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ABSTRACT

Ammonia pollution occurs frequently in urban water supply systems. Zeolite is a kind of
promising adsorbent for ammonium removal. In an actual running water work, different
zeolite dosing points should have various influences on the effluent, which, however, draws
insufficient attention. This paper focuses on the analysis and selection of powdered zeolite
(PZ) dosing point in enhanced coagulation–sedimentation for treating micro ammonia
polluted raw water. We investigate the variations of effluent ammonium concentration,
turbidity, CODMn and UV254 of the coagulation–sedimentation schemes which have differ-
ent PZ dosing points and we also analyse the relevant causes. PZ dosing can induce extra
turbidity and the existing turbidity can inhibit ammonium removal to certain extent. In
CODMn and UV254 removal process, both synergistic effect and antagonistic effect exist, and
PZ dosing point determines which effect it is. PZ dosing has a significant synergistic effect
on promoting poly aluminium chloride to remove ammonium. Among the four PZ dosing
points, i.e. the suction well, the pipeline mixer, the early step of coagulation and the middle
step of coagulation, (1) when turbidity, CODMn and UV254 need to be removed effectively
and simultaneously, the suction well is the best PZ dosing point, and the PZ dosage must
exceed 1 g/L for removing CODMn; (2) when it is required that ammonium be removed in
priority, the early step of coagulation is the optimal point.

Keywords: Ammonium removal; Powdered zeolite (PZ); Coagulation–sedimentation process;
Dosing point

1. Introduction

Ammonia pollution occurs frequently in many
developing countries. Strategies have been developed
to remove this harmful chemical [1]. Conventional

biological treatments have limited efficiency on the
removal of ammonium. Among the materials or pro-
cesses proposed to reduce ammonium, zeolite is con-
sidered to be promising in laboratories or commercial
plants [2–5].

Natural zeolite is considered to be a certain type of
crystalline hydrated aluminosilicate with a framework
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structure containing pores [6]. For the hydrophilic sur-
face and cationic exchange ability, as well as its similar
pore diameters to that of ammonium ions, zeolite has
strong selective adsorption capability to ammonium.

In a conventional raw water purification treatment,
coagulant is mainly applied to remove turbidity and
natural organic matter (NOM) [7], and zeolite is
particularly efficient for removing ammonium [8,9].
Unknown synergistic or antagonistic effects may occur
in between. In another aspect, all the steps in purifica-
tion treatment are crucially important. If coagulation or
sedimentation fails, a large number of pollutants with
previous effluent including disinfection by-products
(DBPs) precursors will penetrate the sand filter blanket
of filter basin and discharge into subsequent chlorina-
tion process. As a result, a number of DBPs will
generate, and the problem is that a large portion of
those are cancerogens. Besides, zeolite particles may be
enmeshed by the flocs in the coagulation process and it
will impact ammonium removal efficiency greatly.
From the perspective of avoiding or alleviating the
above influences, zeolite dosing point should not be
chosen before or in the coagulation process. For ensur-
ing sufficient stirring time and adsorption time, zeolite
dosing point should be arranged at the beginning of
the treatment process. These may be the difficulties in
practical operation of zeolite enhanced coagulation,
which, however, draw insufficient attention.

The objective of this paper is the analysis and
selection of powdered zeolite (abbreviated as PZ) dos-
ing point in enhanced coagulation–sedimentation for
treating micro ammonia polluted raw water. Effluent
ammonium concentration variation of each scheme is
studied comprehensively. Since, water matrix like col-
loids or organic matters have a tendency to interfere
with ammonium removal [10,11], three other typical
contamination indexes are also measured to evaluate
their influences, i.e. turbidity, CODMn (chemical oxy-
gen demand, oxidant is potassium permanganate) and
UV254 (ultraviolet absorbance under 254 nm wave-
length). CODMn is used to measure the oxidisable
organic matter in water. Source water absorption of
UV light is widely attributed to the aromatic chro-
mophores present in NOM molecules dissolved in the
water [12]. Because of the good correlation to the dis-
solved part of NOM, UV254 is used as surrogate
parameter to dissolved NOM [7]. The water industry
also uses it to monitor sites for DBPs precursors
caused by NOM [13]. The different dosing points (spa-
tial and temporal), i.e. the suction well, the pipeline
mixer, the early step of coagulation and the middle
step of coagulation are set up for comparison. We
employ a sequence of jar tests as the main approach.
An analysis of removal effects of PZ and poly

aluminium chloride (abbreviated as PAC, coagulant)
is given. Finally, a brief summary of PZ dosing point
selection for different removing targets is drawn.

