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a b s t r a c t
In this paper, the inorganic–organic composite flocculant (PAC/PMAPTAC) was prepared 
with polyaluminum chloride (PAC) and the self-made PMAPTAC. Then, the flocculation sed-
imentation experiment was used to evaluate the flocculation performance of single floccu-
lant PAC, PMAPTAC and the composite flocculant PAC/PMAPTAC in dyeing wastewater. At 
the same time, the flocculation effect of PAC/PDMDAAC was compared with that of PAC/
PMAPTAC under the same condition. Finally, the flocculation mechanism was analyzed by zeta 
potential and floc morphology. The results showed that compared with PAC, the flocculation 
performance of composite flocculant PAC/PMAPTAC could be markedly improved, result-
ing in the higher decolorization rate and CODMn removal rate. Besides, the increase of (η) or 
content of PMAPTAC in PAC/PMAPTAC could enhance the decolorization rate and CODMn 
removal rate simultaneously. Furthermore, the lower dosage was required to achieve the best 
removal effect, which meant that the cost of the flocculant was reduced. Moreover, the compar-
ison of flocculation performance turned out that the decolorization rate and CODMn removal 
rate of PAC/PMAPTAC were higher than those of PAC/PDMDAAC under the same condition. 
Finally, the zeta potential and floc morphology analysis showed that the flocculation mecha-
nism of the reactive dye simulated wastewater was mainly charge neutralization and adsorp-
tion bridging. The above results not only fill the gaps in the research of PAC/PMAPTAC 
during the treatment of dyeing wastewater, but also provide an experimental basis for its 
application in dyeing wastewater and expand the application fields of PMAPTAC.
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1. Introduction

Approximately 7 × 105 t synthetic dyes are produced 
around the world each year [1], which cause serious 
environmental pollution due to their toxicity, mutagen-
icity and carcinogenicity [2,3]. There are many kinds of 
dyes, among which reactive dyes are the fastest growing 
varieties in recent years, accounting for about 30% of the 

total dye production. Due to the good water solubility 
of reactive dyes, it is considered to be a kind of printing 
wastewater which is difficult to handle. The treatment of 
printing and dyeing wastewater is extremely urgent [4]. 
Currently, techniques such as adsorption, biodegradation, 
membrane separation and coagulation/flocculation are 
commonly used in dye wastewater treatment [5–7]. Among 
which, the coagulation/flocculation is a commonly used 
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process in water and wastewater treatment due to its high 
efficiency and low cost, and it has been proved effective 
in dye removal, especially dissolvable dyes in wastewater 
[8]. In coagulation/flocculation process, coagulants play 
an important role in target pollutant removal. So far, var-
ious coagulant categories have been commercially avail-
able including inorganic coagulants, synthetic polymer 
flocculants and inorganic–organic dual-coagulants [9]. 
However, flocs produced by inorganic coagulants are tiny 
and difficult to settle [10], generating high concentration 
of residual reagent as well as vast amounts of sludge after 
sedimentation [11]. The amount of sludge can be reduced 
when using synthetic polymer flocculants and the coagu-
lation performance could be improved by dosing organic 
flocculants due to the enhanced charge neutralization 
and adsorption bridging [12–14].

As the organic flocculants, polyquaternary ammonium 
salt polymers have been widely used in dyeing wastewa-
ter treatment [13,15]. Among which, the most widely used 
cationic monomers are dimethyl diallyl ammonium chlo-
ride (DMDAAC), acryloyloxyethyltrimethyl ammonium 
chloride (DAC) and methacryloxyethyltrimethyl ammo-
nium chloride (DMC). For example, DMDAAC has been 
widely used in printing and dyeing wastewater because 
of its advantages of stable structure and wide application 
range [16–18]. Bian and Gao [19] prepared the inorganic–
organic composite coagulant PAC/PDMDAAC with poly-
aluminum chloride (PAC) and PDMDAAC and one kind of 
dyeing wastewater from a printing and dyeing factory was 
treated with PAC/PDMDAAC through coagulation. The 
results showed that when the dosage of PAC/PDMDAAC 
was 500~750 mg/L, the decolorization rate and the CODMn 
removal rate were 50.4% and 67.4%, respectively. When 
the dosage exceeded 375 mg/L, the decolorization effect of 
PAC/PDMDAAC was better than that of PAC and slightly 
lower than that of PDMDAAC. This study reported that 
the printing and dyeing wastewater was treated with com-
posite coagulant PAC/PDMDAAC, but its decolorization 
rate and COD removal rate were both low. Besides, due 
to the steric hindrance of DMDAAC molecular structure, 
it is not easy to obtain the PDMDAAC products with 
higher molecular weights [20], which limits the application 
of this type of cationic polymer to a certain extent.

