted 27 March 2012; published online
DOI: 10.1002/app.37801

INTRODUCTION

The disposal of waste or process water containing heavy metal

ions is a serious consideration in the chemical, metallurgical,

mineral, petroleum, synfuel, cosmetics, and textile indus-

tries.1–4 Available technologies such as chemical precipita-

tion,5,6 ferrite method,7,8 oxidation,9,10 ion exchange,11

adsorption,12–14 membrane separation,15 and electrochemical

method16 are used to remove heavy metal ions from water.

However, these approaches have several disadvantages. For

example, the removal efficiencies of traditional chemical pre-

cipitation methods such as alkaline deposition and sulfide pre-

cipitation are relatively low. The residual heavy metal concen-

tration in the liquid phase is also often higher than the limit

imposed by law. The operation of the ferrite method is com-

plex and uncontrollable. Other methods show poor selectivity,

complex operation, high cost, and suitability only for small-

scale wastewater treatments.

Among the currently available chemical precipitation methods,

chelating precipitation is a practical, highly efficient, and low-cost

treatment method especially suitable for the treatment of large

volumes of heavy metal wastewater.17,18 When using polymeric

chelants as chelating agents, the negative charges of the polymer

chains can be neutralized by heavy metal ions, causing the poly-

mer chains to twist and flocculate. Polymeric chains benefit the

bridging among microflocs. The same heavy metal ions can also

react with two or more chelating groups from different polymer

chains to cause small flocs to gather and merge into larger ones.

Therefore, some polymeric chelants possess favorable chelating

abilities and excellent flocculating properties.19,20 These features

can overcome the shortcomings of traditional precipitation meth-

ods such as small flocs, poor settling performance, and required

high dosages to achieve better effects.21 Polymeric chelants have

become a research hotspot in the treatment of heavy metal waste-

water in recent years. For example, water-soluble starch xanthate

can effectively remove Hg(II) and Cu(II) but not Cd(II) and
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Ni(II).22 Cross-linked starch-graft-polyacrylamide-co-sodium

xanthate (CSAX) is more effective than both cross-linked starch

xanthate and cross-linked starch-graft-polyacryamide in removing

Cu2þ from wastewater; the removal rate of CSAX can reach

>98%.19 Using polyethyleneimine-sodium xanthogenate for the

treatment of wastewater from an electroplating factory results in

removal rates of above 95% for Ni2þ, Cu2þ, and Cr6þ ions.20

Phosphonomethylated-polyethyethyneimine for metal separation

by flocculation enhanced by Ca2þ can effectively remove various

heavy metal ions such as Cu2þ, Co2þ, Zn2þ, Ni2þ, and Pb2þ

from aqueous solutions. Under optimized conditions, the process

is capable of scavenging Cu2þ ions to background levels.23,24

However, during chelation, steric hindrance and spatial mismatch

always exist,21 resulting in the failure of some functional groups

to chelate with heavy metal ions. Consequently, flocs with excess

negative charges that hinder their formation and growth are cre-

ated. The flocs formed are generally not compact and exhibit

poor sedimentation performance. Thus, some flocculants are

always needed in the treatment process.

To solve the above problems, this article introduced a certain

amount of cationic structure units into polymer chains to syn-

thesize a kind of amphoteric chelating polymer flocculant

(ACPF). The synthetic conditions were investigated and the

structure of the ACPF was characterized by Fourier-transform

infrared (FTIR), nuclear magnetic resonance (NMR), ultraviolet

(UV) spectroscopy, and elementary analyses. The removal per-

formance of ACPF toward heavy metal ions was evaluated using

simulated wastewater containing Cu2þ. ACPF is found to be a

new type of heavy metal treatment agent with a strong chelating

ability and excellent flocculation performance.

EXPERIMENTAL

Materials

Dimethyldiallylammonium chloride (DMDAAC; 60 wt % in

water) was purchased from TCI, Tokyo Kasei Kogyo Co., Acryl-

amide (AM; Tianjin Damao Chemical Reagent Company,

China) was analytical grade and recrystallized twice before use.

Ammonium persulfate (APS; Zibo Xinglu Chemical Co.,

China), formaldehyde (37%, w/w; Jiangsu Taicang Jiantao

Chemical Co., China), copper sulfate pentahydrate (Changsha

Antai Fine Chemical Co., China), triethylenetetramine (TETA;

99.50%, w/w), carbon disulfide (99.0%,w/w), and sodium hy-

droxide (NaOH; Shantou Xilong Chemical Co., China) were all

analytical grade. Deionized water was used in all experiments.

Preparation of ACPF

Preparation of Poly(dimethyldiallylammonium chloride-

co-acrylamide). A series of poly(dimethyldiallylammonium

chloride-co-acrylamide) [P(DMDAAC-co-AM)] samples with

different cationic degrees (CDs) were prepared using DMDAAC,

AM, and APS as raw materials. The reaction was as follows:

(1)

P(DMDAAC-co-AM) was prepared according to a DMDAAC

to AM molar ratio of (0.05–0.45) : 1. The total mass of mono-

mers (DMDAAC þ AM) was 20 g. All proportions of

DMDAAC and equimolar AM were dissolved in deionized

water with mechanical stirring to prepare a certain solution

with a 40% (w/w) concentration in a 250 mL three-necked

flask. The mixture was deaerated with nitrogen for 30 min.

Afterward, the polymerization reaction was initiated by the

addition of APS with 0.8–1.2% monomer mass, and the tem-

perature was maintained between 50 and 60�C. The remaining

AM was used to prepare a 10% (w/w) solution using deionized

water. The solution was slowly added to the reaction mixture

to react for 1–5 h, after which a white or yellowish viscous liq-

uid was obtained. This liquid was precipitated in anhydrous

acetone three times, and the precipitates were dried to con-

stant weight under vacuum at 60�C to obtain P(DMDAAC-co-

AM) (Table I).

Preparation of Poly(dimethyldiallylammonium chloride-

co-acrylamide)-graft-triethylenetetramine. To facilitate the

easy introduction of xanthogenic acid radicals into the polymer

chains, TETA was grafted onto the side chains of P(DMDAAC-

co-AM) by the Mannich reaction of P(DMDAAC-co-AM)

with TETA and formaldehyde to prepare poly(dimethyldially-

lammonium chloride-co-acrylamide)-graft-triethylenetetramine

[P(DMDAAC-co-AM)-graft-TETA]. The reaction was as

follows:

(2)

P(DMDAAC-co-AM) (5 g) was dissolved in deionized water to

prepare a 1–5% (w/w) solution. The pH was adjusted to

within 10–10.5 using a diluted NaOH solution, and formalde-

hyde was added to react at 50�C for 40 min. A certain amount

of TETA was added to react for another 3 h until a yellowish

viscous solution was obtained. Afterward, the reaction mixture

was precipitated in anhydrous acetone. The precipitates were

washed with anhydrous acetone, dissolved in a little deionized

water, and precipitated again. This step was repeated five

times. The precipitates obtained were dried to constant weight

in a vacuum oven at 50�C to obtain P(DMDAAC-co-AM)-

graft-TETA.

