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ABSTRACT ARTICLE HISTORY

To observe the application of two instruments for the quantitative detection of total chlorine in Received 17 December 2021
the water in the hemodialysis industry, thereby evaluating the accuracy of the two tools and the ~ Revised 4 March 2022
consistency of their results, and evaluating their practical significance for the safety of hemodia- Accepted 7 March 2022
lysis treatment. Two methods, based on diethyl-p-phenylenediamine spectrophotometry and  kpyworbps
amperometric methods, were employed to detect the total chlorine concentration in running Diethyl paphenediamine
water and in activated carbon tank effluent. Correlation analysis was performed to evaluate the spectrophotometry;
accuracy of the two instruments. The Bland-Altman test was used to evaluate the consistency of amperometric method; free
the two methods. The total chlorine tester showed high accuracy and good repeatability in terms chlorine; chloramine; total
of detecting the total chlorine concentration in running water and activated carbon tank effluent. chlorine

The residual chlorine sensor had high accuracy and good repeatability for detecting the concen-

trations of total and free chlorine, respectively, in running water. When detecting the concentra-

tions of total and free chlorine in the effluent of the activated carbon tank, the two test results

showed a moderate correlation. The two detection methods had good consistency for the

detection of total chlorine concentrations in running water and activated carbon tank effluent.

The two reviewed methods can monitor changes in the total chlorine in running water and

activated carbon tank effluent. It is important to take timely measures when the total chlorine

concentration of the activated carbon tank effluent reaches a certain warning value, and therefore

to better ensure the safety of hemodialysis treatment.
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1. Background known as ‘residual’ or ‘total’ chlorine. In its exist-

Urban waterworks typically add chlorine to  ing form, chlorine can be divided into free and
domestic water to kill or inhibit pathogenic micro- ~ combined chlorine. The former refers to chlorine
organisms in the water. Following chlorination, in the form of dissolved elemental chlorine, hypo-
the concentration of available chlorine in water is  chlorous acid, or hypochlorite ions, while the latter
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denotes chlorine in the form of chloramine and
organic chlorine. The combined chlorine in run-
ning water is primarily chloramine.

During hemodialysis treatment, all chlorine in
the water must be removed using an activated
carbon device. Free chlorine damages the reverse
osmosis membrane and shortens its service life
[1], while chloramine can oxidize human hemo-
globin to methemoglobin to induce hemolytic
anemia [2]. Several global reports are available
on hemolytic anemia in dialysis patients caused
by excessive chloramine [3-8]. At present, the
bulk of dialysis treatments in Beijing employ
visual colorimetry to detect the total chlorine
content in water. However, the subjective factors
of this method can have a significant impact on
its results. Also, changes in the total chlorine
cannot be monitored and the quantitative detec-
tion of total chlorine is rarely used in the hemo-
dialysis industry. The current main quantitative
detection methods for total chlorine in water are
N, N-1, 4-diethyl-p-phenylenediamine (DPD)
titration, DPD spectrophotometry and the
amperometric method. The DPD titration
method is mainly used in the laboratory. DPD
spectrophotometry is recommended by the
International Organization for Standardization
(ISO) as the standard method for the determina-
tion of free and total chlorine in water in many
countries [9]. The amperometric method is an
electrochemical technique with a wide range of
applications. Electrochemical biosensors have
been shown to be a promising solution for the
detection of microRNAs with high sensitivity,
simplicity, low cost, and easy miniaturization
for bioanalysis and early tumor diagnosis
[10,11].

In this study, two instruments that can
quickly and quantitatively detect the level of
total chlorine on-site were used to detect the
total chlorine concentration in running water
and in activated carbon tank effluent. We
observe daily changes in free chlorine and chlor-
amine concentrations in running water, evalu-
ated the accuracy of the two methods and the
consistency of the test results, and explored the
correlation between free chlorine and chlora-
mine in running water. The study holds
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important clinical regulatory significance for
ensuring the safety of hemodialysis treatment.

