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Abstract: Rural China faces a shortage of safe drinking water. There are significant challenges
associated with small centralized water supply systems and decentralized water supply systems.
Many rural residents use point-of-use water treatment systems to ensure the safety of their drinking
water. The actual water purification effect and applicability of these water treatment systems in small
centralized and decentralized water supply systems need to be determined urgently. In this study,
the water quality index (WQI) method was applied for the first time in rural areas to evaluate the
effectiveness of point-of-use water treatment systems. A total of 67 reverse osmosis water treatment
systems were tested. The rate of compliance with drinking water standards of the decentralized
water supply was low (37%). Compared with untreated water, the use of a reverse osmosis water
treatment system improved the rate of compliance with drinking water standards, but this effect
was not satisfactory (8%). Among the factors potentially affecting the purified water quality of
point-of-use water treatment systems (e.g., service time of the water treatment system, service time
of the filter element, and type of water source), the service time of the filter element had the most
significant influence on the water quality. If the filter element had not been replaced for a long period,
the removal effect of the water treatment system on the total hardness, sulfide, copper, and ammonia
nitrogen was significantly affected, reducing the quality of the purified water. To ensure the safety of
drinking water, it is recommended to replace the filter element of a reverse osmosis water treatment
system at least once a year.

Keywords: water quality; reverse osmosis; drinking water; household water treatment devices; small
centralized water supply; decentralized water supply

1. Introduction

Access to adequate and safe drinking water is considered a basic human right and a guarantee to
human health and sustainable development [1–3]. Improving access to safe drinking water is one of
the most important sanitation infrastructure projects worldwide [1,4–6]. However, with increasing
water pollution and the uneven distribution of water treatment facilities, the safety of China’s drinking
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water is facing significant challenges [7–11]. Compared with almost all cities with well-equipped water
treatment facilities, more than 200 million people in rural China lack access to safe drinking water due
to inadequate drinking water treatment systems [10,12,13].

In recent years, in developing countries, small household water purification systems have
gradually become widely used by consumers [14–17]. Increasing numbers of Chinese villagers are
installing and using water treatment systems to maintain safe and healthy drinking water. Studies
have shown that point-of-use water treatment systems can effectively reduce the risk of drinking water
contamination [14,17]. Among these water treatment systems, reverse osmosis water treatment systems,
which consist of a water pump, front filter (PP cotton column and activated carbon adsorption column),
reverse osmosis filter element, rear filter (mostly activated carbon adsorption column), and water
faucet [18], are widely used for treatment of domestic drinking water [16]. However, in China, most
point-of-use water treatment systems have been designed to filter urban drinking water supplied by a
centralized water supply. The applicability of these water treatment facilities in decentralized water
supply models in rural areas is unclear. At the same time, it is difficult for users to judge the effect of a
point-of-use water treatment system directly [19]; thus, it is of practical significance to investigate the
actual effect and applicability of these systems.

On the other hand, China has adopted the “Sanitary Standard for Drinking Water”
(GB5749-2006) [20] to evaluate the quality of drinking water. This standard uses the single parameter
method (i.e., if one parameter exceeds the drinking water standard, the drinking water is considered
not to be compliant with the standard) to determine the compliancy of the water sample with the
standard. As a result, it can only be concluded that the drinking water is “compliant with the standard”
or “not compliant with the standard”, and the number of parameters exceeding the guidelines and the
extent of their exceedance cannot be determined. As an effective mathematical tool, the water quality
index (WQI) takes into account complex water quality measurements to obtain a numerical score
reflecting the overall water quality status [21,22]. This score can indicate water quality issues or the
suitability of water use [21,22]. In recent years, due to its intuitive and dimensionless characteristics,
the WQI has been used by researchers to evaluate the quality of surface water and groundwater [23–31].
However, the WQI has not been used to evaluate domestic water treatment systems in small centralized
or decentralized water supply systems.

