
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
9:

35
:3

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Treatment of wa
aSchool of Environmental and Municipal E

Lanzhou 730070, China. E-mail: songxs@m
bKey Laboratory of Yellow River Water En

Jiaotong University, No. 88 Anning West Ro

† Electronic supplementary informa
https://doi.org/10.1039/d5ra01783a

Cite this: RSC Adv., 2025, 15, 17476

Received 12th March 2025
Accepted 3rd May 2025

DOI: 10.1039/d5ra01783a

rsc.li/rsc-advances

17476 | RSC Adv., 2025, 15, 17476–17
ter discharged from a Yellow River
water purification plant: optimization and
application of enhanced coagulation technology†
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In this study, the effects of the coagulant type, compounding ratio, dosage, hydraulic conditions and water

temperature on the intensive coagulation process were systematically investigated for the treatment of

discharge water with high turbidity and high sediment characteristics from a Yellow River water

purification plant (YRWPP). Results indicated that the PFS–PDMDAAC composite coagulant achieved

optimal treatment performance under the following conditions: a blending ratio of 6 : 1, a dosage of

13.65 mg L−1, rapid mixing at 300 rpm for 1.5 min, slow mixing at 120 rpm for 7 min, and a water

temperature of 20 °C. Employing these parameters, supernatant turbidity was reduced to 46.2 NTU, the

specific resistance to filtration (SRF) of the sludge was less than 0.94 × 1012 m kg−1, and the solid

content exceeded 8%, enabling direct dewatering. With the increase of the concentration of the

discharged mud water, the effect of enhanced coagulation is weakened. Specifically, when the

concentration was lower than 4.14%, a dosage of 13.65 mg L−1 could be treated effectively; when the

concentration was in the range of 4.14–9.12%, the dosage needed to be increased to 21 mg L−1; and

when the concentration was more than 9.12%, it was difficult to achieve the discharge standard.

Furthermore, zeta potential analysis showed that the absolute zeta potential value was the lowest when

the compounding ratio was 6 : 1, and the effect of colloid destabilization was the best. According to floc

morphology observation, the volume of floc increased and the structure of floc was loose and porous

after enhanced coagulation, which was conducive to settling and dewatering. The analysis of the floc

particle size showed that the average floc particle size increased from 38.3 mm to 238 mm at a dosage of

21 mg L−1, and the settling performance was significantly improved; when the dosage was more than

21 mg L−1, the floc particle size decreased, and the settling performance declined. This study provides

technical support for the treatment and resource utilization of mud water discharged from the Yellow

River water purification plant.
I Introduction

The Yellow River basin is a typical resource-based water-scarce
region in China, with its total water resources accounting for
only 2.6% of the country's total water resources and per capita
water resources amounting to 1/5 of the national average.1 In
recent years, the decrease in precipitation and the increase in
sewage discharge in this basin have led to a decrease in the self-
purication capacity of water bodies and an increase in water
pollution, where the direct discharge of untreated industrial
and domestic sewage is the main source of pollution.2,3 It is
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worth noting that water purication plants, as the core facility
for water supply, purify surface water while generating
production wastewater, which accounts for 3–8% of the water
production volume, mainly consisting of mud drainage water
(accounting for 20–50% of the total production wastewater) and
other process wastewater. Drainage water mainly from the
sedimentation tank mud and lter backwash wastewater, con-
taining high concentrations of suspended solids and organic
impurities, if directly discharged will further exacerbate the
deterioration of the water environment in the watershed,
creating the vicious “pollution–purication–re-pollution” cycle.
Discharge mud water is characterized by high turbidity, high
sediment content, low organic matter, etc., and its oc particle
size is small with a large absolute zeta potential value, which
leads to poor dewatering and settling properties. Direct
discharge not only pollutes the water environment, but also
wastes signicant water resources.4–6 In the context of ecological
remediation of the Yellow River basin, the realization of “zero
© 2025 The Author(s). Published by the Royal Society of Chemistry
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discharge” and resource utilization of mud drainage water has
become an urgent task.7,8

At present, the commonly used mud water treatment tech-
nology mainly includes natural sedimentation, mechanical
dewatering, and chemical conditioning.9 However, the natural
settlement processing efficiency is low, mud–water separation is
slow, and it is difficult for the supernatant and precipitated
sludge to meet the standard;10 mechanical dewatering can
improve the solid content in sludge, but the processing cost is
high, and the effect is limited to high turbidity and high sedi-
ment discharge water;11 chemical conditioning can improve the
performance of sludge dewatering,12 but the treatment effect of
a single coagulant is unstable, and it is difficult to cope with the
uctuating water quality of discharge water. Therefore, it is
urgent to develop efficient, economical and environmentally
friendly mud drainage water treatment technology.13

Enhanced coagulation is water treatment technology that
improves the removal efficiency of pollutants in water by opti-
mizing the coagulation process. Intensive coagulation, as
a highly efficient means of water treatment, has shown signi-
cant advantages in mud drainage water treatment in recent
years.14,15 Through the use of composite coagulants,16 intensive
coagulation can not only effectively improve the sedimentation
rate and sludge thickening time of sludge water, but also
improve the quality of supernatant water, achieving the reuse
standard. For example, it has been shown that the polymerized
ferric sulfate (PFS) and polydimethyl diallyl ammonium chlo-
ride (PDMDAAC) composite coagulant treatment of high
turbidity sludge water could signicantly improve the oc
particle size,17 improve the settlement performance, and greatly
reduce the turbidity of the supernatant to meet the reuse
requirements. In addition, enhanced coagulation technology
can also enhance the sludge dewatering performance and
reduce the subsequent treatment cost through electrical
neutralization and adsorption bridging.18

This study focused on the treatment of sludge water dis-
charged from the Yellow River water purication plant, aiming
to optimize the treatment effect of sludge discharge through
enhanced coagulation technology. By systematically studying
the effects of the coagulant type, compounding ratio, dosage,
hydraulic conditions and other factors on the treatment effect
of sludge discharge water, the optimal treatment conditions
were determined, and the mechanism of enhanced coagulation
was explored. The results of this study can provide technical
support for the treatment and resource utilization of mud water
from water purication plants, and at the same time lay
a theoretical foundation and practical basis for the ecological
protection and high-quality development of the Yellow River
basin.
II Materials and methods
2.1 Test agent

2.1.1 Test raw water. This study employed mud water dis-
charged from a water plant in Lanzhou, Yellow River basin as
the object. During the test period, the water quality parameters
© 2025 The Author(s). Published by the Royal Society of Chemistry
of the water purication plant discharge mud water are shown
in Table 1.

2.1.2 Test coagulant. The coagulants used in this test were
all commercial products,19,20 as follows: polymerized aluminum
chloride (PAC) with Al2O3 mass fraction of 30%, salinity of
70.50%, pH (1% aqueous solution) of 3.5–5.0. Polymeric ferric
sulfate (PFS) with full iron content of 22%, salinity of 14%, and
pH of 2.0–3.0. Anionic polyacrylamide (APAM) has a molecular
weight of 18 million, residual monomer content of 0.021%,
hydrolysis degree of 20%, and solid content of 95.1%. Cationic
polyacrylamide (CPAM) has a molecular weight of 12 million,
ionicity of 30, and solid content of 95.1%. Non-ionic poly-
acrylamide (NPAM) has a molecular weight of 12 million,
a degree of hydrolysis of 10% and a solid content of 95.1%. The
viscosity of polydimethyl dipropyl ammonium chloride
(PDMDAAC) is 10 000 and the solid content is 40%.