2. Methods
2.1. Study context

The water treatment system of our hospital was
selected as the research environment. The system’s
nominal water production is 18 L/min. Two acti-
vated carbon tanks are connected in a series (spe-
cifications, 1465, backwashed twice a week). The
concentrations of free and total chlorine in run-
ning water and the activated carbon tank effluent
were detected, and the concentration of chlora-
mine was calculated by subtracting the free chlor-
ine concentration from the total chlorine
concentration.

2.2. Experimental equipment

A China Huankai total chlorine tester (hereafter
referred to as a ‘total chlorine tester’), based on
DPD spectrophotometry, was used in this study.
The measurement range values were as follows:
total chlorine, 0-3.00 mg/L; wavelength, 525 nm.

A Palintest residual chlorine sensor (United
Kingdom; hereafter referred to as a ‘residual chlor-
ine sensor’), based on the amperometric method,
was used in this study. The measurement range
values in this regard were as follows: free residual
chlorine 0.02-10.00 mg/L; total chlorine, 0.05-
00 mg/L; water temperature, 0-100°C.

2.3. Experimental principle

The principle of DPD spectrophotometry refers
that under a basicity/alkalinity (pH) of 6.2-6.5,
DPD reacts rapidly with free residual chlorine in
the water to produce a red color. If excess potas-
sium iodide is present, the combined chlorine
(primarily monochloramine) can also react with
DPD to show a color when catalyzing potassium
iodide. The total chlorine concentration can be
obtained by measuring its absorbance with
a spectrophotometer.

The amperometric method is an electrochemical
technique, the principle of which is to apply a fixed
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voltage to the working electrode of the chip to make
the chemical substances on the chip’s surface react
with the residual chlorine in the water; this enables
the flow of electrons, i.e., a current is generated, and
the size of the current is directly proportional to the
concentration of chlorine in the sample. The instru-
ment integrates the generated current strength to
obtain an electrical integration area, which reflects
the corresponding relationship between the total
electricity and the concentration of the substance
to be measured. In this way, the concentrations of
free and total chlorine in the water can be calculated.
The relevant reaction formulas are as follows:

HOCI + 2e — ClI” + OH~ Free chlorine

2I +Cl, — P +2C1°
2I" + NH,Cl + 2H" — I? + NH," + CI~
P+ =1 Total chlorine

PP~ +2e <31

2.4. Experimental method

2.4.1. Sampling and measurement

Running water and activated carbon tank efflu-
ent were sampled once a day at 8:00 for
40 days. A total chlorine tester was used to
detect the total chlorine concentration in run-
ning water and activated carbon tank effluent;
each sample was tested twice. A residual chlor-
ine sensor was used to detect the concentrations
of free and total chlorine in running water,
respectively, and of activated carbon tank efflu-
ent; each sample was tested twice. The concen-
tration of chloramine was calculated by
subtracting the free from the total chlorine
concentrations.

2.4.2. Statistical analysis

Data were statistically analyzed using the SPSS
Statistics 26 software. Correlation analysis was
conducted for the two total chlorine results of
the same sample detected by the total chlorine
tester to evaluate the tester’s accuracy.
Correlation analysis was conducted for the two
total chlorine results of the same sample
detected by the residual chlorine sensor to

evaluate the sensor’s accuracy. A Bland-
Altman test was employed to evaluate the con-
sistency of the results for the total chlorine in
running water and activated carbon tank efflu-
ent samples detected by the two instruments.
Correlation analysis was conducted for the con-
centrations of free chlorine and chloramine in
the running water samples, detected and calcu-
lated by the residual chlorine sensor, to observe
any correlation between free chlorine and
chloramine in the running water.