In this study, we first compared the water flowing from a household faucet (raw water, i.e., water
received by residents without point-of-use water treatment) and the water flowing from a faucet
from a point-of-use water treatment system (purified water). The impact of using a water treatment
system on water quality parameters under the conditions of a small centralized water supply and
a decentralized water supply system in rural areas of the plateau mountains of Yunnan Province
was evaluated. To facilitate the evaluation, we applied a WQI calculation method that identifies the
number of water quality parameters responsible for the drinking water standard exceedance and the
extent of the exceedance [20,32]. Then, we adopted “Parameters predominantly meet acceptable levels.
No acute threat to human health.” (i.e., WQI < 1) was the key criterion and we applied a regression
analysis method to analyze the factors that potentially affect rural point-of-use water treatment systems
(e.g., system use time, filter element use time, etc.). Finally, based on the factors that had the greatest
influence on the domestic water treatment system (the service time of the filter element), the efficiency
of removing various water quality parameters by the rural point-of-use water treatment system was
analyzed, and suggestions were made for the correct use of a point-of-use water treatment system.

2. Materials and Methods

2.1. Study Region and Water Supply Systems

The study area occupied three counties of the Dali Bai Autonomous Prefecture, Yunnan Province,
southwestern China: Binchuan County, Xiangyun County, and Wuyuan County. This region has a
northern subtropical plateau monsoon climate, and the average annual rainfall is 1041.2 mm. The
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terrain is complex with higher elevations in the northwest and lower elevations in the southeast. There
are two main types of water resources in the area, namely surface water and groundwater. Rural
drinking water sources are all derived from shallow groundwater. Water supply systems included: (1) a
small centralized water supply where the rural centralized water supply system serves a population of
less than 10,000 people, in which pumped water is stored in an elevated water tank and then piped into
a water treatment system and (2) a decentralized water supply in which individual users draw water
directly from wells and store it in a water tank in their homes, with wastewater flowing into a water
treatment system under gravity. Within the three counties of the study area, 28 villages were selected
for sampling to capture the diversity of the topography and population distribution, in addition to the
type of water supply systems (i.e., small centralized and decentralized, Figure 1).
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2.2. Survey and Water Sampling

A questionnaire-type survey regarding the use of water treatment systems was conducted via
consultation with village committees and household visits. Surveys were conducted in accordance with
professional ethics while respecting the voluntary participation and privacy of the interviewees [2].
First, we confirmed the distribution and usage rate of household water treatment systems in the
village and then randomly selected one to four volunteers to conduct a questionnaire survey. The
questionnaire included items pertaining to the: (1) water treatment system brand and process type,
(2) water treatment system service time, (3) filter element service time after installation in the water
treatment system, (4) water supply system, and (5) treatment method used before drinking. All
questions were answered by the homeowners. A total of 67 questionnaires were collected.

Samples of both the raw/untreated water (i.e., before treatment in a water treatment system)
and the water treated by water treatment systems were collected. The raw water (RW) and purified
water (PW) sampling points are shown in a schematic diagram of a typical water treatment system
(Figure 2). Local residents take water several times a day from the water outlet (usually a faucet) of the
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water treatment system when they need to drink or cook. We simulated a single water intake process
(i.e., a random water sample was taken from the water treatment systems), and the water sampling
time was from 9:00 a.m. to 7:00 p.m. every day. We followed the relevant guidelines pertaining to the
collection and storage of water samples provided in the “Chinese standard measurement methods
for drinking water” (GB/T 5750-2006) [33]. To improve the consistency of the sample with the water
use habits of the population in the study area, we opened the water faucets of the water treatment
systems and took 1 L of water directly (the water treatment systems were not flushed before sampling).
The water sample was poured into two containers (0.5 L glass bottles for measuring chemical oxygen
demand (COD) and total organic carbon (TOC) and 0.5 L polyethylene plastic bottles for measuring
other parameters). The bottles were kept refrigerated, and water samples were transported to the
laboratory for testing within two days. According to the product specification and process flow of
the water treatment systems, all 67 systems sampled were determined to be reverse osmosis water
treatment systems.
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Onsite measurements of the water samples included water temperature, pH, total dissolved solids,
odor and taste, and visible objects. A portable turbidity meter HACH 2100Q (HACH, Loveland, CO,
USA) was used to measure turbidity to evaluate the precipitation of organic matter and other suspended
matter in the water. Total dissolved solids were measured to evaluate the degree of mineralization of the
water using a portable total dissolved solids meter INEAS DDBJ-350F (INEAS, Shanghai, China). The
pH was measured using a portable pH meter INEAS pHBJ-260 (INEAS, Shanghai, China) calibrated
using standard buffers of pH 4.0 and 7.0. Water samples were returned to the laboratory in time to test
other parameters. Details of the test methods and grading standards for the parameters odor/taste and
visible objects are shown in Table S1.