2. Methodology

2.1. Materials

Natural PZ used in the study were purchased from
Jinyun, China. These samples are grinded to become
200 mesh (70–77 μm) before use. Two hundred mesh
is the optimal grain size for achieving the best ammo-
nium removal efficiency in a certain condition [14].
Afterwards, the samples are washed with de-ionised
water and dried at 105˚C for 24 h [15]. The chemical
composition of natural PZ is shown in Table 1.

Micro ammonia polluted raw water samples were
collected from Lingqiao water work, which is located
near Yangtze River. All the ammonium present is
expected to be in ionic form and available for ion
exchange [16]. The general contamination index values
of these raw water samples and the relevant water
quality requirements in National Drinking Water Stan-
dard are listed in Table 2 [17]. Coagulant used here is
PAC (10% Al2O3, kept in 4˚C). This soluble aluminium
polymer has been used to remove colour and DBPs
precursors caused by NOM [18]. PAC can hydrolyse
and form complexes possessing high positive charges
[19]. Its dosing concentration is 18 mg/L (18 mg PAC
dosed into 1 L raw water).

2.2. Coagulation–sedimentation process

2.2.1. Batch study of different dosing points

A sequence of jar tests is employed as a successive
coagulation–sedimentation process, i.e. the suction
well, the influent pipeline, the pipeline mixer, coagula-
tion and sedimentation [21,22]. This batch adsorption
experiment is widely used for environmental purposes
[9]. Settings of dosing points of PZ and PAC in

Table 1
Chemical composition of natural Jinyun PZ (wt%)

Constituent Value (%)

SiO2 69.58
CaO 2.59
Na2O 2.59
MgO 0.13
Al2O3 12.20
K2O 1.12
Fe2O3 0.87
Loss of ignition 10.91

Note: Provided by Jinyun zeolite company.
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coagulation–sedimentation process are demonstrated
in Table 3. All steps and parameters refer to conven-
tional treatment scheme [20], as shown in Fig. 1. Both
PZ and PAC are dosed in the beginning of each step,
respectively. In our primary experiments, the early

step of coagulation shows a colloid destabilisation and
flocs forming stage. In the middle step of coagulation,
flocs are agglomerating and precipitating. This coagu-
lation–sedimentation process is consistent with the
actual running purification scheme in water works of
Shanghai, despite the lack of sand filtration and post-
chlorination (after sedimentation). We do not set these
two steps because we need to analyse the effluent
quality of PZ enhanced coagulation–sedimentation
procedure immediately.

Following the principle of consistency or closest to
the practical running condition in water works,
ambient temperature (25˚C) and intrinsic pH (7–8) of
raw water are kept in the experiment. Moreover, when
a temperature is close to 25˚C and pH is between 7
and 8, ammonium removal efficiency is relatively
good, as additional studies have reported [3,5].
Dry-type PZ dosing pattern is employed because it
has an equal effect on the effluent compared to wet-
type dosing pattern, and it is more convenient in lab.
Actually in water works, wet-type dosing pattern

Table 2
General contamination index values of raw water sample
and relevant water quality requirements in National
Drinking Water Standard

Raw water Standard requirements

pH 7–8 6.5–8.5
Turbidity (NTU) 296 ≤1
CODMn (mg/L) 7.04 ≤3
UV254 0.082 –
Ammonium (mg/L) 2.13 ≤0.5

Note: Under normal conditions, CODMn is required to be below

3 mg/L; CODMn concentrations in source water are above

6 mg/L, the CODMn values should be lower than 5 mg/L [17,20].

There is no clear requirement on UV254 at present.