The polymers based on DMC and/or DAC have also 
been widely used in printing and dyeing wastewater [21–24]. 
Compared with DMDAAC monomer, it is easy to obtain the 
polymers based on for DAC and DMC monomer with high 
molecular weights [25,26]. However, because the pendant 
side chain structure of its monomer molecules contains ester 
functional groups, the polymer products based on DMC and 
DAC are easily hydrolyzed when stored and used in the con-
ventional aqueous solutions, resulting in that the polymers 
cannot fully exert their application effectiveness in certain 
specific application fields.

Methacryloyl aminopropyl trimethyl ammonium chlo-
ride (MAPTAC), with molecular structure similar to those 
of DAC and DMC, is one kind of straight-chain cationic 
monomer and also exhibits high polymerization activity. 
Therefore, the MAPTAC products possess the higher molec-
ular weights [27] when compared with DMDAAC polymers, 
and it is less affected by pH in the application environment 

[28,29] when compared with DMC or DAC polymers. Based 
on these advantages, MAPTAC polymers have been widely 
used in the fields of medicine [30], papermaking [31], sew-
age treatment [32], daily chemicals [33] and petroleum 
extraction [34]. In most literature, the dyeing wastewater 
were usually treated with the adsorbents, which were usu-
ally prepared by combining the monomer MAPTAC with 
other monomers or inorganic materials [35,36]. However, 
so far, the dyeing wastewater treated with PMAPTAC, 
especially the inorganic–organic composite coagulant 
(PAC/PMAPTAC) has not been reported in the literature.

In this work, the inorganic–organic composite flocculant 
was prepared with PAC and the self-made PMAPTAC with 
different molecular weights. Then, the flocculation sedi-
mentation experiment was conducted to evaluate the floc-
culation performance of single flocculant PAC, PMAPTAC 
and the composite flocculant PAC/PMAPTAC in dyeing 
wastewater. At the same time, the flocculation effect of PAC/
PDMDAAC was compared with that of PAC/PMAPTAC 
under the same condition. Finally, the flocculation mecha-
nism of PAC/PMAPTAC composite flocculant was investi-
gated through the analysis of zeta potential and the size of 
the floccules. The above results will not only fill the gaps 
in the research of PAC/PMAPTAC composite flocculant 
during the treatment of dyeing wastewater, but also pro-
vide an experimental basis for its application in dyeing 
wastewater and expand the application fields of PMAPTAC.

2. Materials and methods

2.1. Materials

In this study, reactive red 3BF was provided by Nantong 
Shuguang Printing and Dyeing Co., Ltd., China. The 
PMAPTAC samples with different (η) (used to represent 
molecular weight) and PDMDAAC were prepared in our lab 
[20,27]. The (η) of PMAPTAC were 0.75, 1.96 and 2.64 dL/g, 
and the (η) of PDMDAAC was 2.6 dL/g, which were deter-
mined at 30°C ± 0.1°C after dissolved in 1 M NaCl by using 
an Ubbelohde viscometer [3]. The structures of PMAPTAC 
and PDMDAAC are shown in Fig. 1.

2.2. Preparation of simulative water and flocculant

Reactive red 3BF was chosen as the representation of 
reactive dyes. The simulative dyeing solution with the con-
centration of 50 mg/L was prepared by dosing 0.05 g of the 
dye power into 1 L of tap water and stirring until dissolved 
actually.