2.1.3 Other agents required for the test. The main reagents
used in the water quality index testing experiments included:
98% H2SO4 (analytically pure, Shantou, China), Na2C2O4

(analytically pure, Shanghai, China), KMnO4 (analytically pure,
Chengdu, China), special reagent for ammonia–nitrogen (SH-
NH-100, Jiangsu, China) and total phosphorus (SH-TP-100,
Jiangsu, China), platinum and cobalt standard solution (CoPt,
analytically pure, Guangzhou, China), HNO3 (analytically pure,
produced in Tianjin, China), lactose peptone culture solution
and EC culture solution (both analytically pure, produced in
Guangdong, China).

2.2 Test instruments

The key instruments used in the test included TJ6 series
program-controlled six coagulation test stirrer produced by
Wuhan Hengling Technology Co., Ltd for coagulation stirring;
HH-2 digital thermostatic bath produced by Hebei Longshun
Instrument Co.; DGG-9070A electric constant temperature blast
drying oven for sample drying; Shanghai Xinrui Instrumenta-
tion Co., Ltd turbidimeter, used to measure turbidity; Agilent,
United States ICP-MS instrument, used to measure the metal
content; Nano ZS90 Zeta Potential Tester from Malvern Instru-
ments, UK, to measure the zeta potential; MS 3000 Laser
Particle Sizer from Malvern Instruments, UK, to measure the
particle size distribution; and JEOL 5600 LV scanning electron
microscope from Nippon Electronics Corporation, Japan, to
observe oc morphology. These instruments provided the
necessary technical support for the smooth running of the
experiment.

2.3 Testing indicators and methods

2.3.1 Water quality indicators. The water quality indicators
include turbidity, color, suspended solids (SS), chemical oxygen
demand (CODMn), ammonia–nitrogen (NH3–N), total phos-
phorus (TP), metal content and microbiological indicator-
s.21Turbidity was measured using a turbidimeter,22 color was
measured using the platinum–cobalt standard colorimetric
method, suspended solids were measured using the vacuum
ltration method, and chemical oxygen demand was measured
using the acidic potassium permanganate method.23 Ammonia–
RSC Adv., 2025, 15, 17476–17490 | 17477

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01783a


Table 1 Water quality parameters for mud water discharged from the water purification plant

pH Solid content SS Color CODMn NH3–N TP

8.21–8.45 0.4–4.1% 4329–48797 5.04–14.12 36.8–323.6 8.0–78.9

Al Fe Mn Cd
Total bacterial
count Fecal coliform count

75.1–318.2 10.5–98.1 2.1–9.5 <0.09 6844–53250 3340–24120
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nitrogen was determined by the colorimetric method with nano
reagent,24 total phosphorus was determined by ammonium
molybdate spectrophotometry, and metal content was deter-
mined by inductively coupled plasma emission spectrometry
(ICP-MS).25 The microbiological indicators include total bacte-
rial count (measured by MPN method) and fecal coliform count
(measured by multi-tube fermentation method).26

2.3.2 Sedimentation and dewatering indicators of drainage
water. The indicators of sedimentation and dewatering of
drainage water include sedimentation ratio (SV30), solid content
(W) and sludge specic resistance (r). The sedimentation ratio is
used to measure the sedimentation performance of drainage
water, where the smaller the SV30, the better the sedimentation
performance; the solid rate indicates the concentration of
sludge, where the higher the solid rate, the better the dewater-
ing performance; and the specic resistance of sludge reects
its dewatering performance, where the smaller the specic
resistance, the better the dewatering performance.27

SV30 = V0/V × 100% (1)

where V0 is the volume of sludge settled for 30 min, mL; V is the
original volume of discharged water, mL.

W = (W3 − W1)/(W2 − W1) × 100% (2)

where W is the solid content, %; W1 is the weight of the evap-
oration dish, g; W2 is the total weight of the evaporation dish
and the sludge discharge water sample, g; and W3 is the total
weight of the evaporation dish and the sludge discharge water
sample aer drying and evaporation, g.

r ¼ 2bPA2

mc
(3)

where r is the impedance per unit weight, m kg−1; P is the
differential pressure during ltration, Pa; A is the ltration area,
m2; m is the viscosity of the ltrate, Pa s, according to the ltrate
temperature lookup table can be obtained from m; c is the unit
of the ltrate produced by the mud cookies, kg m3; and b is the
slope of the straight line of t/v–v measured under a constant
vacuum pressure.

2.3.3 Coagulation mechanism characterization indexes.
The coagulation mechanism characterization indexes include
zeta potential, oc morphology and particle size. Zeta potential
is used to judge the stability of colloidal particles, where the
smaller the absolute zeta potential value, the better the
17478 | RSC Adv., 2025, 15, 17476–17490
coagulation effect; oc morphology is observed by scanning
electron microscopy; particle size is determined by a laser
particle sizer to determine the distribution of the oc particle
size.28

(1) Zeta potential: this is an important index to characterize
the stability of a colloid dispersion system, where its absolute
value can directly reect the settling performance of oc parti-
cles in water, enabling the effect of coagulation to be deter-
mined. Measurement method: 5 mL of raw water of Yellow
River, raw water of drainage water or supernatant aer 30 min
of coagulation and sedimentation with a syringe at 3 cm below
the liquid surface was characterized on a Nano-ZS90 Zeta
Potential Tester utilizing the principle of dynamic light
scattering.

(2) Floc morphology: the oc morphology during the coag-
ulation process can better reect the coagulation effect, which is
mainly observed through the scanning electron microscopy to
determine the morphology of oc particles in the water.

(3) Particle size: the size of the particles in water can reect
the change in oc size during the coagulation process from
a microscopic point of view, enabling the coagulation effect to
be determined. This test uses a laser particle size meter.
2.4 Test steps

The test methods include natural settlement test and enhanced
coagulation test. Natural sedimentation test: different concen-
trations of drainage water were le to settle, the height of the
mud–water separation interface was observed, the natural
sedimentation curve was plotted, and the quality of the super-
natant and sludge indexes was determined. Enhanced coagu-
lation test: the coagulation process was simulated using six
stirrers to optimize the coagulation conditions, including the
type of coagulant, compounding ratio (1 : 15, 1 : 6, 1 : 3, 1 : 1, 3 :
1, 6 : 1, 15 : 1, 30 : 1, 45 : 1, 60 : 1, and 75 : 1), dosage (5 mg L−1,
10 mg L−1, 13 mg L−1, 15.8 mg L−1, 17.8 mg L−1, 21 mg L−1,
25 mg L−1, and 31.5 mg L−1), hydraulic conditions (stirring
speed and time) and water temperature (5 °C, 10 °C, 15 °C, 20 °
C, and 25 °C); the coagulation effect was assessed by deter-
mining the turbidity of the supernatant, settling ratio, sludge
solid content and specic resistance and other indicators. The
specic steps are as follows: (1) selecting the best coagulant type
and combination: screening the best combination of coagulants
through individual dosing, segmented joint dosing (adapting to
changes in water quality and improving the pollutant removal
efficiency by phasing in different types of coagulants at different
© 2025 The Author(s). Published by the Royal Society of Chemistry
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locations) and compound dosing (combining two or more
coagulants (e.g., aluminum salts and polymer occulants) to
improve the coagulation effect); (2) optimizing the compound-
ing ratio: determining the optimal ratio of organic and inor-
ganic coagulants; (3) optimizing the dosage: determining the
optimal amount of coagulant; (4) optimizing the hydraulic
conditions: determining the optimal mixing speed and mixing
time; (5) examining the water temperature: examining the
effects of different water temperatures on the coagulation effect;
(6) evaluating the coagulation effect through the determination
of indicators of supernatant turbidity, sedimentation ratio and
specic resistance; and (6) the effect of different concentrations
of drainage water and dosages on the coagulation effect:
studying the effect of drainage water concentration and dosage
on the coagulation effect.
2.5 Test methods

