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a b s t r a c t 

Drinking water utilities are interested in upgrading their treatment facilities to enhance 

micropollutant removal and byproduct control. Pre-oxidation by chlorine dioxide (ClO 2 ) fol- 

lowed by coagulation-flocculation-sedimentation and advanced oxidation processes (AOPs) 

is one of the promising solutions. However, the chlorite (ClO 2 
–) formed from the ClO 2 pre- 

oxidation stage cannot be removed by the conventional coagulation process using alu- 

minum sulfate. ClO 2 
– negatively affects the post-UV/chlorine process due to its strong rad- 

ical scavenging effect, and it also enhances the formation of chlorate (ClO 3 
–). In this study, 

dosing micromolar-level ferrous iron (Fe(II)) into aluminum-based coagulants was proposed 

to eliminate the ClO 2 
– generated from ClO 2 pre-oxidation and benefit the post-UV/chlorine 

process in radical production and ClO 3 
– reduction. Results showed that the addition of 52.1- 

μmol/L FeSO 4 effectively eliminated the ClO 2 
– generated from the pre-oxidation using 1.0 

mg/L (14.8 μmol/L) of ClO 2 . Reduction of ClO 2 
– increased the degradation rate constant of a 

model micropollutant (carbamazepine) by 55.0% in the post-UV/chlorine process. The en- 

hanced degradation was verified to be attributed to the increased steady-state concentra- 

tions of HO 

· and ClO 

· by Fe(II) addition. Moreover, Fe(II) addition also decreased the ClO 3 
–

formation by 53.8% in the UV/chlorine process and its impact on the formation of chloro- 

organic byproducts was rather minor. The findings demonstrated a promising strategy to 

improve the drinking water quality and safety by adding low-level Fe(II) in coagulation in 

an advanced drinking water treatment train. 
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Introduction 

Drinking water utilities are working towards upgrading their 
treatment facilities to enhance micropollutant removal and 

byproduct control. Advanced oxidation processes (AOPs) are 
considered to be implemented after the conventional treat- 
ment units (referred to CTUs, including coagulation, floccu- 
lation, and sedimentation) to remove the emerging contam- 
inants ( Aghdam et al., 2017 ; Qin et al., 2014 ; Sichel et al., 
2011 ; Wang et al., 2016 ; Xiang et al., 2016 ). However, the for- 
mation of undesired DBPs in these AOPs remains a concern 

( Liu et al., 2012 ; Ruan et al., 2021 ). Pre-oxidation prior to CTUs 
can reduce the formation of DBPs in the post-chlorination or 
AOP processes ( Hu et al., 2018 ; Pai et al., 2020 ). For example, 
pre-oxidation by chlorine dioxide (ClO 2 ) is an effective way 
to reduce the formation of chloro-organic byproducts in the 
post-UV/chlorine process, because it can modify the natu- 
ral organic matter (NOM) and makes it less reactive towards 
byproduct formation ( Fan et al., 2022 ; Rougé et al., 2020 ). How- 
ever, ClO 2 pre-oxidation generates chlorite (ClO 2 

–), which neg- 
atively affects the post-UV/chlorine process even at low lev- 
els, because ClO 2 

– is a strong radical scavenger ( Zhao et al., 
2021 ). Moreover, ClO 2 

– as well as its oxidation product chlorate 
(ClO 3 

–) are regulated disinfection byproducts (DBPs) in drink- 
ing water ( Kim et al., 2017 ; Rougé et al., 2018 ). One strategy 
to improving the “ClO 2 -CTUs-UV/chlorine process” is to elim- 
inate the ClO 2 

– during CTUs before it enters the UV/chlorine 
process. 

Aluminum sulfate (Al 2 (SO 4 ) 3 ) is the most commonly used 

coagulant in CTUs but it cannot reduce ClO 2 
–. Herein, we pro- 

pose to add small amounts (micromolar level) of ferrous iron 

(Fe(II)) to mix with Al 2 (SO 4 ) 3 and to eliminate the low-level 
ClO 2 

– formed from ClO 2 pre-oxidation. Fe(II) can effectively 
reduce ClO 2 

– to Cl – within a wide pH range of 5.0–10.0, fol- 
lowing Eq. (1) ( Henderson et al., 2001 ; Hurst and Knocke, 1997 ; 
Iatrou and Knocke, 1992 ; Yang et al., 2021 ). Meanwhile, Fe(II) 
is oxidized by ClO 2 

– to ferric iron (Fe(III)) ( Eq. (1) ). The formed 

Fe(III) mainly exists in the form of insoluble ferric hydroxide 
(Fe(OH) 3 ) in water at pH > 3 ( Behin et al., 2017 ), which could 

serve as a coagulant to remove NOM and suspended solids 
( Wang et al., 2020 ). 

4Fe 2+ + ClO 

−
2 + 10H 2 O � 4 Fe ( OH ) 3 ( s ) + 4e − + Cl − + 8H 

+ (1) 

Although ClO 2 
– can be eliminated by other chemical reduc- 

tion and/or adsorption approaches, these technologies suffer 
from some limitations. Adsorption requires the implementa- 
tion of treatment units containing adsorbents (e.g., activated 

carbon) and the replacement or regeneration of the used ad- 
sorbents ( Dixon and Lee, 1991 ; Hurst and Knocke, 1997 ). Chem- 
ical reduction using sulfite (SO 3 

2 −) can also reduce ClO 2 
– to 

chloride (Cl –), but it is only effective within a narrow pH range 
of 5.0–6.5 ( Henderson et al., 2001 ). Comparatively, dosing low- 
level of Fe(II) with the Al 2 (SO 4 ) 3 as the mixed coagulants is a 
cost-effective and easy-operating way to tackle the ClO 2 

– is- 
sue. The added Fe(II) is expected to decrease the ClO 2 

– con- 
centration and reduce the radical scavenging effect of ClO 2 

– in 

the UV/chlorine process. Consequently, the radical concentra- 
tions in the UV/chlorine process are hypothesized to increase 
compared to the scenario without Fe(II) addition, and the mi- 

cropollutant degradation can be improved correspondingly. In 

addition, the formation of ClO 2 
– and ClO 3 

– in the entire treat- 
ment train is hypothesized to be reduced due to the reduction 

of ClO 2 
– before it enters the UV/chlorine process. The forma- 

tion of chloro-organic byproducts might also be affected due 
to the increase of radical concentrations in the UV/chlorine 
process. 

