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ABSTRACT: Ceramic membrane dewatering and filtration
technology is effective in reducing the water content of the

phosphate slurry. However, membrane fouling remains

an

unavoidable issue. Herein, by investigating the mechanism of
membrane contamination and developing innovative cleaning
solutions, we can effectively address this issue. The main fouling
form of ceramic membranes was observed to be complete blockage
through analysis of the fouling process at various pollution time
intervals by scanning electron microscopy (SEM) and mathemat-
ical model fitting. In addition, after cleaning severely contaminated
membranes with a pollution rate of approximately 90%, a cleaning
agent composed of surfactants, acid-washing agents, chelating
agents, and auxiliaries was developed to address the phosphate
contaminants. Owing to the combined effect of the detergent components, heavily soiled ceramic membranes can achieve a high flux
recovery rate of over 90% after cleaning. This work offers new insights into ceramic membrane fouling and cleaning during

phosphate slurry filtration.

1. INTRODUCTION

The nonrenewable nature of phosphate resources has resulted
in a growing interest in enhancing phosphate grades.'”* The
beneficiation of phosphorus ore consists of comminution,
separation, and dewatering steps.” After the phosphorus
concentrate undergoes flotation treatment, the slurry exhibits
a high water content, requiring dewatering and filtration."*
Owing to their advantages, such as high-temperature
resistance, corrosion resistance, high permeability, precise
filtration, ease of regeneration and cleaning, and long service
life, ceramic membranes are widely utilized in slurry
dewatering processes.” " Phosphorus concentrate ceramic
filtration represents a typical microfiltration process, in which
alumina ceramic membranes serve as a separation medium,
phosphate slurry is used as the feed liquid, and the pressure
difference between the interior and exterior of the membrane
acts as the driving force to achieve the dewatering of the
phosphate slurry. Membrane contamination is a critical issue in
almost all membrane separation processes.'”~'® During the
dehydration and filtration process, membrane contamination
can cause blockage material to deposit on the pores on the
outer surface of the membrane or inside the membrane,
thereby significantly reducing the membrane’s separation
performance and affecting the efficient and stable filtration of
ceramic membranes. Research on the mechanism of membrane
blockage is a prerequisite for solving membrane pollution
problems and can provide a reference for the selection of
membrane cleaning methods. Therefore, there is a pressing
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need to elucidate the mechanism of membrane contamination
and develop effective cleaning methods to promote the
sustainable use of contaminated membranes.

The classical clogging model is often used to analyze the
contamination clogging.'”~>' Li and others used a classical
plugging mathematical model to study the fouling and cleaning
of ceramic membranes during the ultrafiltration of lime sugar
cane juice. The study showed that the fouling of ceramic
membranes during the ultrafiltration of lime sugar cane juice is
dominated by the cake layer plugging model.”’ Cai et al.
systematically describe the mechanism of pollution and
blockage of ceramic membranes in the water treatment process
and propose that the problem of membrane pollution can be
solved in two ways: pretreatment before the membrane and
regeneration and cleaning after membrane pollution.'” The
determination of the membrane blockage model can provide a
basis for selecting a cleaning method for the ceramic
membrane. Cleaning of the contaminated ceramic membrane
is required to solve the problem of regenerating the
contaminated ceramic membrane. Ceramic membrane clean-
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Figure 1. Process flow and physical diagram of the experimental equipment. (a) Process flow diagram. (b) Physical diagram of the device