2.3. Analytical Methods and Evaluation Standards

Referring to China’s Sanitary Standards for Drinking Water (GB5749-2006) [20], 15 parameters
were selected. The sensory and general chemical parameters were odor and taste, visible objects,
color, turbidity, pH, total dissolved solids, iron, and total hardness. The organic pollution parameters
were oxygen consumption, TOC, sulfide, and ammonium nitrogen. The toxicity parameters were
copper, hexavalent chromium, and nitrate nitrogen. The reason for the absence of other parameters
(e.g., arsenic, fluorine, and microorganisms) is discussed in the supplementary materials.

The standard values used for total dissolved solids, total hardness, ammonia nitrogen, COD,
iron, nitrate nitrogen, and pH were those specified in the “Rural small-scale centralized water
supply and decentralized water supply” section of China’s Sanitary Standards for Drinking Water
(GB5749-2006) [20]. The TOC standard value used was the reference index of drinking water quality,
and the standard values of the other indexes used were the conventional detection indexes, which
were all provided in the standard.

2.4. The WQI and Classification

The commonly used methods to calculate the WQI include the comprehensive index
method [23,30,32], entropy weight method [28], fuzzy evaluation method [26], weighted superposition
analytical method [27], and an artificial neural network [34]. In this study, we selected a WQI calculation
method including “punitive terms” for items exceeding the standards, which is suitable to reflect the
quantity and extent of standard exceedances for various drinking water quality parameters [32] (for the
calculation basis and detailed process see the Supplementary Materials).

Formula (1) was used to calculate each single index (Ii) except pH:

Ii = Ci/Si (1)

where Ii is the single index, Ci is the individual test result, and Si is the standard value (the standard value
for each parameter according to China’s Sanitary Standards for Drinking Water (GB5749-2006) [20]) of
the index. If Ci is below the detection limit or <0.1 Si, the assignment value Ii = 0.1. If visible objects
are detected, Ii = 1.50; if not, Ii = 0.10. Odor and taste were taken as a single index Ii according to the
detection level (scale of 0–5). The test methods and grading standards for visible objects and odor/taste
are shown in Table S1. Formula (2) was used to calculate the pH index (IpH):

IpH =
∣∣∣CpH − (Smax + Smin)/2

∣∣∣/∣∣∣Smax − (Smax + Smin)/2
∣∣∣ (2)

where IpH is the pH index (expressed as a single index value), CpH is the pH test result, Smax is the
standard upper limit (9.5), and Smin is the standard lower limit (6.5). Formula (3) was used to calculate
the WQI:

WQI =

√√
(

n∑
i=1

Ii)/n×
√

Ii,max ×
∏

Ii,exceed (3)
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where n is the sample size, Ii,max is the maximum index value, and Ii,exceed is the value of the items
exceeding the standard of a single index (i.e., parameters that can potentially cause harm). Therefore,
all Ii > 1 are Ii,exceed. Ii,exceed is not calculated when all Ii < 1. Π is the continuous multiplication of all
Ii,exceed values.

Based on the calculated WQI value, the drinking water quality was graded according to the degree
of compliance with Chinese drinking water standards [20], as shown in Table 1 [25,28,29,32,35–37].

Table 1. Classification of drinking water quality based on the WQI [20,36,37].

Rank WQI Range Suggested Interpretation

1 WQI ≤ 1 Parameters predominantly meet acceptable levels.
No acute threat to human health.

2 1 < WQI ≤ 5 Parameters occasionally exceed the acceptable levels.
Low threat to human health.

3 5 < WQI ≤ 25 Parameters sometimes exceed the acceptable levels.
Moderate threat to human health.

4 25 < WQI ≤ 50 Parameters often exceed the acceptable levels.
Marked threat to human health.