Preparation of Poly(dimethyldiallylammonium chloride-

co-acrylamide)-graft-triethylenetetramine-dithiocarbamate

(ACPF). ACPF was prepared from P(DMDAAC-co-AM)-graft-

TETA, NaOH, and CS2. The reaction of the TETA moiety of

P(DMDAAC-co-AM)-graft-TETA with CS2 in the presence of

NaOH is a nucleophilic addition reaction.25 The negative charge

density of the secondary nitrogen is higher than that of the pri-

mary nitrogen, and the secondary dithiocarbamate (DTC) is

more stability than the primary DTC.26 Consequently, CS2
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Table I. Raw Material Ratios, Polymerization Conditions, [g], CD, and Yield of P(DMDAAC-co-AM)

Entry
no.

n(DMDAAC):
n(AM)

APS
(mg�g�1 monomer)

Polymerization P(DMDAAC-co-AM)

Temperature (�C) Time (h) [g] (mL�g�1) CD (mol %) Yield (%)

1 0.05 : 1 160 50 2 497 4.71 98.9

2 0.05 : 1 180 50 1.5 213 4.65 93.4

3 0.05 : 1 200 50 1 167 4.58 82.6

4 0.05 : 1 220 55 1 143 4.51 84.7

5 0.10 : 1 160 50 3.5 403 8.99 98.5

6 0.10 : 1 180 50 3 329 8.82 97.8

7 0.10 : 1 200 50 2.5 236 8.37 93.5

8 0.10 : 1 220 50 2 187 8.16 87.7

9 0.10 : 1 240 50 1.5 125 8.23 86.2

10 0.10 : 1 200 50 1 83 8.02 76.7

11 0.15 : 1 160 55 4 400 12.11 98.4

12 0.15 : 1 180 55 3.5 337 11.94 96.4

13 0.15 : 1 200 55 3 232 12.01 95.3

14 0.15 : 1 220 55 2.5 183 11.85 92.4

15 0.15 : 1 220 55 2 137 11.24 87.6

16 0.15 : 1 240 55 2 133 11.78 88.9

17 0.15 : 1 240 55 1 79 11.65 78.5

18 0.20 : 1 160 55 4.5 392 16.58 98.4

19 0.20 : 1 180 55 3.5 295 16.43 96.4

20 0.20 : 1 200 55 3 202 16.51 94.3

21 0.20 : 1 220 55 2.5 182 16.29 91.4

22 0.20 : 1 230 55 2 131 16.35 88.7

23 0.20 : 1 240 55 1.5 91 16.10 81.8

24 0.30 : 1 160 55 4.5 410 23.85 98.3

25 0.30 : 1 180 55 3.5 325 23.99 96.6

26 0.30 : 1 200 55 3 243 24.51 92.8

27 0.30 : 1 220 55 2.5 179 23.09 87.2

28 0.30 : 1 240 55 2 125 24.37 82.4

29 0.30 : 1 230 60 1 120 20.78 83.5

30 0.30 : 1 240 55 1 75 23.72 75.7

31 0.40 : 1 160 55 4.5 398 28.51 97.6

32 0.40 : 1 180 55 4 331 28.34 95.9

33 0.40 : 1 200 55 3 233 27.98 91.8

34 0.40 : 1 220 55 2.5 177 28.12 87.1

35 0.40 : 1 240 55 2 131 28.03 81.4

36 0.40 : 1 200 55 1 84 27.91 72.4

37 0.45 : 1 160 55 5 404 29.72 98.1

38 0.45 : 1 180 55 4 335 28.95 96.4

39 0.45 : 1 200 55 3 235 29.04 94.4

40 0.45 : 1 220 55 2 185 29.36 92.1

41 0.45 : 1 240 60 2 134 30.13 87.7

42 0.45 : 1 220 60 1.5 128 28.32 85.4

43 0.45 : 1 230 60 2 119 27.43 86.5

44 0.45 : 1 240 60 1 67 28.73 74.9
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mainly reacts with the secondary amino group. The reaction

was as follows:

(3)

P(DMDAAC-co-AM)-graft-TETA (3 g) was dissolved in deion-

ized water to prepare a 2% (w/w) solution. The amounts of CS2
and NaOH were added according to a (1.5–4.5) : 1 molar ratio

of CS2 to TETA moiety based on the determined aminating ra-

tio (AR) and a 1.2 : 1 molar ratio of NaOH to CS2, respectively.

All proportions of NaOH were added to the solution, and CS2
was slowly dripped into the reaction mixture at room tempera-

ture for 4 h. Afterward, the temperature was raised to 50�C and

the reaction was continued for another 3 h until a yellowish or

yellow solution was obtained. Finally, the resulting solution was

precipitated in anhydrous acetone, and the precipitates were

washed with anhydrous ethanol five times. The final product

ACPF was obtained by drying the precipitates to a constant

weight under vacuum at 40�C.

For comparison, sodium triethylenetetramine-multidithiocarba-

mate (TETAMDT) and polyacrylamide-graft-triethylenetetr-

amine-dithiocarbamate (PAM-graft-TETA-DTC) were prepared.

PAM-graft-TETA-DTC was prepared as follows. First, 30 g of

AM was dissolved in deionized water to prepare an 8% (w/w)

solution in a 500 mL three-necked flask with a mechanical stir-

rer. After the mixture was deaerated with nitrogen for 30 min, a

solution containing 300 mg of APS was added to initiate the

polymerization reaction. The reaction was continued at 55�C
for 40 min, and the reaction solution was precipitated in anhy-

drous acetone three times. The precipitates were dried to a con-

stant weight under vacuum at 60�C to yield PAM (22.89 g,

76.30% yield, intrinsic viscosity [g] ¼ 113 mL/g). Second, a 2%

(w/w) solution was prepared by dissolving 4 g of PAM in deion-

ized water. The pH was adjusted to within 10–10.5 using a

diluted NaOH solution. Afterward, 3.7 mL of formaldehyde was

added to react at 50�C for 40 min, and then 9.1 mL of TETA

was added to react for another 3 h. The resulting mixture was

precipitated in anhydrous acetone three times. The precipitates

were dried to a constant weight under vacuum at 50�C to yield

PAM-graft-TETA (8.83 g, 68.40% yield, AR ¼ 54.21%). Third,

1 g of PAM-graft-TETA was dissolved in deionized water to

prepare a 2% (w/w) solution. The molar ratio of CS2 and

NaOH to the TETA moiety of PAM-graft-TETA, xanthation

procedures and conditions, as well as the separation and purifi-

cation of the final product PAM-graft-TETA-DTC were the

same as those for the ACPF synthesis. The yield and sulphur

content of PAM-graft-TETA-DTCs are listed in Table II.