ing methods can be categorized into physical and chemical
cleaning,”*~** in which chemical cleaning is able to remove the
inner layer of clogging that cannot be removed by physical
cleaning.”*™** Currently, the phosphate concentrate dewater-
ing and filtration process uses nitric acid, citric acid, and
sulfamic acid to clean the contaminated ceramic membrane.
However, previous studies exhibit the following limitations:
(1) The clogging model for analyzing ceramic membrane
contamination in the phosphorite slurry dewatering and
filtration process is relatively underdeveloped. (2) Existing
cleaning methods primarily address ceramic membrane fouling
and contamination in water treatment with limited research on
cleaning methods specific to phosphorite-type clogging. (3)
The chemical cleaning method of contaminated ceramic
membrane is relatively single, mainly relying on strong acid,
strong alkali, or a combination of strong acid and alkali for
cleaning. For example, nitric acid is used to clean the
contaminated membrane in the phosphate concentrate
dewatering and filtration process; although it can remove
some of the pollutants, the corrosive and dangerous nature of
nitric acid may damage the equipment and increase the safety
risk. In order to achieve the goal of weak acid cleaning instead
of strong acid cleaning, the use of weak acid alone is often
ineftective and usually needs to be supplemented by the use of
detergents, such as surfactants and chelating agents, to improve
the overall efficiency of the cleaning process. However,
research on multicomponent cleaning agents and their cleaning
mechanisms is still limited. Therefore, there is an urgent need
to develop a multicomponent, safer, and more efficient
cleaning agent and to systematically and comprehensively
analyze its cleaning mechanism.

In this study, phosphate slurry was selected as the model
contaminant, and the time-varying curves of membrane flux
under different contamination durations, as well as their linear
fitting relationships with four classical membrane contami-
nation models, were explored through both model prediction
and instrumental analysis. Furthermore, a novel cleaning agent
was developed, and its cleaning efficacy on the contaminated
membranes was evaluated. Based on the composition of the
cleaning agent, its cleaning mechanism was further inves-

tigated. This study aims to provide a theoretical foundation for
the contamination and cleaning of ceramic membranes in the
dewatering and filtration of phosphate slurry.

2. MATERIALS AND METHODS

2.1. Phosphate Slurry. The raw material for the
phosphate rock powder was supplied by Wengfu (Group)
Co.,, Ltd. in Guiyang, Guizhou, China, and the main
components of the phosphate rock powder were fluoroapatite
(Supporting Information Table S1). Before use, the phosphate
powder needed to be dried at 60 °C for 10 h and sanded until
there are no visible lumps. Here, we briefly describe the
process of preparing the phosphate slurry solution. The specific
operation was to first add 1 L of deionized water and 150 g of
phosphate powder to a beaker and then stir for 1 h until the
solution was evenly mixed, and no obvious layering was
observed.

2.2. Membranes and Devices. An alumina ceramic
membrane (Zhenjiang Ruihe Machinery Fittings Co., Ltd,
Jiangsu, China) with a nominal pore size of about 5 ym was
used for the dewatering and filtration of phosphate slurry. The
ceramic membrane was of flat plate type with a diameter of 4
cm, a thickness of 9 mm, and a filtration area of 12.57 cm? The
chemical reagents used in the experiments included glycolic
acid (C,H,0;, >98%), polyether F68 (average molecular
weight 8350), fatty acid methyl ester ethoxylate (>70%), and
sodium citrate (C¢HNa;0,-2H,0, >99%), which were
purchased from McLean Chemical Reagents Ltd. in China.

Figure 1 illustrates the flowchart of the experimental setup.
Phosphorite slurry was fed into the feed tank from the feed
inlet, and the formation of precipitation was prevented by
homogeneous stirring. Then, the phosphate slurry was
dewatered and filtered through a ceramic membrane at a
pressure of 0.07 MPa. The flow rate, PH value, and
conductivity of the permeate were recorded in real time at
the end of the device, and the permeate was stored in the
permeate tank. During the whole process, the volume of each
filtration was 1 L and the filtration pressure was 0.07 MPa.

2.3. Characterization of Membranes. The particle size
distribution of the phosphorite powder was determined by
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using a laser particle size analyzer (Malvern Mastersizer 3000+
Ultra, UK.). The surface and cross-sectional morphologies of
the ceramic membranes at different stages of contamination
and after cleaning were observed by scanning electron
microscopy (SEM) (TESCAN MIRA LMS, Czech Republic)
and atomic force microscopy (AFM) (BRUKER Dimension
Icon). A contact angle analyzer (DSA-X Plus) was used to
determine the static contact angle of the ceramic membranes
before and after contamination and cleaning.

2.4. Membrane Contamination Experiment and
Membrane Cleaning. 2.4.1. Membrane Contamination
Experiment. In this study, 1 L of feed solution containing 150
g of phosphate rock was used for continuous dewatering and
filtration in a flat alumina ceramic membrane. The feed and
permeate channels of the membrane module were of the same
size, and the effective membrane filtration area was 12.5 cm?.
All experiments were performed at room temperature. The
contaminated membranes were removed after 4, 8, and 16 h of
filtration.