This study was designed to verify the above hypotheses 
by investigating the effect of adding small amounts of Fe(II) 
during coagulation process on the (1) micropollutant degrada- 
tion, (2) radical concentrations, (3) ClO 2 

– and ClO 3 
– formation, 

and (4) chloro-organic byproduct formation in the CTUs and 

the UV/chlorine process. Carbamazepine (CBZ) was selected 

as a representative micropollutant because (1) it has relatively 
high occurrence in surface water compared to other microp- 
ollutants ( Benotti et al., 2009 ; Daughton, 2004 ; Pan et al., 2017 ), 
(2) and it cannot be effectively removed by CTUs ( Pan et al., 
2017 ) nor by chlorine/ClO 2 oxidation ( Gan et al., 2020 ; Lee and 

von Gunten, 2010 ). The degradation of CBZ in the proposed 

treatment train ( Fig. 1 ) with or without Fe(II) addition was in- 
vestigated and compared. The radical concentrations in the 
post-UV/chlorine process with or without Fe(II) addition were 
quantified and compared. The concentrations of ClO 2 

–, ClO 3 
–, 

and chloro-organic byproducts formed in the proposed treat- 
ment train ( Fig. 1 ) with or without Fe(II) addition were also de- 
termined and compared. 

1. Materials and Methods 

1.1. Chemicals 

Sodium hypochlorite (NaOCl), sodium hydrogen phosphate 
(Na 2 HPO 4 ), sodium dihydrogen phosphate (NaH 2 PO 4 ), ni- 
trobenzene (NB), benzoic acid (BA), 1,4-dimethoxybenzene 
(DMOB), N,N-diethyl-p-phenylenediamine (DPD), aluminum 

sulfate octadecahydrate (Al 2 (SO 4 ) 3 ·18H 2 O), iron(II) sulfate 
heptahydrate (FeSO 4 ·7H 2 O), caffeine (CAF), ibuprofen (IBP), 
CBZ, ethylenediamine (EDA), sodium bicarbonate (NaHCO 3 ), 
potassium nitrate (KNO 3 ), calcium sulfate (CaSO 4 ), 5,5- 
Dimethyl-1-pyrroline N-oxide (DMPO), and ascorbic acid of 
reagent grades were purchased from Sigma-Aldrich. Phos- 
phoric acid, methanol, and methyl tert-butyl ether (MTBE) 
of high-performance liquid chromatography (HPLC) grades 
were purchased from Fisher Scientific. The Suwannee River 
natural organic matter (SRNOM) isolates were purchased 

from the International Humic Substance Society (IHSS). 
The stock solutions were prepared by dissolving the chem- 
icals in the deionized water (18.2 M �·cm) produced by a 
water purification system (Millipore, USA). Solutions were 
stored at 4 °C in the dark and allowed to return to ambi- 
ent temperature (22 ±2 °C) before use. Standard solutions of 
chloro-organic byproducts including trihalomethanes (THMs), 
haloketones (HKs), haloacetonitriles (HANs), chloral hydrate 
(CH), and trichloronitromethane (TCNM) were purchased 

from Sigma-Aldrich. The ClO 2 stock solution was produced 

by acidifying NaClO 2 using H 2 SO 4 , following the Standard 

Methods ( APHA, 2017 ). A free chlorine stock solution (about 
1000 mg/L as Cl 2 ) was diluted from the 4%–5% NaOCl solution. 
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Fig. 1 – Schematic diagram of the drinking water treatment train proposed in this work. 

1.2. Experimental procedures 

1.2.1. ClO 2 pre-oxidation 

All experiments were conducted at room temperature. Syn- 
thetic surface water containing SRNOM (3.0 mg/L as C), bicar- 
bonate ion (30 mg/L as NaHCO 3 ), nitrate ion (1 mg/L as KNO 3 ), 
and calcium ion (30 mg/L as CaSO 4 ) was prepared in 2 mmol/L 
phosphate buffer at pH 6.5 ( Zeng et al., 2019 ). Pre-oxidation 

was initiated by adding ClO 2 stock solution into a beaker con- 
taining 500 mL of the synthetic surface water (to give an ini- 
tral ClO 2 concentration at 1.0 mg/L (14.8 μmol/L)) with a gen- 
tle mixing (40 r/min) provided by an overhead stirrer. Parallel 
samples were withdrawn after 30 min, filtered with a 0.22-μm 

membrane filter, and quenched with freshly prepared EDA fol- 
lowed by nitrogen gas purging for analysis of ClO 2 

– and ClO 3 
–

( Gan et al., 2019 ), or quenched with freshly prepared ascorbic 
acid for analysis of residual concentrations of CBZ. 

