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as well as membrane fouling were investigated in the coagulation/ultrafiltration combined process. KMnO4 ox
dation altered the NOM characteristics in terms of hydrophobicity and molecular weight, and destroyed humi
substances originated from terraneous organisms in raw water. The optimal KMnO4 dosage was 0.5 mg·L−1 i
the peroxidation enhanced coagulation process with respect to the dissolved organic carbon (DOC) remova
When KMnO4 was dosed into both upstream and downstream of coagulation, namely in the proposed two
position dosing mode, coagulation and KMnO4 oxidation worked individually on the apparent DOC remova
However, compared to the KMnO4 addition prior to or after coagulation, the two-position dosing mode dramat
ically alleviatedmembrane fouling and reduced fouling irreversibility. This was attributed to the change of NOM
characteristics as a result of KMnO4 addition prior to coagulation and the presence ofMnO2 onmembrane surfac
as a result of KMnO4 addition prior to ultrafiltration. Thisworkmay provide useful information for the applicatio
of KMnO4 oxidation in the coagulation/ultrafiltration combined system.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
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1. Introduction

Drinkingwater safety is aworldwide public health concern. Conven
tional drinking water treatment process, which comprises coagulation
filtration, and disinfection in series, is very effective for turbidity remov
al and pathogen inactivation [1,2]. It has been commonly applie
around the world for quite a long time, and guaranteed the drinkin
water safety for the majority [3].

Natural organic matter (NOM) is ubiquitous in surface water an
introduces undelightful color and odor problems. NOM includes th
micro-organisms that are the source of infection and hence requir
disinfection agents to be added. Moreover, NOM is also believed to b
the precursor for disinfection by-products (DBPs) of chlorination [4,5
which are generally associated with potential causes for cancer and re
productive/developmental effects [6]. Therefore, NOM removal befor
disinfection is highly desired. Unfortunately, conventional coagulatio
is not effective in terms of NOM removal, especially for dissolve
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organic carbons (DOC). Enhanced coagulation, which achieves hig
NOM removal by lowering solution pH or increasing coagulant dose
is proposed by the United States Environmental Protection Agency [7
However, accompanying with the improvement on NOM removal, th
production of sludge is increased and the operation system
complicated.

Oxidation is a strong technique for organic pollutant degradatio
[8–10]. It is increasingly used in drinking water treatment to deal wit
the conflict between stringent regulations and poor surface water qua
ity. Besides the strong mineralization capability, oxidation can als
change the properties of NOM in water. Ferrate (VI) oxidation cleave
humus into small hydrophilic fractions at pH 7, and a high dose o
ferrate (VI) (20 mg·L−1) preferentially oxidized organic matters wit
molecular weight (MW) less than 1000 [11]. Ozonation destroys organ
ic molecules with MW higher than 3000 and produced smaller one
[12]. Compared with ozone and chlorine, potassium permanganat
(KMnO4) is a mild oxidant [13] and can markedly avoid the productio
of hazardous by-products. The application of KMnO4 in drinking wate
treatment has received great attention nowadays [14–16]. Beside
the oxidative degradation, NOM is also removed by adsorbing ont
the in-situ producedMnO2 nanoparticles as a result of KMnO4 reductio
[17]. It was reported that KMnO4 oxidation successfully removed DO
and reduced UV254 from sand filter effluent due to the breakdown o
strong hydrophobic organic matters, and the removal of neutral organ
Industry Press. All rights reserved.
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matterswas improved due to the adsorption of intermediateMnO2 [18
In addition, KMnO4 oxidation can enhance the coagulation perfor
mance. MnO2 nanoparticles produced by KMnO4 reduction serves a
coagulant seeds [19], and both the growth ability of flocs and the re
growth ability of broken flocs are consequently strengthened [14].