2.4.2. Contaminated Membrane Cleaning Experiment. A
cleaning agent was developed comprising a surfactant, a
detergent chelating agent, and an acid detergent. Specifically,
polyether and fatty acid methyl ester ethoxylate were utilized as
surfactants, sodium citrate was employed as a rinse aid,
hydroxyethylidene diphosphonic acid served as the chelating
agent, and acetic acid was used as the acid rinse agent.
Cleaning of membranes was performed after 4, 8, and 16 h of
contamination. The removed membranes were first dried in a
desiccator at 80 °C for 10 h and subsequently cleaned using a
homemade detergent (100 mL). The cleaning process of the
membrane included ultrasonic cleaning in a prepared cleaning
agent for 120 min followed by drying in a drying oven at 80 °C
for 10 h. Finally, the pure water flux of the cleaned ceramic
membrane was measured.

To measure the degree of membrane contamination, we
define and calculate the membrane contamination rate F as
follows

F = u X 100%

Jo (1)

where F is the membrane contamination rate (%), J, is the
initial unit membrane flux of the new ceramic membrane, and
J; is the unit membrane flux of the contaminated membrane
during dehydration filtration (mL/min-cm?).

The ceramic membranes were contaminated for different
periods under an operating pressure of 0.07 MPa, and the
membrane contamination during the filtration process was
recorded separately, specifically, the changes in the unit
membrane flux, permeate conductivity, and PH after 4, 8,
and 16 h of filtration. Subsequently, the membranes at different
contamination periods were cleaned, and the cleaning effect of
the cleaning agent was evaluated based on the membrane flux
recovery rate. The calculation formula is as follows:

R = é X 100%
J, ()

where R is the membrane flux recovery rate (%), J, is the unit
pure water membrane flux (mL/min-cm?) of the cleaned
membrane, and ], is the initial unit membrane flux (mL/min-
cm?) of the new ceramic membrane.

2.5. Fouling Blockage Modeling. The clogging filtration
law is used to describe changes in flux or system pressure

during dead-end filtration of porous membranes.”> There are
four types of clogging models for membrane filtration: the
completely clogged model, the standard blockage model, the
intermediate blockage model, and the cake layer filtration
model.’* The corresponding membrane contamination equa-
tions are in the form shown in Table 1.

Table 1. Membrane Contamination Model and Equation”

membrane contamination modeling mathematical equation

(™) = In(, ™) + kyt
]—1/2 =]—1/2 + kt
0 s

completely clogged model
standard blockage model

J T =g ke
JP =) 4kt

intermediate blockage model
cake layer filtration model

“ky, is the area of pore blockage per unit flux. k, is the cross-sectional
area of decline per unit flux. k; is the area of blocked membrane per
unit flux. k, is the area of the contamination layer formed per unit flux.

2.6. Analyzing the Cleaning Effect of Detergents
through the Membrane Cleaning Effect. An increase in
solution conductivity usually reflects an increase in the
concentration of free ions in the solution.”> By monitoring
the change in the conductivity of the filtrate in real time, it is
possible to indirectly determine whether the cleaning agent
effectively removes contaminants from the membrane surface.
At the same time, the real-time change of the filtrate PH can
also be used as another indirect indicator to assess whether the
cleaning agent has chemically reacted with the contaminants
on the surface of the ceramic membrane. In order to deeply
explore the cleaning effect of the cleaning agent, this paper first
tested and analyzed the conductivity and PH value of the
filtrate in real time during the cleaning process. Then, the
effectiveness of the cleaning agent in removing the
contaminants on the membrane surface was verified by
comparing the contact angle change of the contaminated
ceramic membrane before and after cleaning, combined with
SEM and AFM images.

2.7. Analyze the Cleaning Mechanism from the
Composition of the Cleaning Agent. The components of
cleaning agents include surfactants, chelating agents, acidic
cleaning agents, and pickling aids. Their role in the cleaning
process was analyzed in depth by incorporating the properties
of the selected reagents. Specifically, analyzing the interactions
and possible reactions between the cleaning agent and solid
clogging can help us understand the cleaning mechanism in
order to reveal its action more fully.