2.5.1 Optimization of coagulant types and combinations.
To determine the types of coagulants and combinations of
coagulants that are most suitable for the treatment of high
turbidity and high sediment drainage water from the Yellow
River, with the aim of obtaining the optimal combination of
composite coagulants, this experiment used two types of inor-
ganic coagulants and four types of organic coagulants for
preferential selection. Under room temperature conditions, 1 L
of homogeneous muddy water was poured into a 1 L beaker and
a six-link stirrer was used to stir it mechanically. Firstly, it was
stirred at a speed of 300 rpm for 0.5 min, fully mixing the
muddy water in the beaker, and then, a certain amount of PAC,
PFS, APAM, CPAM and NPAM was individually added to the
beaker quickly, and then stirred at the speed of 300 rpm for
1.5 min, then 300 rpm for 1.5 min, and then a certain amount of
PAC, PFS, APAM, CPAM and NPAM quickly added to the beaker.
Then, the mixture was stirred for 1.5 min, then slowly at
100 rpm for 5 min, and nally the water samples poured into
a cylinder for 30 min to observe and record the mud–water
separation interface corresponding to different settling times.
Then, the mud–water settling curve was plotted and the settling
ratio of SV30, the turbidity of the supernatant, and preferred
coagulant with fast settling speed and low turbidity of the
supernatant determined. Aer optimizing the inorganic and
organic coagulants, the same concentration of sludge water was
treated with different sequences of section dosing and different
combinations of compounding, and the above-mentioned
experimental process was repeated to determine the optimal
combination of coagulants under a certain amount of coagulant
dosage, coagulant compounding ratio and hydraulic
conditions.

2.5.2 Optimization of coagulant mixing ratio. To deter-
mine the optimal ratio of organic and inorganic coagulants in
the best composite coagulant, the optimal coagulant mixing
ratio was determined, thus improving the coagulation effi-
ciency. In this test, different mixing ratios were used at room
temperature, where the mud drainage water was rst stirred to
homogeneity (300 rpm stirring for 0.5 min), and then the same
coagulant dosage was subjected to a fast stirring stage (300 rpm
© 2025 The Author(s). Published by the Royal Society of Chemistry
fast stirring for 1.5 min), slow occulation stage (100 rpm slow
stirring for 5 min), le to stand for 30 min at the end of the slow
occulation stage, and the turbidity of the supernatant
measured and the mud–water separation interface observed at
different intervals. The coagulation evaluation indexes were
SV30 and supernatant turbidity, optimizing the mixing ratio.

2.5.3 Optimization of coagulant dosage. Aer determining
the optimal compound coagulant and compounding ratio,
a variety of coagulant dosages was used to treat the sludge
discharge water, and the coagulation and mixing process was
repeated under unchanged room temperature and hydraulic
conditions, and the dosage was optimized using the settling
ratio of SV30 and the supernatant turbidity as the coagulation
evaluation indexes.

2.5.4 Optimization of hydraulic conditions. The coagula-
tion process mainly controls the hydraulic conditions through
two stages, the fast stirring stage and the slow occulation
stage, and the stirring speed and stirring time of different stages
represent different hydraulic conditions. Therefore, under
room temperature conditions, this experiment optimized the
hydraulic parameters of stirring speed and stirring time of the
two phases, and the best hydraulic conditions were determined
using the settling ratio SV30 and supernatant turbidity as the
coagulation evaluation indexes. For the optimization of the
stirring speed parameter, the stirring time of the two stages was
xed as follows: fast stirring time was 1.5min, slow stirring time
was 5 min, thus optimizing the stirring speed of the different
stages; for the optimization of the stirring time parameter, the
stirring time of the two stages was xed as follows: the optimal
fast stirring speed and slow stirring speed, thus optimizing the
stirring time of the different stages.

2.5.5 Examination of water temperature. Drainage water
was placed in an incubator, and the water temperature was
incubated to 5 °C, 10 °C, 15 °C, 20 °C and 25 °C, respectively.
The preferred composite coagulant was used to carry out
intensive coagulation tests on drainage water with different
temperatures under the optimal dosage and hydraulic condi-
tions. The coagulation operation remained unchanged, and the
optimum water temperature for the enhanced coagulation of
drainage water was selected using the sedimentation ratio SV30

and supernatant turbidity as the evaluation indexes of
coagulation.

2.5.6 Examination of the coagulation effect of different
concentrations of drainage water and coagulant dosages.
Adopting the optimal parameters of intensive coagulation and
employing the sedimentation ratio SV30 and turbidity of the
supernatant as the evaluation indexes of the coagulation effect,
intensive coagulation tests were carried out on the discharged
sludge with different solid contents, and intensive coagulation
tests were also carried out on the highly concentrated dis-
charged sludge using different dosages to investigate the effects
of the concentration of discharged sludge and the dosage of
coagulant on the coagulation effect. Under different working
conditions, the specic resistance of sludge and solid content
were measured to evaluate the dewatering performance, and the
turbidity, color, pH, potassium permanganate index, ammonia–
nitrogen, total phosphorus, dissolved metals, microorganisms
RSC Adv., 2025, 15, 17476–17490 | 17479
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Table 2 Water quality parameters of supernatant after natural sedi-
mentation of different concentrations of drainage watera

pH Turbidity Color CODMn NH3–N TP

8.2–8.5 80.1–791.5 13–29 2.65–3.65 0.65–18.5 0.11–1.25

Al Fe Mn Cd
Total bacterial
count

Fecal coliform
count

0.62–2.8 0.3–1.5 0.08–0.67 <0.004 3550–8600 1550–4050

a The units of water quality indicators are as follows: CFUmL−1 for total
bacteria; mpn per mL for fecal coliform; SS, CODMn, NH3–N, TP and
other water quality indicators are in mg L−1.

Fig. 1 Natural settling curves for different concentrations of drainage
water.
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and acrylamide monomer content of the supernatant were
measured to evaluate the safety of the water quality.

2.6 Data processing and analysis

The enhanced coagulation performance was evaluated by plot-
ting sedimentation curves, measuring water quality parameters,
and analyzing the oc morphology and particle size distribu-
tion, with further discussion on the coagulation mechanisms
involved (Table 2).