Polyaluminum chloride (PAC) with Al2O3 content (w/w) 
of 30% was chosen as the coagulant. The concentration of 
the stock solution was set at 100 g/L. The dosage of PAC 
was calculated by the content of Al2O3. The concentration 
of PAC used in this work was 10 g/L. The concentration of 
PMAPTAC solutions used in this work was 1 g/L.

The composite coagulation PAC/PMAPTAC or PAC/
PDMDAAC was prepared by adding 40 g of 30% PAC par-
ticles into 120 mL tap water and stirred until it’s all dis-
solved. Then certain amount of PMAPTAC or PDMDAAC 
was added into the 100 g solution of PAC (containing 10 g of 
Al2O3) according to the mass ratio of 5:1, 10:1 and 20:1.
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2.3. Flocculation performance

Based on the previous work in our group [37], the pro-
cedure of experiment was as follows: 100 mL of 50 mg/L 
reactive red 3BF dye simulated wastewater were added 
in 250 mL beakers, then different dosages of flocculant 
were added, and the flocculation test was carried out on 
a program-controlled jar test apparatus (TA2-2, Wuhan 
Hengling Technology Co., Ltd.) at room temperature. The 
mixture was rapidly stirred at 200 rpm for 25 s and then slowly 
at 60 rpm for 25 s for the flocs to grow. After 30 min of sedim-
entation, the supernatant after the treatment at a water depth 
of 1 cm under the surface was collected for measurement.

The absorbance was measured at the maximum absorp-
tion wavelength of the dye solution by a visible spectro-
photometer, and the decolorization rate and the CODMn 
removal rate were measured and calculated according 
to the equations:
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Among them, A0 is the absorbance of the simulated 
dyeing wastewater before treatment; A is the absorbance 
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Among them, B0 is the CODMn content of the simulated 
dyeing wastewater before treatment; B is the CODMn content 
of the supernatant after the flocculation treatment.

The zeta potential of the flocs in the supernatant was 
determined according to JS94H micro electrophoresis 
instrument’s manual [37], and the floccules were photo-
graphed through a microscope after the precipitation was 
completed.

2.4. Methods

Firstly, the effect on the decolorization rate and CODMn 
removal rate would been studied with PAC or PMAPTAC 
with different (η) alone. Secondly, the effect of different 
ratios and (η) of PAC/PMAPTAC on the decolorization rate 
and CODMn removal rate in dyeing wastewater was studied. 
At the same time, the flocculation effect of PAC/PDMDAAC 
was compared with that of PAC/PMAPTAC under the 
same condition. Finally, the flocculation mechanism of 

PAC/PMAPTAC composite flocculant was investigated 
through the analysis of zeta potential and floc morphology.

3. Results and discussion

3.1. Flocculation performance of PAC or PMAPTAC

The effect on the decolorization rate and CODMn removal 
rate were investigated when the PAC or PMAPTAC with 
different (η) was used alone. The results are shown in 
Figs. 2 and 3.

It could be seen from Figs. 2 and 3 that the decolorization 
rate and CODMn removal rate increased rapidly at the begin-
ning, and then decreased with the increase of dosage. As we 
all know, both PAC and PMAPTAC had positive charges, 
while the dyes were negatively charged. Therefore, when 
added to the activated red simulated dye wastewater, these 
positive species benefited flocs growing due to charge neu-
tralization causing destabilization of colloids and facilitate 
the physical or chemical adsorption of the destabilized col-
loids. As a result, both the decolorization rate and the CODMn 
removal rate increased with the increase of the dosage due 
to the mutual attraction of charges. However, when the 
dosage exceeded a certain amount, charge repulsion would 
trigger a slight backmixing phenomenon, resulting in a 
decrease of the decolorization rate and CODMn removal rate.