5 WQI > 50 Most parameters exceed the acceptable levels.
Severe threat to human health.

2.5. Average Removal Rate

The average removal rate (RR, %) for each pair of raw and purified water parameters was
calculated as follows:

RR =

 n∑
i=1

(
Cir −Cip

)
/Cir

/n× 100% (4)

where Cir is the individual test result of the raw water parameter, Cip is the individual test result of
the purified water parameter corresponding to Cir, and n is the number of water treatment systems
included in the calculation. In this study, n = 67. When Cir is below the detection limit (or Cir = 0),
and Cip is higher than the detection limit, the RR is defined as −1000%. When Cir is below the detection
limit (or Cir = 0), and Cip is also below the detection limit (or Cip = 0), the RR is defined as 0%. If the
removal rate is positive (negative), the parameter concentration decreases (increases). Details of the RR
calculation Formula and examples of the RR calculation are shown in the supplementary materials.

2.6. Statistical Analysis

The data were compiled using Excel 2013, statistical analyses were performed using SPSS 19.0
and R, and visualization was conducted using the ggplog2 package of R. The paired rank-sum test was
used to determine differences between raw water and purified water quality parameters in paired
samples. The chi-squared (χ2) test was used to compare the qualified rates of raw water and purified
water in different groups. The factors influencing the WQI of purified water were determined using a
binary logistic regression model. p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Survey Results

A total of 67 valid questionnaires were collected in this study. In the study area, three to four
people typically shared the same water treatment system. All of the water treatment systems were
based on reverse osmosis technology. Among the responding households, 28 (42%) had a decentralized
water supply, whereas 39 (58%) had a small centralized water supply. The service life of the purifier
was ≤2 years in 39 (58%) households and >2 years in 28 (42%) households. The filter element of the
water treatment systems had been used for ≤1 year in 38 (57%) households and >1 year in 29 (43%)
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households. A total of 65 (97%) villagers reported using purified water as drinking water, and 42 (65%)
boiled the water before drinking (Tables S2 and S3).

3.2. Water Quality Results

According to China’s Sanitary Standards for Drinking Water (GB5749-2006) [20], if one or more
of the 15 parameters tested failed to meet the standard, it was determined that the water sample did
not comply with drinking water standards. A total of 25 (37%) raw water samples complied with
drinking water standards. None of the samples had any detectable odor/taste or visible objects. The
color, turbidity, total dissolved solids, copper, TOC, and pH did not exceed their standard values.
The remaining indexes exceeded their standard values to varying degrees. Among them, ammonia
nitrogen exceeded the standard value most frequently (42%), followed by hardness (18%) and COD
(10%) (Table 2, Table S2). This indicates that the small centralized and decentralized water supplies in
the plateau mountainous area of Dali Bai Autonomous Prefecture have high levels of organic pollution,
rendering the overall water quality unsatisfactory.

Table 2. Paired rank-sum test and the rates of water quality exceedance for parameters of the raw
water RW and purified water (PW) samples (n = 67).

Parameter
Paired Rank-Sum Test Standard Value and Number of Exceedances

|Z| p Standard
Value

Number of RW
Exceeding the

Standard

Number of PW
Exceeding the

Standard

Color (TCU) 5.25 <0.01 15 0 0
Turbidity (NTU) 0.35 >0.05 1 0 0

pH 6.44 <0.01 6.5–9.5 0 1
Total dissolved solids (mg/L) 6.47 <0.01 1500 0 0

Iron (mg/L) 1.12 >0.05 0.5 1 2
Copper (mg/L) 1.93 >0.05 1.0 0 0

Total hardness (mg/L CaCO3) 6.44 <0.01 550 12 0
Sulfide (mg/L) 2.61 <0.01 0.02 1 0

Ammonia nitrogen (mg/L N) 0.73 >0.05 0.5 28 28
Chemical oxygen demand

(mg/L O2) 5.87 <0.01 5 7 0

Total organic carbon (mg/L) 6.23 <0.01 5 0 0
Hexavalent chromium (mg/L) 2.25 <0.05 0.05 2 10

Nitrate nitrogen (mg/L N) 4.87 <0.01 20 1 1
Water quality index 2.36 <0.05 1 32 26

Among the purified water samples, 30 (45%) purified water samples complied with drinking water
standards. None of the samples had any detectable odor/taste or visible objects. The color, turbidity,
total dissolved solids, copper, total hardness, sulfide, COD, and TOC did not exceed their standard
values, whereas the remaining indicators exceeded their standard values to varying degrees. Among
them, the standard value of ammonia was exceeded most frequently (42%), followed by hexavalent
chromium (15%) and iron (9%) (Table 2, Table S3). Compared with raw water, the rate of compliance
with the drinking water standards of purified water was improved (8%).