1.2.2. Conventional treatment units (CTUs) 
Immediately after pre-oxidation with ClO 2 , the 500 mL of wa- 
ter was treated by Al 2 (SO 4 ) 3 (0.36 mmol/L as Al) with or with- 
out addition of FeSO 4 (52.1 μmol/L as Fe(II)). The Fe(II) dosage 
was chosen to be 1.2 times the stoichiometric requirement for 
ClO 2 

– reduction to Cl – ( Eq. (1) ), to ensure the fully elimination 

of ClO 2 
– ( Hurst and Knocke, 1997 ). After adding the coagulant, 

the solutions were rapidly mixed for 1 min at 200 r/min us- 
ing an overhead stirrer, followed by a slow mixing at 40 r/min 

for 15 min and settling for another 30 min. After settling, the 
supernatant was collected, filtered with a 0.22-μm membrane 
filter, quenched with EDA followed by nitrogen gas purging, 
and subjected to the analysis of ClO 2 

– and ClO 3 
– concentra- 

tions ( Gan et al., 2019 ), or quenched with ascorbic acid for the 
analysis of residual concentrations of CBZ. Another 200 mL of 
the supernatant was collected and transferred immediately to 
a UV reactor (Appendix A Fig. S1) for the subsequent treatment 
by the UV/chlorine process. 

1.2.3. UV/chlorine process 
Photochemical experiments were conducted using a bench- 
scale UV irradiator consisting of four low-pressure UV lamps 
(254 nm, G15T8, 10 W, Sankyo Denki) placed in a shuttered 

box, with a vertical collimating tube extending from the bot- 
tom (Appendix A Fig. S1). The glass batch reactor containing 
200 mL of the sample was placed under the collimating tube 
and covered by a quartz sheet. The average UV intensity in 

the reactor was 0.33 mW/cm 

2 , which was determined using 
the iodide-iodate (KI/KIO 3 ) chemical actinometry ( Bolton and 

Linden, 2003 ). NaOCl stock solution was added into the water 
sample to give an initial chlorine concentration of 70 μmol/L 
(5.0 mg/L) before UV irradiation. After chlorine addition, the 
mixed solution was immediately placed under the UV irradi- 
ation to initiate the UV/chlorine process. Samples were taken 

at predetermined time intervals, filtered with a 0.22-μm mem- 
brane filter, quenched with EDA, and subjected to the anal- 
ysis of ClO 2 

– and ClO 3 
– concentrations ( Gan et al., 2019 ), or 

quenched with ascorbic acid for analysis of residual concen- 
trations of CBZ. 

To determine the concentrations of radicals generated in 

the UV/chlorine process, experiments were conducted in the 
similar manner, expcept that NB, BA, and DMOB at 2.0 μmol/L 
each were added as probe compounds ( Yin et al., 2019 ). The 
samples were collected at different time intervals during the 
UV/chlorine process (0–50 min), filtered by a 0.22-μm mem- 
brane, quenched with ascorbic acid, and subjected to the anal- 
ysis of residual concentrations of the probe compounds. 

1.3. Analytical methods 

The concentration of ClO 2 stock solution was standardized by 
direct UV measurement at 359 nm ( ε359 = 1230 (mol/L) -1 cm 

−1 ) 
( Furman and Margerum, 1998 ). The free chlorine stock solu- 
tion was standardized by DPD/FAS titration ( APHA, 2017 ). Free 
chlorine and ClO 2 residuals were determined using the DPD 

Colorimetric Method (4500-Cl G) ( APHA, 2017 ). The concentra- 
tions of CBZ, CAF, IBP, NB, BA, and DMOB were determined 

using a high-performance liquid chromatograph (HPLC) (1260 
Infinity II, Agilent) equipped with a Waters symmetry C18 
column and a UV–Vis detector. For CBZ, NB, BA, and DMOB, 
the isocratic mobile phase consisted of water (pH 2.0, ad- 
justed using phosphoric acid) and methanol (50:50, V/V %) at a 
flow rate of 1.0 mL/min, and the reference wavelengths were 
286 nm, 264 nm, 230 nm, and 224 nm, respectively ( Yin and 

Shang, 2020 ). For CAF, the eluents of water (pH 2.0, adjusted us- 
ing phosphoric acid) and methanol (70:30 V/V %) were used at a 
flow rate of 1.0 mL/min, and the reference wavelength was 217 
nm. Eluents of water (pH 2.0, adjusted using phosphoric acid) 
and methanol (70:30 V/V %) were used to measure IBP, and the 
reference wavelength was 220 nm. The concentrations of the 
selected bromo- and chloro-organic DBPs were determined ac- 
cording to the U.S. EPA Method 551.1 ( APHA, 2017 ) by a gas 
chromatography (GC) system (Agilent 7890) equipped with an 

electron capture detector (ECD, from Agilent Technologies) 
and an HP-5MS fused silica capillary column (30 m × 0.25 mm, 
0.25 μm, Agilent J&W). The concentrations of ClO 2 

–, ClO 3 
–, 
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Fig. 2 – Degradation of CBZ in the ClO 2 pre-oxidation, CTUs, and UV/chlorine processes using Al 2 (SO 4 ) 3 or the combination 

of Al 2 (SO 4 ) 3 and FeSO 4 as the coagulant. Conditions: [SRNOM] 0 = 3.0 mg C/L, [ClO 2 ] 0 = 1.0 mg/L, pre-oxidation time = 30 
min, [Al 2 (SO 4 ) 3 ] 0 = 0.36 mmol/L as Al, [Fe(II)] 0 = 0.05 mmol/L, [CBZ] 0 = 2.0 μmol/L, [chlorine] 0 = 5.0 mg/L as Cl 2 , [phosphate 
buffer] = 2.0 mmol/L, UV dose = 0–1000 mJ/cm 

