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Fig. S1. Disinfection efficiencies of the primary sewage effluent sample chlorinated by dosing 1.0-6.0
mg/L NaOCl as CI, for a 15- or 30-min contact time. The dashed red line represents the sewage effluent

discharge standard. Each error bar indicates the standard deviation of triplicate measurements.

Fig. S2. Calibration curves for residual chlorine or monochloramine measurement: (a) range of 0.02—0.15
mg/L as Cly; (b) range of 0.15-6.00 mg/L as Cl,. Each error bar indicates the standard deviation of

triplicate measurements.

Fig. S3. Characteristics of the primary sewage effluent samples collected on different days (n=19). COD
and TSS were collected from Hong Kong Drainage Services Department (HKDSD, 2015; 2016).

Fig. S4. Comparison of the disinfection efficiencies of the primary sewage effluent samples with one-step
chlorination (dashed lines) and two-step chlorination (solid lines) with a total chlorine dose of 6.0 mg/L as
Cl, and a total contact time of 15 min. Different charts represent samples collected on different days or
disinfected with two-step chlorination with different dosage ratios or time intervals. Each error bar

indicates the standard deviation of triplicate measurements.

Fig. S5. Two-step chlorination with a total chlorine dose of 6.0 mg/L as CI, and a total contact time of 15
min. (a) 3-D diagram of the disinfection efficiency of two-step chlorination with time interval and dosage
ratio; (b) 2-D diagram of the disinfection efficiency of two-step chlorination with time interval; (c) 2-D

diagram of the disinfection efficiency of two-step chlorination with dosage ratio.

Fig. S6. (a) Relationships of the disinfection efficiency with the Ct value by dosing chlorine or

monochloramine. The slope of a linear regression line represents the inactivation rate constant of the
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corresponding disinfectant. Each error bar indicates the standard deviation of triplicate measurements. (b)
A summary of the inactivation rate constants in previous studies and this study. The minimum and
maximum points represent the data range of previous studies, the box represents 25% to 75% of the data
range, the asterisk represents the median value, the solid line represents the average value, and the dashed

line represents the inactivation rate constant obtained in this study.
Fig. S2. Change of the residual disinfectant concentration with contact time in one-step and two-step
chlorination: (a) chlorine, and (b) monochloramine. The unchlorinated primary sewage effluent (collected

on February 15, 2016) was chlorinated with a total chlorine dose of 6.0 mg/L as Cl, and a total contact

time of 15 min. Each error bar indicates the standard deviation of triplicate measurements.

Table S1. Chick—Watson parameters for microbial inactivation by chlorine and monochloramine from

previous studies.

Table S2. Overall kCt values of the sewage effluent sample with one-step and two-step chlorination.
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1. Selection of representative chlorine conditions for one-step chlorination

Fig. S1 shows the disinfection efficiency against chlorine dosage of 15-min and 30-min chlorinated
sewage effluent samples. Generally, the disinfection efficiency increased with chlorine dose and contact
time. Primary sewage effluent samples which were respectively chlorinated by dosing 4.0 mg/L of NaOCl
as Cl, for the 30-min contact time and by dosing 6.0 mg/L of NaOCI as Cl, for the 15-min contact time
are capable of meeting the disinfection goal (HKEPD, 2013). Thus, the two representative chlorination
conditions for one-step chlorination were selected for further comparing the disinfection efficiencies of

one-step and two-step chlorination.

2. Determination of disinfection efficiency

All the materials for testing the disinfection efficiency were autoclaved at 121 °C for 15 min. The species
Escherichia coli was used as an indicator and enumerated by the membrane filter procedure (APHA et al.,
2012). Briefly, m-FC medium (Becton, Dickinson and Company) was freshly prepared prior to the test.
For each undisinfected or disinfected sewage effluent sample, it was diluted stepwise to a series of
aliquots with different dilution factors (10°, 10", 1072, 107, 10™, and 10™). An appropriate volume of an
aliquot was filtered through a 0.45-um membrane. Then, the membrane was placed onto the saturated pad
with 1.7 mL m-FC medium and the number of colony forming units (CFU) was counted after 22 h
incubation at 45 °C. The best counting range of colony forming number was from 20 to 80. For each
dilution factor, triplicate measurements of the corresponding aliquot were conducted. The disinfection

efficiency was expressed as log reduction of the E. coli survival ratio after disinfection.