The water qualities of the raw and purified water samples were compared using a paired rank-sum
test. The differences in the color, COD, total dissolved solids, sulfide concentration, TOC, pH, total
hardness, hexavalent chromium concentration, and nitrate nitrogen concentration of the raw and
purified water samples were statistically significant (p < 0.05). Compared with raw water, the pH
and hexavalent chromium concentration of purified water were significantly increased, while the
other parameters were significantly decreased (Table 2, Figure 3). The differences in turbidity and
iron, copper, and ammonium nitrogen levels were not statistically significant (p > 0.05). The turbidity
was lower in the raw water than purified water samples, although the difference was small (Table 2,
Figure 3).
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The pH of the purified water was significantly higher than the pH of the raw water (Table 2,
Figure 3). It is generally believed that when a solution passes through a reverse osmosis membrane,
water ionization on the permeate side causes a change in pH to maintain the charge balance and water
ionization constant during the filtration process [38]. The cause of water ionization on the permeate
side is the difference in permeability of different ions as a consequence of the ion-repellency of the
reverse osmosis membrane [38]. The concentrations of some metals were significantly higher in the
purified than raw water (Table 2, Figure 3). This may be because the effluent became acidic after it
passed through a reverse osmosis membrane, leading to the dissolution of metals in water treatment
devices and resulting in higher concentrations of heavy metals and an increased pH. This phenomenon
requires further study because it may cause serious health problems. The significant increase in the
hexavalent chromium concentration in the effluent water indicates chromium dissolution in the water
treatment systems during water purification.

3.3. Water Quality Index

The WQI used in this study has certain limitations. For example, when considering the number
of parameters exceeding the standard and the extent of their exceedance [20] before and after water
treatment, the relative weight of each water quality parameter was not considered. In addition, only



Water 2020, 12, 867 9 of 15

sensory and general chemical parameters, organic pollution parameters, and toxicity parameters were
evaluated. Microbiological parameters were not assessed. These limitations require further study to
address them.

In terms of the tested water quality parameters and calculated WQI, a WQI < 1 indicated that the
Chinese drinking water standards [20] were almost always met at desirable levels. A larger WQI value
indicated that the standards almost always met the acceptable levels. There were 9% more samples
with a WQI < 1 in the purified water samples than in the raw water samples (Table 2), indicating that
water treatment systems improved the quality of drinking water to some extent, but the improvement
was not significant.

The calculated WQI was graded according to the drinking water quality (Table 1). Compared with
raw water, there were more purified water samples classified as rank 1 (i.e., “Parameters predominantly
meet acceptable levels. No acute threat to human health.”) and fewer purified water samples classified
as rank 5 (i.e., “Most parameters exceed the acceptable levels. Severe threat to human health.”) (Figure 4).
This suggests that after the water treatment systems are used, the situation in which parameters are
almost always exceed the acceptable levels could be reduced. After using the water treatment systems,
some of the water samples that were determined to have desirable levels occasionally exceeded the
drinking water standard for certain parameters, but usually by small amounts, could be further purified
to meet the drinking water standards. Thus, the water treatment systems can reduce the number and
extent of parameters exceeding the standards, and the standards could be met by further removing
pollutants in the water. However, the efficacy of this process was not satisfactory.
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raw water (RW) and purified water (PW) samples with ranks of 1 to 5 (Table 1).