3. Results

3.1 The accuracy of the total chlorine tester and
the residual chlorine sensor

Correlation analysis was conducted for the two
total chlorine results of the same sample
detected by the total chlorine tester. The com-
parison of the total chlorine results for the
running water samples is shown in Figure 1.
Pearson’s correlation coefficient was r = 1,
and P < 0.01. The comparison of the total
chlorine results for the activated carbon tank
effluent samples is shown in Figure 2. These
showed that Pearson’s correlation coefficient
was r = 0.948, and P < 0.01. The results indi-
cated that this instrument had high accuracy
and good repeatability for detecting the total
chlorine concentration of running water and
activated carbon tank effluent.
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Figure 1. A comparison of the total chlorine test results for the
same sample of running water using the total chlorine tester.
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Figure 2. A comparison of the total chlorine test results for the same sample of activated carbon tank effluent using the total

chlorine tester.

Correlation analysis was conducted for the
two total chlorine results for the same sample
detected by the residual chlorine sensor. The
comparison of the free chlorine results for run-
ning water samples is shown in Figure 3, and the
comparison of total chlorine results is shown in
Figure 4. For the free chlorine result, Pearson’s
correlation coefficient was r = 0.992, and
P < 0.01. For the total chlorine result,
Pearson’s correlation coefficient was r = 0.999,
and P < 0.01. The comparison of the free
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Figure 3. A comparison of two free chlorine detection results
for the same sample of running water using the residual
chlorine sensor.

chlorine results for activated carbon tank efflu-
ent samples is shown in Table 1, and the com-
parison of total chlorine results is shown in
Figure 5. Spearman’s rank correlation analysis
was carried out to compare the results for free
chlorine, which yielded a correlation coefficient
of ry = 0.567, and P < 0.0. The total chlorine
result showed a Pearson’s correlation coefficient
of r = 0.471, and P < 0.01. These results indi-
cated that this method had high accuracy and
good  repeatability = for  detecting  the
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Figure 4. A comparison of two total chlorine detection results
for the same sample of running water using the residual chlor-
ine sensor.
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Table 1. Comparison of two free chlorine detection results of
the same sample of activated carbon tank effluent by residual
chlorine sensor.

First test result

Free chlorine(mg/L) <0.02 >0.02 Total

Second test result <0.02 31 4 35
>0.02 1 4 5

Total 32 8 40

concentrations of total and free chlorine in run-
ning water. When detecting these two concen-
tration types in the effluent of an activated
carbon tank, the two test results indicated
a moderate correlation.

3.2. Comparison of the detected concentrations
of total chlorine in running water and activated
carbon tank effluent between the two detection
methods

A Bland-Altman test was carried out for the con-
centration of total chlorine in running water mea-
sured by the two detection instruments. The
detection results are shown in Figure 6. Only one
sample exceeded the 95% consistency limit, sug-
gesting that the two detection methods had good
consistency for the detection of total chlorine con-
centrations in running water.

A Bland-Altman test was also conducted for the
concentration of total chlorine in activated carbon
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tank effluent measured by the two detection
instruments. The detection results are shown in
Figure 7. All samples were within the 95% consis-
tency limit, suggesting that the two detection
methods had good consistency for the detection
of total chlorine concentrations in activated car-
bon tank effluent.

3.3. Correlation analysis between free chlorine
and chloramine in running water

The daily variation curve of concentrations of free
chlorine and chloramine in the running water
sample is shown in Figure 8. Daily concentrations
in this regard varied significantly; the highest con-
centration of free chlorine was 0.29 mg/L and the
lowest was 0.02 mg/L; the highest concentration of
chloramine was 0.68 mg/L and the lowest was
0.03 mg/L. The concentrations of the two types
are shown as a scatter diagram in Figure 9.
Correlation analysis was also conducted, and the
results indicated the presence of a weak negative
correlation between them (r = - 0.365, P = 0.020).