3. RESULTS AND DISCUSSION

3.1. Pollution from Phosphate Mines. Figure 2
demonstrates the variation of unit membrane flux and
conductivity of ceramic membranes during three repetitive
dewatering and filtration experiments of a phosphate slurry
over 16 h.

During the experiment, the unit membrane flux decreased
from 38.45 to 4.43 mL/min-cm®. After 4 h of continuous
dehydration and filtration, the contamination rate of the
membrane was about 30%. After 8 h of continuous
dehydration and filtration, the contamination rate increased
to 60%, and after 16 h, the contamination rate approached
90%. The real-time conductivity of the permeate showed a
steady decrease. The conductivity remained stable at about 0.7
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Figure 3. Fitting curves of continuous filtration for 4 h with four filtration models. (a) Completely clogged model. (b) Intermediate blockage

model. (c) Standard blockage model. (d) Cake layer filtration model.

mS/cm for the first 4 h and then decreased by about 25% after
8 h of continuous filtration. Finally, it was found that the
conductivity decreased by about 80% after 16 h of continuous
filtration. Based on the change curves of unit membrane flux
and conductivity, the different degrees of membrane
contamination were defined as mild contamination after 4 h
(membrane contamination rate of about 30%), moderate
contamination after 8 h (membrane contamination rate of

17920

about 60%), and heavy contamination after 16 h (membrane
contamination rate of about 90%).

3.2. Analysis of Membrane Contamination Mecha-
nism by Filtration Clogging Model. In this study, the
fouling process was systematically analyzed for different
continuous contamination durations to reveal the fouling
mechanism, and the changes in membrane flux during the
dewatering and filtration of the phosphate slurry by ceramic
membranes were fitted to different contamination models. The

https://doi.org/10.1021/acsomega.5c01000
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Figure 4. Fitting curves of continuous filtration for 8 h with four filtration models. () Completely clogged model. (b) Intermediate blockage

model. (c) Standard blockage model. (d) Cake layer filtration model

models employed include the completely clogged model,
standard blockage model, intermediate blockage model, and
cake layer filtration model. The mathematical equations for
each model are presented in Table 1, and additional details
regarding these models can be found in the prior study.*® The
results of fitting the membrane flux data to the different fouling
models for 4, 8, and 16 h filtration processes are shown in
Figures 3, 4, and S, respectively.

The linear correlation coefficients of each clogging model for
different time periods of the fouling process are as follows: for
the 4 h fouling process, the linear correlation coeflicients of the
completely clogged model, the intermediate blockage model,
the standard blockage model, and the filtration model of the
cake layer are 0.9795, 0.9639, 0.9709, and 0.9437, respectively
(Figure 3). For the 8 h fouling process, the linear correlation
coefficients of the completely clogged model, the standard
clogging for the 8 h fouling process, the linear correlation
coeflicients of the completely clogged model, the intermediate
blockage model, the standard blockage model, and the
filtration model of the cake layer, were 0.9824, 0.9423,
0.9653, and 0.8804, respectively (Figure 4). For the 16 h
fouling process, the linear correlation coefficients of the
completely clogged model, the intermediate blockage model,
the standard blockage model, and the filtration model of the
cake layer were 0.9926, 0.8958, 0.9585, and 0.7369,
respectively (Figure S).

These results suggested that the contamination process of
ceramic membrane dewatering and filtration of phosphate
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slurry is mainly dominated by a complete clogging model,
followed by the standard blockage model, and there are also an
intermediate blockage model and cake layer filtration model
involved. This also reflected the fact that the membrane fouling
process was the result of the combined action of multiple
forms of pollution. The attenuation of flux may be caused by a
combination of various pollution mechanisms, and the relative
importance of different pollution mechanisms may change over
time. The outer surface of the contaminated membrane will
form some large pores that are similar in size to the dirt
particles, mainly caused by the uneven pore size distribution
and the inconsistent size of the membrane pore channels. As
the contamination time increased, the linear correlation
coefficient of the completely clogged model gradually
approached 1, indicating that the pores of the ceramic
membrane were gradually blocked and the phosphate particles
gradually accumulated in the membrane pores, resulting in
increased membrane contamination and eventually complete
blockage of the pores. However, in the actual process, the type
of membrane clogging changes with the actual changes in
production and the dominance of the model may change
accordingly.