Ultrafiltration (UF) has been widely used in drinking water treat
ment thanks to its high effluent quality, high efficiency, high integrity
and low additive addition [20–22]. However, membrane fouling
which reduces the production efficiency and increases the operatio
cost, remains themajor problem for its application [23]. NOM, includin
polysaccharides, proteins, and humus, is recognized as the main reaso
for membrane fouling in drinking water treatment. Therefore, effectiv
removal of NOM prior to UF is a pre-requisite to overcome the mem
brane fouling issue [24]. Recent studies indicated that pre-oxidatio
with KMnO4 significantly alleviated the UF fouling, especially for th
irreversible fouling which was not removed by hydraulic backwashing
The possible mechanism involved the decline in NOM concentration
the alternation of NOM to species with less fouling capability, and th
coarse and loose cake layer structure adjusted by MnO2 nanoparticle
[25]. Besides, KMnO4 pre-oxidation also increases the membrane hy
drophilicity and narrows themembrane pore size, and consequently in
creases the long-term stability of UF [26,27]. In the KMnO4/coagulatio
hybrid process, cake layer with porous structure can be obtained, an
the filtration resistance decreases as well as the fouling irreversibilit
[28]. The positive effect, however, is significantly dependent on bot
KMnO4 and coagulant concentrations [15].

KMnO4 pre-oxidation as well as its assistance to coagulation ha
been testified to be effective for UF foulingmitigation, but little informa
tion can be obtained on the combination of these two positive ap
proaches. In this study, a novel mode of KMnO4 dosing was develope
based on the conventional coagulation/UF process, i.e., KMnO4 wa
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Table 1
Quality of raw water

Parameter Value range

Turbidity/NTU 2.38–6.02
pH 7.20–8.35
DOC/mg·L−1 4.03–5.96
UV254/cm−1 0.102–0.148
SUVA/L·mg−1·m−1 2.46–2.50

DOC: dissolved organic carbon; UV254: ultraviolet absorbance at
254 nm; SUVA: the ratio of UV254 to DOC.

supernatant 
after coagulation m

air pump

KMnO4 stock 
solution

Fig. 1. Schematic diagram of the e
added into both upstream and downstream of coagulation at the sam
time. The KMnO4 dosage proportion between these two positions wa
investigated for lake water treatment in terms of effluent quality an
membrane fouling. The underlying mechanism was discussed base
on the alteration of NOM characteristics and the fouling layer morphol
ogy. The results may provide some insight into the application o
KMnO4 oxidation for UF system.

2. Materials and Methods

2.1. Feed water and membrane module

Rawwaterwas collected from an artificial lake in Tianjin Polytechni
University, China. Its properties are shown in Table 1.

Polyvinylidene fluoride (PVDF) hollow fiber membrane was provid
ed by Tianjin Motimo Membrane Co., Ltd., China. The average mem
brane pore size was 0.02 μm. The internal and external diameters o
membrane fiber were 0.7 mm and 1.2 mm, respectively. Submerge
U-shape membrane module composed of 24 fibers was homemad
with an effective area of 0.036 m2. Before use, new membrane modul
was soaked in a 0.1% NaClO solution for 2 h, and then washed wit
deionized water.

2.2. KMnO4 pre-oxidation enhanced coagulation

Jar test was conducted for oxidation using KMnO4 and coagulatio
using polyaluminium chloride (PACl). KMnO4 stock solutio
(2500 mg·L−1) was first introduced into the raw lake water, and it
effective concentration was investigated in between 0 mg·L−1 t
1.0 mg·L−1. The contact time of oxidation was 20 min at a rotatio
speed of 40 r·min−1. PACl stock solution (2000 mg·L−1 as Al2O3) wa
subsequently introduced into the pre-oxidated lakewater, and its effec
tive concentration was at 30mg·L−1. The rotation speed of coagulatio
was programmed at 200 r·min−1 for 1 min, and then 40 r·min−1 fo
20 min. After settling for 30 min, the supernatant was used as the influ
ent for UF.

2.3. Ultrafiltration

Experimental UF set-up is shown in Fig. 1. Supernatant of the pre
treated lake water was pumped into the membrane tank (6 L). On/o
of the pumpwas controlled by the level gauge. Filtrationwas conducte
using a suction pump at a constant flux of 50 L·m−2·h−1. Mercur
effluentembrane tank

flowmeter

pump

xperimental ultrafiltration set-up.
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Fig. 2. DOC removal in coagulation/UF process with KMnO4 addition prior to coagulation.