2 , and pH = 6.5. 

and Cl –were quantified using an ion chromatography (IC, 940 
Professional IC Vario, Metrohm). The concentrations of Fe(II) 
was determined by 1,10-phenanthroline method ( Wang et al., 
2010 ). UV-vis absorption spectra were determined using a 
1-cm quartz cell on a spectrophotometer (UH5300, Hitachi). 
For electron paramagnetic resonance (EPR) measurements 
DMPO was immediately mixed with samples taken during the 
UV/chlorine process. EPR measurements were conducted at 
9.85 GHz with a center field of 3508 G, a modulation frequency 
of 100 kHz, a sweep width of 80 G, a sweep time of 44.09 sec, 
a time constant of 0.01 msec, and a microwave power of 22.48 
mW. The potential toxicity associated with the investigated 

chloro-organic DBPs was calculated by dividing the molar con- 
centration of each DBP by their corresponding LC 50 cytotoxic- 
ity (Appendix A Table S3) toward Chinese hamster ovary cells 
(total calculated cytotoxicity = �([DBP]/LC 50 )) ( Chuang and 

Mitch, 2017 ; Cuthbertson et al., 2019 ; Zeng et al., 2016 ) (see de- 
tails in Appendix A Text S2). Total organic carbon (TOC) was 
measured using a TOC analyzer (TOC-L series, Shimadzu). 

2. Results and discussion 

2.1. Effects of Fe(II) addition on the degradation of CBZ 

The effect of Fe(II) addition on CBZ degradation in the pro- 
posed treatement train (ClO 2 -CTUs-UV/chlorine) was firstly 
evaluated. Fig. 2 shows the time-dependent changes of CBZ 

concentration ( C/C 0 ) in the three stages: pre-oxidation, CTUs, 
and post-UV/chlorine treatment. CBZ was barely degraded 

( < 3%) in the ClO 2 pre-oxidation stage, in line with the reported 

low reactivity of CBZ towards ClO 2 (second-order rate con- 
stant < 1.5 × 10 −2 (mol/L) -1 sec −1 ) ( Gan et al., 2020 ). CBZ was 
not removed by CTUs either, no matter with or without Fe(II) 
addition. CBZ was rapidly degraded in the post-UV/chlorine 

process and the degradation followed pseudo-first-order ki- 
netics. The degradation rate constant of CBZ was 0.02 min 

−1 

in the UV/chlorine process without Fe(II) addition (in other 
words, using Al 2 (SO 4 ) 3 only). Interestingly, the CBZ degrada- 
tion rate constant increased by 55.0% to 0.03 min 

−1 by mixing 
52.1 μmol/L of Fe(II) with Al 2 (SO 4 ) 3 during CTUs. It should be 
noted that the residual ClO 2 and Fe(II) concentrations after 
CTUs were as low as < 0.05 mg/L as ClO 2 and < 0.5 mg/L as 
Fe, respectively. Supplementray tests indicated that 0.6 mg/L 
of Fe(II) had negligible impact on CBZ degradation in the 
UV/chlorine process under the experimental conditions (Ap- 
pendix A Fig. S3). To verify whether the residual Fe(II)/Fe(III) 
species affected the measurement of the concentrations 
of free chlorine and ClO 2 by the DPD Colorimetric Method 

(4500-Cl G), the absorption spectra of the water samples with 

or without Fe(II) after the coagulation-sedimentation process 
were determined and show in Appendix A Fig. S4. The absorp- 
tion spectra just slightly changed in the UV range of 200–600 
nm with the addition of FeSO 4 . The results suggested that 
the majority of the Fe(II)/Fe(III) species were settled down and 

removed after the coagulation-sedimentation process before 
the water goes into the post UV/chlorine process. Further- 
more, the concentrations of free chlorine and ClO 2 residuals 
were determined using the DPD Colorimetric Method (4500-Cl 
G) in this study ( APHA, 2017 ), which measured the absorbance 
of the samples at 515 nm. As shown in the spectra below, the 
absorbance of the sample containing the Fe(III)/Fe(II) species 
was rather low (0.003) at 515 nm. Therefore, the interference 
from the Fe(III)/Fe(II) species on the measurement of the 
concentrations of free chlorine and ClO 2 was anticipated to 
be negligible. The enhanced degradation of CBZ was thus 
hypothesized to be attributed to the increased concentrations 
of radicals (e.g., HO 

·, Cl · and ClO 

·) in the UV/chlorine process 
with Fe(II) addition, because the added Fe(II) was anticipated 

to reduce the ClO 2 
– formed from ClO 2 pre-oxidation before 
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it entered the UV/chlorine process ( Eq. (1) ) and alleviated the 
scavenging effects of ClO 2 

– on the radicals ( Zhao et al., 2021 ). 
Additional experiments were conducted to investigate 

whether the Fe(II) addition could enhance the degradation of 
different micropollutants other than carbamazepine and ex- 
plain the associated mechanisms. Two more micropollutants 
(ibuprofen and caffeine) were selected for investigation, be- 
cause (1) both compounds are frequently detected in surface 
waters, and (2) they cannot be degraded by chlorine nor chlo- 
rine dioxide, but are reactive towards HO 

· and reactive chlo- 
rine species ( Huber et al., 2005 ; Lee and von Gunten, 2010 ; 
Xiang et al., 2016 ). As shown in Appendix A Fig. S2, the degra- 
dation rate constants of ibuprofen and caffeine were 0.013 
and 0.009 min 

−1 , respectively, in the UV/chlorine process with- 
out Fe(II) addition. With the addition of 52.1 μmol/L of Fe(II), 
the degradation rate constants of ibuprofen and caffeine in- 
creased by 98.4% and 121.1%, respectively. The increase of the 
degradation rate constants of the two micropollutants was 
supported by the increased radical concentration with Fe(II) 
addition, as discussed in Section 2.2. The higher enhancement 
to caffeine than ibuprofen was because (1) the degradation of 
caffeine in the UV/chlorine process was predominantly con- 
tributed by ClO 

· ( Guo et al., 2018 , 2017 ), and (2) the Fe(II) ad- 
dition increased the concentration of ClO 

· more significantly 
than other radicals (see details in Section 2.2). 

