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Abstract 

This study investigated the frequent blockages observed in the discharge pipeline in the chemical mechanical 
polishing wastewater treatment plant. Preliminary analyses indicated that blockages were predominantly consisted 
of residual organically‑bounded Al due to overdosage of polyaluminum chloride (PACl) and anionic polymer during 
coagulation‑flocculation process. To minimize the recurrence of blockage, jar test experiments were conducted in 
this study to identify optimum dosages of PACl and anionic polymer as well as optimum pH value. According to the 
model derived from jar tests, the optimum PACl dosage was dependent on the soluble Cu concentration of wastewa‑
ter with low initial turbidity [< 1000 nephelometry turbidity units (NTU)]. The PACl dosage would require more than 
5 mg  L−1 when soluble copper below 20 mg  L−1, while PACl is not necessary when more than 20 mg  L−1 of soluble 
copper in the wastewater. On the other hand, optimal PACl dosage was dependent on the initial turbidity of wastewa‑
ter with high initial turbidity (> 1000 NTU), while the optimal PACl dosage was 30 mg  L−1 when initial turbidity around 
7000 NTU. The change of pH in the range of 8 to 9.5 did not significantly affect the turbidity or Cu removal, however, 
higher pH increased the deposition of residual monomeric Al species which might lead to blockage. In summary, 
controlling PACl dosage at optimum dosage under the conditions of pH 8.5 ± 0.5 and 1 mg  L−1 polymer could reduce 
the blockage occurrence as well as maintain the effluent quality to meet the standards.
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1 Introduction
Coagulation-flocculation using polyaluminum chlo-
ride (PACl) has been widely applied to treat semi-
conductor wastewater, particularly the waste stream 
from the chemical–mechanical polishing (CMP) pro-
cess. The slurry used in CMP process typically con-
sists of ultrapure water, abrasive materials such as 
silica  (SiO2), alumina  (Al2O3), and ceria  (CeO2), and 
some additives like oxidizers, complexing agents, 

corrosion inhibitors, etc. [1]. Accordingly, the CMP 
wastewater contains a high proportion of total sol-
ids, Si, and Cu with a relatively basic pH and negative 
zeta potential [2–4], in which Cu is from the fabrica-
tion of Cu metallization [5]. Compared to conventional 
aluminum salts, PACl was proved to have better effi-
ciency in removing colloidal-Si [6–8]. Moreover, PACl 
has advantages, such as a broader range of optimum 
pH from 7 to 10 [9] and could generate stronger flocs 
[10]. The coagulation efficiency of PACl is associated 
with the highly positively charged polymeric Al spe-
cies  (AlO4Al12(OH)24(H2O)12

7+ known as  Al13, and 
 Al30O8(OH)56(H2O)24

15+ known as  Al30), which provide 
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charge neutralization, electrostatic patch, and bridging 
[11, 12]. The hydrolysis of Al salts dissolved in aqueous 
solutions can be described as follows [13]:

In order to enhance the coagulation-flocculation 
performance, the use of PACl has been coupled with 
polymer, which promotes bigger and stronger floc for-
mation by adsorption-bridging [14].

In most of the existing industrial wastewater treat-
ment plants in Taiwan, the coagulant and/or flocculant 
are overly dosed at constant rate to ensure turbidity 
removal and to reduce operational difficulty. Conse-
quently, the residual coagulants and flocculants could 
cause blockages in the discharge pipeline by post-
precipitation when flow velocity lower than the self-
cleaning velocity [15]. In the case of minor blockages, 
an increase in pumping rate is needed to compensate 
for the reduction of the total available head [16]. When 
the blockages become severe, measures such as water 
jetting or pipeline replacement are necessary, leading to 
additional maintenance costs and possibly temporary 
shutdown. Moreover, effluent and blockage interaction 
in the discharge pipeline might worsen the water qual-
ity affecting its compliance to the permissible limit. In 
the case, it is imperative to continuously maintain opti-
mum conditions in the coagulation-flocculation pro-
cess to prevent blockages from recurring, while it was 
proposed that turbidity, streaming current, and con-
ductivity could be the indicator for adjusting coagulant 
dosage automatically [17–19]. Furthermore, optimiza-
tion of coagulation conditions could also be modeled 
using mathematical approaches such as polynomial 
response models, explaining the relationship among 
variables [20], although previous researches focused 
only on narrow ranges of water qualities including tur-
bidity, conductivity, Cu and so on.