3.3. Analysis of Membrane Contamination Mecha-
nism by Phosphorite Particle Size Distribution. In order
to obtain the particle size distribution of the phosphorite, the
laser particle size analyzer was used in this study to determine
the particle distribution of the phosphorite without obvious
agglomeration after grinding, as shown in Figure 6. According
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size distribution curve. (b) Phosphorus powder particle size distribution frequency histogram.

to the particle size distribution curve, the particle size range of
phosphorite extends from 1 to 3500 ym, with the majority of
particles concentrated in the 20 to 500 pum range. The
frequency histogram of the particle size distribution indicates
that particles within the range of 0—500 um represent
approximately 80% of the total. The nominal pore size of the
ceramic membrane is S pm. As the contamination time
increases, large phosphorite particles gradually accumulate on
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the membrane surface, resulting in the obstruction of the
membrane pores; meanwhile, smaller particles enter the
membrane pores and accumulate, progressively obstructing
the pores, which ultimately leads to a decline in membrane
flux. This process elucidates the mechanism of ceramic
membrane contamination. The particle size in the feed liquid
directly affected the type of membrane fouling. Specifically,
particles smaller than the nominal pore size of the membrane
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Figure 7. SEM comparison of ceramic membrane pores and surfaces with different contamination time lengths. (a) New ceramic membrane pores.
(b) 4h contaminated ceramic membrane pores. (c) 8 h contaminated ceramic membrane pores. (d) 16 h contaminated ceramic membrane pores.
(e) New ceramic membrane surface. (f) 4 h contaminated ceramic membrane surface. (g) 8 h contaminated ceramic membrane surface. (h) 16 h

contaminated ceramic membrane surface.
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Figure 8. Ceramic membrane cleaning effect graph. (a) Membrane flux recovery rate with cleaning time. (b) Recovery curve of membrane flux after
repeated cleaning of a heavily contaminated membrane. (c) Time variation curve of conductivity of filtrate during the cleaning process. (d) PH
curve of the filtrate with time during the cleaning process. (e) Comparison of contact angle before and after membrane cleaning.

caused narrowing of the pore channels, particles of similar size
caused standard clogging, and particles larger than the
membrane pores promoted complete clogging, contributing
to the formation of a filter cake layer. Compared to the
intermediate blockage model and the cake layer filtration
model, the completely clogged model and the standard
blockage model showed better agreement with the measured
data. Due to the presence of numerous particles larger than the
membrane pores in the feed solution, these particles tended to
clog the pores of the ceramic membrane.

The mechanism of ceramic membrane contamination during
the dewatering and filtration of phosphate slurry was verified
through SEM observations of membrane pore contamination
at different times (4, 8, and 16 h), as well as on a new ceramic
membrane. As shown in the SEM results in Figure 7, after 4 h
of contamination, the membrane pores were partially blocked,
and the pore diameter was slightly reduced. When the
contamination time was 8 h, the accumulation of contaminated
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particles increased, causing most of the membrane pores to be
blocked and only a small amount of pore structure could be
seen on the membrane surface. After 16 h of contamination,
the accumulation of contaminated particles reached saturation,
the membrane pores were completely blocked and large
particles of contaminants severely blocked the pores. This
phenomenon is consistent with the theory of a complete pore
blockage.