91H. Zhao et al. / Chinese Journal of Chemical Engineering 26 (2018) 89–95
manometer was used to on-line monitor the transmembrane pressur
(TMP). When the two-position dosing mode was investigated, KMnO
stock solution (2500 mg·L−1) was also added into the supernatant o
the pre-treated lake water besides directly into the raw water. The e
fective KMnO4 concentration in the supernatant was investigated in be
tween 0 mg·L−1 to 0.5 mg·L−1. KMnO4 dosage in the raw wate
decreased as that in the supernatant increased, and the total effectiv
KMnO4 dosage in the two-position dosing mode was kept a
0.5 mg·L−1. Each filtration test ran for 2 h without backwash. New
membrane module was used for each test.

2.4. Molecular weight

MW distribution of dissolved NOM in lake water before and afte
KMnO4 oxidation was analyzed using asymmetric regenerate cellulos
ultrafiltration membranes (Ultracel, Millipore). Water samples wer
first filtered through 0.45 μm membrane. Permeates were then filtere
through Ultracel membranes with nominal molecular weight cut-o
(MWCO) of 1000, 3000, 10000, 30000, and 100000, respectively. NOM
MW was divided into six intervals, namely b1000, 1000–3000, 3000
10000, 10000–30000, 30000–100000, and N100000. Concentration di
ference of DOC in permeates was used to evaluate the NOM amount i
each MW interval.

2.5. Hydrophobicity and hydrophilicity

The hydrophobicity and hydrophilicity of dissolved NOM in lak
water before and after KMnO4 oxidation was analyzed using the com
bined Amberlite XAD-4 and XAD-8 resin procedure [29]. Five fraction
namely hydrophobic basic fractions (HoB), hydrophobic neutral frac
tions (HoN), hydrophobic acid fractions (HoA), hydrophilic fraction
(HiM), andweakhydrophobic acid fractions (wHoA)were quantitative
ly analyzed based on DOC values. Water samples were filtered throug
0.45 μm membrane. Permeates were fed into XAD-8 column, wher
HoN and HoB fractions were adsorbed. The eluate was then acidifie
with HCl to pH 2. The HoB fraction retained in XAD-8 was elute
using a 0.2mol·L−1 H3PO4 solution. The acidified eluate passed throug
the XAD-8 again to retain the HoA fraction. The eluate was then fed int
the XAD-4 column. ThewHoA fractionwas retained in XAD-4, while th
HiM fraction remained in the eluate.

2.6. Membrane fouling resistance

The overall filtration resistance (R, m−1)was calculated according t
Darcy's law (Eq. (1)):

R ¼ ΔP
μ J

ð1

where J is the permeate flux, L·m−2·h−1; ΔP is the transmembran
pressure, Pa; μ is the viscosity of water, Pa·s.

According to the resistance-in-series model, the overall filtration re
sistance was the summary of intrinsic membrane resistance (Rm, m−1

physically reversible fouling resistance (Rrev, m−1), and physically irre
versible fouling resistance (Rirr, m−1). Rm was determined by the pur
water flux of newmembrane. Physical cleaningwas conducted by back
wash using permeate and assisted with aeration at 10 L·min−1. The fi
tration resistance after backwash was determined by pure water flux
which was the summary of Rm and Rirr. Experiments of each conditio
were replicated three times, and the average values were reported.

2.7. Analytical methods

Ultraviolet absorbance at 254 nm (UV254) was determined by a
ultraviolet/visible spectrometer (Cary 60, Agilent). DOC was deter
mined by a TOC analyzer (TOC-VCPH, Shimadzu). SUVA was the rati
of UV254/DOC. Turbidity was determined by a HACH 2100N turbidime
ter. pH value was determined by a pH meter (SensION™ 156, Hach
Excitation-emission matrix (EEM) fluorescence spectroscopy was ob
tained using a luminescence spectrometer (Fluorolog 3–21, Jobi
Yvon). The excitation wavelengths were increased from 260 t
500 nm, while the emission wavelengths were increased from 260 t
550 nm. The step value was 5 nm. The surface morphology of mem
brane samples was analyzed using a field emission scanning electro
microscopy (FE–SEM) (S-4800, Hitachi). Before analysis, all membran
samples were dried at 40 °C for more than 12 h in a vacuum oven.