TETAMDT was prepared as follows. TETA (3.1 mL) was

dissolved in deionized water to prepare a 10% (w/w) solution,

to which 3.45 g of NaOH was added. Afterward, 4.4 mL of CS2
was slowly dripped into the mixture and reacted at room tem-

perature for 4 h. The temperature was raised to 50�C and the

reaction was continued for another 1 h. After removing about

70% (v/v) water from the resulting solution by rotary evapora-

tion, the mixture was treated according to the method used for

ACPF synthesis. The yellow powder product was TETAMDT

(8.07 g, 80.4% yield, 41.06% sulphur content).

Flocculation Test

Simulated wastewater containing 50 mg/L Cu2þ was prepared

with copper sulfate pentahydrate and deionized water as a stock

solution. The flocculation test was performed as follows. Simu-

lated wastewater (400 mL) was poured into each of six 500 mL

jars, which were then placed on six-joint-stirrers, and to which

a certain amount of ACPF was added. The jars were rapidly

mixed at 200–220 rpm for 2 min, followed by 100 rpm for 5

min and 50–60 rpm for 8 min. Settling was allowed to proceed

for 15 min. The turbidity of the supernatant 2 cm below the

liquid surface was measured by a WZS-185 turbidity meter

(Shanghai Precision & Scientific Instrument Co., China). The

residual concentration of Cu2þ was measured by an A-Analyst

300 atomic absorption spectrophotometer (PerkinElmer Co.,

Shelton/Connecticut, USA).

Determination of Zeta Potential

A simulated wastewater sample containing 10 mg/L Cu2þ was

prepared and an amount of ACPF according to the molar ratio of

ACSS� to Cu2þ used in the above flocculation test was added.

The mixture was stirred at 500 rpm for 30 s. A sample was

obtained using a microinjector to determine the zeta potential of

microflocs via a DELSA 440SX zeta potential analyzer (Perki-

nElmer Co., Shelton/Connecticut, USA). Control experiments

were conducted using TETAMDT and PAM-graft-TETA-DTC as

chelating agents according to the above methods and conditions.

Analytical Methods

The FTIR spectra of P(DMDAAC-co-AM), P(DMDAAC-co-

AM)-graft-TETA, and ACPF were recorded on a Spectrum One

(B) Fourier transform infrared spectrometer (PerkinElmer Co.,

Shelton/Connecticut, USA) using the KBr pellet technique

Table II. Yield and Sulphur Content of PAM-graft-TETA-DTC

(n(CS2) : n(TETA) 1.5 : 1 2.0 : 1 2.5 : 1 3.0 : 1 3.5 : 1 4.0 : 1 4.5 : 1

Yield (%)a 80.9 82.7 83.5 84.6 81.3 76.9 79.5

Sulphur content (%) 11.83 18.25 22.98 27.05 28.59 29.26 30.45

aThe calculation of the theoretical yield of PAM-graft-TETA-DTC is based on the CS2 added having all been grafted to PAM-graft-TETA (Because
each TETA moiety of PAM-graft-TETA-DTC can only graft four CS2, the theoretical yield at n(CS2) : n(TETA ¼ 4.5 : 1 is calculated as n(CS2) :
n(TETA ¼ 4.0 : 1).
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within the 4000–400 cm�1 range. The NMR spectra were

recorded with an AVANCE II superconductive nuclear magnetic

resonance spectrometer (Bruker Co., Germany). The UV spectra

of ACPF and the chelate of ACPF-Cu were determined by a

Lambda 35 spectrophotometer (PerkinElmer Co., Shelton/Con-

necticut, USA) using deionized water as the solvent. The refer-

ence solutions for ACPF and ACPF-Cu testing were deionized

water and a solution of 5 � 10�6 mol/L ACPF, respectively. The

intrinsic viscosity ([g]) of P(DMDAAC-co-AM) was measured

using an Ubbelohde viscometer (inner diameter of the capillary

column / ¼ 0.55–0.65 mm; measuring temperature, 30�C; sam-

ple concentration, 0.5 g/L using 1.0 mol/L NaCl solution as sol-

vent). The CD of P(DMDAAC-co-AM) was determined using

the chloride ion-selective electrode method.27 Elemental sulphur

content was measured with a Vario EL III elementary analysis

instrument (Elementar Co., Germany) at 950�C.

Determination of the AR of P(DMDAAC-co-AM)-graft-TETA

After 50 mL of deionized water was placed in a 250 mL conical

flask, 4–5 drops of methyl red-bromocresol green mixed indicator

were added. The solution was shaken and titrated with 0.1 mol/L

hydrochloric acid standard solution until the green tint of the so-

lution vanished. There was no need to record the volume of the

titrant consumed. About 2–3 mmol AM units of P(DMDAAC-co-

AM) were accurately weighed and added to the conical flask for

dissolution (at this point, the color of the solution became green

again). The solution obtained was again titrated with 0.1 mol/L

hydrochloric acid standard solution until the green tint vanished.

The solution became colorless or reddish, and the volume of hy-

drochloric acid consumed was recorded.

The AR of P(DMDAAC-co-AM)-graft-TETA was defined as the

molar ratio of the AM units grafted with TETA to the total AM

units of P(DMDAAC-co-AM)-graft-TETA. The AR of

P(DMDAAC-co-AM)-graft-TETA was calculated as follows:

mol% AR ¼ c � V
n �m� 158:24c � V� 161:67n � nDMDAAC

� 100 (4)

where c and V are the concentration and consumption volume

of the hydrochloric acid standard solution, respectively; n is the

number of nitrogen atom on each side chain of P(DMDAAC-

co-AM)-graft-TETA that can be titrated by hydrochloric acid (in

this study, n ¼ 4); m is the mass of the P(DMDAAC-co-AM)-

graft-TETA sample, g; nDMDAAC is the amount of DMDAAC

units of P(DMDAAC-co-AM)-graft-TETA, mol, which can be

determined by the chloride ion-selective electrode method;27

158.24 is the formula weight difference between the AM unit

grafted with TETA and the AM unit, equal to 229.32 minus

71.08; and 161.67 is the formula weight of a DMDAAC unit.