3.4. Membrane Cleaning Effect. We cleaned heavily
contaminated ceramic membranes after 16 h of continuous
contamination, i.e.,, membranes with a flux reduction of about
90%. The main components of phosphate minerals were
analyzed, and it was determined that the contaminants were
primarily fluorapatite and dolomite (Supporting Information
Figure S1). Acidic cleaners were chosen because of their
combination of phosphate minerals and the properties of the
calcium and magnesium compounds. Cleaning experiments
were conducted on contaminated membranes, which exhibited
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Figure 9. SEM comparison of ceramic membrane before and after cleaning for heavy contamination. (a) Ceramic membrane pores before cleaning.
(b) Ceramic membrane pores after cleaning. (c) Ceramic membrane surface before cleaning. (d) Ceramic membrane surface after cleaning.

approximately a 90% reduction in membrane flux over various
durations. As shown in Figure 8a, the membrane flux recovery
remains stable at approximately 90% after 120 min of cleaning.
To evaluate the cleaning effect, we repeated the cleaning
experiments on the contaminated membranes with about a
90% decrease in membrane flux. After configuring the cleaning
solution, the contaminated membrane was cleaned by an
ultrasonic cleaning method for 120 min. During this process,
we recorded the change in the pure water flux of the
membrane before and after cleaning. By calculating the
recovery rate of the membrane flux, we further analyzed the
repeatability of the cleaning effect. According to Figure 8b, the
flux recovery rate for all membranes exceeds 90%, indicating
that the detergent developed has excellent and stable cleaning
power.

3.4.1. Conductivity Analysis during the Cleaning Phase.
To study the change in conductivity with time during
membrane cleaning, the experimental setup of Figure 1(b)
was used. The prepared cleaning solution was injected into the
material tank and pressurized to 0.07 MPa for filtration and
cleaning. The conductivity of the membrane filtrate was
monitored in real time at the right end of the device, and the
data was collected. The conductivity of the membrane-filtered
liquid was monitored in real time, and the data were
subsequently collected. The change curve of the real-time
conductivity of the cleaning solution as a function of the
cleaning time is presented in Figure 8c. Initially, the
conductivity of the cleaning solution is approximately 12.1
mS/cm, after 120 min of cleaning, it increases to approximately
13.7 mS/cm. This result suggested that the glycolic acid in the
cleaning agent might have reacted chemically with fluorapatite
and dolomite. For fluorapatite clogs, glycolic acid formed a
complex with calcium ions in fluorapatite through its carboxyl
group to produce calcium ethanoate, and in addition, the
amino group in glycolic acid may react with phosphate in
fluorapatite to form organophosphates. For dolomite plugs, the
carboxyl group in glycolic acid combines with calcium and
magnesium ions to form calcium ethanoate and magnesium
ethanoate, respectively. At the same time, glycolic acid may
promote the dissolution of fluorapatite and dolomite, releasing

carbon dioxide, calcium ions, and phosphate ions. These
chemical reactions helped some of the contaminants to be
removed from the membrane pores, and the conductivity of
the membrane solution gradually increased as the cleaning
solution flowed out.

3.4.2. PH Analysis of the Cleaning Phase. To investigate
the temporal changes in the PH of the cleaning solution during
the membrane cleaning process, real-time PH data were
acquired for the filtered liquid. The curve depicting the PH
value of the filtered solution as a function of the cleaning time
is shown in Figure 8-d. The results indicate that the PH value
increases gradually with an extension of the cleaning time,
suggesting that the hydrogen ion concentration in the surface
cleaning agent filtrate decreases over the course of the cleaning
process. This phenomenon may be due to the reaction of the
hydrogen ions in the cleaning agent with the calcium and
magnesium compounds, which dissolved some of the blockage
and thus consumed the hydrogen ions.

3.4.3. Changes in Membrane Contact Angle before and
after Cleaning. The hydrophilicity of the membrane surface
significantly influences the separation efficiency and fouling
resistance of the membrane. The wettability of the membrane
is typically assessed by measuring the water contact angle of
the modified membrane. The cleaning efficiency can be
evaluated by comparing the water contact angles of the
membrane before, after, and after cleaning. As shown in Figure
8-e, the contact angle of the membrane increases significantly
after contamination, which can be attributed to the blockage of
the membrane pores by contaminants, leading to a decrease in
the membrane’s hydrophilicity. After cleaning, the contact
angle of the membrane improved significantly, indicating that
the cleaning process effectively unclogged the membrane pores
and restored its hydrophilicity, thereby improving the
separation performance.

