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a b s t r a c t

The deterioration of water caused by industrial production is a thorny problem. Solving the problem co-

gently through innovative coagulationstrategies has been recognized of important practical significance. In

this work, a simple enhanced coagulation by using ferric chloride (FC) and poly-ferric chloride (PFC) cou-

pled with polyamidine (PA) were tried to remove the toxic organics. The results shown that PA addition

could obviously enhance coagulation performances of the iron-based coagulants. The synergic coagulation

process and mechanism were studied and discussed in detail based on the coagulation behaviors, flocs

properties, removal efficiency and zeta potentials. FC and PFC remove organics mainly through charge

neutralization and adsorption-bridging, resulting in a good purification performance. While PA with a

higher charge density showed better purification performance due to enhanced charge neutralization. It

is worth mentioning that the addition of PA could make the coagulants adapt to a wider pH range, and

remove the toxic organics more effectively. That is to say, the practical adaptability of the coagulant was

enhanced. This work thus provides a simple strategy to effectively purify wastewater and further improve

the water safety.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the legislation related to environment is becoming stricter in

many countries due to an increase of public consciousness, treat-

ment of wastewater requires much effort from scientists and pub-

lic. For common water pollution, the removal of toxic organics

from textile printing and dyeing industries has received much at-

tention and investigation [1–4]. The presence of these toxic or-

ganics from textile printing and dyeing industries is aesthetically

unfriendly in surface water and could cause disaster toward the

aquatic biosphere due to reduction of sunlight penetration and de-

pletion of dissolved oxygen. Furthermore, these toxic organics are

mutagenic and have the potential to cause cancer. However, toxic

organics removal from industrial wastewater by means of cheap

and environment-friendly technologies is still a major challenge.

Recently, various methods have been tried to remove these toxic

organics from textile printing and dyeing industries, and the com-

mon approaches include microbiological decomposition, enzymatic

decomposition, photocatalytic degradation, adsorption, and so on

[5–7].
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The application of microorganisms for the biodegradation of

these toxic organics is an efficient method by operation. Ali and

El-Mohamedy reported that six fungal isolates belong to Aspergillus

niger, Penicillium spp. and Pleurotus osstreatus, which had good ef-

fect for decolorization activities of some toxic organics [8]. Baeta et

al. reported an anaerobic-aerobic combined system that could be

efficient in removing aromatic amines, volatile fatty acid, soluble

microbial products and color from azo dye effluents [9]. However,

the biological mechanisms are very complex and expensive. More-

over, the majority of these compounds are chemically stable and

resistant to microbiological attack. Enzyme preparations are often

combined with other methods to remove these toxic organics from

textile printing and dyeing industries more efficiently because that

the employment of enzyme preparations and nanomaterials shows

considerable benefits over the direct use of it. A novel promis-

cuous enzyme was covalently immobilized on the functionalized

magnetic graphene oxide for synergistic adsorption-degradation of

organics by Ariaeenejad et al. [10]. Base on the high laccase loading

and improved activity, biocatalytic nanoflower was used by Li et al.

to remove organic dye and micropollutant effectively [11]. In addi-

tion to the biodegradation of these toxic organics, other physico-

chemical methods, e.g., adsorption, and coagulation, have also at-

tracted much attentions because they are feasible, efficient, easy
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Fig. 1. Response surface diagram of the effect of dosage on removal efficiency (a) FC-PA, (c) PFC-PA. Response surface diagram of the effect of dosage on zeta potential (b)

FC-PA, (d) PFC-PA.

to implement and low cost. For adsorption, a series of nanomate-

rials and natural materials were used to adsorb the toxic organ-

ics from aqueous solutions, such as carbonaceous, metallic, mag-

netic, bionanomaterials, cellulose [12,13]. Moreover, the applica-

tion of coagulation for the treatment of toxic organics wastewater

has also been emphasized and encouraged as the viable alternative

[14]. Some novel pre-hydrolysed coagulants such as polyaluminium

chloride, polyaluminium ferric chloride, polyferrous sulfate, poly-

ferric chloride (PFC) and natural coagulants have been found to be

more effective than traditional metal coagulants for toxic organics

removal [15].

As the most common coagulants, ferric chloride (FC) and PFC

have been widely used in wastewater treatment plants for many

years [16,17]. As a novel macromolecular polymer with amidine

units on its molecular chains, polyamidine (PA) has attracted more

attention in coagulation process. Generally, circular PA contains

high cationic density due to the amino groups with five membered

rings on its chains. However, the usage of PA combined with fer-

ric salt is rarely discussed in coagulation process and needed to

be improved in the future research. In this study, PA as a dual-

coagulation was combined with FC and PFC to remove the typi-

cal toxic organics in textile printing and dyeing industries (reactive

turquoise blue K-GL, RTB). A series of controlled parameters were

conducted, and the effects of solution pH, dosage of coagulant of

PA on RTB removal were studied. Finally, the principle of coagula-

tion was also investigated.