The results suggested that the Fe(II) addition not only en- 
hanced the degradation of carbamazepine, but also worked 

to ibuprofen and caffeine, and it is expected to enhance the 
degradation of many other micropollutants that are reactive 
towards radicals (HO 

·, Cl ·, and ClO 

·). 

2.2. Effects of Fe(II) addition on radical concentrations in 

the UV/chlorine process 

To verify the above hypothesis that Fe(II) addition increased 

the radical concentrations, the steady-state concentrations 
of HO 

· ([HO 

·] ss ), Cl · ([Cl ·] ss ), and ClO 

· ([ClO 

·] ss ) in the post- 
UV/chlorine process (after ClO 2 pre-oxidation and CTUs 
treatment) were experimentally determined using three 
probe compounds (NB, BA, and DMOB) ( Yin et al., 2019 ). NB 

was used as a probe compound to determine [HO 

·] ss , since it 
reacts rapidly with HO 

· but barely reacts with reactive chlo- 
rine species (i.e., Cl · and ClO 

·, Appendix A Table S1) (Bulman 

et al., 2019). BA is highly reactive towards HO 

· and Cl ·, but less 
reactive towards ClO 

· (Appendix A Table S1) ( Alfassi et al., 
1987 ; Buxton et al., 1988 ; Mártire et al., 2001 ; Yin et al., 2018). 
It was thus used together with the concentration of HO 

·

determined using NB, to calculate the [Cl ·] ss . DMOB which 

is reactive towards HO 

·, Cl ·, and ClO 

· (Appendix A Table S1) 
( Alfassi et al., 1989 ; Alfassi et al., 1987 ; O’Nelll et al., 1975 ), 
was used, together with the data collected using NB and 

BA, to determine the [ClO 

·] ss . The detailed procedures and 

principles of determination of radical concentrations are 
shown in Appendix A Text S1. 

Fig. 3 , without Fe(II) addition, [HO 

·] ss and [Cl ·] ss in the post- 
UV/chlorine process were determined to be (2.79 ±0.10) × 10 −14 

mol/L and (6.80 ±0.06) × 10 −15 mol/L, respectively, while 
[ClO 

·] ss was not detectable. With the addition of 52.1 μmol/L 
of Fe(II) in the CTUs, [HO 

·] ss and [Cl ·] ss increased by 41.6% 

and 4.4%, respectively. [ClO 

·] ss also increased and became 

Fig. 3 – Steady-state concentrations of HO 

·, Cl ·, and ClO 

· in 

the UV/chlorine process using Al 2 (SO 4 ) 3 or the combination 

of Al 2 (SO 4 ) 3 and FeSO 4 as the coagulant. Conditions: 
[SRNOM] 0 = 3.0 mg C/L, [ClO 2 ] 0 = 1.0 mg/L, pre-oxidation 

time = 30 min, [Al 2 (SO 4 ) 3 ] 0 = 0.36 mmol/L as Al, 
[Fe(II)] 0 = 0.05 mmol/L, 
[CBZ] 0 = [NB] 0 = [BA] 0 = [DMOB] 0 = 2.0 μmol/L, 
[chlorine] 0 = 5.0 mg/L, [phosphate buffer] = 2.0 mmol/L, 
and UV dose = 1000 mJ/cm 

2 , and pH = 6.5. 

detectable, with a concentration of (2.17 ±0.24) × 10 −14 mol/L. 
The results clearly demonstrated that the concentrations 
of radicals (especially HO 

· and ClO 

·) in the post-UV/chlorine 
process were significantly increased by adding micromolar- 
level Fe(II) in the coagulants, compared to the case using 
Al 2 (SO 4 ) 3 alone for coagulation. The above results supported 

the experimental observation in Fig. 2 that the CBZ degra- 
dation increased with Fe(II) addition. The increased radical 
concentrations were likely due to the reduction of ClO 2 

– by 
Fe(II). One evidence to support this hypothesis was that the 
Fe(II) addition showed more significant impact on ClO 

· and 

HO 

· compared to Cl · (Fig. 3), which was consistent with the 
previous finding that ClO 2 

– exhibited more significant scan- 
venging effect on ClO 

· and HO 

· than Cl · in the UV/chlorine 
process ( Zhao et al., 2021 ). Additional experiments using EPR 

spectroscopy to enhance the interpretation of the radical 
chemistry were also carried out. As presented in Appendix A 

Fig. S5, the EPR spectra showed the typical DMPO-HO 

· aduct 
(as a 1:2:2:1 quartet) and the DMPOX signal (the oxidized form 

of DMPO) ( Liu et al., 2016 ). The DMPO-HO 

· signal was stronger 
with Fe(II) addition, indicating that HO 

· were present in higher 
concentrations when Fe(II) was added. Apart from HO 

·, the 
EPR cannot detect and differentiate ClO 

· and Cl ·, because (1) 
the DMPOX peaks can form by single electron transfers (SET) 
( Liu et al., 2016 ; Wang et al., 2019 ), and (2) SET mechanisms 
can be initiated by both ClO 

· and Cl ·. 