From Figs. 2 and 3 we can also know that, when the 
doses was 15 mg/L for PAC, while 25 mg/L for PMAPTAC 
with different (η), the highest decolorization rate and CODMn 
removal rate were 90.42%, 68.98%, 70.02%, 81.20% and 
92.76%, 54.29%, 56.00%, 65.42% for PAC, PMAPTAC with 
0.75, 1.96 and 2.64 dL/g, respectively. It was evident that 
compared with PAC, PMAPTAC exerted poor decolorization 
rate and CODMn removal rate when added alone. Besides, 
for PMAPTAC, the decolorization rate and CODMn removal 
rate increased slightly with the increase of (η). This may be 
because the larger the molecular weight of PMAPTAC, the 
longer the molecular chain, and the greater the probability 
of colliding with dye molecules to form flocs [32,38].

3.2. Flocculation performance of PAC/PMAPTAC

3.2.1. Effect of (η) on the decolorization rate and 
CODMn removal rate

According to section 2.4, the effect of (η) on the decol-
orization rate and CODMn removal rate of the dyeing 
wastewater were investigated when the PAC/PMAPTAC 
ratio was 10:1, and the (η) were 0.75, 1.96 and 2.64 dL/g. 
The results are shown in Figs. 4 and 5.

Fig. 1. Structures of PMAPTAC and PDMDAAC.
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Figs. 4 and 5 show that the decolorization rate and 
CODMn removal rate increased rapidly with the increase of 
dosage at the beginning, then they entered a plateau state in 
succession, and finally showed a decreasing trend. The com-
posite flocculant with 2.64 dL/g promoted the attainment 
of the maximum decolorization rate and CODMn removal 
rate (99.75% and 94.09%) when the dosage was 13 mg/L. In 
contrast, the composite flocculant with 0.75 dL/g displayed 
notable inferior decolorization and CODMn removal rates 
(91.85% and 90.83%), indicating that composite flocculants 
with high (η) were conducive to the removal of the dye par-
ticles and CODMn in solution. Besides, the decolorization 
rate achieved by PAC/PMAPTAC was significantly superior 
in comparison with that in PAC coagulation. In addition, the 
decolorization rate in PAC/PMAPTAC systems were found 
to attain equilibrium more quickly as compared with that in 
PAC systems. This phenomenon was particularly obvious 
in the low dosage range. This may be because PMAPTAC 
was a cationic polymer with high charge density, which 
was beneficial in enhancing the neutralization ability of the 

inorganic flocculant after compounded. And the compound-
ing process may change the morphology and structure of 
the aggregates in the inorganic flocculant, thereby improv-
ing the interaction between the flocculant and the dye mol-
ecules. In addition, PMAPTAC itself could also exerted 
the better bridging performance. The longer the molec-
ular chain, the better the bridging performance, thereby 
improving the decolorization rate and CODMn removal rate.

Last but not least, excess dosages of coagulants caused 
resuspension of aggregated particles, resulting in reduc-
tion of coagulation efficiency, especially when treated with 
the composite flocculant with high (η). This may be related 
to the change of the potential in solution, which would 
be confirmed in subsequent experiments.

3.2.2. Effect of ratio on the decolorization rate and  
CODMn removal rate

According to section 2.4, the experiment was per-
formed to investigate the effect of ratio of PAC/PMAPTAC 
on the decolorization rate and CODMn removal rate of dye-
ing wastewater when (η) was 0.75 dL/g. The results are 
shown in Figs. 6 and 7.

As shown in Figs. 6 and 7, the decolorization rate and 
CODMn removal rate increased rapidly with the increase 
of dosage at the beginning, and then showed a decreasing 
trend. The reason may be that for the composite flocculant, 
the flocculation effect was mainly charge neutralization 
and adsorption bridging, and the destabilization and resto-
ration of the particles were due to the charge change with 
the increase of the dosage. The total force between the parti-
cles changed from attraction to mutual repulsion due to the 
reversal of the charge. Therefore, as the dosage increased, 
the decolorization rate decreased instead and the CODMn 
removal rate also exhibited a similar trend.