3. Further comparison of disinfection efficiencies of two-step and one-step chlorination

Fig. S4 shows the comparative disinfection efficiencies of two-step and one-step chlorination with a total
chlorine dose of 6.0 mg/L as Cl, and a total contact time of 15 min. This figure includes 21 charts for the
primary effluent samples collected on different days and for the two-step chlorination with different time
intervals and different dosage ratios. Although the effluent characteristics varied with the sampling date,
the disinfection efficiencies of two-step chlorination in nearly all charts were significantly higher than
those of one-step chlorination. Compared to one-step chlorination, the two-step chlorination elevated the
disinfection efficiency (£. coli reduction) up to a maximum of 1.02-log (Fig. S4g), corresponding to a
19-s time interval and a 5:1 dosage ratio. The only exception, where the one-step chlorination was
superior to the two-step chlorination, was for a time interval of 600 s (the longest time interval examined
in this study), indicating that too long a time interval was undesirable and should be avoided (Fig. S4p
and 4u).

It should be noted that, even for the same disinfection setting (with a chlorine dose of 6.0 mg/L as Cl,
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and a contact time of 15 min), the disinfection efficiency of one-step chlorination varied with the
sampling date. Gehr et al. (2003) also observed that, for the same sewage effluent and the same
disinfection setting, the disinfection efficiency varied significantly with the sampling date. For better
comparison of the disinfection efficiencies of two-step and one-step chlorination, the disinfection
efficiency of two-step chlorination of the effluent sample collected on a given day was normalized by
adding the difference between the disinfection efficiency of one-step chlorination on that day and the
average disinfection efficiency of one-step chlorination on all days. With the normalized data, a
relationship of the disinfection efficiency of two-step chlorination with time interval and dosage ratio was
obtained by fitting the data with the software Matlab, as shown in Equation (S1). The regression
coefficient of this equation was 0.89, indicating that the disinfection efficiency of two-step chlorination
could be well predicted with time interval and dosage ratio, even though the physical meaning of this

empirical equation remains unclear.

| (Nt) —9.70 x 1073 Ti* + 831 Ti3 + 2.20 x 103 Ti% 4+ 9.82 x 105 Ti + 3.52 x 10°
—log(—) =

TiZ — 1.99 x 105 Ti + 1.09 x 106 — (0.01Ds* ~ 015 Ds +0.72)

(81

where Ti is time interval (s), Ds is dosage ratio, and —log(N#/No) is the logarithm of the E. coli survival
ratio of the disinfection with a total chlorine dose of 6.0 mg/L as Cl, and a total contact time of 15 min.
With the normalized experimental data and the simulated data from Equation (S1), the relationship of
the disinfection efficiency of two-step chlorination with time interval and dosage ratio was depicted with
a 3-D diagram (Fig. S5a), which had the shape of an asymmetrical arch. The 3-D diagram is the resultant
of two 2-D diagrams representing the variation of disinfection with time interval and dosage ratio. Fig.
S5b shows the 2-D diagram of the disinfection efficiency with time interval. The disinfection efficiency
for each fixed dosage ratio increased markedly with increasing the time interval from 5 to 19 s, then it
decreased gradually with further increase of the time interval from 19 to 600 s. Fig. S5¢ shows the 2-D
diagram of the disinfection efficiency with dosage ratio. The disinfection efficiency for each fixed time
interval increased gradually with increasing the dosage ratio from 1:1 to 5:1, then it declined gradually
with further increasing from 5:1 to 8:1. From these results, it was also evident that the two-step
chlorination of the sewage effluent attained its highest disinfection efficiency at a time interval of 19 s and

a dosage ratio of 5:1.