3.4.4. Comparative Analysis of SEM and AFM before and
after Membrane Cleaning. 1t is shown in Figure 9 that the
comparison of SEM images before and after membrane
cleaning indicates a significant reduction in the blockages
within the pore channels, an improvement in the membrane
flux, and an enhancement in the separation efliciency.
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Moreover, the quantity of clogged material adhering to the
surface of the cleaned membrane was substantially reduced,
further corroborating the effectiveness of the cleaning process.

Ceramic membranes gradually undergo contamination
during use due to electrostatic interactions and concentration
polarization. Contaminants may clog the membrane pores,
which leads to a reduction in membrane surface roughness,
thereby diminishing separation efficiency and shortening the
membrane’s service life. The cleaning effect of the heavily
contaminated membrane was further evaluated by using AFM,
as shown in Figure 10, which compares AFM images of the
membrane surface before and after cleaning with those of an
uncontaminated membrane. The results showed that the
average surface roughness (Ra) of the new ceramic membrane,
the heavily contaminated membrane and the membrane after
cleaning with the self-developed cleaning agent were 49.6, 24.5,

(a)

210.0 nm

-300.0 nm
(b)
50.0 nm
-50.0 nm
(c)
200.0 nm
-250.0 nm

Figure 10. 3D morphology AFM image of ceramic membrane surface.
(a) Uncontaminated membrane. (b) Heavily contaminated mem-
brane. (c) Cleaned membrane.

and 49.3 nm, respectively. This data indicated that the surface
roughness of the ceramic membrane was effectively restored
after cleaning, which further verified the effectiveness of the
cleaning agent.

3.5. Membrane Cleaning Mechanism. The solid fouling
removal process is typically divided into three stages: in the
first stage, solid fouling attaches directly to the membrane
surface. In the second stage, the detergent unfolds at the
solid—solid interface between the contaminant and the
membrane surface, with the process being facilitated by the
detergent’s penetration into the tiny gaps of the capillaries at
the solid—solid interface. In the third stage, the solid fouling is
dispersed and suspended in the detergent. The orthogonal
experiment (Supporting Information Tables S2—S4) on
cleaning agents showed that surfactants had the greatest effect
on cleaning solid dirt, followed by builders and chelating
agents, while the effect of acid cleaners was minimal. Based on
the high significance of each component, the membrane was
cleaned by arranging the components in order of priority, and
the results are presented in Figure 11. The experimental results

4 @

Detergent ingredients

1-surfactant

1 ¥ 2-surfactant+Detergent
3-surfactant+Detergent+Chelating agents
4-surfactant+Detergent+Chelating agents+Pickling agent

. 1 . 1 R 1 R 1
0 20 40 60 80 100

Membrane flux recovery rate(%)

Figure 11. Cleaning effect of each component of the cleaning agent
individually.

showed that the contribution of the surfactant to membrane
flux recovery was about 45%, while the contribution of acid
wash additives was about 40%. In contrast, the contributions of
the chelating agent and acid wash additive to membrane flux
recovery were 8 and 7%, respectively. These results indirectly
indicated that surfactants and acid wash additives were
significantly more effective than chelating agents and acid
detergents in removing membrane blockage. The above results
were consistent with the analysis of the orthogonal experi-
ments.

3.5.1. Cleaning Mechanisms of Surfactants. After the
ceramic membrane becomes contaminated, a significant
amount of clogging material is deposited on its surface,
including substances like dolomite and fluorapatite, which are
hydrophobic, leading to the formation of numerous hydro-
phobic sites on the membrane. When surfactants are
introduced into the cleaning agent, their molecular structure
exhibits amphoteric characteristics, with hydrophilic groups at
one end and hydrophobic groups at the other.”””® The
hydrophobic groups of the surfactant adsorb at the hydro-
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phobic points on the surface of the ceramic membrane, thereby
improving the hydrophilicity of the membrane. Polyether and
fatty acid methyl ester ethoxylates, as typical low-foaming
nonionic surfactants, exhibit high stability in addition to
favorable biodegradability. They do not ionize in aqueous
solutions and are unaffected by strong electrolytes, strong
acids, strong bases, or calcium and magnesium ions in hard
water.”> When the surfactant is dissolved in the washing
solution and penetrates into the crevice, the hydrophobic
groups of the surfactant are adsorbed onto the surface of the
ceramic membrane and the clogging material, respectively,
while the hydrophilic groups are extended into the detergent to
form a monomolecular adsorption layer. This adsorptive film
renders the solid dirt surface more hydrophilic,”” which
improves the compatibility between the detergent and the
ceramic membrane and the clogged surface.""*> This process
encourages the cleaning agent to spread over the solid—solid
interface between the ceramic membrane and the clogging
material, forming a liquid film. This film converts the solid—
solid interface between the clogging material and the ceramic
membrane surface into a solid—liquid interface, thereby
facilitating the removal of the clogging material.