This study therefore aimed to optimize PACl dos-
age, polymer dosage, and pH, along with investigating 
the deposition behavior of residual metals (Al and Cu). 
Blockage samples collected from two CMP wastewater 
treatment plants were analyzed using scanning electron 
microscopy with energy dispersive X-rays (SEM/EDX). 
PACl, polymer, and pH were optimized using jar tests, 
and the deposition behavior of residual metals was 
investigated using in-bottle tests. Polynomial response 
models were derived to determine the relationship 

(1)Al3+ ↔ Al(OH)
+

2 ↔ Al(OH)2+ ↔ Al(OH)03 ↔ Al(OH)3(am) ↔ Al(OH)
−

4

(2)Al(OH)
+

2 → Al2(OH)
4+
2 → Al3(OH)

4+
5 → Al6(OH)

6+
12 → Al13(OH)

7+
32 → Alx(OH)

(3x−y)+
y

between the possible indicators (turbidity, zeta poten-
tial, pH, and conductivity) with the independent vari-
ables (PACl, adjusted pH, polymer).

2  Materials and methods
2.1  Wastewater treatment plants
Samples of wastewater and blockage were obtained 
from two CMP wastewater treatment plants in Taiwan, 
which used similar treatment processes. Besides CMP 
wastewater, the treatment plant also received effluent 
from the biological wastewater treatment plant, which 
makes up about 5% of the total inflow. The wastewater 
streams were combined in the buffer tank, then flowed 
to the pH adjustment tank where PACl was dosed, and 
the pH was adjusted to 8.5 by adding NaOH or  H2SO4. 
The process followed by rapid mixing in the coagula-
tion tank, slow mixing in the flocculation tank (with 
anionic polymer addition) and settling in the sedimen-
tation tank. Fig. S1 of Supplementary Materials shows 
that the discharge pipeline of both plants was blocked 
by fine particles that created rigid and dehydrated lay-
ers. The blockages were partial and cover the inner 
wall of the discharge pipeline. In Plant B, an intensive 
sampling was conducted to monitor the changes in 
turbidity, suspended solids (SS), colloidal Si, soluble 
Cu, soluble-Al, conductivity, pH, and zeta potential in 
the field, while the samples were taken from the buffer 
tank and sedimentation tank (effluent) for 3 wk with 
6 h intervals.

2.2  SEM/EDX analysis
SEM/EDX analysis was performed on the SS of efflu-
ent and the blockage samples collected from the 
plants. The effluent samples were prefiltered with 
Whatman Glass Microfiber Filter (GF/D 47 mm). The 
SS and blockage samples were then dried at room tem-
perature. One subsample of blockage from Plant A was 
heat-treated at 500 °C for 3 h to evaporate the organic 
matter. The composition of SS and blockages were 
characterized by SU8000 SEM, coupled to EDX detec-
tor (Hitachi, Japan).

2.3  Jar tests
All jar tests were carried out on wastewater collected 
from the buffer tank of Plant A and Plant B, and the 
PACl and anionic polymer used in the test were also 
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form the plant. The jar tests were conducted with a 
procedure following the operation in the plants, as 
described below. Firstly, 500-mL plastic vials filled 
with 200  mL of wastewater and placed on an orbital 
shaker with an adjustable speed. A predetermined 
dosage of coagulant was added to the wastewater, and 
the pH was adjusted using NaOH and  H2SO4 before 
being shaken at 100  rpm for 3  min. Polymer addition 
was then followed by mixing at 30 rpm for 15 min, and 
another 15  min of settlement was performed. Finally, 
40 mL of supernatant was taken for water quality anal-
yses and the in-bottle test, while the settled sludge was 
sampled to analyze the dry weight of the produced 
sludge. Two batches of jar test were conducted in the 
study. For the first batch, the polymer dosage was var-
ied (0–2 mg  L−1) under fixed pH of 8.5. For the second 
batch, the dosage of polymer was fixed at optimum 
value determined from the first batch of jar test, how-
ever, 40–50 mg  L−1 of  CuSO4 was added to raw waste-
water to spike the soluble Cu concentration while pH 
was adjusted in the range between 8–9.5.