4. Discussion

The results of the present study suggested that the
total chlorine tester and residual chlorine sensor
had good consistency for the detection of total
chlorine concentration in running water and
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Figure 5. A comparison of two total chlorine detection results for the same sample of activated carbon tank effluent using the

residual chlorine sensor.
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Figure 6. The Bland-Altman test chart for reviewing the total
chlorine in running water detected by the two instruments.
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Figure 7. The Bland-Altman test chart for reviewing the total
chlorine in activated carbon tank effluent detected by the two
instruments.

activated carbon tank effluent and could be used
interchangeably. The total chlorine tester had high
accuracy and good repeatability for detecting
chlorine in running water and activated carbon
tank effluent; however, only the total chlorine con-
centration in the sample could be detected (not the
free chlorine concentration). For detecting the free
chlorine concentration, a separate free chlorine
detection reagent will be required. The residual
chlorine sensor could obtain free chlorine and
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Figure 8. The daily variation curve of concentrations of free
chlorine and chloramine in the running-water sample.

total chlorine concentration results in a single
detection with high detection accuracy and good
repeatability for running water samples; however,
when detecting the concentrations of total and free
chlorine in the effluent of an activated carbon
tank, the two test results for the same sample
using this instrument were moderately correlated.
Accordingly, the detection accuracy must be
improved. The reason for this outcome may have
been because the concentrations of total and free
chlorine in the sample were close to or lower than
the minimum measurement range of the instru-
ment (free residual chlorine, 0.02-10.00 mg/L, and
total chlorine, 0.05-100 mg/L). This suggested that
the detection range of this instrument for low
concentration areas required additional improve-
ment to better quantitatively detect concentrations
of total and free chlorine in the effluent of acti-
vated carbon tanks.

This study revealed that the daily concentra-
tions of free chlorine and chloramine in running
water can vary significantly and that there was
a weak negative correlation between them.
Chloramine concentration could not be calculated
from free chlorine concentration, and vice versa.
This was consistent with the research results of
Wang et al.12. A possible reason for this phenom-
enon is that the breakpoint chlorination method is
typically used in urban waterworks which the time
and amount of chlorine and ammonia in water are
uncertain. China’s hygienic standard for drinking
water (GB5749-2006) [13] stipulates that the con-
tact time between chlorine and free chlorine pre-
paration (free chlorine) with water will be at least
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Figure 9. The concentrations of free chlorine and chloramine in the running-water sample.

30 min. The limit value of factory water is 4 mg/L,
the residual in factory water is 20.3 mg/L, and the
residual in water at the end of the pipe network is
>0.05 mg/L. The contact time between mono-
chloramine (total chlorine) and water will be at
least 120 min. In this instance, the limit value of
factory water is 3 mg/L, the residual in factory
water is >0.5 mg/L, and the residual in water at
the end of the pipe network is 20.05 mg/L. To
ensure that there is sufficient residual chlorine in
the water to inhibit the growth of microorganisms,
and particularly to ensure that the residual free
chlorine and chloramine in the water at the end
of the pipe network meet the requirements, chlor-
ine and ammonia can be added to the water at any
time. This will lead to fluctuations in the concen-
tration of free chlorine and chloramine in running
water at the end of the pipe network.
Considering that the daily concentrations of
free chlorine and chloramine in running water
may vary significantly, requirements are needed
to guard against the risk of the concentration of
free chlorine and chloramine exceeding the
removal threshold of an activated carbon tank.
When configuring activated carbon tanks, water
treatment manufacturers only consider the
water consumption of a dialysis machine and
not the distance between a dialysis treatment
room and waterworks. The concentration of

total chlorine in the running water of
a hospital dialysis treatment room is closely
linked to its distance from the waterworks. If
the hospital dialysis room is close to the water-
works, the concentrations of free chlorine and
chloramine in the running water will be high,
and there will be a risk that the total chlorine
will break through the removal threshold of the
activated carbon tank. In this study, the max-
imum concentration of total chlorine in run-
ning water detected by the residual chlorine
sensor reached 0.7 mg/L, and the corresponding
total chlorine concentration of the activated
carbon tank effluent was 0.09 mg/L, which
was close to the maximum allowable concentra-
tion of 0.1 mg/L. To ensure that the total chlor-
ine concentration is absolutely qualified, the
Association for the Advancement of Medical
Instrumentation recommends setting up two
activated carbon tanks in a series [14]. The
advantage of this method is that when the
total chlorine concentration of the effluent
from the first activated carbon tank exceeds
the standard, and the total chlorine concentra-
tion of the effluent from the second activated
carbon tank is normal, the second tank can be
used to replace the first activated carbon tank.
Then, a new activated carbon tank can be
installed as the second activated carbon tank.