Measurement of Sedimentation Rate

Simulated wastewater containing 50 mg/L Cu2þ was poured

into a 500 mL sedimentation graduated cylinder (the height of

the part with the measurement scale is 25 cm). The flask was

then placed on a S312-250 frequency conversion stirrer (Shang-

hai Shensheng Technology Co., China). The flocculation experi-

ment was conducted under conditions similar to the above

described flocculation test. Timekeeping was started as soon as

stirring was stopped, and the descending height of the interface

of the clear-turbid liquid was recorded at suitable intervals.

RESULTS AND DISCUSSION

ACPF is a yellowish or yellow hygroscopic powder, soluble in

water, dilute salt solution, and dilute alkali solution. The struc-

ture of ACPF is complicated. Its [g] greatly depended on the

amount of TETA grafted into AM units and the amount of

ACSS� in the side chains. Therefore, the relative molecular

weight of ACPF cannot be suitably characterized by its intrinsic

viscosity. In this paper, [g] and CD of P(DMDAAC-co-AM)

were used to measure the size and amount of the positive

charges of ACPF, respectively.

Synthesis of ACPF

Effect of Synthetic Conditions on the AR of P(DMDAAC-co-

AM)-graft-TETA. Similar to polyacrylamide (PAM), the Man-

nich reaction takes place at the AM unit of P(DMDAAC-co-

AM). Thus, the aminomethylation reaction conditions of PAM

during the Mannich reaction can be used as Refs. 28–30, as

confirmed by this experiments. Table III shows the effect of the

molar ratio of AM units and HCHO to TETA on the AR of

P(DMDAAC-co-AM)-graft-TETA. The [g] and CD of

P(DMDAAC-co-AM) were 125 dL/g and 24.37 mol %, respec-

tively. The pH was adjusted to 10.5, the temperature was 50�C,
the methylolation reaction time was 40 min, and the aminome-

thylation reaction time was 3 h.

At the same molar ratios of AM units to HCHO, the AR of

P(DMDAAC-co-AM)-graft-TETA increases with increased molar

ratio of TETA to HCHO. At the same molar ratio of HCHO to

TETA (for example, nos. 1, 4, 7, and 10), AR increases with

increased molar ratio of HCHO to AM units. The solubility of

Table III. The Effect of the Molar Ratio of AM Units and HCHO to TETA on the AR of P(DMDAAC-co-AM)-graft-TETA

Entry
no.

Molar ratio
(AM unit/HCHO/TETA)

AR
(mol %)

Yielda

(%)
Entry
no.

Molar ratio
(AM unit/HCHO/TETA)

AR
(mol %)

Yielda

(%)

1 1.0 : 0.5 : 0.5 28.6 59.8 7 1.0 : 0.9 : 0.9 52.9 73.5

2 1.0 : 0.5 : 0.6 30.7 61.0 8 1.0 : 0.9 : 1.08 53.4 73.8

3 1.0 : 0.5 : 0.75 31.9 61.7 9 1.0 : 0.9 : 1.35 53.8 74.0

4 1.0 : 0.8 : 0.8 47.8 70.7 10 1.0 : 1.0 : 1.0 54.2 74.2

5 1.0 : 0.8 : 0.96 50.9 72.4 11 1.0 : 1.0 : 1.2 55.3 74.9

6 1.0 : 0.8 : 1.2 51.1 72.5 12 1.0 : 1.0 : 1.5 56.5 75.5

aBased on AM units, the theoretical yields of P(DMDAAC-co-AM)-graft-TETA are calculated according to all AM units grafted with TETA.
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P(DMDAAC-co-AM)-graft-TETA in water also improves with

increased molar ratio of TETA to HCHO. When the molar ratio

of HCHO to AM units is 1.0 : 1.0, the solubility of

P(DMDAAC-co-AM)-graft-TETA in water is relatively poor.

This solubility improves only when the molar ratio of TETA to

HCHO is 1.5 : 1.0. In the process of aminomethylation, AM

units first react with HCHO to form hydroxymethylated

P(DMDAAC-co-AM), then reacts with TETA to produce

P(DMDAAC-co-AM)-graft-TETA. The methylol of hydroxyme-

thylated P(DMDAAC-co-AM) easily reacts with another meth-

ylol to form an ether cross-link structure, or reacts with AM to

form an intermolecular or intramolecular methylene cross-link

structure.30 Increased molar ratios of TETA to HCHO can

reduce the amounts of free HCHO and residual hydroxymethy-

lated P(DMDAAC-co-AM), thereby decreasing the cross-linking

reaction they produce31 and increasing the stability as well as

solubility of P(DMDAAC-co-AM)-graft-TETA. However, exces-

sive TETA result in the decreased conversion rate of aminome-

thylation.31 Therefore, in terms of stability, solubility, and con-

version rate, the optimum molar ratio of AM unit and HCHO

to TETA is 1.0 : 0.9 : 1.08.

To investigate effect of the [g] of P(DMDAAC-co-AM) on the AR

of P(DMDAAC-co-AM)-graft-TETA, three groups of P(DMDAAC-

co-AM) were used as experimental samples. For each group,

the CDs of P(DMDAAC-co-AM) were close, but the [g] values

were different. The molar ratios of AM units and HCHO to TETA

were all 1.0 : 0.9 : 1.08, and the procedures and other conditions

were kept as described in the section Preparation of P(DMDAAC-

co-AM)-graft-TETA. The results are shown in Table IV.

The AR of P(DMDAAC-co-AM)-graft-TETA increases with

decreased [g] of P(DMDAAC-co-AM) when the CD values are

close. However, the change in AR is not obvious with increased

CD when the [g] values of P(DMDAAC-co-AM) are close. This

result can be attributed to the increased crimp degree and

neighboring group effect of macromolecular chains with

increased [g] of P(DMDAAC-co-AM), which hinders the reac-

tion of P(DMDAAC-co-AM) with HCHO and TETA.28

Effect of the Molar Ratio of CS2 to TETA on the Sulphur

Content of ACPF. Using P(DMDAAC-co-AM) with close [g]
values and different CD values as raw materials, the molar ratio

of AM units and HCHO to TETA was set to 1 : 0.9 : 1.08. The

effect of the molar ratio of CS2 to TETA on the sulphur content

of ACPF is shown in Figure 1.

When the [g] and CD of P(DMDAAC-co-AM) remain

unchanged, the sulphur content of ACPF rapidly increases as

the CS2 to TETA molar ratio increases before 3.5 : 1, after

which the increase proceeds slowly. When the [g] values of

P(DMDAAC-co-AM) are close and the CS2 to TETA molar ratio

is the same, the sulphur content of ACPF decreases as the CD

of P(DMDAAC-co-AM) increases. This is because with increas-

ing CS2 to TETA molar ratio, the equilibrium of eq. (3) gradu-

ally moves to the right, leading to increased sulphur content.

