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Abstract

To improve the water quality of micro-polluted lake water, an integrated process of dissolved air

flotation (DAF)/modified attapulgite (M-ATP)/membrane filtration was applied to treat micro-polluted

lake water with poor sensory attributes. The results showed that the average removal rate for water

turbidity, color and odor using this process system were 95.8%, 83.1%, and 90.0% in order. Moreover,

the M-ATP unit had the best treatment effect in turbidity and odor removal, with removal rates of 48.7%
and 49.8%, respectively. While the DAF unit could remove 46.6% of the color at the same time. Based

on the analysis of different processing units, the correlation between the removal rates of different

processing units was explored using SPSS software. The results indicated that correlation between

the three processing units is negative. In addition, in the three-month operation period, the initial

transmembrane pressure (TMP) of the membrane device was about 2.3 kPa, and the final TMP was only

about 4.5 kPa. This research provided technical reference for the treatment of micro-polluted lake water.

Keywords: dissolved air flotation, modified attapulgite, membrane filtration, micro-polluted lake water,

sensory attributes

Introduction

The pollution of water resources not only severely
damages the ecology, but also directly endangers
human health. After water resources are contaminated,
the pollutants enter the human body through
drinking water or the food chain, causing acute or

e-mail: xuxpl979@126.com

chronic poisoning, and can also induce cancer [1-2].
Agricultural and industrial wastewater pollutes water
sources and can cause harm to multiple organs of the
human body. Water contaminated by parasites, viruses
or other pathogenic bacteria can cause a variety of
infectious diseases and parasitic diseases [3]. In recent
years, the rapid development of economy, technology
and urban population have led to the rapid increase
of agricultural, industrial and domestic wastewater
discharge. As a result, the pollution load of lakes in
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the city is increasing, and the water environment of the
lakes continues to deteriorate [4].

According to Ecological Environment Bulletin
of China in 2019, in the 1913 surface water quality
monitoring sections and 110 important lakes (reservoir)
water quality monitoring sections across the country,
the proportions of water quality of Grade IV and above
are 25.1% and 30.9%, respectively [5]. This shows
that the situation of lake water environment is still
not optimistic. In addition to the conventional water
pollution indicators, people are concerned about some
sensory indicators of water bodies, such as turbidity,
color, and odor, which affects the sensory evaluation of
urban water environment and the quality of drinking
water for urban residents [6-8].

Because of poor coagulation effect and organic
matter removal rate, as well as high odor concentration
in the effluent [9-11], it is difficult for conventional
water purification processes to meet the increasingly
stringent water quality standards when treating surface
water with low turbidity, high organic concentration,
and high nutrient concentrate [12-13]. Moreover, the
disinfection by-products are harmful to organism [14].
Therefore, the development of a low-consumption and
high-efficiency surface water treatment process is of
great significance for improving the surface water
environment, the safety and reliability of high drinking
water.

DAF is a water treatment technology that uses
micro-bubbles to adsorb suspended solids and then rise
to the water surface [15]. It is currently widely used
in sewage treatment, surface water purification and
industrial wastewater treatment industries. Relevant
studies have shown that the DAF process has a good
removal effect on algae, which is an important source
of odor [16]. At the same time, the adsorption capacity
of natural attapulgite is greatly improved after modified
treatment, and the membrane bioreactor has the
advantages of good effluent sensory properties [17-19].

In view of the sensory properties of micro-polluted
lake water, combined with the above three process,
the DAF/M-ATP/membrane integrated process was
developed [20]. The combined system was used to
treat the micro-polluted lake water, and its treatment
efficiency on sensory properties index were studied.
Compared with traditional tap water treatment process
of coagulation, precipitation, filtration and disinfection,
with the rapid cost decrease of membrane treatment
materials, this combined process can reduce the
treatment cost to a certain extent. At the same time,
membrane filtration, as the final processing unit, can

reliably guarantee the effluent quality when the water
quality fluctuates during the previous treatment process.
The aim of this study is to explore the efficiency of
DAF/ M-ATP/membrane combined process on micro-
polluted lake water. This investigation will further
explore the microbial community changes in the M-ATP
and further optimize the membrane fouling problem.

Materials and Methods
Experimental Set-Up

The integrated system is mainly composed of DAF
process unit, M-ATP filter unit and membrane filtration
unit (Fig. 1). The effective volume of the device is about
500L. First, the raw water enters the mixing chamber
after dosing and flocculation, and is mixed with the
microbubbles generated by the pressurized dissolved air
flotation method. Then the generated scum is scraped
off by a slag scraper. The DAF effluent water enters the
M-ATP filter unit, flows down through the filter and
finally enters the membrane processing unit. In the end,
membrane effluent is discharged into the outlet tank
through the drainage pipe after being filtered by the
membrane. This combined device has been continuously
optimized in previous research, and it could keep high
operating efficiency steady.