4. Determination of inactivation rate constants of chlorine and monochloramine
Per the Chick-Watson model (Haas and Karra, 1984), a linear regression based on the log-reduction of the

E. coli survival ratio at time ¢ and the Ct value used to calculate the inactivation rate constant. To initiate
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the inactivation rate constant tests, a series of aliquots of E. coli working solution (10° CFU/100 mL)
were prepared by adding 0.10 mL of the E. coli stock solution to 100 mL phosphate-buffered saline
solution (150 mM at pH 7.4). A phosphate buffer—DPD (v/v, 1:1) mixed solution, and a 5.0 g/L potassium
iodide solution were also freshly prepared prior to the test. Then, aliquots of working solution were
disinfected. For chlorine test, 100-mL aliquots of working solution was chlorinated with 0.50 mg/L
chlorine for a contact time of 2, 5, 10, 20, 30, 40 or 60 s; for monochloramine test, aliquots of working
solution was chloraminated with 4.0 mg/L monochloramine for a contact time of 1.25, 2.50, 3.75, 5.00,
6.00 or 7.50 min. The disinfectant concentrations and contact times were selected based on the values
achievable in practice yet capable of producing a measurable inactivation. After a given contact time,
each disinfected sample was quenched with 105% of the requisite stoichiometric amount of 0.01 or 0.10
M Na,S,0;. Then, a membrane filter procedure (APHA et al., 2012) was used to quantify the E. coli
concentrations before and after disinfection.

The concentrations of residual chlorine and monochloramine were standardized by a DPD
colorimetric method (APHA et al., 2012). To initiate the residual chlorine measurement, a series of
100-mL aliquots of an unchlorinated primary sewage effluent sample, a phosphate buffer—DPD (v/v, 1:1)
mixed solution, and a 0.25% thioacetamide solution (w/w) were freshly prepared prior to the test. Then, a
100-mL aliquot of the sewage effluent sample was chlorinated by dosing a given dose of NaOCIl (one-step
chlorination) or by dosing two portions of the same dose of NaOCI with the given time interval (two-step
chlorination). After a given contact time (controlled by a timer), 10 mL of the buffer—DPD mixed solution
and 0.5 mL of the 0.25% thioacetamide solution were successively added to the aliquot. The absorbance
of the produced pink color was read immediately by a spectrophotometer at 515 nm and the chlorine
concentration was quantified by a calibration curve as shown in SI Fig. S2a. To determine residual
monochloramine concentrations, a series of 100-mL aliquots of an unchlorinated primary sewage effluent
sample, a phosphate buffer—DPD (v/v, 1:1) mixed solution and a 5.0 g/L potassium iodide solution were
also freshly prepared. A 100-mL aliquot of the sewage effluent sample was chlorinated by dosing a given
dose of NaOCl or by dosing two portions of the same dose of NaOCI with the given time interval. After a
given contact time, 10 mL of the buffer—DPD mixed solution and 0.20 mL of a potassium iodide solution
were successively added to the aliquot. The absorbance of the produced pink color was read by a
spectrophotometer at 515 nm and the total chlorine concentration was quantified by a calibration curve as
shown in SI Fig. S2b. The monochloramine concentration was calculated by deducting the chlorine
concentration from the total residual chlorine concentration. Two curves of the residual disinfectant
versus contact time, one for chlorine and the other for monochloramine, were obtained. The Ct value for
each disinfectant was obtained by integrating the area below the curve.