When the molar ratio of CS2 to TETA exceeds 3.5 : 1, the

unreacted active groups of ANHA or ANH2 in the molecular

chain decrease, and the likelihood of xanthation decreases and

ACSS� groups are difficult to introduce, resulting in a slow

increase in sulphur content. Because the amount of AM units

that can react with TETA and HCHO during the Mannich reac-

tion decreases with increasing CD of P(DMDAAC-co-AM), the

amount of grafted TETA decrease, leading to decreased sulphur

content in ACPF at close [g] values of P(DMDAAC-co-AM)

and the same CS2 to TETA molar ratios.

Effect of the [g] of P(DMDAAC-co-AM) on the Sulphur Con-

tent of ACPF. The ACPFs were prepared from a series of

P(DMDAAC-co-AM) samples with similar CDs but different [g]
synthesized according to five different molar ratios of DMDAAC

to AM to understand the effect of the [g] of P(DMDAAC-co-

Table IV. Effect of the [g] of P(DMDAAC-co-AM) on the AR of P(DMDAAC-co-AM)-graft-TETA

Samplea
AR
(mol %)

Yieldb

(%) Samplea
AR
(mol %)

Yieldb

(%) Samplea
AR
(mol %)

Yieldb

(%)

Entry 11 39.44 62.4 Entry 24 40.57 66.4 Entry 37 42.31 69.3

Entry 12 42.13 63.5 Entry 25 43.13 67.9 Entry 38 45.73 70.9

Entry 13 46.89 63.7 Entry 26 47.25 70.4 Entry 39 49.16 72.8

Entry 16 52.31 69.9 Entry 28 53.55 73.9 Entry 42 54.42 75.4

Entry 17 54.95 71.6 Entry 30 54.27 74.1 Entry 44 56.83 76.8

aThe samples are listed in Table I and their numbers are in accordance with those in Table I, bBased on AM units, the theoretical yields of P(DMDAAC-
co-AM)-graft-TETA are calculated according to all AM units grafted with TETA.

Figure 1. Effect of the molar ratio of CS2 to TETA on the ACPF sulphur

content.
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AM) on the sulphur content of ACPF. The molar ratio of

AM units, HCHO, TETA, and NaOH to CS2 was 1 : 0.9 : 1.08 :

3.78 : 3.15. The results are shown in Figure 2.

For each group of P(DMDAAC-co-AM) prepared with the same

molar ratio of DMDAAC to AM, the sulphur content of ACPF

decreases with increased [g] of P(DMDAAC-co-AM). When the

[g] values of P(DMDAAC-co-AM) are close, the sulphur con-

tent of ACPF also decreases with increased molar ratio of

DMDAAC to AM. The sulphur content of ACPF depends on

the amount of TETA moiety in P(DMDAAC-co-AM)-graft-

TETA at the same molar ratios and synthetic conditions. The

AR of P(DMDAAC-co-AM)-graft-TETA decreases with increased

[g] of P(DMDAAC-co-AM) (Table IV). The amount of AM

moiety of P(DMDAAC-co-AM) decreases with increased molar

ratio of DMDAAC to AM, leading to a decreased amount of

TETA grafted. All these decreased amounts of ANH2 and

ANHA can cause xanthogenation, resulting in the decreased

sulphur content of ACPF.

Characterization of the ACPF Structure

The IR, 1H-NMR, and 13C-NMR spectra of P(DMDAAC-co-

AM) ([g] ¼ 125 mL/g, CD ¼ 24.37 mol %), P(DMDAAC-co-

AM)-graft-TETA, and ACPF with 26.21% sulphur content

Figure 2. Effect of the [g] of P(DMDAAC-co-AM) on the ACPF sulphur

content.

Figure 3. IR spectra of P(DMDAAC-co-AM) (a), P(DMDAAC-co-AM)-

graft-TETA (b), and ACPF (c).

Figure 4. 1H-NMR spectra of P(DMDAAC-co-AM) (a), P(DMDAAC-co-

AM)-graft-TETA (b), and ACPF (c).
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prepared from the P(DMDAAC-co-AM) above are presented in

Figures 3–5, respectively.

In Figure 3(a), the broad absorption band observed at 3418.73

cm�1 is due to the stretching vibration of the NAH group of

the AM unit and the OAH group of water absorbed from air

during pellet-making due to the strong hygroscopicity of

P(DMDAAC-co-AM).32 The bands around 1659.52 and 1546.35

cm�1 are respectively assigned to the C¼¼O stretching vibrations

and NAH deformation vibrations of the ACONH2 group.32–34

The weak peaks at 1112.35 and 1038.62 cm�1 are due to CAN

stretching vibrations.34 The peaks at 2926.75 and 2852.52 cm�1

are due to the CAH asymmetric stretching vibrations of CH3A
and CAH symmetric stretching vibrations of ACH2A, respec-