2.4  In‑bottle test
To simulate the stagnant flow in the discharge pipeline, 
the supernatant sampled from the jar test was placed in a 
50-mL plastic tube and allowed to stand at room temper-
ature. After months, pH and the concentrations of total-
Al, soluble-Al, total-Cu, and soluble-Cu were measured. 
By subtracting the total concentrations of Al or Cu before 
and after the in-bottle test, the deposited-Al/Cu could 
be determined. It should be noted that only the superna-
tants from jar tests with high turbidity in each batch were 
collected for in-bottle test.

2.5  Polynomial response model
In order to establish the relationship between variables, 
the jar test data were fitted into polynomial response 
models given by Eq. (3), using the Curve Fitting Toolbox 
in MATLAB (Mathworks, Natick, MA) software.

In the equation, z is the dependent variable (response); 
x and y represent the independent variables; n is the pol-
ynomial degree of variable x; m is the polynomial degree 
of variable y; p is the coefficient. Each model was named 
Polynm, for example, Poly12 represents a surface fit-
ting with the first-degree polynomial model for variable 
x (n = 1) and second-degree polynomial for variable y 
(m = 2). The best-fitted model was determined by exam-
ining the numerical fit and graphical fit.

(3)z =

n

i=0

m

j=0

pijx
iyj

2.6  Analytical methods
Samples were sent to the Instrument Center of National 
Cheng Kung University for SEM/EDX analysis. The tur-
bidity was measured as nephelometry turbidity units 
(NTU) using a Laboratory Turbidimeter 2100  N (Hach, 
USA). Zeta potential was determined using Zetasizer 
2000 (Malvern Panalytical, United Kingdom). Conduc-
tivity and pH were determined using DS-51 conductivity 
meter (HORIBA, Japan) and pH/ORP controller PC-310 
(SUNTEX, Taiwan). Non-purgeable dissolved organic 
carbon was determined using the combustion infrared 
method using a total organic carbon analyzer (TOC-
500, Shimadzu, Japan). To analyze the soluble met-
als (Cu, Ni, and Al) in the sample, the supernatant was 
prefiltered using 0.22 µm membranes and then analyzed 
using inductively coupled plasma optical emission spec-
troscopy (ICP-OES; ULTIMA 2000, HORIBA, Japan). SS 
and sludge production were measured according to the 
Standard Methods 2540D and 2540B, respectively [21].

As for the silica analysis, including total-Si and dis-
solved-Si (filtered by 0.45 µm membrane), was performed 
as suggested by Bossert et  al. [22]: 1  mL of 2.8% KOH 
was added to the 25-mL samples and followed by 1 h of 
digestion in the autoclave. Samples for Al and Cu analy-
ses were firstly acidified with  HNO3 and  H2SO4 (1:1) and 
digested at 65  °C for 8 h [23]. After cooling, all samples 
were filtered through 0.22 µm membranes and then ana-
lyzed using ICP-OES to detect the metal concentration.

3  Results and discussion
3.1  Composition of suspended solid in the effluent 

and the blockage
To firstly identify the composition of SS in the effluent 
and the blockage, SEM/EDX analysis was applied, and 
the results are presented in Table 1 and Fig. S2. Except for 
C and O, Al (17.5%) was the highest element in the efflu-
ent taken from Plant A, whereas Si (24.7%) was dominant 
in that from Plant B (Table 1). The pipeline blockage in 
Plant A and B, however, exhibited high Al content, sug-
gesting that most of the operations in both plants were 
at overdosage of PACl. It was also revealed that a part of 
the blockage in the pipeline of Plant A was organic, since 
the percentage of C decreased from 32.5 to 7.0% after 
500  °C of heating for 3  h. In addition, the SEM images 
of both blockages in Fig. S2 were identical to those of 
high dosage of PACl described by Lin et al. [24] in which 
the sediments contain many amorphous matters. The 
results suggested that the blockage was mostly caused by 
enmeshment of residual particles by amorphous hydrox-
ide precipitate which then formed sweep flocs. Given 
that the main mechanism at this condition was sweep 
flocculation that is primarily promoted by colloidal Al 
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species [25], flocs formed by polymeric Al with small and 
medium size organic matter are colloidal and not easy 
to precipitate during sedimentation [26]. As higher dos-
age of PACl was added, more colloidal Al would present 
in the treated water, leading to Al deposition in the dis-
charge pipeline.