It can also be seen from Figs. 6 and 7 that the lower 
the ratio, that is, the higher the PMAPTAC content, the 
better the decolorization rate and CODMn removal rate. 
Additionally, the lower dosage of flocculant were required 
to make the dye particles in solution reach the agglom-
erated state, indicating that the cost of dyeing waste-
water treatment was saved. The higher the PMAPTAC 
content in the composite flocculant, the more obvious this 
effect. Therefore, the increase of PMAPTAC concentration 
would significantly enhance the charge neutralization 
ability of the composite coagulant.

3.3. Comparison with the flocculation performance of PAC/
PDMDAAC

According to the section 2.4, the flocculation perfor-
mance of PAC/PDMDAAC was investigated under the 
condition of the ratio 10:1 and 2.6 dL/g. The results are 
shown in Fig. 8.

As shown in Fig. 8, the decolorization rate and CODMn 
removal rate first increased and then gradually decreased 
with the increase of dosage. When the dosage of PAC/
PDMDAAC composite flocculant was 14 mg/L, the highest 
decolorization rate and CODMn removal rate were 92.16% 
and 72.73%, respectively. In contrast, as shown in Figs. 2 
and 3, under the same condition, the highest decolorization 

Fig. 2. Effect of dosage on the decolorization rate.

Fig. 3. Effect of dosage on the CODMn removal rate.
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rate and CODMn removal rate of PAC/PMAPTAC were 
99.75% and 94.09%, respectively. It could be concluded that 
PAC/PMAPTAC showed more excellent color and CODMn 
removal efficiency. The reasons may be that under the con-
dition of the same intrinsic viscosity, the charge densities 
per mole of PDMDAAC and PMAPTAC molecular were 
basically the same, which meant that they have similar 
charge neutralization effects when adsorbing negatively 
charged dyes. Therefore, the difference of flocculation 
performance between them might mainly come from the 
adsorption bridging effect. By the analysis of their molecu-
lar structure shown in Fig. 1, we can know that PDMDAAC 
side chain had a five-membered ring, while PMAPTAC 
had a longer linear side chain containing the amide bond. 
On the one hand, it might be because PMAPTAC had a 
longer side chain, which made the adsorption bridging 
and netting sweeping effect stronger. On the other hand, 
it was also possible to remove the dye particles through 
the formation of hydrogen bonds between the dye par-
ticles and the amide bond of the PMAPTAC molecule. 
This two aspects resulted in different adsorption energy 

and adsorption configuration when adsorbing dyes, mak-
ing the adsorption capacity of PMAPTAC higher than 
that of PDMDAAC under the same condition [39].

3.4. Flocculation mechanism

3.4.1. Zeta potential

Zeta potential is a good indicator of the magnitude of 
the repulsive interaction between colloidal particles [32]. 
According to the section 2.4, the zeta potential of the super-
natant were determined after the dying wastewater was 
treated with PAC/PMAPTAC under the condition of ratio 
10:1. The results are shown in Fig. 9.

It can be seen from Fig. 9 that the zeta potential increased 
with the increase of dosage, The zeta potential of the super-
natant changed from negative to positive as the dosage 
increased, indicating that the compressed electric double 
layer and the adsorption charge neutralization reaction 
occurred during the flocculation process. Combined with the 
decolorization rate data in Fig. 4, it can be found that when 
the zeta potential was less than 0 mV, the decolorization rate 

Fig. 4. Effect of (η) on the decolorization rate. Fig. 6. Effect of the ratio on decolorization rate.

Fig. 5. Effect of (η) on the CODMn removal rate. Fig. 7. Effect of the ratio on CODMn removal rate.
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gradually increased with increasing dosage, and the decol-
orization rate reached a maximum at around 0 mV; when 
the zeta potential was more than 0 mV, the decolorization 
rate gradually decreased as the dosage increased. This was 
because when the zeta potential was less than 0 mV, the flocs 
could completely settle. After the zeta potential was more 
than 0 mV, the charges in the particles in solution changed 
from negative to positive and repelled each other, making it 
difficult to aggregate to form larger flocs, and cannot be com-
pletely settling, resulting in a decrease of decolorization rate.