Natural attapulgite were taken from Xuyi County
of Jiangsu Province, and treated with sulfuric acid-
ultrasonic modification method to prepare M-ATP
particles with a particle size of 20-60 mesh [21]. The
main physical indicators of M-ATP particles are shown
in Table 1.

In view of the lake water quality characteristics and
the materials economic applicability, polyvinylidene
fluoride flat microfiltration membrane were selected as
the experimental membrane with a pore size of 0.2 pm
and an effective area of 0.05 m? (Bona, America).

Source Water

The raw water was sampled from Gehu lake
(119°44'15"E~119°52'56"E, 31°42'04"N~31°28'19"N)
in Changzhou of Jiangsu Province, China. During
the experiment, turbidity, color and odor of raw
water were approximately 7.0-8.3 NTU, 30-40 and
55-65 respectively. Water temperature and pH were
measured by the lake, and other water quality indicators
were transported back to the laboratory for further
determination.

Table 1. Contrast table of attapulgite physical properties before and after modification

Sample Specific surface area (m?/g) Average pore diameter (nm) Pore volume (cm?/g)
Natural ATP 2.034 10.5345 0.1203
Modified ATP 93.369 8.7043 0.2095
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Fig. 1. Configuration of DAF/M-ATP/membrane integrated system.

Operation Protocol

The system started running on June 10, and lasted
for more than 90 days. During the xperiment, the main
operating parameters were listed in Table 3. The pause
period of the membrane device was set at 5 min/h, and
during the pause, the membrane surface were aerated
and cleaned by aeration device. Samples were taken
from outlet tank every 1 day (1-10d), 2 days (10-30d),
3 days (30-60d) and 4 days (60-90d). The measurement
immediately started after the water sample was taken.

Analytical Methods
Conventional Indicators Analysis

PAC (Polyaluminum chloride, CAS:1327-41-9,
AICIHO, purity>99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) and dissolved to prepare 4 mg/L solutions
before use. Promazine hydrochloride (CAS: 53-60-1,
C17H21CIN2S, purity>99%) were purchased from
Beijing Sunkeda Technology Co., Ltd. (Beijing, China)
and then were stored at 4°C.

Turbidity was measured by Turb550 digital turbidity
meter (WYW, Germany); color was measured by

Table 2. Main process parameters.

platinum-cobalt standard colorimetry [22]; odor
was measured by odor threshold method [23];
transmembrane pressure difference was measured by
vacuum gauge; water temperature was measured by
cnjw/JWO01 type thermometer (WELLDAY, China); pH
was determined by HQ40d portable pH meter (Hach,
America).

Characterization of M-ATP

The modification method reference [24]. The surface
properties of prepared modified attapulgite, including
specific surface area and pore size analysis, and surface
morphology, were measured by surface area porosity
analyzer (BET, Beishide PSI) and scanning electron
microscopy (SEM, JEOL JSMITS800) respectively.

Statistical Analysis

All figures were carried out using the ORIGIN
package 8.5 (ORIGIN Inc.). Correlation coefficient of
removal rate were carried out by SPSS package 17.0
(SPSS Inc.). The correlation coefficient was conducted
by Pearson Correlation Coefficient, followed the
significance test was a two-tailed test.

Water | Flocculating | HRT of mixing | Reflux | HRT of separation | Thickness Filtering | Membrane Designed
inflow time chamber ratio chambe of M-ATP velocity pore size | membrane flux
2L/ 15 min 8 min 15% 20 min 800 mm 1 m/h 0.2 um 30 L/(m*h)
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Table 3. Correlation coefficient of removal rate.

Turbidity Color Odor
Removal Parameter
rate DAF | M-ATP | M™ | pap | meaTp | MM 1 par | meaTp | Mo
brane brane brane
Pearson Correlation
. 1 1 1
DAF Coefficient
Sig0.( two-tail)
Pearson Correlation | 5.0, 1 -0.532%* 1 0.473%* 1
M-ATP Coefficient
Sig0.( two-tail) 0.000 0.001 0.003
Pearson Correlation s s " .
Mem- Coefficient -0.658 -0.137 1 -0.621 -0.170 1 -0.373 -0.536 1
brane ) -
Sig0.( two-tail) 0.000 0.417 0.000 0314 0.023 0.001

Note: When the correlation coefficient r = 1, it is a completely positive correlation, and when r = -1, it is a completely negative
correlation. The closer |r] is to 1, the closer the correlation is. **Indicates that the correlation is significant at the 0.01 level

(two-tailed).