A considerable amount of Si and Cu elements were 
also found in the blockages from Plant A and/or B, while 
the SS in the effluents also contained Si. It is assumed 
that colloidal Si that was unsettled during sedimenta-
tion could form deposited Si in the pipeline of effluent, 
even when PACl was overdosed. In addition, the present 
of high C portion in both samples indicated the possible 
bounds of organic with Cu and with Si. The close per-
centages of Si (8.8%) and Cu (5.8%) in the blockage from 
Plant B indicate the formation of residual Si–O-Cu bonds 
that precipitated in the discharge pipeline [27].

3.2  Characterization of CMP wastewater in the treatment 
plant

Samples in Plant B were taken for 3 wk with 6 h intervals 
to monitor the variations in water qualities, as summa-
rized in Table  2. The influent wastewater contains high 
turbidity, SS, and soluble Cu with negative zeta potential, 

whereas the effluent contains low turbidity, SS, and solu-
ble copper with more positive zeta potential. Chemical 
oxygen demand (COD) concentrations in the influent 
and effluent were not monitored since they were always 
below 30  mg  L−1 according to operational experiences 
and the occasional sampling, implying that COD in the 
influent did not participate in the coagulation/floccu-
lation reactions. Soluble Cu and SS levels, the only two 
subjects that are regulated by Taiwan EPA, were far below 
the standards despite the high concentrations in the 
influent. The highest turbidity and soluble Cu recorded 
during the period were 41,100 NTU and 19.06  mg  L−1. 
The results implied that coagulation-flocculation using 
PACl as coagulant and anionic polymer as flocculant at 
pH 8.5 could effectively remove turbidity and Cu from 
the wastewater. The soluble Al and conductivity in 
the influent and effluent remained relatively the same. 
The pH of influent was mostly neutral, while pH of the 
effluent was about 8. A slight drop of pH, from 8.5 dur-
ing coagulation to about 8 in the effluent, indicates the 
hydrolysis of Al during the process [9]. The values of zeta 
potential were generally negative in the influent, which 
indicates the presence of negatively charged particles, i.e., 
colloidal Si, SS in wastewater. It was also revealed that the 
SS and colloidal Si were positively correlated to turbidity 
with a coefficient of determination (R2) of over 0.87, as 
shown in Fig. 1. It indicates that the source of turbidity 
and SS in the wastewater was potentially contributed by 
colloidal Si, which was in agreement with previous study 
by Kuan and Hu [2]. Silica particle is anionic at pH above 
2 and would dissolve in water by forming silicic acid and 
silicate ions at pH above 7 [28]. The zeta potential val-
ues were close to zero in the effluent, indicating charge 
neutralization by PACl during coagulation and floccula-
tion process, however, some were still negative despite 
the residual turbidity being less than 40 NTU. Aside from 
the residual colloidal Si, the negative zeta potential in the 
effluent was presumably caused by residual organic mat-
ter, namely anionic polymer. Saxena et al. [29] suggested 

Table 1 SEM/EDX results of the SS of effluent and blockages

Samples Elements (wt%)

C O Al Si Na S Cu

Plant A

 SS of effluent 45.20 25.95 17.52 6.57 2.45 2.32 ‑

 Pipeline blockage 32.47 34.38 27.60 3.70 0.65 1.20 ‑

 Pipeline blockage
(500 ºC, 3 h)