Table 3
Settings of PZ dosing point and PAC dosing point

Suction well Pipeline mixer Early step of coagulation Middle step of coagulation

Scheme I PZ – – –
Scheme II – PZ – –
Scheme A PZ – PAC –
Scheme B – PZ PAC –
Scheme C – – PZ/PAC –
Scheme D – – PAC PZ
Reference I – – PAC –
Reference II 1,000 mL raw water sample precipitate for 30 min

Note: PAC dosage 18 mg/L is constant in each scheme and reference sample.

Fig. 1. Schematic sketch of coagulation–sedimentation process.
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would be more reasonable, as this dosing pattern
could reduce the raising dust.

The variation tendency of ammonium removal effi-
ciency using PZ is quick-increasing and slow-equili-
brating [23,24]. Thus, the contacting and stirring time
in above process are rather short [25], which is benefi-
cial to the emergency treatment of ammonia pollution
in water works. The dosage range of PZ in this study
is 0.2–4 g/L (0.2–4 g PZ dosed into 1 L raw water), for
the reason that our preparation experiment indicates
that more dosage (>4 g/L) cannot significantly
improve the ammonium removal efficiency, but
increases the material’s cost.

A series of 1,000 mL micro ammonia polluted raw
water samples are added to stirring beakers. Corre-
spondingly, quantities of PZ and PAC are dosed in
each point referring to Fig. 1. Effluent contamination
indexes of ammonium, turbidity, CODMn and UV254

are measured. Under the same condition, 1,000 mL
raw water sample is coagulated (added with equal
quantities of PAC) and precipitated as Reference I. In
addition, another beaker of 1,000 mL raw water
sample is precipitated for 30 min as Reference II, as
listed in Table 3.

2.2.2. Measurement of effluent contamination indexes

Turbidity is measured by HACH 2100P portable
turbidity metre [26]. Ammonium concentration is mea-
sured through the standard nesslerisation method
using Shimazu UV-2550 spectrophotometer [27,28].
CODMn is measured through the acid titration method
using potassium hypermanganate [29]. UV254 is mea-
sured by Shimazu UV-2550 spectrophotometer [30].
Effluent samples are filtrated by 0.45 μm filter mem-
brane to eliminate the disturbance of turbidity before
measuring UV254. Unless specifically noted, all
reagents used in this study are analytically pure.

3. Results and discussion

In Table 4, compared to the single sedimentation in
Reference II, coagulation–sedimentation in Reference I

remove turbidity almost completely. Turbidity is usu-
ally derived from colloids and some solid particles
suspended in water. Colloids cannot precipitate during
sedimentation, but they can be destabilised and
precipitated during coagulation through charge
neutralisation and enmeshment by Al3+ and hydroly-
sed aluminium flocs (most efficient component is
Al13O4ðOHÞ7þ24 ) from PAC [31,32]. Sedimentation
hardly has removal effects on ammonium and UV254.
It indicates that the organic matter in which UV254 pre-
sents are dissolved, while the proportion of CODMn

which is removed through single sedimentation may
be adsorbed on solid phase particles. However,
coagulation–sedimentation has better removal efficien-
cies on UV254 and CODMn. It verifies that the coagula-
tion–sedimentation method is more effective on
removing turbidity and as many organic materials as
possible [33,34]. Both single sedimentation and coagu-
lation–sedimentation (only dose PAC) have a limited
efficiency on ammonium removal. This phenomenon is
consistent to some running cases in water works of
Shanghai.

3.1. Turbidity

Fig. 2(a) shows that the effluent turbidity values in
schemes I and II ascend rapidly with the increasing
dosage of PZ, till a high level. The turbidity values are
approximate. A same phenomenon also exists in
schemes C and D. However, their effluent turbidity
values will increase to relatively stable levels when
the PZ dosage is in excess of 3 g. Even when PZ is lar-
gely dosed, all the effluent turbidity values of schemes
A to D are relatively smaller than the initial ones (296
NTU).