3.4. Univariate Analysis of the Factors Influencing the WQI of Purified Water

A univariate analysis was performed using the χ2 test to determine the factors that potentially
affected the purified WQI of water treatment systems. The WQI was significantly lower for purified
water obtained from purifiers with a filter element that was <1 year old compared with >1 year old.
The difference in the WQI of purified water obtained from decentralized versus small centralized water
sources was statistically significant (p < 0.05). The effects of the water treatment system service time
and WQI of raw water on the WQI of purified water were not significant (p > 0.05) (Table S4). This
indicates that the service time of the filter element and the type of water supply have significant effects
on the overall quality of the purified water, whereas the water treatment system service time and raw
water quality have little effect.
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3.5. Regression Analysis of Factors Influencing the WQI of Purified Water

A binary logistic regression analysis was performed to identify the factors potentially affecting
the WQI of the water obtained from water treatment systems. The WQI of the purified water was used
as the dependent variable, and the service time of the water treatment systems, service time of the
filter element, WQI of the raw water, and water source type were used as the independent variables.
The service time of the filter element had a significant effect on the WQI of the purified water (p < 0.01),
whereas the effects of the water source type, water treatment system service time, and WQI of the raw
water on the WQI of the purified water were not significant (p > 0.05) (Table 3).

Table 3. Binary logistic regression analysis of factors influencing the WQI of purified water.

Factor Category χ2 OR 95% CI p

Water treatment system
service time (years) ≤2/>2 0.64 0.61 0.18–2.05 >0.05

Filter element service
time (years) ≤1/>1 7.23 5.09 1.55–16.68 <0.01

WQI of raw water ≤1/>1 1.04 0.54 0.16–1.79 >0.05

Type of water supply Decentralized/
Small centralized 3.48 0.06 0.23–2.59 >0.05

The effect of the type of water supply on the purified water quality was not significant in the
multivariate analysis (p > 0.05). However, the univariate analysis showed that the water source type
significantly affected the WQI of the raw water (χ2 = 9.604, p < 0.05). This indicates that the water
source type does not affect the WQI of the purified water directly, but rather indirectly by influencing
other factors. The effect of the filter element service time on purified water quality was consistent
between the multivariate and univariate analyses.

In addition, the WQI of raw water from decentralized water supply systems was generally poor,
whereas the qualified rate of the purified WQI was 72%, significantly higher compared with small
centralized water supply systems with higher raw water quality (Table S4). This also indicates that
the type of water supply and WQI of raw water have little influence on the quality of purified water,
further suggesting that the quality of purified water obtained from water treatment systems is affected
mainly by the service time of the filter element. Even if the raw water quality is not ideal, better
purified water quality can be achieved by frequently replacing the filter element.

3.6. Influence of the Filter Element Service Time on Purified Water Parameters and Removal Rate

To explore the mechanism of the influence of the filter element service time on the purified water
quality, the quality parameters of purified water were compared according to the filter element service
time of the water treatment system (≤1 vs. >1 year) using an ANOVA. The ammonia nitrogen content
in the purified water was significantly higher when the service time was >1 year compared with
≤1 year (p < 0.01). The differences in total hardness and sulfide levels according to the filter service
time were also significant (p < 0.05). The other indicators showed no significant differences (p > 0.05)
(Figure 5, Table S5). This indicates that the efficacy of the filter element on removing the hardness,
sulfide, and ammonia nitrogen from purified water quality is weakened by longer usage of the water
treatment system filter element.

The reason for the higher contents of ammonia nitrogen and sulfide after longer usage of the
purified water filter element is that the filter eventually reaches saturation. Ammonia nitrogen and
sulfide can pass through the reverse osmosis membrane and readily accumulate in the filter and then
are released into the water, resulting in the deterioration of the purified water quality. At the same
time, the activated carbon adsorption columns provide ideal living conditions for microorganisms,
and biofilms can form readily. The water flowing into water treatment devices is well water containing
very low levels of dissolved oxygen that is transported through airtight pipes. Therefore, some
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microbial residues in water treatment devices decompose under hypoxic conditions, resulting in
increased ammonia nitrogen and sulfide concentrations in the purified water output [39].
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the filter element service time (ST) (n = 67). Units: color (TCU), turbidity (NTU), ammonia nitrogen
(mg/L N), nitrate nitrogen (mg/L N), chemical oxygen demand (mg/L O2), total hardness (mg/L CaCO3),
water quality index and pH (standard units), and other parameters (mg/L).

To explore the effects of reverse osmosis water treatment systems from rural areas on water quality
parameters, Formula (4) was used to calculate the average removal rate of water treatment systems
with different filter element service times.