A statistical experimental design based on “central composite

design (CCD)” was planned [18,19]. The removal efficiency or zeta

potential was measured for different variables such as dosages of

FC and PA or PFC and PA. The dosage was written as x1 and x2, re-

spectively. These variables were investigated at five levels (−2, −1,

0, 1, 2) and the dependent variables was Y. We used the Design

Expert software (version 8.0.5.0) to design and evaluate these two

independent variables at five levels on the responses according to

Eq. 1 and Eq. 2. The ranges for the selected levels of the four vari-

ables are shown in Tables S1 and S2 (Supporting information). The

theoretically predicted values of removal efficiency and zeta poten-

tial for different selected levels of variables are shown in Tables S3

and S4 (Supporting information) for 13 runs, respectively.

Y = β0 +
∑

β j · Xi +
∑

β j j · X2
j +

∑
β jk · Xj · Xk (1)

where Y= response, β0 = intercept, β j = linear coefficients,

β j j = squared coefficients, β jk = interaction coefficients,

Xi,X
2
j
,Xj,Xk = level of independent variables, and

α = star point

= ±
(
2No. of parameters

)1/4

= ±
(
24

)1/4

= ±2 (2)

The smaller the P-value, the more significant is the correspond-

ing coefficient. The results of statistical analysis are shown in Ta-

bles S5 and S6 (Supporting information). Based on the statistical

results with confidence level of 95%, the effect of each term in the

models could be significant provided that its P-value be smaller

than 0.05 (P < 0.05). The results showed that the model met the

significance test, and the design was reliable.

Effect of different dosages of FC and PA on the removal of RTB

was shown in Fig. 1a. As the dosage of PA increases, two dis-

tinguished trends of the removal efficiency can be observed. In

the range of 0∼1.24mg/L, the removal efficiency increases with a

prominent slope until it reaches its maximum value (99.9%) and

further increasing PA dosage causes a mild decrease in removal

efficiency (96%). The effect of FC dosage is also demonstrated in

Fig. 1a for the range of 30∼60mg/L. The enhancement of removal

efficiency is observed as the dosage of FC is increased from 30mg/L

to 56.6mg/L and the maximum removal efficiency of 99.9% is

reached. Combined with the results in Table S5, it can be seen that

the P-value of dosage of PA (0.0089) is significantly less than the

result of FC (0.0217). This indicates that both FC and PA play a sig-

nificant role on removal efficiency, and PA turns out to be the more

important factor.

Effect of coagulant dosage on zeta potential was given in

Fig. 1b. The zeta potential increased as the dosages of PA and FC

increased. The isoelectric point was obtained when the dosage of

FC and PA were 31mg/L and 2.1mg/L, or 51mg/L and 1.2mg/L, re-

spectively. Fairly small numbers of P-value of zeta potential suggest

that they played an equally important role in electrical neutraliza-

tion. Considering removal efficiency and zeta potential, the optimal

dosage of FC and PA was selected at 55mg/L and 1mg/L, respec-

tively.
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Fig. 2. Effect of pH condition on removal efficiency (a) FC-PA, (c) PFC-PA and zeta potential (b) FC-PA, (d) PFC-PA.

Fig. 1c shows the effect of different dosage of PFC and PA

on RTB removal efficiency. The removal efficiency increased to

the maximum value of 95.9% with the increasing PFC dosage to

65mg/L and then reached to the equilibrium. It can be seen from

Table S6 that the P-value of PFC and PA are all less than 0.0001,

which shows that PFC and PA played an equally important role for

RTB removal due to their strong synergistic effects.

Fig. 1d shows the effect of different dosages of PFC and PA on

zeta potential. The zeta potential increased obviously with the in-

crease of PA content. However, there was no significant rise in the

zeta potential as the PFC dosage increases. The reason might be

that PFC has less positive charge than FC. The isoelectric point can

be obtained when the dosage of PFC and PA were 62mg/L and

2.6mg/L, or 40mg/L and 3.5mg/L, respectively. It can be seen from

Table S6 that the P-value (zeta potential) of PFC is 0.0012, while

that of PA is 0.0001, indicating that PA played a more important

role to the surface charge as compared with PFC. Considering the

both indexes, i.e. removal efficiency and zeta potential, the optimal

dosage of PFC and PA can be selected at 40mg/L and 3mg/L, re-

spectively.