6.95 32.99 50.22 9.85 ‑ ‑ ‑

Plant B

 SS of effluent 25.57 40.56 6.29 24.67 2.90 ‑ ‑

 Pipeline blockage 25.52 36.23 23.65 8.82 ‑ ‑ 5.77

Table 2 Characterization of the influent and effluent in Plant B

a  76 samples; b 48 samples; c Permissible effluent limit by Taiwan EPA

Parameter Influenta Effluenta Standardc

Turbidity (NTU) 76–41,100 1–159 ‑

SS (mg  L−1) 8–4476 0.1–17.3 250

Colloidal Si (mg  L−1) 7–3876 0.1–15 ‑

Soluble Cu (mg  L−1) 0.08–19.06 0–0.29 1

Soluble Ni (mg  L−1) 0–0.59 0–0.21 0.7

Soluble Al (mg  L−1) 0.04–1.29 0.07–0.86 ‑

Conductivity (µS  cm−1) 637–5320 839–4830 ‑

pH 2.6–9.2 6.7–8.6 5—10

Zeta potential (mV) b ‑19.4—(‑3.8) ‑11.7—(3.8) ‑
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that the presence of total organic carbon as low as 2 mg 
 L−1 could exhibit zeta potential around -15 mV, while the 
remaining organic matter could contribute to the occur-
rence of the blockage as part of the C in blockage was 
mainly organic (Table 1).

3.3  Factors affecting PACl dosage
3.3.1  Effects of anionic polymeron PACl dosage
Figure  2 presents the result of the first batch of the jar 
test with the variation in the polymer dosage during 
flocculation. In all cases, the residual turbidity in the 
process with polymer addition was lower than those 
without polymer, and while the addition of anionic poly-
mer could improve turbidity removal, as shown in Fig. 2a 
and c. Moreover, the polymer also lowered the required 

PACl for low residual turbidity. PACl dosage of 150 mg 
 L−1 was required to reach residual turbidity of around 
30 NTU without the addition of polymer, while only 10 
and 50  mg  L−1 of PACl was required for wastewaters 
with low turbidity and high turbidity, respectively. Pol-
ymer addition would increase floc size and density and 
improve turbidity removal and floc settleability [30]. The 
higher dosage of PACl needed for the wastewater with 
low turbidity might be due to the limitation of interpar-
ticle collision, as the amount of colloidal Si was much 
lower than that with high turbidity. Polymer dosage of 
2 mg  L−1 did not further improve the turbidity removal, 
consequently, 1  mg  L−1 was considered to be the opti-
mum dosage in the following test. When the excess poly-
mer is added, the unoccupied polymer would remain 

Fig. 1 SS and colloidal Si as a function of turbidity in the raw wastewater (pH 6.6–9.34)

Fig. 2 Effect of polymer dosage on residual turbidity and soluble Cu at low initial turbidity of 580 NTU (a, b) and high initial turbidity of 1348 NTU 
(c, d). (Experimental conditions: PACl dosage 0, 10, 20, 30, 40, 50, 100, 150, 200, and 225 mg  L−1; polymer dosage 0, 1, and 2 mg L.−1; pH adjusted to 
8.5)
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free in the water due to the lack of available adsorption 
and bridging sites [31].

Under the optimum polymer dosage, most turbid-
ity could be removed, from 580 to 168 NTU (71%) 
and around 1350 to 60 NTU (95%), with only pH 
adjustment to 8.5 during coagulation. In this case, 
the coagulation-flocculation persumably occurred by 
double-layer compression due to the adsorption of 
positively charged ions on the Stern layer of silica [32], 
while Iler [28] also suggested that the adsorbed mon-
ovalent and divalent metal cations could bridge the 
silica particles and promote coagulation. The turbidity 
removal with only pH adjustment (no PACl and pol-
ymer addtion) may also be attributed to the increase 
of silica solubility at basic pH due to the dissolution 
of silica and complexation reaction with metals and 
organic matter [33].

Anionic polymer did not have a significant effect 
on soluble Cu removal regardless of the initial turbid-
ity (Fig. 2b and d). The soluble Cu was removed when a 
higher dosage of PACl was added. The colloidal Al spe-
cies (as Al(OH)3) could adsorb  Cu2+ with a capacity of 
370  mg   g−1 [34]. In addition, Lopez-Maldonado et  al. 
[35] suggested a removal mechanism of the metal cation-
organic complex via simultaneous adsorption of metal 
cation site to anionic polymer and organic matter site 
to polymeric coagulant. Although both positively and 

negatively charged polymers were present in the system, 
it seems that the first was the dominant one.