To meet the actual needs of residents in terms of water use, a faucet providing purified water
has been incorporated into the water treatment system. This is a consequence of the overall effect of
the water treatment system. However, further research is required to determine the specific effects
of reverse osmosis membrane columns and other components in the system. In terms of the overall
system, the average removal rates of COD, total dissolved solids, sulfides, and nitrates were higher
when the filter service time was ≤1 year compared with >1 year. Thus, the removal efficiency of
water treatment systems was stronger when the filter element was replaced more frequently [40].
One possible reason for this is leakage from the reverse osmosis membrane after the water treatment
system has been used for a long time, which leads to membrane failure [41]. The average rate of
sulfide removal was −18% versus −76% for purifiers with a filter service time ≤1 year versus >1 year,
respectively (Figure 6). The average removal rate of ammonia nitrogen was higher for purifiers with
a filter service time ≤1 year compared with >1 year. This indicates the presence of microorganisms
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breeding in the water treatment system or oversaturation of the pollutants adsorbed by the filter
material, leading to their release into the purified water. Therefore, the risk of microbial contamination
is likely to exist in water treatment systems under non-centralized water supply conditions, and this
subject requires further study.Water 2020, 12, x FOR PEER REVIEW 14 of 17 
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Because reverse osmosis membranes generally have a high removal rate of microorganisms, these
microorganisms growing in the post-activated carbon adsorption column after the reverse osmosis
filter element may enter the purified water [17,42]. In addition, if the reverse osmosis membranes in
the water treatment systems are ruptured, microorganisms growing in the activated carbon adsorption
columns before the reverse osmosis membranes can also enter the purified water. The shorter the filter
element service time, the lower the risk of microbial contamination. Boiling the purified water from
the water treatment system before drinking is recommended, as this can effectively reduce the risk
of microorganisms.

The average removal rates of iron, copper, and hexavalent chromium from the water treatment
systems according to the filter element service time were all negative values, indicating increases in
these water quality parameters (Formula (4), Figure 6). This suggests that the interaction between
drinking water and the water treatment system may lead to dissolution of iron, copper, chromium,
and other metallic elements during the water-purification process [16]. At the same time, the presence
of sulfide in the water treatment system may cause corrosion, which is also a potential cause of the
increased concentrations of metal indicators in the effluent. In addition, the low quality of the metal
components in the water treatment system, which is unsuitable for the purpose in water treatment
system, is also a potential cause of the metal concentration in the water. The cause of the increase in
metal concentration in purified water requires further study. Potential sources of metal dissolution are
the stainless-steel bellows, water pumps, water storage pressure pots, faucets, and other components
of the water treatment systems [16,39,41].

4. Conclusions

Three significant conclusions were derived from this work. First, the small centralized and
decentralized water supplies in the plateau mountainous area of Dali Bai Autonomous Prefecture have
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high levels of organic pollution, rendering the overall water quality unsatisfactory. Compared with
the raw water, after installing reverse osmosis water treatment systems, the rate of compliance with
drinking water standards improved. Second, single factor, and regression analyses revealed that the
most important factor affecting the purified water quality obtained from the water treatment systems
was the service time of the filter element. Over time, the ability of the filter element to remove hardness,
sulfide, and ammonia nitrogen decreases significantly, affecting the purified water quality. Even if the
raw water quality is not ideal, replacing the filter element more frequently could noticeably improve
the purified water quality. In addition, the concentrations of iron, copper, chromium, and other metal
elements in the purified water increased. Potential causes are the dissolution of metal components
in the water treatment system due to interaction between drinking water and the water treatment
system (such as corrosion) and the leakage caused by the reverse osmosis membrane failure. Finally,
if the main filter element is used for a long period, it is likely to cause the pollutants adsorbed on the
oversaturated filter material to be released into the purified water, allowing microorganisms to breed
in the activated carbon adsorption columns, which increases the risk of microbial contamination of the
purified water. Therefore, it is necessary to replace the filter element of the water treatment system at
least once a year to increase the water purification efficacy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/867/s1.
Table S1: Rankings of the odor and taste tests. Table S2: Test results of the water quality parameters in the raw
water samples (n = 67). Table S3: Test results of the water quality parameters in the purified water samples
(n = 67). Table S4: Analysis of the factors influencing the water quality index (WQI) of purified water. Table S5:
Comparison of water quality parameters of purified water according to the service time of the filter element in the
water treatment system (n = 67).
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