Results and Discussion
Results
Turbidity Removal in Three Units

The variations in water turbidity after each
processing unit were shown in Figs 2 and 3. the average
turbidity of raw water was around 7.48+NTU during
the experiment. And final turbidity of effluent was
0.32#NTU. Overall, the average turbidity removal
rate was 95.8% using this integrated processing
system (Fig. 2b). For the DAF processing unit, the
raw water was coagulated, and then the turbidity of
effluent maintained between 4.71 NTU and 5.59 NTU,
meaning the average removal rate was 30.7%. The
turbidity of M-ATP effluent was between 1.18 NTU
and 1.85 NTU with an average value of 1.53NTU. This
unit contributed about 48.7% to turbidity removal.
The turbidity of membrane effluent was around
0.10~0.60NTU with an average value of 0.32+NTU.
The average removal rate in this processing unit
was 16.4%. In the later stage of the experiment, the
turbidity of membrane effluent was basically between
0.10~0.20NTU. In summary, the order of turbidity
removal rate of the above three treatment units was
M-ATP>DAF>membrane.

Color Removal in Three Units

As shown in Figs 4 and 5, the average raw water
color were 33.51 while the membrane effluent color
was 5.68, and the average color removal rate was
83.1%. After the raw water was coagulated, the color of
DAF effluent water was between 15 and 25, which the
average value was 17.70, and the average removal rate
was 46.6%. The color of M-ATP effluent was between
10~15, which the average value was 13.11, and the

average removal rate is 13.9%. The color of membrane
effluent was between 5~10, which the average value
was 5.68, and the average removal rate was 22.6%.

10

—=— Raw water; —0— DAF effluent;
—A— M-ATP effluent; —»— Membrane effluent
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T

o~
T

Turbidity(NTU)

0 15 30 45 60 75 90
Time(d)

Fig. 2. Turbidity removal by the integrated process.
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Fig. 3. Comparison of turbidity removal rate of different
processing units.
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Fig. 5. Comparison of color removal rate of different processing
units.

The color of the membrane effluent was basically stable
at 5 in the end of the experiment. The color removal
rate of the above three processing units was in order:
DAF>membrane>M-ATP.

Odor Removal in Three Units

The average odor thresholds of raw water and final
effluent were 62.30 and 6.22 respectively (Fig. 6),
followed the total average removal rate of odor was
90.0%. The average odor value of DAF effluent, M-ATP
effluent and membrane effluent were 47.97, 16.89 and
6.22 respectively, and the average removal rate was
23.0%, 49.8% and 17.2% respectively (Fig. 7). In the
late stage of the experiment, the membrane effluent
odor was basically stable at 5. In summary, the odor
removal rate of the above three processing units was in
order: M-ATP>DAF>membrane.

Membrane Pollution Assessment
During the three-month continuous exeriment, the

pressure vacuometer values of the membrane device
were relatively stable. The TMP value fluctuated

—u=— Raw water; —0— DAF effluent;
—=A— M-ATP effluent; —¥— Membrane effluent

Time(d)

Fig. 6. Odor removal by the integrated process.
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Fig. 7. Comparison of odor removal rate of different processing
units.

slightly at the beginning of the experiment, but basically
remained at about 2.3kPa at 10d. At the end of the
experiment, the TMP value was about 4.5 kPa, which
indicated that the membrane fouling of the process
system could be kept at a low level. And this integrated
system ran well during the whole experiment.

Discussion
Processing Ability of DAF unit

The raw water forms flocs after adding flocculant.
In view of the water quality of lake water, such flocs
have relatively large volume and loose shape, so it is
difficult to achieve natural precipitation especially at
the condition of low temperature and low turbidity [25].
The DAF process mainly utilizes the copolymerization
and collision adhesion of microbubbles and floc
particles, as well as the netting, wrapping and bridging
effects of the flocs themselves to achieve the removal
of floc particle pollutants [26-27]. This process has also
achieved good practical applications in water plants in
Jinan city, Zhuhai city and other places [28].
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Fig. 8. Scanning electron micrographs of natural attapulgite and modified attapulgite: a) Natural ATP, b) Modified ATP.

DAF process has a significant effect on the
treatment of pollutants such as turbidity, color, odor,
permanganate index and algae in the water [29-30]. It
was found that the performance of microbubbles and
the hydraulic retention time have an important effect on
the removal of color in the experiment. When hydraulic
retention time in M-ATP was 1.5h, the effect of DAF
separation was the best. The DAF processing unit could
achieve the best results when the separation time was
1.5 h. Therefore, the effect of DAF on color removal was
best, with a removal rate of 46.6%. DAF has the second
highest removal rate of turbidity and odor. Chlorine,
2-MIB and Geosmin which could produce odor would
attach to the flocs during flocculation process [31].