tively. The corresponding deformation vibration peaks of CAH

appear at 1380.61 and 1350.42 cm�1.34 The peak at 1596.76

cm�1 is assigned to the deformation vibration of the quaternary

ammonium ion Nþ of the DMDAAC unit, and the peak at

1449.44 cm�1 is the deformation vibration of the double methyl

linking to the quaternary ammonium ion.35 Comparing Figure

3(a) with (b), (b) shows that the absorption peaks at 1155.60

and 1129.24 cm�1, assigned to CAN stretching vibrations, are

strengthened. Rocking vibrations of the ACH2A of grafted

TETA are observed at 818.12 and 775.72 cm�1.35 The peaks at

1005.33 and 975.46 cm�1 can be assigned to the skeletal vibra-

tions of CAC.35 The other peaks are similar to those in Figure

3(a), with only a small shift in wave number. These findings

indicate that TETA has been successfully grafted onto

P(DMDAAC-co-AM) macromolecules. The grafting can be con-

firmed by the 1H-NMR spectra (Figure 4). In Figure 4(a) (D2O,

ppm), the characteristic peaks at 1.560 and 1.742 are assigned

to the ACH2A and protons of the DMDAAC unit,

respectively. The peaks at 1.887 and 2.767 are assigned to the

ACH2A and protons of the AM unit, respectively.36 The

peaks at 3.225, 3.292, and 3.341 are assigned to ANþ(CH3)2;
33

and the peak at 3.883 is assigned to NþACH2A.33 Compared

with Figure 4(a), four kinds of different characteristic peaks are

found in Figure 4(b). A sharp peak at 2.018 ppm can be

assigned to the NH2A or ANHA proton of grafted TETA. The

peaks at 2.273 to 2.394 and 2.505 to 2.612 are due to the

ACH2A proton of NACH2CH2AN. Finally, the sharp peak at

4.394 can be assigned to the ACH2A proton of

AC(O)ANHACH2ANHA. The grafting is further proven by

the 13C-NMR spectra (Figure 5). In Figure 5(a), the peaks

(ppm) at 179.49, 40.75–42.51, and 34.45–36.58 indicates the

presence of AM units.36 The peaks at 72.03 and 72.53 can be

assigned to the carbon atom of NþACH2A of the DMDAAC

unit (e, e1), the peak at 52.21 to the carbon atom of NþACH3(f,

f1), the peaks at 43.99 and 39.13 to the carbon of (b, b1),

and the peaks at 27.26 and 27.72 to the carbon atom of

ACH2A of the main chain (a, a1). Compared with Figure 5(a),

several new peaks (ppm) are found in Figure 5(b). The peak at

59.25 can be assigned to the carbon of ACH2A of C(O)

ANHACH2ANHA (h’), and the peaks at 51.33, 49.12, 48.93,

46.52, and 41.13 can be assigned to the carbons of the TETA

moiety. The other peaks are similar to those in Figure 5(a),

except for a small chemical shift.35 All this findings reveal the

presence of the TETA moiety.

Compared with Figure 3(a,b), strong absorption peaks at

1099.91 and 949.62 cm�1, which can be assigned to the stretch-

ing vibrations of the C¼¼S and CAS groups of ACSS�,37–39

respectively, appear in Figure 3(c). This result can be further

confirmed by the 13C-NMR spectrum of ACPF [Figure 5(c)]

with the appearance of peaks at 205.05 and 207.57 ppm, which

can be assigned to the carbon atom of ACSS�.40 In Figure 3(c),

the peak at 1458.32 cm�1 is assigned to either the deformation

vibrations of double methyls linking to the quaternary ammo-

nium ion, or the stretching vibrations of the CAN group of

NACSS�.37,39 The peak at 879.17 cm�1 can be assigned to the

deformation vibration of ACSS�.39 Compared with Figure 4(b),

Figure 5. 13C-NMR spectra of P(DMDAAC-co-AM) (a), P(DMDAAC-co-

AM)-graft-TETA (b), and ACPF (c).
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the corresponding characteristic peaks in Figure 4(c) show shifts

because of the ACSS� groups introduced into P(DMDAAC-co-

AM)-graft-TETA macromolecules. The peak of the NH2A or

ANHA proton shifts to 2.112, whereas the peak of the ACH2A
proton of AC(O)ANHACH2ANH shifts to 4.433. The peaks of

ACH2A of NACH2CH2AN shift to 2.367–2.525 and 2.582–

2.725.35 Other characteristic peaks in Figure 4(c) are similar to

those in Figure 4(b), except for a small chemical shift. Similarly,

compared with Figure 5(b), the corresponding characteristic

peaks in Figure 5(c) also show shifts due to the ACSS� groups

introduced into P(DMDAAC-co-AM)-graft-TETA. Therefore,

ACSS� has been successfully introduced into the molecular

chain of ACPF.

Chelating Flocculation Effect

Effect of the ACPF Dosage on the Removal Efficiency of

Cu2þ. Figure 6 shows the effect of the ACPF dosage with differ-

ent sulphur contents on the removal efficiency of Cu2þ and re-

sidual turbidity of the supernatant. The ACPFs prepared from

P(DMDAAC-co-AM) ([g] ¼ 125 mL/g, CD ¼ 24.37 mol %)

according to identical molar ratios of AM units and HCHO to

TETA (1 : 0.9 : 1.08) and different molar ratios of CS2 to TETA

were used as the treatment agent. Simulated wastewater contain-

ing 50 mg/L Cu2þ was used as the test sample.

Figure 6(a) shows that for the same ACPF, the removal rate of

Cu2þ initially rapidly increases with increased ACPF dosage,

and then decreases when the dosage exceeds a certain amount.

For different ACPFs, the dosage that achieves the same removal

rate of Cu2þ increases with decreased sulphur content. The op-

timum removal rates of Cu2þ obtained are 98.6%, 98.9%,

99.9%, 99.7%, and 99.4%, respectively. However, when the opti-

mum dosages of ACPF were converted into the amounts of

ACSS� according to sulphur content (the molar ratios of

ACSS� to Cu2þ were 2.01 : 1, 1.99 : 1, 1.97 : 1, 1.97 : 1, and

1.98: 1, respectively), the optimum molar ratios of ACSS� to

Cu2þ are all surprisingly close to 2 : 1. This result means that

two ACSS� groups chelate one Cu2þ ion. Based on the removal

rates, the preferred sulphur contents of ACPF are 22.95% and

26.21%.

As shown in Figure 6(b), the corresponding residual turbidities

of the supernatant are all close to 1 NTU near the optimum

dosage. When the dosage exceeds the optimum amount, turbid-

ity increases. Cu2þ ions possessing a d9 electron structure tend

to generate coordination compounds with coordination num-

bers of 4 or 6, whereas ACSS� is a kind of bidentate ligand.38,41

Therefore, Cu2þ can combine with two or three ACSS� groups

to form a chelate. From the above molar ratio, ACPF combines

with Cu2þ according to a 2 : 1 molar ratio of ACSS� to Cu2þ

to form chelates with a coordination number of 4. The two

ACSS� groups chelated with the same Cu2þ can come from

the same or different side chains of the same backbones, or

from different side chains of different backbones, as shown in

Figure 7.

The steric positions of the two chelating groups need to match

each other to form chelates. Therefore, the ACSS� groups on

the side chains need to be of a certain amount and suitable dis-

tribution. When the amount of ACSS� groups is less than the

optimum level, for example, when there is only one ACSS�

group on each side chain, the groups need to cooperate with

other ACSS� groups from the other side chains to combine

with a Cu2þ ion. The two groups should also distribute at a

suitable position; otherwise, the steric hindrance is large and the

removal rate of Cu2þ is low. When there is more than one

ACSS� group on the same side chain, the generation of chelates

in the same side chain easily occurs when the groups are adja-

cent to each other; otherwise, chelation proceeds with difficulty.

Some ACSS� groups that have matched to form chelates can

still hinder the chelation of other ACSS� groups with Cu2þ.
For example, the ACSS� group on the b0 position (Figure 7) is

difficult to chelate with Cu2þ to produce flocs with excess nega-

tive charges. This situation hinders the generation and growth

of flocs. The positive charges of ACPF can effectively neutralize

the excess negative charges, which is beneficial for promoting

the generation and growth of flocs.