3. Results and Discussion

3.1. NOM removal by KMnO4 addition prior to coagulation

KMnO4 pre-oxidation enhancedNOM removal in the coagulation/U
process significantly (Fig. 2). Compared to the control test withou
KMnO4, DOC removal increased by around 100% at a KMnO4 dosage o
0.25 mg·L−1. However, further increase in KMnO4 dosage barel
changed the NOM removal. KMnO4 oxidation prior to coagulation als
markedly decreased the SUVA value from 2.26 L·mg−1·m−1 t
1.60 L·mg−1·m−1. High SUVA value of raw lake water indicated th
presence of organic molecules containing abundant unsaturated func
tional groups with strong ultraviolet absorption, such as humic sub
stances [30]. These organic matters were regarded as DBPs precursor
and contributed greatly to the harmful chlorination DBPs [31,32
KMnO4 was prone to attack the unsaturated functional groups wit
rich electron density, and oxidized them into oxygenous groups. As a re
sult, the SUVA value decreased significantly after KMnO4 addition.
Humic substances inwater sampleswere qualitatively and quantita
tively analyzed based on EEM images (Fig. 3). The strong peak withi
the Ex. values of 320–360 nm and Em. values of 420–460 nm in Fig. 3
namely Peak C, was assigned to the humic substances originating from
terraneous organisms [33,34]. This result was in accordance with th
property of the artificial lake water, in which organic matters mainl
originated from the leachate of the soil. The addition of KMnO
decreased the overall fluorescence absorption significantly, and the in
tensity of Peak C decreased by around 10%.

The effect of KMnO4 oxidation onMWdistribution of dissolvedNOM
is shown in Fig. 4.MWof dissolvedNOM in raw lakewaterwas less tha
100000, and small molecules with MW less than 1000 accounted fo
43% of the entire NOM(as DOC). Oxidationwith 0.5mg·L−1 KMnO4 sig
nificantly changed the MW distribution of NOM. The complex organ
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Fig. 3. EEM images of raw lake water (a) and water after KMnO4 oxidation (0.5 mg·L−1)
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matters in 30000–100000 decreased by 85%, most of which wer
destroyed into smaller molecules with simple structures. As a resul
the organic matters of 10000–30000 markedly increased by aroun
4.7 times. The breakdown of macromolecular organic matters to form
substances of lower MW due to KMnO4 oxidation was also reporte
by Lin et al. [18,25]. For smaller molecules with MW less than 10000
KMnO4 oxidized them in an easier and more complete way, such a
converting them into CO2 and H2O. Their average removal efficienc
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Fig. 4. Effect of KMnO4 oxidation (0.5 mg·L−1) on molecular weight distribution of NOM.
was 10%–50%. It should also be noted that large molecules with MW
higher than 100000 appeared after KMnO4 oxidation. Thiswas probabl
because of the dissolution and degradation of undissolved organic mat
ters in raw lake water due to the KMnO4 oxidation.

The characteristics of hydrophilic and hydrophobic fractions of dis
solvedNOMwere quantitatively analyzed to investigate themechanism
of KMnO4 oxidation onNOMproperties (Fig. 5). The stronghydrophobi
fractions of dissolved NOM in raw lake water, namely HoB, HoN, an
HoA, accounted for around 57% of the total DOC, which were almos
twice as HiM. The amount of HoN was less than that of HoA, but mor
than that of HoB. After KMnO4 oxidation, HoN markedly decreased b
64%. HoA decreased by 17%, and HoB increased by 41%. It seemed tha
HoN and HoAmight have been converted to HoB during the KMnO4 ox
idation. The total hydrophobic fractions decreased by 28%. According t
the EEM results (Fig. 3), it was reasonable to presume that the hydro
phobic fractions in raw water were the reason for the fluorescence ab
sorption. HiM was generally the NOM species of small molecules wit
strong polar functional groups, which was difficult to be removed b
coagulation. Our results indicated that 9% of HiM was removed afte
the KMnO4 addition. Overall, the NOM removal efficiency was 18% a
a result of the KMnO4 oxidation.
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3.2. KMnO4 dosing position on NOM removal