2.3. Effects of Fe(II) addition on ClO 2 
– and ClO 3 

–

formation in the integrated process 

To verify the hypothesis that Fe(II) addition reduced the ClO 2 
–

concentration, experiments were conducted to quantify the 
concentrations of ClO 2 

– in the integrated process (ClO 2 -CTUs- 
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Fig. 4 – Formation of (a) ClO 2 
– and (b) ClO 3 

– after each step in the integrated process using Al 2 (SO 4 ) 3 combination of Al 2 (SO 4 ) 3 
and FeSO 4 as coagulant. Conditions: [SRNOM] 0 = 3.0 mg C/L, [Al 2 (SO 4 ) 3 ] 0 = 0.36 mmol/L as Al, [Fe(II)] 0 = 0.05 mmol/L as 
Fe(II), [ClO 2 ] 0 = 1.0 mg/L, pre-oxidation time = 30 min, [chlorine] 0 = 5.0 mg/L, [phosphate buffer] = 2.0 mmol/L, UV 

dose = 1000 mJ/cm 

2 , and pH = 6.5. 

UV/chlorine). As shown in Fig. 4 a, 10.8 ±0.4 μmol/L of ClO 2 
– was 

formed from pre-oxidation by 1.0 mg/L of ClO 2 (14.8 μmol/L) 
for 30 min. The molar yield of ClO 2 

– was calculated to be 72.3%, 
in accordance with the reported values (30%–70%) ( Gan et al., 
2020 ; Yang et al., 2013b ). The formed ClO 2 

– was barely removed 

by the subsequent CTUs when only Al 2 (SO 4 ) 3 was used. In the 
following UV/chlorine process, ClO 2 

– was reduced by 46.4% to 
5.8 ±0.3 μmol/L. The reduction was mainly attributed to the 
oxidation of ClO 2 

– to ClO 3 
– by the radicals in the UV/chlorine 

process ( Zhao et al., 2021 ). As shown in Appendix A Fig. S6, 
when 52.1 μmol/L of Fe(II) was added in the coagulant, the 
10.8 ±0.4 μmol/L of ClO 2 

– formed from ClO 2 pre-oxidation was 
completely reduced during the CTUs, while the concentration 

of chloride ion (Cl –) increased from 5.9 ±0.4 μmol/L to 16.6 ±0.5 
μmol/L. A good mass balance was achieved (99.1%), suggest- 
ing that nearly all the ClO 2 

– was reduced to Cl –. Moreover, no 
ClO 2 

– could be detected after the UV/chlorine treatment. The 
results clearly demonstrated that the addition of Fe(II) effec- 
tively eliminated ClO 2 

– formed from pre-oxidation and con- 
trolled the ClO 2 

– in the integrated process. The results also 
supported the previous hypothesis that the increased radical 
concentrations and CBZ degradation were attributed to the re- 
duction of ClO 2 

– by Fe(II) in the CTUs. 
ClO 3 

– is the oxidation product of ClO 2 
– and a DBP of health 

concern ( Couri et al., 1982 ). Its concentrations in the integrated 

process were also monitored. As shown in Fig. 4 b, 1.8 ±0.2 
μmol/L of ClO 3 

– was formed from pre-oxidation by 1 mg/L of 
ClO 2 (14.8 μmol/L) for 30 min, with a molar yield of 12.3%, 
in accordance with the reported values ( ∼10%) ( Gan et al., 
2020 ; Yang et al., 2013b ). CTUs with Al 2 (SO 4 ) 3 barely removed 

ClO 3 
–. The ClO 3 

– concentration increased by 289.7% to 7.2 ±0.4 
μmol/L (0.60 mg/L) after the UV/chlorine treatment. The in- 
crease of ClO 3 

– concentration was attributed to the oxidation 

of ClO 2 
– by radicals and the photolysis of chlorine ( Rao et al., 

2012 ; Zhao et al., 2021 ). Unlike ClO 2 
–, ClO 3 

– was just slightly re- 
duced when Fe(II) was added into the coagulant ( Fig. 4 b). This 
was consistent with the much lower reactivity of Fe(II) towards 
ClO 3 

– than ClO 2 
– ( Gonce and Voudrias, 1994 ). The ClO 3 

– con- 
centration increased by 79.9% to 3.3 ±0.2 μmol/L (0.28 mg/L) 
after the UV/chlorine treatment, mainly due to the chlorine 
photolysis. Compared to the case without Fe(II) addition, the 

increase of ClO 3 
– concentration from CTUs to the UV/chlorine 

treatment was less significant with Fe(II) addition (79.9% vs. 
289.7%). Moreover, compared to the case without Fe(II) addi- 
tion, the final concentration of ClO 3 

– in the integrated process 
with Fe(II) addition was 72.7% lower (0.28 mg/L vs. 0.60 mg/L). 
Notably, the final concentration of ClO 3 

– in the integrated pro- 
cess with Fe(II) addition was lower than the WHO drinking wa- 
ter standard (0.7 mg/L) ( WHO, 2017 ). 

The above results suggested that the Fe(II) addition re- 
duced ClO 2 

– concentration, increased the radical concentra- 
tions and micropollutant degradation in the UV/chlorine pro- 
cess, and reduced the final concentration of ClO 3 

– as well 
as the detrimental health impacts of the proposed advanced 

treatment train. 