Effect of the ACPF Sulphur Content on the Removal

Efficiency of Cu2þ. Using simulated wastewater containing 50

mg/L Cu2þ as a test sample, ACPF synthesized from

P(DMDAAC-co-AM) with similar [g] and different CD values,

as well as PAM-graft-TETA-DTCs from PAM with [g] ¼113

mL/g (Table II) as reagents, the dosage of ACPF or PAM-graft-

TETA-DTC was added according to a 1.98 : 1 molar ratio

of ACSS� to Cu2þ. The results of the effects of the ACPF

sulphur content or PAM-graft-TETA-DTC on the removal effi-

ciency of Cu2þ are shown in Figure 8.

For the ACPFs prepared from P(DMDAAC-co-AM) with the

same [g] and CD, the removal rate of Cu2þ initially increases

with increased ACPF sulphur content, and then reaches a higher

value when the sulphur content of ACPF is in the range of

Figure 6. Effect of the ACPF dosage on the removal rate of Cu2þ (a) and

residual turbidity of the supernatant (b).

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37801 9

ARTICLE



22.11–28.44%. The removal rate of Cu2þ decreases as the sul-

phur content sequentially increases. When there are fewer

ACSS� groups on the side chains of ACPF (Figure 7), chelation

proceeds with difficulty. When the sulphur content, specifically,

the number of ACSS� groups on the side chains increases,

especially when the sulphur content reaches 22.11–28.44%, two

or three ACSS� groups occur on each side chain, and their dis-

tribution on the chain is beneficial for chelate formation, thus

the removal rate is high. When the sulphur content is above

28.44%, there are always more than three ACSS� groups on

each side chain, leading to an increased number of ACSS�

groups failing to chelate with Cu2þ due to steric hindrance and

spatial mismatch. This phenomenon causes the excess negative

charges on the flocs to increase, leading to decreased Cu2þ re-

moval rate.

Figure 8 shows that the removal rate of Cu2þ is evidently influ-

enced by the CD of P(DMDAAC-co-AM). When the CD is

below 27.43 mol %, the removal rate of Cu2þ increases with

increased CD of P(DMDAAC-co-AM). In contrast, the removal

rate decreases when the CD reaches 30.13 mol %. When the

CDs of P(DMDAAC-co-AM) are 20.78, 24.37, and 27.43 mol %,

and the corresponding sulphur contents of ACPF are within the

ranges of 22.29–29.35%, 22.45–28.21%, and 22.53–28.44%, the

removal rates of Cu2þ are all above 99%, and the residual con-

centrations of Cu2þ are lower than the 0.5 mg/L limit set by the

National Integrated Wastewater Discharge Standards of China.

When PAM-graft-TETA-DTC is used as a chelating agent, the

removal rate reaches the optimum value of 93.14% at a sulphur

content of 27.85%, which is at least 5.86% lower than that

using ACPF. The residual Cu2þ is 3.43 mg/L, much higher than

the limit of 0.5 mg/L. This phenomenon may be due to the ex-

istence of steric hindrance and spatial mismatches in the chelat-

ing process, resulting in the constant presence of excess negative

charges in the flocs, which hinder their generation and growth.

However, the positive charges of the ACPF chains can effectively

neutralize the excess negative charges to promote the formation

and growth of flocs, thereby increasing the removal rate of

Cu2þ. The decrease in the removal rate of Cu2þ at a CD of

30.13 mol % may be due to the steric resistance of chelation,

which increases with increased amount of DMDAAC units.

To prove the above viewpoints, the zeta potential changes of

flocs using ACPF (sulphur content ¼ 26.21%) and two control

chelating agents, TETAMDT (sulphur content ¼ 41.06%) and

PAM-graft-TETA-DTC (sulphur content ¼ 27.85%), were deter-

mined. The Cu2þ concentration of the simulated wastewater

sample was 10 mg/L. The results are shown in Figure 9.

For ACPF, when the dosage of sulphur is less than 19.86 mg/L

(the molar ratio of ACSS� to Cu2þ is below 1.97 : 1), the zeta

potential of microflocs shows no significant change with

increased sulphur dosage. However, at a sulphur dosage above

19.86 mg/L, the zeta potential decreases with increased dosage.

Similar trends are found using TETAMDT or PAM-graft-TETA-

Figure 7. Representation of possible mechanism of chelation-flocculation.

Figure 8. Effect of the sulphur content of ACPF or PAM-graft-TETA-DTC

on the removal rate of Cu2þ.
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DTC as reagents. For TETAMDT, when the sulphur dosage is

less than 19.36 mg/L (the molar ratio of ACSS� to Cu2þ is

1.92 : 1), there is little change in the zeta potential of the micro-

flocs with increased sulphur dosage. The change further

decreases with increased dosage when the sulphur dosage

exceeds 19.36 mg/L. For PAM-graft-TETA-DTC, when the sul-

phur dosage is less than 18.86 mg/L (the molar ratio of ACSS�

to Cu2þ is 1.87 : 1), there is little change in the zeta potential

of the microflocs with increased sulphur dosage. The change

further decreases with increased dosage when the sulphur dos-

age exceeds 18.86 mg/L. At equal sulphur dosages, the zeta

potential of microflocs treated with ACPF is higher than that of

flocs treated with TETAMDT and PAM-graft-TETA-DTC. The

decrement of zeta potential using ACPF is less than that using

TETAMDT or PAM-graft-TETA-DTC when the treatment dos-

ages exceed the corresponding optimum sulphur dosage.

Because of the zeta potential determined being the potential of

the shear plane of the dispersed particles,42 before adding ACPF,

the simulated solution is a clear solution and there is no zeta

potential change. On ACPF addition, a Cu2þ ion chelates with

two ACSS� groups from the same or different molecular chains

to neutralize the negative charges of macromolecular chains to

make them twist and form microflocs. The microflocs grow

into larger flocs via adsorption or the combination of excess

ACSS� groups from different microflocs by the same heavy

metal ion in the mixing process. During this process, a change

in the zeta potential occurs. When the dosage of ACSS� is less

than the theoretical amounts (the molar ratio of ACSS� to

Cu2þ is 2 : 1), the ACSS� group chelates with Cu2þ according

to an almost definite stoichiometric ratio, regardless of the

amount of Cu2þ in the solution. This phenomenon leads to

microfloc charges close to each other. Thus, the change in the

zeta potential is not evident with increased treatment dosage.