In schemes I and II, only PZ is dosed. When the PZ
dosage is less than 1 g/L, the effluent turbidity values
are all below initial ones, which indicate that a small
amount of PZ has limited removal effects on turbidity.
It may be attributed to simple physical adsorption [16].
When the PZ dosage is close to or above 2 g/L,
the effluent turbidity values are all more than initial
ones, which means an overdose of PZ can also induce

Table 4
Turbidity, CODMn, UV254 and ammonium removal rate variation in single sedimentation and coagulation–sedimentation

Coagulation–sedimentation in Reference I Single sedimentation in Reference II

Turbidity (%) 99.9 69.1
CODMn (%) 60.2 32.4
UV254 (%) 26.8 0
Ammonium (%) 1.6 1.4

Note: Settings of References I and II are listed in Table 3.
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extra turbidity, and this can be resulted from the col-
loids which induced by PZ cannot be precipitated.
Comparing scheme A to I, or scheme B to II, we can
find that either initial turbidity or induced turbidity
can be removed effectively when PAC is added.
Under the condition of pH > 4, colloids of clay miner-
als like PZ are negatively charged [35–37], while the
hydrolysed aluminium cations or flocs are positively
charged. As a result, the colloidal particles are electro-
statically attached to the flocs (mainly in early step of
coagulation) [32]. This should be the reason, why
turbidity induced by PZ can be removed by PAC
effectively.

Turbidity values of effluent from schemes A and B
in Fig. 2(b) are quite low and they present a linear
growth with the increasing of PZ dosage. In these two

schemes, a longer time of stirring promotes PZ to
remove more turbidity. When PZ is dosed in the
middle step of coagulation, as in scheme D, the
turbidity removal efficiency is worse than the dosed
in the early step of coagulation. In the middle step of
coagulation, PAC has already hydrolysed to become
flocs, and the flocs are agglomerating and precipitat-
ing subsequently. Hence, the PZ colloidal particles’
removal through charge neutralisation or enmeshment
by Al3+ and PAC hydrolysate is incomplete (these two
physical reactions mainly take place in the early step
of coagulation), which results in higher effluent
turbidity in scheme D [31,32].

Furthermore, another phenomenon needs the
attention. Compared with the 99.9% of turbidity
removal efficiency of coagulation–sedimentation which
only dose PAC, as in Table 4, even the highest turbid-
ity removal efficiency (0.49 NTU, 99.8%) in the PZ
enhanced coagulation–sedimentation process (0.2 g/L
dosage of PZ, suction well, scheme A) is still slightly
lower, let alone more PZ dosage or other dosing
points. It reveals that PZ dosing is hardly conducive
to PAC removing turbidity. However, if the dosing
point is optimised, its effluent turbidity can reach the
water quality requirement.

Even turbidity can continue to be removed during
the subsequent filtration in water works effectively
[38], it is more reasonable to dose PZ into the suction
well, and simultaneously, its effluent turbidity reaches
the water quality requirement of National standard in
Table 2.

3.2. CODMn

In Fig. 3, all the effluent CODMn are less than the
standard requirement 5 mg/L. PZ dosing points have
a distinct impact on the effluent CODMn, which is
shown among schemes A, B and schemes C, D. For
the early step and middle step of coagulation, their
influence on CODMn removal seems similar.

Moreover, schemes A and B can get better removal
efficiencies, and their effluent CODMn values reach the
stringent standard requirement 3 mg/L when PZ dos-
age is more than 0.5 g/L. We compare the effluent
CODMn of each scheme to the black short dash line of
Reference I. When PZ is dosed in the early step or
middle step of coagulation, as in scheme C or scheme
D, their effluent CODMn values are higher than the
effluent from Reference I. It reveals that PZ dosed in
these two steps can inhibit PAC from removing
CODMn. When PZ is dosed in the suction well or pipe-
line mixer, the dosage is equal to or more than 1 g/L,
their CODMn removal efficiencies can reach or become

Fig. 2. Turbidity (NTU) of effluent as a function of PZ
dosage (g/L). (a) From each scheme; (b) from schemes A
and B. The black short dash line presents the effluent
turbidity of coagulation–sedimentation which only doses
PAC (Reference I), as in Tables 3 and 4.
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greater than 62.1 and 60.4%, respectively, which is
higher than the 60.2% of CODMn removal efficiency of
Reference I in Table 4. It indicates that PZ dosing can
promote PAC to remove CODMn under that dosing
point and dosage condition. These phenomena demon-
strate that PZ dosing can either promote PAC to
remove CODMn or inhibit to it, which means that syn-
ergistic effect and antagonistic effect all exist, and the
PZ dosing point determines which effect it is.