Fig. S6a shows the disinfection efficiency versus Ct value by adding chlorine (blue symbols) or
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monochloramine (green symbols). A linear regression through the original was used to fit the
experimental data and calculate the inactivation rate constant of each disinfectant (i.e., the slope of the
corresponding regression line). Accordingly, the inactivation rate constants of chlorine and
monochloramine were 31.09 and 0.026 L/(mg-min), respectively (Fig. S6a). Table S1 lists the inactivation
constants from the previous studies (Haas and Karra, 1984; Ward et al., 1984; Hoff, 1986; LeChevallier et
al., 1988; Helbling and Vanbriesen, 2007; Berman et al., 1988). Fig. S6b shows the summary and
comparison of inactivation rate constants from this study and previous studies. For both chlorine and
monochloramine, the inactivation rate constants were between the average value and the median value
that reported in previous studies, indicating that the inactivation rate constants of chlorine and

monochloramine obtained from this study were reliable.

5. The residual chlorine and monochloramine in the second pair of the chlorinated effluent samples
Fig. S7 represents the residual chlorine and monochloramine concentrations for the second pair of the
chlorinated effluent samples with a total chlorine dose of 6.0 mg/L as Cl, and a total contact time of 15
min. For the one-step chlorination effluent sample, the concentration of chlorine decreased quickly and
chlorine disappeared within 12 s after it was dosed (Fig. S7a); the rapid reduction of chlorine most likely
due to the reactions of chlorine with background substances in the sewage effluent (e.g., reducing
inorganic ions, ammonia and effluent organic matter). The chlorine residence time in the two-step
chlorination with a 19-s time interval and a 5:1 dosage ratio was 14 s (10 s for the first step chlorination
and another 4 s for the second step chlorination). It is considered most likely, as the total contact time
increased from 10 to 19 s, the reducing compounds present reacted further with monochloramine that was
formed after the first chlorine addition; subsequently after the second chlorine addition, any remaining
reducing compounds or reacting species present would consume less chlorine. Thus, it is reasonable
chlorine persisted longer in the two-step chlorination sample than that in the corresponding one-step
chlorination sample. For the period of contact beyond 23 s, up to 900 s, the total chlorine residual (which
equaled the monochloramine concentration) for two-step chlorination was greater than that with one-step
chlorination process. Similar to the first pair of the chlorinated effluent samples, although
monochloramine was the main disinfectant due to its greater persistence, the microbial inactivation by

chlorine cannot be ignored.

6. Comparison of annual chlorine consumption costs of one-step and two-step chlorination
Based on the treatment capacity of 2.0x10° m’/d of the local sewage treatment plant, the chlorine
consumption costs of one-step and two-step chlorination were compared. To achieve the same level of E.

coli removal, the annual chlorine consumption cost of one-step and two-step chlorination are calculated
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based on the results obtained from this study. When the unchlorinated primary sewage effluent was
chlorinated with one-step chlorination using a chlorine dose of 4.0 mg/L as Cl, and a contact time of 30
min, the corresponding estimated chlorine dose (ECD) of two-step chlorination (at a time interval of 19 s
and a dosage ratio of 5:1), which represents the required chlorine dose that can fulfill the same

disinfection goal as one-step chlorination, was calculated as follows:

3.40-log
3.93-log
4.0 mg/L

ECDZ-step = = 3.5 l’l’lg/L

where 3.40-log and 3.93-log are the normalized disinfection efficiencies of one-step and two-step
chlorination when the sewage effluent was chlorinated with a total chlorine dose of 4.0 mg/L as Cl, and a
total contact time of 30 min. The ratio of normalized disinfection efficiency of two-step chlorination (i.e.,
3.93-log) to the corresponding chlorine dose (i.e., 4.0 mg/L) represents the log reduction per unit chlorine
dose.