KMnO4 pre-oxidation can enhance the coagulation performance i
terms of NOM removal. Moreover, KMnO4 itself can remove som
NOM species, which are not able to be effectively removed by coagula
tion, through themechanism of oxidation and adsorption. Since NOM i
also key inducement for membrane fouling, especially for the irrevers
ible fouling, significant reduction of NOM concentration prior to UF i
highly desired [35,36].

In order to further remove NOM before UF, a two-position dosin
mode was proposed for KMnO4 addition in this study. A total dosag
of 0.5 mg·L−1 KMnO4 was divided into two portions. One was adde
prior to coagulation, while the other was added in the supernatan
after coagulation, i.e., prior to UF. Compared with the pre-oxidatio
prior to coagulation, the addition of partial KMnO4 after coagulatio
obtained a comparable NOM removal efficiency (Fig. 6). The maxi
mum NOM removal was 44% with half of KMnO4 delivered upstream
of coagulation and half downstream. It seemed that KMnO4 dosin
position did not affect its function in terms of NOM removal. Th
SUVA value slightly decreased when KMnO4 was added in the two
position dosing mode (Fig. 6). It should be noted that KMnO
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addition after coagulation introduced MnO2 nanoparticles into th
UF influent, and the turbidity consequently increased. Therefore
KMnO4 oxidation was usually used as pre-treatment technique i
the enhanced coagulation process [37]. UF can effectively retain th
MnO2 nanoparticles, which made the addition of KMnO4 after coag
ulation an alternative dosing position in the coagulation/UF com
bined process. However, DOC and SUVA results indicated that th
novel two-position dosing mode did not contribute to the extr
NOM removal significantly.

3.3. KMnO4 dosing position on membrane fouling

The effect of KMnO4 dosing position on UF fouling was investigate
in the coagulation/UF process (Fig. 7). 0.5 mg·L−1 KMnO4 was adde
prior to coagulation, after coagulation, or in a split-mod
(0.25mg·L−1+0.25mg·L−1).With the filtration going on, TMP linear
ly increased, indicating the occurrence of membrane fouling. NOM i
raw water was one of the main reasons for fouling. In the control tes
without KMnO4, TMP increased to 1.9 times its initial value. The hydro
phobic fraction of NOMhad a strong affinitywith the hydrophobic PVD
membrane, and firmly attached or adsorbed on the membrane surfac
and pores. Large molecules were prone to block the pores and increas
the resistance of filtration [38]. It has been shown in Figs. 4 and 5 tha
KMnO4 oxidized large hydrophobic molecules and converted them
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Fig. 7. Effect of KMnO4 dosing position on transmembrane pressure profile.
into smaller ones with higher hydrophilicity. Therefore, when KMnO
was added in whichever position investigated, the increase in TM
was significantly mitigated. Compared with the KMnO4 additio
prior to coagulation, KMnO4 addition after coagulation exhibited
better performance in membrane fouling alleviation, and the in
crease rate in TMP decreased by around 27%. This was mainly attrib
uted to the presence of MnO2 nanoparticles in the influent of UF
These MnO2 nanoparticles adsorbed small organic molecules, an
prevented them from entering into membrane pores. Therefore
the narrowing and blocking of membrane pores caused by NOM
were alleviated. More importantly, when MnO2 nanoparticles wer
retained by UF membrane, they adjusted the fouling cake layer to
loose structure, and the filtration resistance consequently decrease
[39]. The best fouling control performance was obtained in the pro
posed two-position KMnO4 dosing mode. The increase rate in TM
decreased by at least 57% compared to either one-position dosin
mode (KMnO4 addition prior to or after coagulation). Therefore,
can be concluded that the two-position KMnO4 dosing mode com
bined the advantages of KMnO4 use prior to coagulation and prio
to UF in terms of membrane fouling control. On the one hand
KMnO4 pre-oxidation enhanced the NOM removal by coagulation
and facilitated the NOM conversion to less fouling species. On th
other hand, the production of MnO2 nanoparticles rearranged th
structure of the fouling layer besides its adsorption of NOM.