Effect of pH condition on removal efficiency of RTB and zeta po-

tential by FC and PFC in the presence or absence of PA was inves-

tigated by adjusting the primitive pH of RTB solution, which was

settled in the range of pH 5.0∼10.0 (Fig. 2). When FC was used

alone, the removal efficiency was improved with pH increasing in

the range of 5∼6. Then the removal efficiency decreased slowly

and maintained at around 90% in the pH range of 6∼8. Finally, the

removal efficiency reduced greatly (50%) when pH exceeded 9.0.

The removal efficiency of RTB was quite different when PA was

added in the system. The RTB removal efficiency changed gently at

pH 5∼9, showing a gradual and slow decrease. It decreased signif-

icantly above pH 9 but remained above 80%. As shown in Fig. 2b,

in the FC alone system, the zeta potential of floc increased sharply

at pH 5.0∼6.0 and then decreased gradually with the increasing of

pH from 6.0 to 10.0. In acidic condition, the hydrolyzation of Fe

was limited to the positive electricity due to the lack of OH−. As
a result, decoloration mechanism was based on the charge neu-

tralization in this condition. However, the zeta potential trended

to decline with the further increase of pH, which suggested that

charge neutralization was weakened at pH from 6.0 to 9.0.

When PFC was used alone, the RTB removal efficiency was im-

proved with pH increasing in the range of 5∼6 (Fig. 2c). Where-

after, the removal efficiency decreased dramatically when pH ex-

ceeding 6.0. When PA was used as coagulant aid with PFC, the re-

moval efficiency changed gently at pH 5∼9. The removal efficiency

decreased to 80% when pH was higher than 9. The zeta potential

decreased with the increase of pH regardless of PFC alone or PA

combined with PFC (Fig. 2d). Especially when PA was used together

with PFC as a coagulant aid, zeta potential decreased sharply when

pH was higher than 6.

The above results show that the pH can affect the hydrolysis

behavior of FC and PFC in water. The polynuclear hydroxy com-

plexes of iron or polyferricpolymers are a system of intermediate

compounds produced in the Fe(III) solution by the continual pro-

cesses of hydrolysis, complexation, polymerization, solation, pre-

cipitation and gelation. In the hydrolysis of Fe(III), Fe can be di-

vided into three morphologies: Fe(a), Fe(b), Fe(c) [20,21]. Among

them, Fe(a) and Fe(b) are active components, especially Fe(b) is the

most effective component which has stronger coagulation perfor-

mance. Fe(c) is chemically inert and has poor coagulation effect.

Lower pH results in lower OH− concentration in water, Fe(a) can-

not be converted into highly positive hydrolysate Fe(b) and then

contact with the organics, thus leading to poor coagulation effect.

Then, the increase of pH led to the increase of OH− concentration

in water, followed by a gradual increase in the yield of Fe(b), so

the coagulation effect becomes better. In this process, both charge

neutralization and adsorption-bridge play important roles in the

removal of organics. Finally, Fe(III) hydrolyzes rapidly as the pH

of the water becomes alkaline [22]. As is known to all, PFC is a

forced hydrolysis product of FC. The increasing concentration of

OH− cause more precipitation of Fe(OH)3 and great reduce of pos-

itive charge density. At this time, the zeta potential becomes neg-

ative, both FC and PFC lose the ability of charge neutralization,

which led to a sharp decrease in coagulation effect. In the presence

of PA, however, its long-chain structure increases its adsorption-

bridge capacity. Even when the pH is high for invalidation of Fe(III),

the positively charged PA acts through both charge neutralization

and adsorption-bridge, keeping the removal efficiency at a high

level. It can be seen that the addition of PA can make the coag-

ulants adapt to a wider pH range, and can remove the organics

more effectively. To better understand the mechanism of organics

removal by coagulation taking place between coagulants and RTB,

a preliminary depiction of the process is proposed in Fig. 3. It is

well known that the coagulants can induce coagulation through

charge neutralization [23]. RBT with negatively charged reacts eas-

ily with PA, which is cationic. Iron salt coagulants exhibited strong
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Fig. 3. Scematic representation of the coagulation principle using FC or PFC with PA to remove the RTB.

Fig. 4. Growth, breakage and regrowth of flocs for different dosages of PA: (a) FC-

PA as coagulant, (b) PFC-PA as coagulant.

bridge adsorptive performance. The structure consists of polynu-

clear hydroxy complexes with variable morphology; thus, it reacts

easily with the reactive groups (–Cl and –SO3Na) in RBT [24]. Fi-

nally, because of the polymeric properties of the hydrolysis of iron

salts coagulants and the macromolecular structure of PA, sweep

coagulation and sedimentation filtration mechanism could be the

dominant mechanism.