3 Results and discussion
3.1 Settling performance of different concentrations of
discharge water

Before carrying out the enhanced coagulation test, it was
necessary to carry out a natural settlement test to investigate the
natural settlement performance of different concentrations of
drainage water, as well as the quality of the supernatant, the
solid content in the sludge at the bottom and the specic
resistance of the sludge aer 30 minutes of settlement. The
specic test method is as follows: the test device was a glass
cylinder with a diameter of 67 mm and height of 415 mm, with
a scale on the cylinder. Aer mixing different concentrations of
sludge water, 1000 mL of sludge water was placed in a 1 L glass
cylinder for settling. The height of the mud–water separation
interface at each settling time point was observed and recorded,
and the natural settling curve of different concentrations of
drainage water drawn; aer mixing different concentrations of
drainage water evenly and pouring it back into the 1 L glass
measuring cylinder for 30 min, a certain amount of supernatant
was taken out from the drainage water and the bottom sludge
with a syringe and catheter to measure the water quality, solid
content and the specic sludge resistance, respectively.

During the test, it was found that when the sludge concen-
tration was too low, the sludge settling process did not have
obvious settled layer and a very clear mud–water separation
interface was not formed, and thus it could not be observed
accurately. Aer completion of the test, a series of test data on
the height of the mud–water separation interface with different
settling times was obtained, which was employed to plot the
natural settling curves of different concentrations of discharged
17480 | RSC Adv., 2025, 15, 17476–17490
sludge water, and the concentration of discharged sludge water
was expressed in terms of solid content (%), as shown in Fig. 1.
As can be seen in Fig. 1, in the natural sedimentation of
drainage water, the sedimentation velocity decreased with an
increase in time, and the higher the concentration, the slower
the sedimentation, the poorer the sedimentation and the
smaller the concentration factor. When the concentration was
less than 0.834%, the settling speed was fast, the pressure point
was reached within 10 min, the height of the mud–water
separation line was basically unchanged aer settling for
30 min, and the SV30 reached 5%; when the concentration was
higher than 1.41%, the mud–water separation line slowed
down, and the time curve tended to be at, and the pressure
point was not obvious, for example, the SV30 of the drainage
water with 4.23% and 9.12% solid content was as high as 40.5%
and 67.5%, respectively, aer natural settling, and the concen-
tration multiplier was small. This may be due to the fact that
with an increase in concentration, the number of colloidal
particles increase, the spacing becomes smaller, the particles
are disturbed by the settlement, and the interaction force and
resistance increase, limiting rapid settlement. Therefore, the
natural sedimentation rate of the high-concentration drainage
water was slow, with a poor performance and low concentration,
which is unfavorable for treatment.

Aer examining the settling performance, the supernatant
and bottom sludge of the discharged water aer 30 min of
natural settling were tested for the relevant indexes. The results
showed that natural sedimentation could remove a large
amount of suspended solids, and the content of suspended
solids, COD, NH3–N, TP, metals and microorganisms in the
supernatant was greatly reduced; however, compared with the
source water quality of the Yellow River (see Table S1 in the
ESI†) and the effluent standards (turbidity < 50 NTU) of Water
Plant No. 1, the supernatant of the sludge dewatering effluent
still exhibited higher turbidity and other elevated indicators.
Direct reuse may disrupt water treatment processes and pose
potential water quality safety risks. As shown in Table 3, from
the perspective of sludge characteristics, the solid content of the
sedimented sludge from sludge dewatering effluent at different
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Indicators of sludge after natural settling of different
concentrations of discharged water

Solid content
Sludge specic
resistance (1012 m kg−1)

6.7–14.5 6.2–12.8
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concentrations exceeded 6%, and the specic resistance to
ltration (SRF) was greater than 6.2 × 1012 m kg−1. Generally,
sludge with an SRF of >1.0 × 1010 m kg−1 is classied as
difficult-to-lter sludge, while sludge with an SRF in the range
of 0.5–0.9 × 1012 m kg−1 is considered moderately lterable,
and sludge with an SRF of <0.5 × 1012 m kg−1 is deemed easy to
lter. The naturally settled sludge in this study falls in the
category of high-concentration, difficult-to-lter sludge.
Although its solid content meets the feed requirements for
dewatering equipment, its excessively high SRF and poor dew-
aterability make it unsuitable for efficient dewatering processes.

3.2 Research on the inuencing factors of intensive
coagulation treatment of drainage water

3.2.1 Inuence of coagulant type and dosing order on the
coagulation effect. In the test of enhanced coagulation of dis-
charged water, a six-link stirrer was used to simulate the coag-
ulation process of water purication plant, and the inuencing
factors were optimized to improve the settling performance,
concentration ratio and effluent quality of discharged water
with high turbidity and high sediment. Fig. 2 shows the effect of
different coagulants on the effectiveness of the drainage water.
The results showed that among the organic coagulants, APAM
had strong adsorption and bridging effects due to its large
molecular weight and long chain length, and could form ocs
with rapid stirring and had an excellent settling performance.
PDMDAAC formed dense ocs through electrical neutralization
and adsorption bridging, and had signicant occulation and
turbidity removal ability. In contrast, CPAM and NPAM had
Fig. 2 Effect of different coagulants on the coagulation effect of
drainage water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a poor coagulation effect due to their low molecular weight,
short chains and weak adsorption bridging effect. Among the
inorganic coagulants, although PAC ocs were formed earlier,
their density was low and they were easy to break, resulting in
higher turbidity of the supernatant; PFS ocs were formed later,
but formed high-density ocs, with stronger turbidity removal
ability.29

In the segmental coagulation test, it can be seen in Fig. 3 that
the effect of different coagulant combinations on the sedi-
mentation ratio and turbidity varied signicantly. The “PFS +
PDMDAAC” combination had the highest settling ratio of 10.9%
and turbidity of 348.7 NTU, indicating that the sludge settling
performance was poor and the water was turbid. The combi-
nation of “APAM + PAC” had the lowest turbidity of 119.8 NTU,
and the combination of “APAM + PFS” had the lowest settling
ratio of 6.7%, which showed that these two combinations per-
formed better in reducing the turbidity and improving the
settling performance.

This result originated from the coagulant mechanism and
synergistic effect. Different coagulants have different composi-
tions, structures, adsorption of suspended particles, bridging
and electrical neutralization ability.30 Part of the combination
can effectively neutralize the charge to promote the aggregation
of particles to reduce the turbidity and accelerate the settle-
ment; part of the combination has poor interaction, making the
particles difficult to aggregate and settle, and thus the settling
ratio and turbidity are high.

In the single dosage compound coagulant test, the dosage of
inorganic coagulants PAC and PFS was 9 mg L−1, and the
dosage of organic coagulants APAM and PDMDAAC was
1.5 mg L−1. The inorganic coagulants and organic coagulants
were compounded into a compound coagulant according to the
ratio of 6 : 1, and then dosed in the rapid stage, where “PAC–
APAM “PAC–APAM” indicates that PAC and APAM were com-
pounded and added in the rapid mixing stage, and the others
Fig. 3 Effect of different coagulant combinations and dosing order on
the coagulation effect.
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are similar, and the coagulation effect aer 30 min of static
sedimentation is shown in Fig. 4. Fig. 4 shows that the “PFS–
APAM” combination had the highest settling ratio of 10.7%,
turbidity of 305.6 NTU, poor sludge settlement and turbid
water; the “PFS–PDMDAAC” combination was the best, with
a settling ratio as low as 5.1%, turbidity of 88.0 NTU, and the
effect of sedimentation and turbidity reduction was signicant.
The difference is due to their different coagulant characteristics
and synergistic effect. “PFS–PDMDAAC” showed good electric
neutralization, adsorption and bridging and promoted particle
settlement; ‘PFS–APAM’ interaction was not conducive to
particle aggregation, resulting in poor sedimentation and
turbidity control. Therefore, PFS–PDMDAAC was chosen to treat
the high turbidity and high sediment discharge water from the
Yellow River in this experiment, which is expected to be highly
efficient and ensure that the water quality meets the standard,
providing reliable support for the water treatment project.