The SEM images in Fig. 8 clearly show that the membrane pore
are markedly covered by foulants after 2 h of filtration. Therefore
the filtration resistance increased. However, fouling layer morpholo
gy exhibited significant differences among different operatio
modes. When KMnO4 was added prior to coagulation, the foulin
layer was mainly composed by organic macromolecules remainin
after coagulation and presented a gel-like structure [Fig. 8(b)
Such a structure was resulted from the direct attachment of organi
compounds onto membrane surface as well as the blockage o
membrane pores, and was considered to greatly contribute to th
filtration resistance. When KMnO4 was added after coagulation, th
in-situ formed MnO2 adsorbed these small organic compounds an
adjusted the fouling layer to a much looser structure [Fig. 8(c) an
(d)]. Therefore, the fouling resistance decreased. The mitigation o
membrane fouling due to the presence of intermediate produc
MnO2 was also demonstrated by Lin et al. [18]. The amount o
KMnO4 used after coagulation in the two-position dosing mod
was less than that in the one-position dosing mode (0.25 mg·L−

vs. 0.5 mg·L−1). As a result, less MnO2 was accumulated on th
membrane surface and the fouling layer became looser and opene
[Fig. 8(d)].

Fig. 9 shows the components of fouling resistance in the systems o
different operationmodes by the end of the two-hour filtration. Clearl
fouling resistance contributed significantly to the overall filtratio
resistance. The use of KMnO4 decreased both reversible and irreversibl
resistances. However, when KMnO4 was added after coagulation, th
in-situ producedMnO2 nanoparticles contacted directly with themem
brane surface, which successfully prevented the foulants from enterin
into the membrane pores and made the backwash more effective. As
result, the irreversible resistance significantly decreased by 30%. Whe
the two-position dosing mode with the same total KMnO4 concentra
tionwas applied, both the reversible and irreversible resistances furthe
decreased compared to those in the one-position dosing mode by 10
and 35%, respectively. The simple two-position KMnO4 dosing mod
exhibited synergic effects on membrane fouling control, especiall
for irreversible resistance, and was a better alternative way to appl
KMnO4 in conventional coagulation/UF combined process. In addition
when 0.5mg·L−1 KMnO4was evenly dosed upstream and downstream
of coagulation, Mn concentration in the effluent was aroun
0.03 mg·L−1, which was complied with the drinking water standard
recommended by US Environmental Protection Agency (0.05 mg·L−1

[40].
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Fig. 8. SEM images of new membrane (a) and used membranes in coagulation/UF process with KMnO4 addition prior to coagulation (b), after coagulation (c), and in the two-position
dosing mode (d).
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4. Conclusions

KMnO4 oxidationwas able to alter the characteristics of NOM in lak
water. The hydrophobic organic matters, such as HoN and HoA, de
creased after KMnO4 addition, and NOM species with MW betwee
30000 and 100000 kDa also decreased. Compared to coagulation with
out KMnO4, KMnO4 addition markedly improved the DOC remova
Even though the dosing position, either in raw water prior to coagula
tion or in the supernatant after coagulation, did not seem to affect th
DOC concentration in the UF permeate, it significantly affected th
membrane fouling. The proposed two-position dosing mode, namel
KMnO4 addition both prior to and after coagulation, was much mor
effective in terms of membrane fouling alleviation and foulin
irreversibility reduction. The in-situ produced MnO2 managed to form
loose cake layer on membrane surface, and consequently improve
the performance of filtration and backwash. The two-position dosin
mode was a simple and effective way to apply KMnO4 in the conven
tional coagulation/UF combined process in order to improve the efflu
ent quality and mitigate membrane fouling.
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