Moreover, a longer stirring time can promote PZ
to remove more CODMn. Both chemical adsorption
(dominant) and physical adsorption are involved in
the adsorption of organic constituents on zeolite, and
longer stirring time obviously promotes its adsorption
[16]. It is optimal to dose PZ in the suction well, and
the dosage needs to exceed 1 g/L.

3.3. UV254

Effluent UV254 of all the schemes are shown in
Fig. 4. Compared to the initial UV254 0.082 of raw
water, single PAC has a favourable removal effect on
this contamination index, as in Reference I. However,
possible maximum UV254 removal efficiency of PAC
may be more than that. Several studies confirmed that
coagulation pH appeared to be a determining factor
for maximum NOM removal, and the removal of
DBPs precursors was significantly enhanced at pH 5.5.
Hence, the initial pH 7–8 may not be appropriate for
PAC to become fully effective, though it is beneficial
for PZ to remove ammonium [39,40].

Similar to the phenomena in CODMn removal,
synergistic effect and antagonistic effect also exist in
PZ enhanced coagulation–sedimentation process
when removing UV254. In schemes I and II, PZ dos-
ing can synergistically promote PAC to remove
UV254. In these two schemes, PZ is dosed in the
suction well and pipeline mixer, respectively. The
mechanisms through which NOM is removed
include a combination of charge neutralisation,
entrapment, adsorption and complexation with coag-
ulant metal ions into insoluble particulate aggregates
[7]. Adsorption may be the major cause when PZ
removes the organic constituent such as dissolved
NOM [16]. Other studies proved that larger molecu-
lar mass and hydrophobic components of NOM can
be removed efficiently, whereas low molecular mass
and hydrophilic compounds are observed to be
resistant to removal in coagulation [41–43]. As the
raw water sample is micro polluted, aluminium
coagulant is not efficient to remove trace NOM [44].
Therefore, PZ may perform more efficiently to
remove the trace quantity, low molecular mass and
hydrophilic compounds than PAC, and positively,
its dosing point is a particularly important influenc-
ing factor.

UV254 content decline means effective reduction of
DBPs precursors’ risk, as DBPs precursors is caused
by NOM [18]. Among these schemes, suction well also
is the best dosing point for removing UV254, and its
effluent UV254 will descend with the increasing dosage
of PZ till a rather low level.

Fig. 3. CODMn (mg/L) of effluent as a function of PZ
dosage (g/L). The black short dash line presents the
effluent CODMn of coagulation–sedimentation which only
doses PAC (Reference I), as in Tables 3 and 4.

Fig. 4. UV254 of effluent as a function of PZ dosage (g/L).
The black short dash line presents the effluent UV254 of
coagulation–sedimentation which only doses PAC
(Reference I), as in Tables 3 and 4.
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3.4. Ammonium

Effluent ammonium concentrations of all the
schemes are shown in Fig. 5. Compared with the 1.6%
of ammonium removal efficiency of single PAC in
Reference I, PZ dosing has a significant synergistic
effect on promoting PAC by removing ammonium in
all the enhanced coagulation–sedimentation schemes.
Effluent ammonium concentration increases to a rather
stable value when the PZ dosage is in excess of 3 g,
and this may be attributed to the formation of aggre-
gates at a higher solid/liquid ratio of PZ particles [5].