3.2.2 Inuence of coagulant compounding ratio on coag-
ulation effect. The optimal compounding ratio of the PFS–
PDMDAAC composite coagulant was investigated to achieve an
enhanced coagulation performance in treating sludge water
from a Yellow River source water treatment plant. In this
experiment, sludge water with a solid content of 1.5% was
utilized, with a coagulant dosage of 10.5 mg L−1, while main-
taining consistent coagulation and hydraulic parameters.
Specically, 1 L of sludge water was poured into a 1 L beaker and
mixed uniformly at a stirring speed of 300 rpm for 0.5 min.
During the rapidmixing phase, different compounding ratios of
the PFS–PDMDAAC composite coagulant were added. The rapid
mixing and slow occulation phases were conducted at 300 rpm
for 1.5 min and 100 rpm for 5 min, respectively. Subsequently,
the mixture was transferred to a measuring cylinder and
allowed to settle for 30 min. The sludge volume index (SV30) and
supernatant turbidity were measured to determine the optimal
compounding ratio of the PFS–PDMDAAC composite coagulant
(dened as the ratio of PFS dosage to PDMDAAC dosage, i.e.,
PFS dosage : PDMDAAC dosage). The test results are illustrated
in Fig. 5.
Fig. 4 Effect of different composite coagulant combinations on the
coagulation effect.

17482 | RSC Adv., 2025, 15, 17476–17490
According to the test results, the coagulation effect showed
regular changes with the compounding ratio under the same
concentration of discharge water, dosage of coagulant and
other coagulation conditions. When the compounding ratio
was 6 : 1, the coagulation effect was the best, the turbidity of the
supernatant was only 79.6 NTU, and the SV30 was 5.1%. The
coagulation effect was the worst when the ratio was 1 : 15. In the
process of changing the mixing ratio, too much or too little
organic coagulant content led to a poor coagulation effect,
where only 6 : 1 formed the ideal high-density oc to achieve
rapid settlement.

3.2.3 Inuence of coagulant dosage on coagulation effect.
Under the same hydraulic conditions at room temperature,
different dosages of PFS–PDMDAAC composite coagulant with
a mixing ratio of 6 : 1 were used to strengthen the coagulation
test, and the effects of different dosages on the coagulation
effect are shown in Fig. 6. The test results showed that the
coagulant dosage was positively correlated with the enhanced
coagulation effect. When the dosage was in the range of 5.25 to
13.5 mg L−1, the turbidity of the supernatant and the sedi-
mentation ratio of SV30 decreased signicantly, and the coag-
ulation effect was enhanced. This is mainly due to the increase
in the number of positively charged groups and polymer chains,
which enhanced the electrical neutralization and adsorption
bridging effect, and facilitated the aggregation of colloidal
particles to form larger ocs. When the dosage was increased
from 13.5 mg L−1 to 21mg L−1, the enhancement in coagulation
effect slowed down; when the dosage was increased to
31.5 mg L−1, the turbidity of the supernatant slowly increased,
the SV30 increased, and the effect deteriorated, which may be
due to the restabilization of the colloid and the colloidal
protective effect of the polymer chains caused by the over-
dosage. When the dosage was 13.65 mg L−1, the turbidity of the
effluent was 46.2 NTU, which meets the requirements of the
effluent of a water plant and can be reused. A further increase in
the dosage had limited effect, and thus may lead to the waste of
Fig. 5 Impact of different PFS–PDMDAAC composite coagulant ratios
on coagulation performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Impact of different dosages of PFS–PDMDAAC composite
coagulants on coagulation performance.

Fig. 7 Effect of different mixing speeds on the coagulation effect.
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chemicals and increase in the content of organic matter in the
effluent (Table 4).

3.2.4 Inuence of hydraulic conditions on coagulation
effect. In the process of coagulation treatment, from the
perspective of coagulation kinetics, it is signicant to determine
the optimal hydraulic conditions to strengthen the coagulation
effect. The coagulation process consists of three stages
including rapid mixing, slow occulation and static precipita-
tion. In this test, the PFS–PDMDAAC composite coagulant was
employed with the compounding ratio of 6 : 1, and under the
conditions of specic dosage and discharge water, the inuence
of mixing speed and mixing time on the effect of coagulation
was investigated in the different stages.

(1) Effect of stirring speed on coagulation effect. Fig. 7 shows
the effect of stirring speed on SV30 and turbidity. With an
increase in the stirring speed, SV30 and turbidity showed uc-
tuating changes. At a lower stirring speed, SV30 and turbidity
were higher, indicating poorer settling and coagulation effects;
thus, an appropriate increase in stirring speed can signicantly
improve the settling performance and reduce the turbidity.
However, a too high stirring speed may lead to oc fragmenta-
tion, causing SV30 and turbidity to increase again and affecting
the coagulation effect. Therefore, a moderate stirring speed
(e.g., 300 rpm) is the most conducive to optimizing the coagu-
lation effect.

In addition, the stirring speed in the rapid mixing stage had
a greater inuence on the coagulation effect. On the one hand,
Table 4 Particle size of drainage water with different dosages

Experimental protocol D10 D50 D90

Average particle
size

Raw drainage water 28.3 39.7 54.6 38.3
Dosage 5.25 mg L−1 53.6 91.1 152 84
Dosage 21 mg L−1 181 244 328 238
Dosage 31.5 mg L−1 66.7 107 173 101

© 2025 The Author(s). Published by the Royal Society of Chemistry
this is because of the polymer chains in PFS–PDMDAAC in this
stage and colloid particle adsorption bridging effect at the same
time, where the high-density positively charged groups and the
negatively charged colloids in the water have strong adsorption
neutralization; on the other hand, there is a problem of
homogeneousmixing of the polymer chains in the rapid stirring
stage, and the degree of adsorption bridging effect in slow
occulation stage is dependent on the degree of occulation de-
stabilization and cohesion in the rapid stage.

(2) Inuence of stirring time on the coagulation effect. The
optimal mixing speed was 300 rpm for fast mixing and 120 rpm
for slow mixing to study the effect of different mixing times on
the coagulation effect, and the test results are shown in Fig. 8.
As can be seen in this gure, the optimal time for the fast
mixing stage is 1.5–7 min. Too short a time (1–1.5 min) will lead
to uneven mixing of the PFS–PDMDAAC polymer chains, which
will affect the destabilization and settlement of the ocs; too
long a time (1.5–2 min) will destroy the ocs due to the strong
shear force, which will increase the turbidity of the effluent.
Fig. 8 Effect of different mixing times on the coagulation effect.
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Thus, the best time for the slow occulation stage is 7 min,
where prolonging the mixing time can promote the polymer
chain adsorption bridging colloidal particles, forming dense
ocs and improving the coagulation effect. The rapid mixing
stage has a more signicant effect on the coagulation effect.
Therefore, the optimal hydraulic conditions were 300 rpm for
1.5 min for fast mixing and 120 rpm for 7 min for slow mixing.
This condition can signicantly improve the coagulation effect,
provide important technical parameters for the water treatment
process, ensure that the water quality meets the standard and
improve the treatment efficiency.