With the chlorine dose values, the chlorine consumptions of the primary sewage treatment plant with

a treatment capacity of 2.0x10° m’/d using one-step and two-step chlorination were calculated as follows:

Chlorine consumption; gtep = 4.0 mg/L X 2.0 X 10° m3/d x 103 L/ m?® x 107° t/mg = 8.0 t/d
Chlorine consumption, gep = 3.5 mg/L x 2.0 x 10° m*/d x 10° L/ m*® X 107° t/mg = 7.0 t/d

According to Alibaba.com, the world’s largest online business-to-business trading platform, the unit
price of 10% chlorine (industrial grade) is around 1000 Hong Kong dollars (HKD) per ton. The annual

cost saving was calculated:

Costygrep = 8.0t/d X 365 d/y x 1000 HKD /t X = 29.2 x 10° HKD/y

10%

Costygrep = 7.0 t/d X 365 d/y x 1000 HKD/t x

= 25.6 x 106 HKD
10% y

Cost saving = Costy_ggep — COSty grep = 29.2 X 10°HKD/y — 25.6 X 10°HKD/y = 3.6 X 10° HKD/y

Therefore, the annual chlorine consumption costs of one-step and two-step chlorination are 29.2 and
25.6 million HKD, respectively, indicating that two-step chlorination can save the annual chlorine cost by
3.6 million HKD.

Additionally, when the unchlorinated primary sewage effluent was chlorinated with one-step
chlorination using a chlorine dose of 6.0 mg/L as Cl, and a contact time of 15 min, the corresponding
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ECD of two-step chlorination (at a time interval of 19 s and a dosage ratio of 5:1), which represents the

required chlorine dose that can fulfill the same disinfection goal as one-step chlorination, was calculated

as follows:
3.43-log

ECD2 step = 4.12-log == 5.0 l’l’lg/L
6.0 mg/L

where 3.43-log and 4.12-log are the normalized disinfection efficiencies of one-step chlorination and
two-step chlorination when the sewage effluent was chlorinated with a total chlorine dose of 6.0 mg/L as
Cl, and a total contact time of 15 min. The ratio of normalized disinfection efficiency of two-step
chlorination (i.e., 4.12-log) to the corresponding chlorine dose (i.e., 6.0 mg/L) represents the log reduction
per unit chlorine dose.

With the chlorine dose values, the chlorine consumptions of the primary sewage treatment plant with

a treatment capacity of 2.0x10° m’/d using one-step and two-step chlorination were calculated as:

Chlorine consumption; gep = 6.0 mg/L X 2.0 X 10° m?®/d x 10° L/ m?® x 107° t/mg = 12.0t/d
Chlorine consumption, gep = 5.0 mg/L x 2.0 x 10° m*/d x 10° L/ m*® x 10~° t/mg = 10.0 t/d

The annual chlorine consumption cost (with a unit price of 1000 HKD for 10% chlorine) of

one-step/two-step chlorination and the annual cost saving were obtained as:

Costy step = 12.0 t/d x 365 d/y x 1000 HKD/t x

= 43. 6 HKD
o7, = 438 10° HKD/y

Costy.step = 10.0 t/d x 365 d/y x 1000 HKD/t x =36.5 x 10° HKD/y

10%
Cost saving = Cost;_gep, — COSty grep = 43.8 X 106 HKD/y — 36.5 x 10° HKD/y = 7.3 X 10° HKD/y
g 1-step 2-step y

Thus, compared with one-step chlorination, two-step chlorination can reduce the cost by 3.6-7.3
million HKD or 12.3%-16.7%, which accounts for a substantial portion of the annual chlorine

consumption cost of the sewage treatment plant.
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Fig. S1. Disinfection efficiencies of the primary sewage effluent sample chlorinated by dosing 1.0-6.0
mg/L NaOCl as CI, for a 15- or 30-min contact time. The dashed red line represents the sewage effluent
discharge standard. Each error bar indicates the standard deviation of triplicate measurements.
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Fig. S4. Comparison of the disinfection efficiencies of the primary sewage effluent samples with one-step

chlorination (dashed lines) and two-step chlorination (solid lines) with a total chlorine dose of 6.0 mg/L as