To analyze the influence of PA on properties of flocs formed in

FC-PA and PFC-PA systems, PA with different dosages were selected

as (0.0∼2.0) mg/L for FC-PA system and (0.0∼4.0) mg/L for PFC-PA

system. The dosage of FC and PFC was 55mg/L and 40mg/L, re-

spectively. The performance of flocs was monitored online by PDA

2000, and the flocs size expressed as ratio was plotted in com-

puter. The signal of instrument measurement was used to charac-

terize the size of the flocs and reflect the floc growth trend of the

test process.

It can be seen from the Fig. 4 that the particle size of flocs in-

creased, and the maximum particle size was obtained when the

dosage of PA was 2.0mg/L in FC-PA system. When the flocs were

subjected to shear force, the degree of fragmentation was small,

and the particle size decreased slightly. This indicated that the

flocs bond closely after adding PA, and the shear force was not

enough to destroy the flocs structure. With the increase of the

PA dosage, the particle size of flocs increased first and then de-

creased, and reached the maximum value when the dosage of PA

was 3.0mg/L in PFC-PA system. This indicated that PA provided

adsorption-bridge capacity and could effectively increase the par-

ticle size of flocs as a polymer. However, large concentration of PA

would lead to too much positive charge, which not only affected

the aggregation of colloids, but also led to the reduction of parti-

cle size of flocs.

In order to figure out the effect of PA working with FC or PFC

on floc properties, three parameters (strength factor, recovery fac-

tor and TWV) after coagulation were investigated by different PA

dosages (Table S7 in Supporting information).

Fig. 5. The breakage and regrowth curves of flocs for different pH of PA: (a) FC-PA

as coagulant, (b) PFC-PA as coagulant.

It can be seen from Table S5 that, at the same dosage, the flocs

produced by FC coagulation were generally stronger than PFC in

terms of strength and recovery capacity after fragmentation. From

the perspective of FC-PA system, the intensity of the formed flocs

was increased with the increase of PA dosage. There was a very

small change in the particle size of flocs before and after shearing,

so there was no recovery process in the system. From the perspec-

tive of PFC-PA system, Sf was increased first and then decreased

with the increase of PA dosage. The main reason was that a large

amount of positively charged PA changed the electrical properties

of the flocs, making the flocs with the same charge repulsive to

impede the growing up. However, FC and PFC represented differ-

ent characteristics in TWV. For PFC-PA system, the TWV2 value of

the flocs in the regeneration stage was generally smaller than that

in the stable stage, which indicated that the flocs structure in the

regeneration stage was more compact than that in the stable stage.

This was also due to the different dominant mechanisms of coag-

ulation leading to different flocs strength.

Flocs performance as a function of pH (5.0∼10.0) was presented

in Fig. 5. FC-PA exhibited the best floc structure at pH 6.0, and also

achieved a good resilience at pH 5.0. In contrast, PFC-PA gained

the biggest floc size and recovery at pH 5.0 and 6.0. In the two

systems, with the increase of pH value, the particle size of the flocs

gradually decreased, and the shear resistance became worse, which

are matched with the trend of organics removal.

The calculated Sf, Rf, TWV1 and TWV2 as well as flocs char-

acteristics expressed under different pH were given in Table S8

(Supporting information). Sf showed the same trend in FC-PA and

PFC-PA systems. Rf expressed a negative correlation with pH, be-

cause the large flocs have a looser structure and the recovery

ability against breakage tend to be impaired. TWV tended to be

in a random pattern in FC-PA system. PFC-PA system showed a

more pronounced pattern: TWV2 was always less than TWV1;

this reflected the smaller and denser properties of flocs after

breakage.
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In summary, the addition of PA could greatly improve the

coagulation performance of FC and PFC under the investigated

dosages and pH conditions. The optimal coagulation performance

was achieved at the two dosage conditions (e.g., 55mg/L of FC and

1mg/L of PA, or 40mg/L of PFC and 3mg/L of PA). The introduc-

tion of PA could enhance the charge neutralization effect due to

the high cationic degree of PA. In addition, the long chain of PA

could provide a function of adsorption bridging in coagulation pro-

cess. These compound coagulants showed excellent RTB removal

efficiency in a wide pH range. Along with its excellent assisted re-

moval capacity, the compound coagulants have great potential for

wastewater treatment in the textile industry.
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