3.2.5 Inuence of water temperature on coagulation effect.
The sludge discharge from the Yellow River basin water puri-
cation plant in the summer period is characterized by high
concentration, where the water temperature changes day and
night, and thus water temperature has a signicant impact on
the coagulation effect. The sedimentation curves of the dis-
charged mud water with different water temperatures and the
effect on the coagulation effect are shown in Fig. 9. During
natural sedimentation, the sludge interface decreased slowly at
5 °C, and the suspended particles were in a gelatinous state;
with the increase in the water temperature, the sedimentation
speed was accelerated, and the best effect was achieved at 20 °C.
Aer intensive coagulation, when the water temperature was
Fig. 9 Settling curves of drainage water with different water temperatur

17484 | RSC Adv., 2025, 15, 17476–17490
increased from 5 °C to 20 °C, the turbidity of the supernatant
decreased from 52.5 NTU to 35.6 NTU, and the SV30 decreased
from 17.1% to 15.5%; and when the water temperature
increased from 20 °C to 25 °C, the turbidity of the supernatant
increased back to 45.05 NTU and the SV30 increased to 16.6%. At
5 °C, the coagulation effect was poor because the low temper-
ature increased the viscosity, weakened the Brownian motion of
the colloidal particles, and the oc formation was slow and
loose; at 25 °C, the effect was reduced, probably because the
high temperature caused the aging and decomposition of the
organic polymer occulant; the best enhanced coagulation
effect at 20 °C was attributed to the fact that PFS maintained
efficient occulation at low temperatures, generated more alum
owers, and the polymer chain of PDMDAAC had a good effect
on colloid bridging. Generally, the sedimentation and turbidity
of the effluent aer intensive coagulation were good, and
basically meet the water quality requirements.
3.3 Research on inuencing factors of supernatant water
quality and sludge settleability of drainage water

To improve the treatment effect of high turbidity and high
sediment discharge water, it is necessary to optimize the sludge
settling, concentration ratio and effluent water quality to ensure
the safety of reuse. The concentration of discharge water
es and the effect on the coagulation effect.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uctuates signicantly during the abundant water period, and
the content of pollutants increases with the concentration,
which directly affects the concentration ratio of coagulated
sludge and the quality of supernatant (e.g., turbidity, CODMn,
NH3–N, TP, metals and microorganisms). In this case, it is
difficult for a xed coagulant dosage to guarantee sludge set-
tleability and effluent water quality safety. Therefore, the
concentration of the discharge water and coagulant dosage were
used as variables to investigate their effects on the sludge
settlement ratio (SV30) and supernatant water quality indexes
under the optimal conditions of enhanced coagulation,
achieving the efficient and safe reuse of the supernatant and
reducing the amount of subsequent sludge treatment.

3.3.1 Inuence of sludge concentration and dosage on
sludge settleability aer coagulation. Fig. 10 indicates that at
the same coagulant dosage, a higher concentration of sludge
water results in a larger settled sludge volume (SV30) aer
enhanced coagulation, indicating a poorer sludge settling
performance.

In the concentration range of 0.608–1.84%, increasing the
dosage only led to a slow rise in SV30, with no signicant
improvement in settling performance. Excessive dosing may
even reduce the settling velocity. For concentrations in the
range of 1.84–4.14%, SV30 initially decreased, and then
increased, showing a limited enhancement in settling perfor-
mance, while overdosing had a negative impact.

In the range of 4.14–9.12%, increasing the dosage signi-
cantly improved the settling performance, with 21 mg L−1 being
the optimal dosage. However, excessive dosing led to a deterio-
ration in performance. When the concentration was below
4.14%, the optimal dosage was 13.65 mg L−1. In the concen-
tration range of 4.14–9.12%, the dosage could be gradually
increased to 21 mg L−1 to optimize the settling performance.

As shown in Table S2,† the solid content of the coagulated
sludge uctuated between 8.04% and 22.37%, which could
Fig. 10 Effect of discharge water concentration and dosage on sludge
settleability after coagulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
meet the sludge feeding requirements of various types of dew-
atering equipment; the specic resistance of the sludge was in
the range of 0.15–1.04 × 1012 m kg−1, which belonged to the
sludge with easy ltration or moderately easy ltration. Due to
the high solid rate and small specic sludge resistance of the
sludge treated under the best enhanced coagulation conditions,
the sludge dewatering performance was good, which would
greatly reduce the difficulty of sludge dewatering in the water
purication plant and enables the water purication plant to
choose more suitable dewatering equipment according to its
own needs. In the case of the sludge with 9% solid content, it
was only necessary to increase a certain amount of coagulant to
improve the settling speed of the sludge, reduce the specic
sludge resistance and improve the dewatering performance,
meeting the requirements of sludge dewatering in water puri-
cation plants.

3.3.2 Inuence of concentration and dosage of discharged
mud water on supernatant water quality. The inuence of the
concentration of mud drainage water and coagulant dosage on
the supernatant water quality was investigated with reference to
a water plant effluent water quality or other reuse standards.

Regarding the concentration of discharge water, as shown in
Fig. S1 and S2 in the Appendix,† under the optimal conditions
of intensive coagulation, with an increase in concentration, the
indicators of the supernatant increased and the water quality
became worse. When the concentration was less than 4.14%,
the turbidity of the supernatant was less than 50 NTU and most
of the indicators met the standard; when the concentration
increased from 4.14% to 9.12%, the turbidity and other indi-
cators signicantly increased. In terms of specic indicators, as
shown in Fig. 11 and 12, an increase in concentration increased
the turbidity and color, but at high concentrations, PFS–
PDMDAAC still had strong ability to remove turbidity and color.
In the case of CODMn, NH3–N and TP, an increase in concen-
tration led to an increase in their content, although some of the
indicators still met the relevant standards aer the coagulation
of high-concentration drainage water. The metal and microbial
Fig. 11 Effect of discharge water concentration on CODMn, NH3–N,
TP, turbidity and color of supernatant liquid.
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Fig. 12 Effect of discharge water concentration on supernatant Al, Fe,
Mn, Cd, total bacteria and fecal coliform counts.

Fig. 13 Effect of coagulant dosage on CODMn, NH3–N, TP, turbidity
and color of supernatant solution.

Fig. 14 Effect of coagulant dosage on supernatant Al, Fe, Mn, Cd, total
bacterial counts and fecal coliform counts.
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content also increased with an increase in the concentration,
where a low concentration was without the reuse risk, a high
concentration of microbial content exceeded the potential risk,
but the metal content of Al, Fe, etc. was lower than water plant
effluent, and the heavy metal content satised the drinking
water standards.