Cl, and a total contact time of 15 min. Different charts represent samples collected on different days or

disinfected with two-step chlorination with different dosage ratios or time intervals. Each error bar

indicates the standard deviation of triplicate measurements.
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Fig. S6. (a) Relationships of the disinfection efficiency with the Ct value by dosing chlorine or
monochloramine. The slope of a linear regression line represents the inactivation rate constant of the
corresponding disinfectant. Each error bar indicates the standard deviation of triplicate measurements. (b)
A summary of the inactivation rate constants in previous studies and this study. The minimum and
maximum points represent the data range of previous studies, the box represents 25% to 75% of the data
range, the asterisk represents the median value, the solid line represents the average value, and the dashed
line represents the inactivation rate constant obtained in this study.
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Fig. S7. Change of the residual disinfectant concentration with contact time in one-step and two-step
chlorination: (a) chlorine, and (b) monochloramine. The unchlorinated primary sewage effluent (collected
on February 15, 2016) was chlorinated with a total chlorine dose of 6.0 mg/L as Cl, and a total contact

time of 15 min. Each error bar indicates the standard deviation of triplicate measurements.
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Table S1
Chick—Watson parameters for microbial inactivation by chlorine and monochloramine from previous
studies.

Temp Inactivation
Disinfectant Organism Test solution pH o constant
0 (L'min"''mg™!
g)
Chlorine E. coli na.? 85 25 30.6°
E. coli n.a.? 7.0 25 4.0°
E. coli PSB solution 70 22 22.2¢
E. coli PSB solution 75 22 14.8¢
E. coli PSB solution 8.0 22 7.8¢
E. coli PSB solution 65 5 102.6 ¢
E. coli PSB solution 60 5 50.0 ¢
E. coli PSB solution 74 25 93.8f
Natural coliform Sewage effluent with particles <7 pm 70 5 22¢
Natural coliform Sewage effluent with particles >7 um 70 5 0.7¢
Natural coliform Sewage effluent with homogenized particles>7 ym 7.0 5 4.0¢
Monochloramine E. coli na.? 85 25 8.5x1072"
E. coli na.? 78 25 1.9x107!°
E. coli PSB solution 7.0 22 1.8x1071¢
E. coli PSB solution 75 22 1.3x1071¢
E. coli PSB solution 80 22 4.5x1072¢
E. coli PSB solution 85 5 1.5x10724
E. coli PSB solution 9.0 15 3.1x1072¢
Natural coliform Sewage effluent with particles <7 pm 80 5 1.8x1072¢
Natural coliform Sewage effluent with particles >7 um 80 5 1.3x1072¢
Natural coliform Sewage effluent with homogenized particles>7pym 8.0 5 1.7x1072¢
3 not available.
b Haas and Karra, 1984.
¢ Ward et al., 1984.
4 Hoff, 1986.
¢ LeChevallier et al., 1988.
fHelbling and Vanbriesen, 2007.
€ Berman et al., 1988
Table S2
Overall kCt values of the sewage effluent sample with one-step and two-step chlorination.
(a) A total chlorine dose of 4.0 mg/L Ct value (min-mg/L) Overall
as Cl, for a 30 min contact time chlorine monochloramine kCt value®
One-step chlorination 2.21(+0.04)x107 104.5 (+0.3) 3.40 (+0.01)
Two-step chlorination 2.32(+0.04)x107? 106.6 (+0.4) 3.49 (+£0.01)
(b) A total chlorine dose of 6.0 mg/L Ct value (min-mg/L) Overall
as Cl, for a 15 min contact time chlorine monochloramine kCt value®
One-step chlorination 3.25(+0.02)x10™ 79.4 (+0.7) 3.07 (£0.02)
Two-step chlorination 3.42(+0.08)x10°° 82.4 (+0.8) 3.21 (+0.02)

* The inactivation rate constants of chlorine and monochloramine were 31.09 and 0.026L/(mg-min),
respectively.
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