3.3.2  Effect of Cu and pH on PACldosage
With higher Cu concentrations in the second batch of 
jar test, results shows that the residual turbidity was 
mostly below 40 NTU no matter the initial turbid-
ity levels or the pH ranges between 8 to 9.5, as shown 
in Fig.  3. Wastewater with high turbidity, however, 
required higher dosage of PACl to achieve low residual 
turbisity, while higher dosages of PACl (150–200  mg 
 L−1) exhibited higher residual turbidity under high pH 
in the wastewater with low turbidity due probably to 
the restabilization of particles. In the test of low turbid-
ity wastewater with the pH of 8.5, low residual turbid-
ity could be achieved even when PACl was not added 
(Fig.  3a), which was different with that without Cu 
addition (Fig.  2a). Furthermore, the SEM/EDX results 
showed that there is lower portion of Al (23.7%) in the 
blockages for Plant B, in which Cu deposition occurred. 
The existence of Cu ions in coagulation-flocculation 
could lead to lower PACl dosage due to the synergistic 
effect through the interactions among coagulants, col-
loids, organics and Cu ions or Cu hydroxide (Cu(OH)2) 
formed at higher pHs. The precipitated Cu(OH)2 might 
increase the number of particles and compensate for 
the lack of quantity of particles, and it could also act 

Fig. 3 Effect of high Cu and pH on residual turbidity and soluble Cu at low initial turbidity (a, b) and high initial turbidity (c, d). (Experimental 
conditions: PACl dosage 0, 10, 20, 30, 40, 50, 100, 150, 200, and 225 mg  L−1; polymer dosage 1 mg  L−1; adjusted pH at 8, 8.5, 9, and 9.5;  CuSO4 
addition of 50 mg L.−1)
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as an electrostatic bridge for colloidal Si [30] although 
the mechanism may only occur at pH below 9 where 
Cu(OH)2 is positively charged [36]. In addition, the 
presence of 1  mg  L−1 anionic polymer could facilitate 
the formation of particle-binding cationic bridges via 
adsorbed  Cu2+ [37]. Similarly, the residual turbidity of 
the wastewater with high turbidity could be reduced 
to under 40 NTU even without adding PACl (Fig.  3c), 
as 10 mg  L−1 of PACl was required for that without Cu 
supplement (Fig.  2c). The lower requirement of PACl 
might be because of its slightly lower initial turbidity, 
as higher PACl dosage was needed to remove more col-
loidal Si as turbidity. Hence, it could be deducted that 
the optimum PACl dosage for wastewater with low ini-
tial turbidity was dependent on the initial soluble Cu 
in which higher initial soluble Cu required lower PACl 
dosage, and it was more dependent on initial turbidity 
for wastewater with high initial turbidity.

As for the Cu removal, it could be observed that 
higher pH exhibited lower residual soluble Cu although 
the effect was insignificant in wastewater with high ini-
tial turbidity (Fig. 3b and d), which was presumably due 
to the shift of Cu solubility by reacting with silicic acid 
[33]. The initial soluble Cu in wastewater with high initial 
turbidity was lower than that with low residual turbid-
ity, although almost the same amount of Cu was added. 
It implied that most Cu ions were adsorbed on colloidal 
Si in the wastewater with higher turbidity. The residual 
soluble Cu could be removed to less than 0.4  mg  L−1 
with no PACl addition regardless of the initial turbidity, 
indicating that the soluble Cu was removed by Cu pre-
cipitation by forming Cu(OH)2 at pH above 8 [34] and 
could meet the standard set by Taiwan EPA. Based on 
the results, the operation could focus on adjusting the 
PACl dosage for turbidity removal with the assurance of 
low residual soluble Cu because the main mechanism for 
soluble Cu removal was adsorption by colloidal Si and Cu 
precipitation.

3.4  Effect of PACl and anionic polymer on Al and Cu 
deposition

To simulate the deposition that happened in the dis-
charge pipeline which might lead to the blockage, in-
bottle test was conducted after the jar tests in which the 
supernatants were stagnated for around 10 months. The 
total residual Al and Cu before and after the stagnation 
of the first batch of jar test (under different polymer dos-
ages) are summarized in Fig.  4. Although the residual 
turbidity was decreased as PACl dosage increased, the 
residual Al was increased (Fig.  4a). This might be due 
to the small size of Al particulate in the treated water, 
hence it was not measured as turbidity during the anal-
ysis. Yao et  al. [38] revealed that small particles (less 

than 5 µm) could cause the light intensity to be equally 
scattered in all directions during the turbidity measure-
ment and interfere the result. Nevertheless, the result 
shows that overdosing PACl would increase the residual 
Al. At all conditions, the total residual Al after stagna-
tion was constant at around 1.5 mg  L−1, accordingly, the 
deposited Al followed the same trend as total residual Al 
before stagnation. Zhang et  al. [39] reported that poly-
meric Al species could deposit due to self-aggregation 
of  Al13(AlO4Al12(OH)24(H2O)12