In terms of coagulant dosage, when the concentration of
discharged mud water was less than 4.14%, the supernatant
aer intensive coagulation treatment was of good quality; when
the concentration reached 9.12%, the turbidity of the effluent
did not meet the standard and some of the indexes exceeded the
quality of the rst water plant. To efficiently treat the actual
concentration of mud water and high concentration of mud
water during the abundant water period of the water purica-
tion plant, and to ensure the safety of its effluent water quality,
in this test, different dosages of PFS–PDMDAAC were used to
treat the mud water with 9.12% solid content, and the
minimum dosage was 13.65 mg L−1, the maximum dosage was
set at 31.5 mg L−1, the hydraulic parameters were unchanged,
and the effluent indexes were measured aer 30 min of static
settling. In the determination of the effluent indicators, the test
indicators are shown in Appendix Fig. S2,† and the indicators
are shown in Fig. 13 and 14.

When the dosage was increased to 15.75 mg L−1, the
turbidity and most of the indicators of the effluent reached the
water quality of a water plant, and some of the metals reached
the drinking water standard; when the dosage was 21 mg L−1,
the turbidity was further reduced and some of the indicators
reached the drinking water standard. When the dosage was
increased, the turbidity decreased slightly, and the color,
organic matter and metal iron content increased. In the case of
turbidity and chromaticity, an increase in dosage caused them
to decrease, while an overdosage caused the chromaticity to
increase due to iron ions. The CODMn content rstly decreased,
and then increased, the NH3–N and TP content gradually
decreased, and a dosage of more than 17.85 mg L−1 caused the
organic content of the supernatant to increase due to the
increase in residual organic coagulant. In the case of metals, an
17486 | RSC Adv., 2025, 15, 17476–17490
increase in dosage caused most of the metal content to
decrease, where metal Fe decreased rst, and then increased,
and a dosage of more than 17.85 mg L−1 caused the metal Fe
content to exceed the standard due to the increase in residual
iron ions.

As shown in Fig. 14, when the coagulant dosage increased
from 13.65 mg L−1 to 21 mg L−1, the total bacterial count and
fecal coliform count in the coagulated effluent decreased
sharply, dropping from 2980 CFU mL−1 and 1330 mpn per mL
to 950 CFU mL−1 and 495 mpn per mL, respectively, meeting
the effluent water quality standards of the rst water treatment
plant. When the coagulant dosage further increased from
21 mg L−1 to 31.5 mg L−1, the decline in total bacterial count
and fecal coliform count slowed signicantly, eventually
reaching only 790 CFU mL−1 and 340 mpn per mL, respectively.
This indicates that as the coagulant dosage increases, more
microorganisms are destabilized along with colloidal particles
and settle into the bottom sludge. At a dosage of 21 mg L−1,
PFS–PDMDAAC achieved the highest removal efficiency for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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colloidal particles and microorganisms in the water, and
further increasing the dosage provided marginal benets.
Therefore, from an economic perspective, the dosage should
not exceed 21 mg L−1.
Fig. 16 Zeta potential of supernatant after treatment with different
dosages of the coagulant.
3.4 Exploring the preliminary mechanism of intensive
coagulation treatment of mud drainage water

To investigate the coagulation mechanism of high turbidity and
high sediment discharge water from the Yellow River and verify
the experimental effect of enhanced coagulation, the zeta
potential of the supernatant and the morphology and particle
size of the sludge ocs aer enhanced coagulation were
measured and analyzed with the discharge water with 2.5%
solids as the object of the study.

3.4.1 Zeta potential analysis. Research shows that the
coagulation effect and coagulation mechanism can be judged
based on the zeta potential. In the one-factor test with different
mixing ratios and dosages of the compound coagulant PFS–
PDMDAAC, the zeta potential was measured for the supernatant
aer coagulation and sedimentation of the discharged sludge to
investigate the mechanism of enhanced coagulation and to
verify its effect. The test results are shown in Fig. 15 and 16.

The zeta potential of the raw drainage water wasmeasured to
be −16.1 mV, and thus the colloidal particles were negatively
charged. When different mixing ratios of PFS–PDMDAAC were
added, the potential rst changed from negative to positive with
an increase in the mixing ratio, and then decreased to negative
aer reaching 35 mV. Employing the compound ratio of 1 : 15,
the potential increased and the supernatant turbidity was 399.5
NTU, resulting in poor coagulation. This is due to the presence
of more PDMDAAC, the positive charge and colloidal negative
charge aer neutralization made the sludge positively charged,
resulting in the rejection of the absolute potential energy value
and potential to become larger, colloidal stabilization, and weak
adsorption bridging effect. At the compound ratio of 6 : 1, the
Fig. 15 Zeta potential of supernatant after adding different mixing
ratios of coagulants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
potential declined, the turbidity was low as 79.6 NTU, and the
coagulation was the best. This is because of the hydrolysis of
positive charge and good colloidal negative neutralization,
making the system unstable, the colloid easy to settle, and the
compound ratio of coagulant exhibiting both an electrical
neutralization and adsorption bridging effect, with rst cohe-
sion, and then bridging into a large oc. When the compound
ratio increased from 6 : 1 to 75 : 1, the potential decreased, the
turbidity increased, and the coagulation became worse because
the cationic hydrolyzed polymer decreased, the electrical
neutralization was weak, and the phenomenon of re-
stabilization appeared. When the overall compound ratio was
higher, the coagulation effect was good, and thus 6 : 1 was the
best, mainly playing the role of adsorption bridging and elec-
trical neutralization.

The original zeta potential of the drainage water was
−14.1 mV, and the colloids were stably suspended. With an
increase in the coagulant dosage, the potential increased
gradually from −14.1 mV, and the absolute value rst
decreased, and then increased. When the dosage reached
10.5 mg L−1, the potential was close to the critical potential, and
the turbidity decreased, but it was not the best dosage, which
indicated that the destabilizing and coagulating effect may not
be the best when the potential is close to the critical level. When
the dosage increased from 10.5 mg L−1 to 21 mg L−1, the
potential increase was small, but the turbidity decreased greatly
because the coagulant, in addition to electrical neutralization,
caused the polymer chain adsorption and bridging effect to be
strong, and the colloid formation of oc settlement and the iron
hydroxide precipitation had a neutralization and net paving
sweeping effect. When the dosage increased from 21 mg L−1 to
31.5 mg L−1, the potential increased, the turbidity increased
because of the overdosage, the polymer chain produced colloid
protection, and the phenomenon of re-stabilization occurred.
Therefore, the dosage of 21 mg L−1 is the best for turbidity
RSC Adv., 2025, 15, 17476–17490 | 17487
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removal, which mainly plays the role of adsorption and
bridging, and also has the role of electrical neutralization and
net paving and sweeping.

3.4.2 Analysis of oc morphology. To more comprehen-
sively observe the occulation changes in the discharged mud
water aer enhanced coagulation and analyze the enhanced
coagulation effect from macro and microscopic perspectives,31

the surface morphology of the sludge ocs aer enhanced
coagulation of the discharged mud water was photographed
and observed by combining the actual observation of the sedi-
mentation effect and scanning electron microscopy,32 and the
results are shown in Figs. S3 and S4.†

In Figs. S3 and S4,† it can be seen that the size, morphology
and structure of the sludge ocs aer intensive coagulation
treatment of drainage water were completely different from that
when the drainage water was untreated. In Fig. S3,† it can be
seen that in (a) there are almost no oc-like particles, but a large
number of ne suspended particles pooled together, with
almost no pores, belonging to poor settlement and (b) the gure
is almost all oc particles, and the oc obviously became
coarser, and the pores between the oc particles also increased,
and the settlement was better. In Fig. S4,† it can be seen that the
particle volume in (a) is smaller and the structure is tight, the
surface is more regular and strict, the porosity is small, and its
dewatering performance is poor and in (b) the oc volume and
particle size increased, which is more favorable for settlement,
and the porosity is larger and the structure is loose and porous,
causing the dewatering performance to be better.