Since PZ also has a capability to adsorb organic
matters, as confirmed by the results of CODMn exper-
iment and UV254 experiment in this study, PAC
removing a fair amount of organic matters can allow
PZ to retain a more adsorption capability for ammo-
nium removal because the adsorption capability of
zeolite is limited during an adsorption equilibrium
[2,45]. Moreover, organic matters like NOM can dis-
rupt PZ’s adsorption, but PAC dosing can reduce
this interference [46]. When PZ is dosed in the suc-
tion well or pipeline mixer, it will adsorb organic
matters and ammonium simultaneously, and the
adsorption will reach equilibrium in a short contact
time during the pre-process [23–25]. Hence, even
adding PAC to the post-process cannot promote PZ
to remove more ammonium. When PZ is dosed in
the early step or middle step of coagulation, PZ
adsorption and PAC hydrolysis proceed simulta-
neously, and PAC removes NOM through charge

neutralisation, entrapment, adsorption and complexa-
tion. It can allow PZ to remain more absorption-capa-
ble for removing ammonium [7,38]. This should be
the reason as to why the ammonium removal effi-
ciencies of scheme C and D are higher in comparison
to schemes A and B.

In scheme C, colloids including the negatively
charged clay materials’ colloids in raw water can be
destabilised by positive charged Al3+ and PAC hydro-
lysate through charge neutralisation or enmeshment
[35–37]. Hence, dosing PZ in middle step of coagula-
tion can avoid these negative effects to some extent,
because in the middle step, charge neutralisation is
almost over, and flocs are agglomerating and precipi-
tating. It can reduce the destabilisation of PZ colloids
and retain more available PZ for ammonium removal
[31,32]. This has been identified as the reason to which
the ammonium removal efficiency of scheme D is
slightly higher than scheme C.

However, all the effluent ammonium concentra-
tions do not reach the ammonium requirement of
National Drinking Water Standard (0.5 mg/L). It
should be noted that PZ enhanced coagulation–sedi-
mentation process in this study is not a complete
process as in actual running water works. There are
two additional processes following sedimentation,
i.e. sand filtration and post-chlorination in actual
water works. Ammonium will continue to be
removed effectively during these two processes in
water works.

Considering ammonium removal separately, the
middle step of coagulation is the best PZ dosing point
for ammonium removal. However, dosing PZ in the
middle step of coagulation can cause distinctly higher
turbidity in comparison to the early step of coagula-
tion (Fig. 2). As the ammonium removal efficiencies of
scheme D and scheme C are rather similar, it is
optimal to dose PZ in the early step of coagulation for
better comprehensive efficiencies.

3.5. Influence of turbidity, CODMn and UV254 on
ammonium removal

Figs. 6 and 7 reveal the influence of turbidity,
CODMn, UV254 on ammonium removal.

In schemes I and II of Fig. 6(a), turbidity almost has
the same impact on ammonium removal. Higher tur-
bidity relates to higher effluent ammonium compared
to the schemes C and D. The descended turbidity pro-
motes the decreasing ammonium concentration. In
other words, the existing turbidity may inhibit
ammonium removal to a certain extent. Nevertheless,
as the effluent ammonium concentration ranges of

Fig. 5. Ammonium concentration (mg/L) of effluent as a
function of PZ dosage (g/L). The black short dash line
presents the effluent ammonium concentration of coagula-
tion–sedimentation which only doses PAC (Reference I), as
in Tables 3 and 4.
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schemes I, II, A and B present few changes, much
lower turbidity cannot promote PZ to remove more
ammonium. The causes of this phenomenon are com-
plicated, which involves the adsorption characteristics
and dosing point of PZ [5,7].

PAC dosing barely presents apparent removal on
ammonium in the same experimental conditions,
which is depicted in schemes I, II, A and B of Fig. 7(a)
and (b). The ammonium removal efficiency range of Y
axis is nearly not changed, but CODMn and UV254

removal efficiencies improve significantly after dosing
PAC. PZ dosing point in coagulation process promotes
the ammonium removal efficiency while decreasing
the removal efficiency of CODMn and UV254, which
can be drawn from comparing schemes C and D to
schemes A and B of Fig. 7(a) and (b).

4. Conclusions

An analysis and selection of PZ dosing point in
enhanced coagulation–sedimentation treatment is
obtained through a sequence of jar tests, which pro-
vides a valuable reference for practical application of
PZ in water works.