Processing Ability of M-ATP Unit

Natural ATP and M-ATP are different aggregates
formed by mutual aggregation of crystal bundles
(including rod-like crystals). It could be seen from
Figure.8 that modification did not cause the crystal
bundles collapse or deform after acid activation.
Moreover, more pores were found which meant the
increasing specific surface area. The reasons for the
increased specific surface area after acid activation
are listed below. Firstly, the majority tetrahedron
and minority octahedron dissolved from ATP during
the process of acidification with sulfuric acid, which
account for the increased number of holes in attapulgite.
Secondly, acid modification could remove the impurity
such as carbonate in the ATP pores, making pores clear
and wide. Thirdly, the H* could replace part of ion
such as Na®, Ca* and Mg*" in ATP interlayer via ion
exchange because of the smaller radius [32-33].

Modification of natural ATP not only have more
specific surface area and pore volume, but also showed
the characteristics of good biological affinity. M-ATP
provided vast surface area for microorganisms to attach

and grow [34]. After the device system was in stable
condition, the surface of M-ATP gradually covered with
biofilm [24]. Biofilm could absorb suspended solids
and colloidal substances in water. They also showed
a good treatment effect on sensory indicators such as
turbidity, color and odor in water. On the other hand,
the particle size of M-ATP was 20-60 mesh, whose
function was similar to quartz sand filtration. From this
point of view, there is a synergistic relationship between
M-ATP and Therefore, while the biofilm on the carrier
is acting, M-ATP is also playing the role of filtering
and interception, further removing pollutants such as
turbidity, color and odor. In this study, the contribution
of M-ATP for turbidity and odor removal ranked first.
The variations of odor and taste from our research were
basically consistent with previous research conclusions.
And the turbidity removal rate was slightly different
from previous studies due to the difference in the
gradation of M-ATP particles [35-36].

Processing Ability of Membrane Filtration Unit

Membrane filtration process intercepts pollutants
via sieving effect [37]. Theoretically, particles with
a diameter smaller than 0.2pm can be retained and
removed by the microfiltration membrane [38].
Therefore, a pollutants such as turbidity, color and odor
could be reduced through membrane filtration. And the
quality of the effluent kept stable.

Due to the pre-treatment of DAF process and
M-ATP units, the pollutant load of the effluent was
relatively low when it entered the membrane filtration
process. Therefore, compared with the first two
processing units, the removal rate of the three sensory
indicators by membrane filtration process was relatively
low. Bulk pollutants such as suspended solids, colloids,
organic matter, and algae were almost non-existent.
Therefore, there was low pollution load for membrane
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filtration process and the system was in stable condition
during the experiment. At the end of the experiment,
the color of membrane effluent was stable at about 5,
with an average value of 6.22. The reason may be due
to the broken filaments of the microfiltration membrane
module and the shedding of the M-ATP surface material
[39-40].

Traditional research on the sensory properties of
lake water mostly focused on turbidity, this research
not only focused on turbidity, but also analyzed the
change of color and odor, which had wider coverage in
sensory properties. In addition, this combined process
could give full play to the advantages of DAF/ M-ATP/
membrane combined process, shortening the traditional
tap water treatment process. The combined process
not only has a higher removal rate for the sensory
properties of lake water, but also has a higher removal
rate for other water quality indicators, such as ammonia
nitrogen, total phosphorus, permanganate index, et al,
which referred to previous studies of research group
[20, 41].

Correlation Analysis

In order to reveal the correlation between the
removal rates of the three processing units, SPSS
software was used for correlation analysis. Pearson
Correlation Coefficient was selected to represent the
correlation coefficient. A two-tail test was chosen for
significance test. The correlation between three types
of sensory indicators, DAF, M-ATP and membrane
removal rate was listed in Table 4. In addition to the
general relationship of odor removal rate between DAF
and membrane process (-0.373), among the three types
of sensory indicators, the DAF process was closely
related to the other two process units and the correlation
was significant. The DAF removal rate of turbidity had
the highest correlation with the membrane removal rate
(-0.658). In addition, for turbidity and color removal, the
correlation coefficient between M-ATP and membrane
removal rate was low (-0.137, -0.170), indicating that the
correlation was general.

Conclusions

In summary, the present study showed the removing
effect of DAF, M-ATP and membrane filtration on
turbidity, color and odor of micro-polluted lake water.
Further, the correlation between those three processing
units was discussed.

(1) The DAF/M-ATP/membrane treatment system
has a good removal effect on the sensory properties of
micro-polluted lake water. The average removal rates
for turbidity, color and odor were 95.8%, 83.1% and
90.0%, respectively.

(2) For the removal of turbidity and odor, the
contribution degree of the removal rate of the three
processing units is in order: M-ATP>DAF>membrane;

the contribution degree of the removal rate of color is in
order: DAF>membrane>M-ATP.

(3) The membrane fouling of this combined process
is relatively low. The TMP at the beginning and the end
of the test are 2.3 kPa and 4.5 kPa, respectively, and the
operating device is operating well.
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