3.4.3 Analysis of sludge oc particle size. The enhanced
coagulation effect of sludge water is affected by many factors,
among which the coagulant dosage and oc particle size are the
key factors.33 Research shows that the larger the oc particle
size, the better the settling performance, the smaller the specic
resistance, and the better the dewatering. Employing a laser
particle size analyzer, it was found that the average particle size
of the drainage water was 38.3 mm, and 90% of the oc particle
size was less than 54.6 mm, which had a poor natural sedi-
mentation performance. Aer the addition of PFS–PDMDAAC,
the particle size of the sludge particles increased signicantly,
and the settling performance was improved. In the rapid mixing
stage, the coagulant was mixed with the sludge discharge water
rapidly, and the colloidal particles were destabilized and coa-
lesced to form larger ocs, but the oc density was low; in the
slow occulation stage, the ocs formed larger and denser
particles through bridging, which further improved the settling
performance.

The experimental results showed that with an increase in the
PFS–PDMDAAC dosage, the particle size distribution of the
sludge ocs showed a trend of increasing, and then decreasing.
When the dosage was 5.25 mg L−1, the average oc particle size
increased to 84 mm (D50 = 91.1 mm, D90 = 152 mm), which was
2.19 times of that of the discharged sludge water, and the
settling performance was signicantly improved; when the
dosage was 21 mg L−1, the oc particle size oc reached the
maximum, and the average particle size was 238 mm (D50 = 244
mm, D90 = 328 mm), which was 6.21 times of that of the dis-
charged sludge water. At this time, the settling performance was
17488 | RSC Adv., 2025, 15, 17476–17490
optimal, and the turbidity and SV30 of the supernatant were 15.7
NTU and 18.2%, respectively. However, when the dosage was
increased to 31.5 mg L−1, the oc particle size decreased to 101
mm (D50 = 107 mm, D90 = 173 mm), and the turbidity and SV30 of
the supernatant increased to 25.3 NTU and 19.1%, respectively,
and the sedimentation performance was weakened, which was
probably due to the protective effect of the colloid. In conclu-
sion, the enhanced coagulation effect of the discharged mud
water was positively correlated with the oc particle size, and
the moderate dosage of coagulant could signicantly improve
the settling performance, but an excessive dosage would
weaken the coagulation effect.

IV Conclusion

(1) It was shown that under the conditions of a xed concen-
tration of inuent water, factors such as coagulant type, com-
pounding ratio, dosage, hydraulic conditions and water
temperature had a signicant effect on the treatment effect of
drainage water. The optimization experiments showed that the
best treatment effect was achieved with the PFS–PDMDAAC
compound coagulant (6 : 1 ratio), dosage of 13.65 mg L−1, rapid
agitation (300 rpm, 1.5 min) combined with slow agitation
(120 rpm, 7 min), and a water temperature of 20 °C, which
reduced the turbidity of the supernatant to 46.2 NTU and the
specic resistance of the sludge to less than 0.94 × 1012 m kg−1,
and the solid content was more than 8%, which meets the
requirement of direct dewatering. Its mechanism of action is
PFS compresses the bilayer to reduce the zeta potential through
electric neutralization, while PDMDAAC promotes the growth of
ocs through adsorption and bridging and net catching
sweeping, and the best synergistic effect was achieved by the 6 :
1 compound ratio; the dosage of 13.65 mg L−1 ensured that the
colloids were fully destabilized and at the same time, avoided
the phenomenon of re-stabilization caused by the reversal of the
electric charge; the optimized hydraulic conditions not only
guaranteed the uniform dispersion of the coagulant, but also
promoted the effective aggregation of ocs; and the water
temperature of 20 °C maintained the activity of the coagulant
and the rate of molecular movement, which guaranteed the
overall coagulation efficiency.

(2) This study showed that the concentration of the dis-
charged sludge water had a signicant effect on the enhanced
coagulation effect, which was characterized by concentration
dependence. When treating a low concentration of discharged
sludge water (<4.14%), a coagulant dosage of 13.65 mg L−1

achieved a good treatment effect, which is mainly due to the
large spacing of colloidal particles, and this the coagulant could
fully cover the particle surface and achieve a high efficiency of
destabilization and occulation; in the mid-concentration
range (4.14–9.12%), it was necessary to increase the dosage to
21 mg L−1 to maintain the treatment effect, which is due to the
increased collision probability of particles caused by the
increase in colloidal concentration, where more coagulant was
needed to maintain the balance of electro-neutralization and
adsorption and bridging. When the concentration exceeded
9.12%, even if the dosage increased, the treatment effect was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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still difficult to reach the effluent standard, indicating that there
is an obvious upper concentration limit in the application of
enhanced coagulation technology. The mechanism mainly
involves two aspects, where on the one hand, the spacing of
colloidal particles decreases under high concentration condi-
tions, leading to electrostatic repulsion and increase in the
spatial resistance effect, making it difficult for the coagulant to
effectively cover all the particles, which affects the formation of
ocs; on the other hand, the excessive addition of the coagulant
may trigger the phenomenon of charge inversion (zeta potential
changes from negative to positive), which results in colloidal re-
stabilization, and at the same time, excess coagulant may form
a colloidal protective layer, which inhibits the further aggrega-
tion of the ocs, and ultimately leads to a decline in the sedi-
mentation performance. Thus, the results of this study are of
great signicance in optimizing the coagulation treatment
process for different concentrations of drainage water.

(3) Through the systematic analysis of zeta potential, oc
morphology and particle size, the mechanism of enhanced
coagulation was revealed in depth. The zeta potential analysis
showed that the absolute potential value was the smallest (close
to 0) under the conditions of compound ratio of 6 : 1, at this
time, the Fe3+/Fe(OH)3 provided by PFS effectively neutralized
the negative charge on the surface of the colloid, and the
synergistic effect with PDMDAAC caused the colloidal particles
to reach the optimal destabilization state, and at this time, van
der Waals force dominated and signicantly promoted the
collision bonding between the particles. The observation of oc
morphology showed that the oc formed by enhanced coagu-
lation had a signicantly increased volume and loose porous
structure, and this special morphology not only improved the
settling rate by enhancing the gravity settling effect, but also
reduced the content of bound water due to its porous charac-
teristics, which signicantly improved the performance of
sludge dewatering. The particle size analysis further conrmed
that the average oc particle size increased from 38.3 mm to 238
mm at the optimal dosage of 21 mg L−1, which was due to the
synergistic effect of the electrical neutralization and adsorption
bridging by the coagulant; however, when the dosage was
higher than 21 mg L−1, the spatial resistance effect and possible
charge reversal of the coagulant led to a decrease in the oc
particle size and colloid re-stabilization, which ultimately
affected the sedimentation performance.
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