7+) at high pH which 
increased its molecular weight. As pH and PACl dosage 
increased, the OH group of  Al13 had a weaker charge and 
an increased affinity to cations in a coiled structure [24]. 
In addition, the residual soluble Al was also reduced after 
the stagnation condition, indicating the deposition of 
soluble Al onto organic matter [26]. It was also observed 
that the pH of the supernatants was reduced during stag-
nation, as Table S1 summarized, implying the hydrolysis 
of residual monomeric Al and polymeric Al.

In the case of Cu, the total residual-Cu before stagna-
tion decreased as PACl dosage increased, and the total 
residual-Cu concentration after stagnation was relatively 
stable at around 0.25 mg  L−1. As more PACl added, the 
Cu ions would be absorbed by the formed flocs during 
coagulation-flocculation, hence less residual Cu. In sum-
mary, the addition of polymer increased the deposited Al 
and reduced the deposited Cu due to their reaction with 
anionic polymer, therefore polymer dosage needs to be 
optimized in order to minimize the deposit.

As for the second batch (under different pH during 
coagulation), the total residual Al and Cu before and 
after the stagnation are shown in Fig.  5. Results indi-
cate that pH would increase Al deposition, more signifi-
cantly at over dosage of PACl. In addition, the residual 
Al after stagnation condition was slightly increasing as 
the PACl dosage increase. The increase of residual Al 
might be caused by a build-up of residual monomeric 
Al (as Al(OH)4−), since the proportion of polymeric Al 
in PACl did not change much with increase in pH [40]. 
The pH of the supernatant during stagnation was also 
reduced (Table S2) although the reduction was less 
than those in the first batch (Table S1), implying the 
monomeric Al was hydrolyzed and deposited. Higher 
residual Al levels were observed after stagnation when 
adjusting pH as high as 9.5 during coagulation, indicat-
ing some flocs were formed by the residual soluble Al 
and organic matters in the supernatant. The effect of pH 
during coagulation on the deposition of residual Cu was 
not significant. In general, deposited Cu was the lowest 
with no PACl addition and increased at PACl dosage of 
10  mg  L−1. It could be possible that the residual mon-
omeric Al and polymeric Al bounded to Cu and form 
bigger flocs which apt to deposit.
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3.5  The deposition in discharge pipeline
According to the results obtained in jar tests, the sedi-
mentation in the discharge pipeline could occur when 
the addition of PACl was not optimized. First of all, 
although adding PACl reduces residual turbidity, over-
dosed PACl can result in the excess monomeric Al and 
polymeric Al in the treated wastewater (Fig.  4a). The 
residual Al, after hydrolysis, may deposit with residual 
organic matters, anionic polymer and/or Cu during 
stagnation, as shown in Table  2 that Al was the main 
element in the pipeline blockage in both plants along 
with organics (C and O) and/or Cu. Adding appropri-
ate concentration of polymer, such as 1 mg  L−1 in the 
study, could improve turbidity removal and produce 
the least Al and Cu deposits, while 2 mg  L−1 of poly-
mer addition only deposited the excess polymer. High 
soluble Cu in the wastewater reduces PACl required 
by forming copper hydroxides to increase precipi-
tates and act as an electrostatic bridge, while residual 

Cu deposits with Al during stagnation (Figs. 4 and 5). 
Controlling pH above 8.5 during coagulation aggra-
vates the deposit of residual Al due to the increase of 
monomeric Al, which forms more complex with resid-
ual organic matter. Secondly, in the case with absent 
PACl, residual Cu turns to adsorb onto colloidal Si and 
its aggregation with other flocs could also deposit in 
the pipeline, as part of Cu was still deposit after stag-
nation for 10 months (Figs. 4f and 5f ). In summary, it 
was highly suggested to operate the coagulation-floc-
culation process at the optimum dosage of the PACl, 
which was dependent on the initial soluble Cu for 
wastewater with low initial turbidity and on the ini-
tial turbidity for wastewater with high initial turbidity. 
Sensors and automatic controlling system for the dos-
age of PACl, in the case, are essential to prevent block-
age in the discharge pipeline, while predetermining the 
adjusted pH and anionic polymer dosage for the pro-
cess was also necessary.