2.4. Effects of different Fe(II) concentrations on 

carbamazepine degradation 

Supplementary experiments were conducted to investigate 
the effect of gradient Fe(II) concentration on the removal 
of micropollutants, chlorite and chlorate in the integrated 

process (ClO 2 -CTUs-UV/chlorine). Previously, Fe(II) was dosed 

at 52.1 μmol/L to achieve the near-stoichiometric reduction 

of ClO 2 
– (4Fe 2 + + ClO 2 

– � 4Fe(OH) 3 + 4e – + Cl – + 8H 

+ ). Ad- 
ditionally, Fe(II) was dosed at another two concentrations at 
21.7 μmol/L (50% lower than the stoichiometric dosage) and 

86.8 μmol/L (50% higher than the stoichiometric dosage). As 
shown in the Fig. 5 , increasing the Fe(II) dosage from 21.7 to 
52.1 μmol/L increased the CBZ degradation rate constant by 
24.0%, from 0.025 min 

–1 to 0.031 min 

–1 . While further increas- 
ing the Fe(II) dosage from 52.1 to 86.8 μmol/L decreased the 
CBZ degradation rate constant by 45.2% to 0.017 min 

–1 . The re- 
sults suggested that the CBZ degradation efficiency increased 

with Fe(II) dosage when the dosage was near-stoichiometric 
dosage (52.1 μmol/L), while excessive (over the stoichiometric 
dosage) Fe(II) had inhibitory effect on CBZ degradation. To 
explain the trend observed, the concentrations of the radicals 
were determined at the three Fe(II) dosages and the results 
were shown in Appendix A Fig. S8. Increasing the Fe(II) dosage 
from 21.7 to 52.1 μmol/L increased the [HO 

·] ss and [Cl ·] ss by 
20.6% and 8.8% from (3.31 ±0.24) × 10 −14 to (3.98 ±0.12) × 10 −14 
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Fig. 5 – Degradation of CBZ in the ClO 2 pre-oxidation, CTUs, and UV/chlorine processes using the combination of Al 2 (SO 4 ) 3 
and different concentrations of FeSO 4 . Conditions: [SRNOM] 0 = 3.0 mg C/L, [ClO 2 ] 0 = 1.0 mg/L, pre-oxidation time = 30 min, 
[coagulant] 0 = 0.36 mmol/L as Al, [Fe(II)] 0 = 0.05, 0.02, and 0.09 mmol/L, [CBZ] 0 = 2.0 μmol/L, [chlorine] 0 = 5.0 mg/L as Cl 2 , 
[phosphate buffer] = 2.0 mmol/L, UV dose = 0–1000 mJ/cm 

2 , and pH = 6.5. 

mol/L, and from (6.77 ±0.02) × 10 −15 to (7.42 ±0.05) × 10 −15 

mol/L, respectively. ClO 

· was undetectable at a Fe(II) dosage of 
21.7 but became detectable at a Fe(II) dosage of 52.1 μmol/L. 
While further increasing the Fe(II) dosage from 52.1 to 86.8 
μmol/L decreased the [HO 

·] ss , [Cl ·] ss , and [ClO 

·] ss by 40.5%, 
46.0%, and 21.2%, respectively. The effect of Fe(II) dosage on 

the radical concentrations was consistent with its effect on 

CBZ degradation. The lower radical concentration at 21.7 than 

52.1 μmol/L was because ClO 2 
– was not completely scavenged 

by Fe(II), entered the UV/chlorine process, and scavenged the 
radicals formed. The lower radical concentration at 86.8 than 

52.1 μmol/L was because the excessive Fe(II) with a reductive 
nature consumed the radicals formed in the UV/chlorine 
process. 

Experiments were also conducted to determine the ClO 2 
–

and ClO 3 
– concentration formed at different Fe(II) dosages. 

As shown in the Appendix A Fig. S7a, when 21.7 μmol/L of 
Fe(II) was dosed, the ClO 2 

– concentrations were 10.8, 5.1, and 

1.2 μmol/L after pre-oxidation, CTUs, and the UV/chlorine 
stage, respectively. By increasing the Fe(II) dosage to 52.1 
and 86.8 μmol/L, ClO 2 

– was undetectable after CTUs and the 
UV/chlorine process. The results suggested that the ClO 2 

– re- 
moval efficiency increased with increasing Fe(II) dosage. ClO 3 

–, 
the oxidation product of ClO 2 

–, slightly changed during pre- 
oxidation and CTUs in the three cases. The ClO 3 

– concen- 
tration in the UV/chlorine process was 4.3 μmol/L at a Fe(II) 
dosage of 21.7 μmol/L. Increasing the Fe(II) dosage from 21.7 to 
52.1 μmol/L decreased the ClO 3 

– concentration by 23.3% to 3.3 
μmol/L. Further increasing the Fe(II) dosage from 52.1 to 86.8 
μmol/L barely changed the ClO 3 

– concentration (Appendix A 

Fig. S7b). The results on ClO 3 
– formation were consistent with 

that on ClO 2 
– formation, as higher ClO 2 

– residual resulted in 

higher ClO 3 
– formation. 

Fig. 6 – Formation of chloro-organic DBP in the integrated 

process using Al 2 (SO 4 ) 3 or the combination of Al 2 (SO 4 ) 3 and 

FeSO 4 as the coagulant. Conditions: [SRNOM] 0 = 3.0 mg C/L, 
[coagulant] = 0.36 mmol/L as Al, [Fe(II)] 0 = 0.05 mmol/L, 
[ClO 2 ] 0 = 1.0 mg/L, [chlorine] 0 = 5.0 mg/L, [phosphate 
buffer] = 2.0 mmol/L, pre-oxidation time = 30 min, and UV 

dose = 1000 mJ/cm 

2 , and pH = 6.5. 