Each molecule of ACPF, TETAMDT, and PAM-graft-TETA-DTC

has more than one ACSS� group, so steric hindrance and spa-

tial mismatches are inevitable. There are always some ACSS�

groups failing to combine with Cu2þ, resulting in flocs with

excess negative charges. ACPF chains feature quaternary ammo-

nium ions such that the excess negative charges of flocs can be

effectively neutralized. Therefore, the zeta potential of micro-

flocs using ACPF is higher than those using TETAMDT and

PAM-graft-TETA-DTC at the same sulphur dosage.

Effect of the [g] of P(DMDAAC-co-AM) on the Removal Effi-

ciency of Cu21. Figure 10 shows the effect of the [g] of

P(DMDAAC-co-AM) on the removal efficiency of Cu2þ. Using
the ACPFs shown in Figure 2 as the reagent and simulated

wastewater containing 50 mg/L Cu2þ as the test samples, the

dosage of ACPF was added according to a molar ratio of

ACSS� to Cu2þ of 1.98 : 1.

The removal rate of Cu2þ is high when the [g] of P(DMDAAC-

co-AM) is between 121 and 187 mL/g, and decreases with

increased [g] past a certain range. This result may be due to the

minimal steric hindrance for combining Cu2þ and better floccu-

lation performance when the [g] of P(DMDAAC-co-AM) is

between 121 and 187 mL/g. When [g] is above 187 mL/g, the

crimp degree of polymer chains increases with increased [g] to

increase the steric hindrance during the formation of chelates.

Figure 9. Effect of the dosage on the zeta potential of microflocs.

Figure 10. Effect of the [g] of P(DMDAAC-co-AM) on the removal rate

of Cu2þ.

Figure 11. Descending height of the interface of clear-turbid liquid vs. the

settling time.
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Thus, the removal efficiency of Cu2þ is decreased. When [g] is

below 121 mL/g, the adsorption bridging action decreases

although the steric hindrance of the polymer chains is low.

Consequently, the removal efficiency of Cu2þ decreases.

Sedimentation Rate

Figure 11 shows the descending height of the interface of clear-

turbid liquid using ACPF (sulphur content ¼ 26.21%) prepared

from P(DMDAAC-co-AM) ([g] ¼ 125 mL/g, CD ¼ 24.37 mol

%), TETAMDT (sulphur content ¼ 41.06%), and PAM-graft-

TETA-DTC (sulphur content ¼ 27.85%) as reagents, as well as

simulated wastewater containing 50 mg/L Cu2þ as the test sam-

ple. The dosages of ACPF, TETAMDT, and PAM-graft-TETA-

DTC were added according to a molar ratio of ACSS� to Cu2þ

of 1.98 : 1.

The order of the sedimentation rate of flocs is as follows: ACPF

> PAM-graft-TETA-DTC > TETAMDT. The flocs completely

settle within 10 min with ACPF, and within 25 min with PAM-

graft-TETA-DTC, whereas the descending height of the interface

of clear-turbid liquid with TETAMDT slowly increases after 30

min. At the settling time of 60 min, the height of the chelating

precipitates is 1.77 cm with ACPF, 3.60 cm with PAM-graft-

TETA-DTC, and 4.80 cm with TETAMDT. There still exist

excess negative charges in the flocs formed due to steric hin-

drance or spatial mismatches regardless of the reagent used

(ACPF, PAM-graft-TETA-DTC, or TETAMDT). A certain

amount of positive charges on the ACPF chains can effectively

neutralize the excess negative charges to promote the generation

and growth of flocs. The polymer chains of ACPF also have

strong sorption and bridging capabilities among microflocs.

These attributes cause flocs from ACPF to become larger and

tighter, leading to increased sedimentation rates and smaller

volumes of chelating precipitates. There is no positive charge in

PAM-graft-TETA-DTC or TETAMDT to facilitate the effective

neutralization of the excess negative charges of flocs, resulting

in increased repulsive force among microflocs. Therefore, the

sedimentation rates of flocs are slower and the volumes of che-

lating precipitates are larger in flocs from PAM-graft-TETA-

DTC or TETAMDT than in those from ACPF.

UV Spectra of ACPF and ACPF-Cu

To further investigate the formation of the chelating precipitates

of ACPF-Cu, the UV spectra of ACPF and ACPF-Cu were

obtained. The results are shown in Figure 12.

Maximum absorption peaks are observed at around 204, 251,

and 285 nm in ACPF. The peak at 204 nm is due to the n–r*
transitions of a nonbonding electron localized on the sulphur

atom of the SAC¼¼S group jumping to an antibonding r or-

bital. The peak at 251 nm is the p�p* transition of the

NAC¼¼S group, and the peak at 285 nm is the p–p* transition

of the SAC¼¼S group.38,39,43 These findings indicate that there

exist partial double bonds in the CAN and CAS bonds, further

proving that there are ACSS� groups in the ACPF molecule.39

Compared with ACPF, the maximum absorption of ACPF-Cu

appearing at 319 nm shows an obvious red shift, indicating that

the conjugated systems of the ligand molecule remarkably

change and the chelate of ACPF-Cu is formed.

CONCLUSIONS

1. A novel ACPF was successfully prepared by the following

processes: copolymerization of DMDAAC and AM to pre-

pare P(DMDAAC-co-AM), the Mannich reaction of

P(DMDAAC-co-AM) with TETA and formaldehyde to pre-

pare P(DMDAAC-co-AM)-graft-TETA, as well as the xan-

thogenation reaction of P(DMDAAC-co-AM)-graft-TETA

with CS2 and NaOH to prepare ACPF.

2. The AR of P(DMDAAC-co-AM)-graft-TETA increased

with increased molar ratio of TETA to HCHO, and

decreased with increased [g] of P(DMDAAC-co-AM).

Under the same conditions, the sulphur content of ACPF

increased with increased molar ratio of CS2 to TETA,

and decreased with increased CD and [g] of P(DMDAAC-

co-AM).

3. ACPF reacted with Cu2þ to form chelates of ACPF-Cu

according to a 2 : 1 molar ratio of ACSS� to Cu2þ. When

the [g] and CD of P(DMDAAC-co-AM) were 121–187

mL/g and 20.78–28.32 mol %, respectively, and the ACPF

sulphur content was between 22.11% and 28.44%, the per-

formance of ACPF improved. The removal rate of Cu2þ

was above 99% when the molar ratio of ACSS� to Cu2þ

was up to 1.98 : 1. This rate was at least 5.86% higher

than that using PAM-graft-TETA-DTC.

4. The measured results of zeta potential changes and the

sedimentation rate of the flocs indicated that the positive

charges of ACPF can effectively neutralize excess negative

charges in the flocs to promote their generation and

growth. Consequently, the flocs are enlarged and tight-

ened, thereby improving their flocculation and settlement

performance.
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Figure 12. UV spectra of ACPF and ACPF-Cu.
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