PZ dosing can cause extra induced turbidity, and
it is not beneficial for PAC to remove turbidity. Worse,
existing turbidity can inhibit ammonium removal to a
certain extent. Dosing PZ in the suction well can mini-
mise this adverse impact, and consequently, the
effluent turbidity can reach the standard requirement.
PZ dosing can either promote PAC to remove CODMn

and UV254 or inhibit to it, which means both
synergistic effect and antagonistic effect exist, in the
meantime, the PZ dosing point determines which

Fig. 6. Influence of turbidity (NTU) on ammonium
concentration (mg/L). (a) In schemes I, II, C and D; (b) in
schemes A and B. Fig. 7. Ammonium removal efficiency variation in each

scheme. (a) Influenced by CODMn removal efficiency; (b)
influenced by UV254 removal efficiency.
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effect it is. It is optimal to dose PZ in the suction well
for removing CODMn and UV254 simultaneously. The
PZ dosage must exceed 1 g/L when removing
CODMn. Compared to the much limited ammonium
removal efficiency of single PAC, PZ dosing has a sig-
nificant synergistic effect to promote PAC to remove
ammonium. When ammonium needs to be removed
in priority, the early step of coagulation should be the
optimal point, but it can decrease the removal efficien-
cies of CODMn and UV254 on contrary. Furthermore,
only PZ enhanced coagulation–sedimentation process
cannot reach the effluent ammonium requirement in
National Drinking Water Standard. Ammonium will
continue to be removed effectively during sand filtra-
tion and post-chlorination processes in actual running
water works.

Acknowledgement

This study was financially supported by Science
and Technology Commission of Shanghai Municipality
(Project No. 13DZ2251700).

References

[1] S. Ringuet, L. Sassano, Z.I. Johnson, A suite of micro-
plate reader-based colorimetric methods to quantify
ammonium, nitrate, orthophosphate and silicate con-
centrations for aquatic nutrient monitoring, J. Environ.
Monit. 13 (2011) 370–376.

[2] R. Malekian, J. Abedi-Koupai, S.S. Eslamian, S.F.
Mousavi, K.C. Abbaspour, M. Afyuni, Ion-exchange
process for ammonium removal and release using nat-
ural Iranian zeolite, Appl. Clay Sci. 51 (2011) 323–329.

[3] Q. Du, S.J. Liu, Z.H. Cao, Y.Q. Wang, Ammonia
removal from aqueous solution using natural Chinese
clinoptilolite, Sep. Purif. Technol. 44 (2005) 229–234.

[4] A.A. Zorpas, Recycle and reuse of natural zeolites
from composting process: A 7-year project, Desalin.
Water Treat. 52 (2014) 37–39.

[5] K. Saltalı, A. Sarı, M. Aydın, Removal of ammonium
ion from aqueous solution by natural Turkish
(Yıldızeli) zeolite for environmental quality, J. Hazard.
Mater. 141 (2007) 258–263.

[6] S.B. Wang, Y.L. Peng, Natural zeolites as effective
adsorbents in water and wastewater treatment, Chem.
Eng. J. 156 (2010) 11–24.

[7] D. Ghernaout, B. Ghernaout, A. Kellil, Natural organic
matter removal and enhanced coagulation as a link
between coagulation and electrocoagulation, Desalin.
Water Treat. 2 (2009) 203–222.

[8] N. Widiastuti, H.W. Wu, H.M. Ang, D.K. Zhang,
Removal of ammonium from greywater using natural
zeolite, Desalination 277 (2011) 15–23.

[9] S. Eturki, H. Kallali, N. Jedidi, H.B. Ben Dhia,
Ammonium nitrogen removal from synthetic water by
treatment with Tunisian natural clay, Desalin. Water
Treat. 49 (2012) 227–233.

[10] I.R. Bautitz, R.F.P. Nogueira, Degradation of tetracy-
cline by photo-Fenton process-Solar irradiation and
matrix effects, J. Photochem. Photobiol., A 187 (2007)
33–39.

[11] W.W. Ben, Z.M. Qiang, X. Pan, M.X. Chen, Removal
of veterinary antibiotics from sequencing batch reactor
(SBR) pretreated swine wastewater by Fenton’s
reagent, Water Res. 43 (2009) 4392–4402.

[12] J.A. Leenheer, J.P. Croué, Peer reviewed: Characteriz-
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