3.5.2. Acid Detergent, Detergent Aid, and Chelating
Agent Cleaning Mechanisms. The main components of the
blockage are fluorapatite and dolomite, where fluorapatite
belongs to calcium fluorophosphate minerals, and dolomite is
mainly composed of calcium carbonate and magnesium
carbonate.’ The addition of hydroxyacetic acid can effectively
dissolve calcium and magnesium salts, thus realizing the
descaling effect. In addition, glycolic acid has low corrosiveness
to the ceramic membrane, and the safety risk in the chemical
cleaning process is small. As the pollutants and the ceramic
membrane surface are negatively charged, in contact between
the two, electrostatic repulsion can effectively slow down
membrane contamination. The addition of sodium citrate as a
rinse aid can not only effectively buffer the PH value of the
cleaning agent but also has a strong complexing ability, which
can complex with Ca®*, Mg?* and other metal ions,”*~*
reduce the concentration of these metal ions in the cleaning
agent, thus promoting the dissolution of calcium and
magnesium microsoluble substances. The cations in the feed
solution interact with the negative charges on the surface of the
substance, thus exacerbating the formation of contamination.
In order to effectively alleviate this problem, the chelating
agent 1-hydroxyethylidene-1,1-diphosphonic acid hydroxye-
thylidene diphosphonic acid is able to significantly chelate
hardness ions such as Ca**, Mg“, and other ions in the feed
solution, in particular by forming a stable hexacyclic chelate
with Ca®*,***” thereby preventing crystallization and deposi-
tion of these ions and reducing the dirt formation The
chelating agent not only has good scale inhibition effect but
also shows obvious solubility limitation effect.

4. CONCLUSIONS

This paper studied the contamination mechanism of ceramic
membranes during the dewatering and filtration of a phosphate
slurry and the cleaning methods. The results showed that
ceramic membranes were contaminated to varying degrees
over time during the filtration of phosphate slurry, affecting the
membrane’s filtration performance. In response to the
contamination problem, this article also discussed effective
cleaning techniques to restore the permeability of the
membrane and extend its service life.
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1. By analyzing the changes in membrane flux and
conductivity, it was observed that the membrane
contamination rates were 30% (mild), 60% (moderate),
and 90% (severe) after contamination periods of 4, 8,
and 16 h, respectively. Combining mathematical
modeling and SEM, the study indicated that ceramic
membranes in phosphate slurry dewatering and filtration
are primarily affected by complete and standard clogging
models, with intermediate clogging and cake layer
clogging models also contributing. Overall, membrane
contamination results from the interplay of multiple
mechanisms.

. In this study, a cleaning agent was developed with the
main components including surfactants (polyether and
fatty acid methyl ester ethoxylates), acid detergent
(glycolic acid), acid detergent additive (sodium citrate),
and chelating agent (hydroxyethylidene diphosphonic
acid). The cleaner was used to clean heavily contami-
nated ceramic membranes, and the membrane flux
recovery rate exceeded 90% after 120 min of cleaning,
which indicated its high reproducibility and effective-
ness.

. This study explored the cleaning mechanism of each
component of the cleaning agent. The solid fouling
removal process involves three stages: adhesion, spread-
ing, and dispersion. Surfactants facilitated the spreading
of the cleaning agent on the membrane surface and the
effective detachment of blockages by enhancing the
hydrophilicity of the contaminants. Acid detergents
dissolved calcium and magnesium salts, while acid
detergent additives adjusted the PH and complexed
Ca’"and Mg*". Chelating agents efficiently chelated the
hardness ions in the feed solution. The synergistic action
of these components ensured the efficient cleaning of
contaminated ceramic membranes.
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