In addition, it was not difficult to find that under the 
same dosage, the zeta potential of particles treated by 
PAC/PMAPTAC composite flocculants was significantly 
higher than that of PAC, which meant that the charge neu-
tralization ability of PAC/PMAPTAC was largely higher 
than that of PAC. At the same dosage, the higher (η) of 
PMAPTAC in PAC/PMAPTAC, the higher zeta potential 
in supernatant was, indicating that the increase of (η) of 
PMAPTAC in PAC/PMAPTAC could enhance the charge 
neutralization ability.

3.4.2. The morphology characteristics of flocs

According to the section 2.4, in order to study the adsorp-
tion bridging ability of PMAPTAC with different (η), the 
dying wastewater was treated with PAC/PMAPTAC under 

the condition of 10:1. The flocs were photographed through 
electron microscope under the condition of same dosage. 
The floc morphology are shown in Fig. 10.

It could be seen from Fig. 10 that the floc size of the 
dyeing wastewater were about 0.1, 0.2 and 0.4 mm after 
treated with composite coagulant PAC/PMAPTAC ((η) 
were 0.75, 1.96 and 2.64 dL/g). This was consistent with 
the results of the decolorization rate. This was because 
PMAPTAC with high (η) had a relatively high molecular 
weight and many active sites for adsorbing dye particles. 
This not only enhanced the charge neutralization effect, 
leading to the more dye molecules that can be adsorbed, 
but also provided a strong adsorption bridging between 
particles, and ultimately formed larger flocs. Therefore, 
the higher decolorization rate and CODMn removal rate and 
larger diameter floccules could been obtained by adding 
the PMAPTAC with high (η) into composite flocculant.

3.4.3. Flocculation mechanism analysis of dyeing wastewater

The flocculation mechanism of PAC/PMAPTAC com-
posite flocculant is shown in Fig. 11. Lots of “active” sites 
were provided after adding PMAPTAC in PAC solu-
tion, which improved the collision efficiencies in the dye 
removal. The results of the flocculation experiment show 

Fig. 10. Floc morphology (A) (η) = 0.75 dL/g, (B) (η) = 1.96 dL/g and (C) (η) = 2.64 dL/g.

 

Fig. 8. Effect of dosage on the decolorization rate and CODMn 
removal rate.

 

Fig. 9. Effect of dosages on the zeta potential.
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that the PMAPTAC with high molecular weight showed 
an excellent color removal effect than that of PMAPTAC 
with low molecular weight under the same condition. 
This was because the high molecular weight played a vital 
role in the aggregation process, not only enhancing the 
charge neutralization, but also providing a strong adsorp-
tion bridging between the particles, which could also be 
observed from the zeta results and floc morphology.

4. Conclusions

The inorganic–organic composite flocculants were pre-
pared by compounding PAC and the self-made PMAPTAC 
with different (η). Then, the flocculation effect of the 
composite coagulant PAC/PMAPTAC in dyeing wastewater 
was studied and compared with that of PAC/PDMDAAC 
under the same condition. Finally, the flocculation mecha-
nism was analyzed by zeta potential and floc morphology. 
The results showed that firstly, compared with PAC floc-
culant, the flocculation performance of composite floccu-
lants could be markedly improved by adding PMAPTAC, 
resulting in higher color and CODMn elimination efficien-
cies. Secondly, the increase of molecular weight or content 
of PMAPTAC in PAC/PMAPTAC could enhance the decol-
orization rate and CODMn removal rate simultaneously. 
What is more, the lower dosage was required to achieve 
the best removal effect, which meant that the cost of the 
flocculant was reduced. Besides, the flocculation perfor-
mance experiments turned out that the decolorization 
rate and CODMn removal rate of PAC/PMAPTAC compos-
ite flocculant was higher than that of PAC/PDMDAAC. 
Finally, the zeta potential and floc morphology analysis 
showed that the flocculation and decolorization mecha-
nism of the reactive dye simulated wastewater was mainly 
charge neutralization and adsorption bridging.

Therefore, the composite coagulant PAC/PMAPTAC is 
a potential alternative in treatment of dye wastewater.
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A —  Absorbance of the supernatant after the 

flocculation treatment
B0 —  CODMn content of the simulated dyeing 
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