Fig. 4 Effect of polymer on residual Al deposition (a, b, c) and residual Cu deposition (d, e, f). (Experimental conditions: Initial turbidity 1140 NTU; 
PACl dosage 0, 10, 20, 30, 40, and 50 mg  L−1; polymer dosage 0, 1, and 2 mg L.−1; adjusted pH at 8.5)
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3.6  Surface fitting regression for optimized PACl dosage
To figure out the optimum dosage of PACl, the obtained 
data from jar tests with pH adjusted at 8.5 and polymer 
dosage of 1 mg  L−1 were fitted into polynomial response 
models. It is known previously that PACl dosage of 
wastewater with low initial turbidity (< 1000 NTU) is 
more dependent on the initial soluble Cu concentra-
tion while that of wastewater with high initial turbidity 
(≥ 1000 NTU) is based on initial turbidity. In the case, 
initial soluble Cu and initial turbidity were used respec-
tively according to the initial turbidity as the independent 
variables together with the PACl dosage, while residual 
turbidity is the dependent variable. For the wastewater 
with low turbidity, model with degree of 1 on both initial 
soluble Cu and PACl dosage (Poly11) performed the low 
sum squared  error  and the highest adjusted coefficient 
of determination  (R2 = 0.79). Models with degree of 1 on 
initial turbidity and degree of 2 on PACl dosage (Poly12), 

on the other hand, were the best to describe the residual 
turbidity for wastewater with high turbidity. Accordingly, 
the optimal PACl dosage could be calculated, as Fig.  6 
depicted. Specifically, for wastewater with initial turbid-
ity of 1000 to 2200 NTU, the optimum PACl dosage was 
recommended to be 0 mg  L−1 (Fig. 6a), and it increased 
proportionately as initial turbidity increased. If the initial 
turbidity in the wastewater is below 1000 NTU, the con-
trol should be switched to initial soluble Cu concentration 
(Fig. 6b), while the optimum PACl dosage was determined 
to be 50 mg  L−1 for soluble Cu below 0.4 mg  L−1 and it 
decreased exponentially with soluble Cu concentration to 
0 mg  L−1 when soluble Cu above 18.8 mg  L−1.

4  Conclusions
In this study, SEM/EDX analysis, jar test, and in-bot-
tle test were used to link the pipeline blockages to the 
coagulation-flocculation process in the CMP wastewater 

Fig. 5 Effect of high Cu and pH on residual Al deposition (a, b, c) and residual Cu deposition (d, e, f). (Experimental conditions: Initial turbidity 1260 
NTU; PACl dosage 0, 10, 20, 30, 40, and 50 mg  L−1; polymer dosage 0, 1 mg  L−1; adjusted pH at 8, 8.5, 9, and 9.5;  CuSO4 addition of 50 mg L.−1)
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treatment plant. Results indicated that blockages were 
mainly caused by residual polymeric Al bound to organic 
matter, as well as the sedimentation of residual Cu and 
the turbidity (primarily colloidal Si). Therefore, the PACl 
dosage should be increased carefully according to the 
increasing initial turbidity and prevent residual Al in the 
effluent, while the addition of PACl could be reduced with 
increasing Cu concentration when initial turbidity is low 
and count on its self-sedimentation. It was also revealed 
that excess polymer addition resulted in higher Al and Cu 
deposition due to residual metal-anionic polymer flocs, 
and pH adjustment over 9 could lead to deposition of Al 
by forming complex of residual monomeric Al, organic 
matter, and colloidal Si. In sum, operation at the optimum 
PACl dosage, polymer dosage, and pH would minimize 
the blockage occurrence in the pipeline because the resid-
ual Al, Cu, and polymer would be reduced. Hence, it is 
suggested to use automatic control in adjusting the PACl 
dosage for the prevention of the blockage.
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