The water treatment systems of many dialysis
centers in China currently still adopt a method
that employs a single activated carbon tank. In
these cases, once the total chlorine concentration
in the effluent of the activated carbon tank exceeds
the standard, it is necessary to terminate the dia-
lysis treatment, discover the cause for this, and
take corresponding measures, such as backwashing
and replacing the activated carbon filter material.
This is likely to affect the patient’s dialysis treat-
ment. Therefore, scholars recommend that once
the chlorine in the activated carbon tank effluent
is detected as greater than 0.07 mg/L, and no
improvement is achieved after backwashing, main-
tenance, and other treatment (and other reasons
are eliminated), the activated carbon filter material
must be replaced [15].

Our results showed large daily variability in free
chlorine and chloramine concentrations in run-
ning water. As the efficacy of activated carbon on
removing free chlorine and chloramine in water is
affected by multiple factors. such as contact time,
pH value and temperature, the chlorine and chlor-
amine concentrations in running water may
exceed the its removal threshold. Therefore, quan-
titatively detecting the total chlorine concentration
in running water and activated carbon tank efflu-
ent by total chlorine tester and residual chlorine
sensor can better monitor these changes and
thereby ensure the safety of hemodialysis
treatment

This study includes some limitations related to
the following: (1) as a cross-sectional study, the
current study cannot reflect seasonal variation
trends related to residual chlorine concentration
in municipal water; (2) this study was a single-
center study and thus cannot represent situations
in other areas of Beijing; (3) although the water
treatment system of our hospital adopts two acti-
vated carbon tanks in a series, since there is no
sampling port behind the first activated carbon
tank, the effluent samples of the activated carbon
tank are collected behind the second activated
carbon tank, and no difference in the total chlorine
concentration of the effluent from the two acti-
vated carbon tanks can be observed.

In future studies, the two quantitative detection
methods should be used to observe long-term

BIOENGINEERED 8565

changes in the total chlorine concentration in run-
ning water and activated carbon tank effluent, to
better understand total chlorine concentration in
running water changes with seasons. We also
planned to assess the actual removal efficiency of
activated carbon tank effluent for free chlorine and
chloramines at different water temperatures (i.e. in
summer and winter).

5. Conclusion

Compared with the visual colorimetric method
currently used in most dialysis centers, both of
the quantitative detection methods adopted in
this study were able to effect better observation
of the change trends in total chlorine levels in
running water and activated carbon tank efflu-
ent. Large daily variability in free chlorine and
chloramine concentrations in running water was
observed and there is a risk that free chlorine
and chloramine concentrations would breach the
charcoal canister removal threshold. A water
treatment system with a single activated carbon
tank can take timely measures when the total
chlorine concentration of the activated carbon
tank reaches the limit (e.g. > 0.07 mg/L). The
total chlorine concentration of the effluent of the
first and second activated carbon tanks can be
monitored at the same time, and measures
should be taken in time when the effluent of
the first activated carbon tank is found to exceed
the standard. It is suggested that conditional
dialysis centers implement quantitative methods
to monitor the total chlorine concentration in
running water and activated carbon tank
effluent.

Highlights

(1) Free chlorine and chloramine concentra-
tions in running water vary significantly.

(2) The two methods can monitor the changes
in total chlorine in running water and acti-
vated carbon tank.

(3) The two methods used in this study show good
consistency in detecting chlorine
concentrations.
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