2.5. Effects of Fe(II) addition on chloro-organic DBP 
formation in the integrated process 

The effect of Fe(II) addition on the formation of chloro-organic 
DBPs in the integrated process (ClO 2 -CTUs-UV/chlorine) was 
also evaluated Fig. 6 . shows the concentrations of the six 
selected chloro-organic DBPs (TCM, DCP, TCP, CH, DCAN, and 

TCNM) in the integrated process with or without Fe(II) addi- 
tion. Among the six selected DBPs, the effect of Fe(II) addition 



126 journal of environmental sciences 117 (2022) 119–128 

on the formation of TCM, TCP, DCAN, and TCNM was statisti- 
cally insignificant ( p > 0.05). Fe(II) addition slightly increased 

the concentrations of CH and DCP by 22.6% and 12.5%, respec- 
tively ( p < 0.05). The slight increase of DBP concentrations 
with Fe(II) addition was likely attributed to the increased 

concentrations of radicals in the UV/chlorine process after 
ClO 2 

– reduction by Fe(II), as discussed in Section 2.2. The rad- 
icals (e.g., Cl ·) were reported to undergo Cl-substitution and 

Cl-addition reactions with NOM to form chloro-organic DBPs 
( Wang et al., 2017 ; Xiang et al., 2016 ). Notably, the concen- 
trations of the selected DBPs were well below the regulatory 
limits, e.g., TCM and DCAN concentration was lower than the 
WHO standard ( 2017 ) (300 μg/L and 20 μg/L, respectively). Ad- 
ditional experiments were conducted to determine the TOC 

concentrations after each step of the integrated process with 

or without Fe(II) addition. As shown in the Appendix A Fig. S9, 
the TOC after the CTUs decreased from 2.86 ±0.11 to 1.49 ±0.27 
mg/L with the addition of 52.1 μmol/L of Fe(II). The decrease 
of TOC was more significant at higher Fe(II) dosages. The 
reduction of TOC was likely due to the enhanced coagulation 

assisted by the Fe species in the system. The normalized DBP 
concentration over the TOC concentration (μg DBP/mg TOC) 
was calculated and the results are shown in Appendix A Table 
S2. The TOC-normalized DBP concentrations were higher with 

the addition of Fe(II). The increases were mainly attributed to 
the increased radical generated in the UV/chlorine process, 
because the added Fe(II) effectively reduced ClO 2 

– and elim- 
inated its scavenging effects on the radicals. The byproduct- 
associated toxicity of the treated water with or without Fe(II) 
dosing was calculated by using the toxicity weighting method 

( Chuang and Mitch, 2017 ; Cuthbertson et al., 2019 ; Zeng et al., 
2016 ) (see details in Appendix A Text S2). As shown in the 
Appendix A Fig. S10a, the organic byproduct associated toxi- 
city of the water treated by the integrated process increased 

slightly by 17.6% with Fe(II) dosing, compared to the case with- 
out Fe(II) dosing. As discussed above, the Fe(II) dosing reduced 

ClO 2 
–, resulting in an increased radical concentrations, and 

slightly increased the chloro-organic byproduct formation. 
Nonetheless, even though the organic byproducts and their 
associated toxicity were increased slightly by Fe(II) dosing, the 
inorganic byproduct (ClO 2 

– and ClO 3 
–) concentrations were 

decreased significantly. As shown in Appendix A Fig. S10b, the 
inorganic byproduct associated toxicity decreased by 72.3% 

with Fe(II) dosing, compared to the case without Fe(II) dosing. 
The reduction percentage (72.3%) of the inorganic byproduct 
associated toxicity was 4.1 times higher than the increase 
percentage (17.6%) of the organic byproduct associated toxic- 
ity. However, it is uncertain whether the overall toxicity of the 
treated water will be decreased or not, because the organic- 
and inorganic byproduct associated toxicity were calculated 

in different ways, i.e., organic byproducts have the LC 50 values 
available in literature while the inorganic byproducts do not. 
Following the literature, the values of 50% lifetime excess 
non-cancer risk (LENCR 50 , in molar units) available for ClO 2 

–

and ClO 3 
– were used to calculate the corresponding associ- 

ated toxicity (see details in Appendix A Text S2) ( Chuang and 

Mitch, 2017 ). Moreover, some previous studies reported that 
the inorganic- and chloro-organic byproducts may show a 
synergistic toxicity effect rather than the additive relation- 
ship ( Han and Zhang, 2018 ). The above results suggested that 

the addition of Fe(II) enabled simultaneous enhancement of 
micropollutant degradation and reduction to ClO 2 

– and ClO 3 
–, 

with minor impact on the formation of chloro-organic DBPs 
in the proposed advanced drinking water treatment train. 

Previous works indicated the enhancement of bromo- 
organic DBPs formation after ClO 2 pre-oxidation ( Yang et al., 
2013a ). Therefore, bromo-organic DBPs were also investigated 

(Appendix A Fig. S11) and the results are discussed in Ap- 
pendix A Text S3. 

3. Conclusions 

This study evaluated the effects of adding micromolar levels of 
Fe(II) in the coagulants on the micropollutant degradation and 

byproduct control in an advanced drinking water treatment 
train comprising ClO 2 pre-oxidation, CTUs, and UV/chlorine 
AOP. The addition of Fe(II) effectively eliminated the ClO 2 

–

generated from ClO 2 pre-oxidation, increased the radical con- 
centrations (OH 

· and ClO 

· mainly), enhanced micropollutant 
degradation, and decreased ClO 2 

– and ClO 3 
– concentrations 

in the treatment train, while its impact on the formation of 
chloro-organic DBPs was rather minor. The findings in this 
study provided fundamental evidences to support a promis- 
ing advanced treatment train to improve drinking water qual- 
ity and safety. 
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