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Abstract: The improper treatment of landfill leachates is one of the major problems associated
with waste landfilling and causes serious environmental pollution at waste landfill sites and their
surroundings. To develop a suitable landfill leachate treatment system and to minimize the risk
of environmental pollution, it is important to characterize seasonal and temporal variations of
landfill leachates. This study investigated the leachate quality of the Nam Son waste landfill in
Hanoi, Vietnam in 2017-2019 and characterized the potential risks of landfill leachate using a
leachate pollution index (LPI). The results of this study showed that the seasonal and temporal
variation of the overall LPI during the monitoring period was small and in the range of 20-25 (values
2.5 times higher than the maximum permissible limits of Vietnam National Technical Regulation on
Industrial Wastewater). The LPI sub-indices attributed to organic and inorganic pollutants were major
components of the LPI. Especially, the annually averaged values of LPI of inorganic pollutants were
7.7 times higher than the maximum permissible limits, suggesting that the treatment of inorganic
pollutants, such as ammonium-nitrogen (NH;*-N) and total nitrogen (TN), is highly required at
Nam Son landfill to prevent environmental pollution surrounding the landfill site.

Keywords: solid waste landfill; landfill leachate; leachate pollution index; monitoring; Nam Son
waste treatment complex; Hanoi city

1. Introduction

An engineered municipal solid waste (MSW) landfill is designed to carefully isolate the
dumped waste from the surrounding environment to prevent water, soil, and air pollution.
The isolation is accomplished commonly with a combination facility including a bottom
liner, gas ventilation, drainage system, and daily soil cover as well as a facility for treatment
of landfill leachate [1]. In most countries, it has been reported that landfill leachate contains
various types of organic compounds, such as easily and non-biodegradable carbons, humic,
and fulvic acids; inorganic compounds such as colloids; heavy metals; non-organic salts
such as sodium, calcium, sulfate, and ammonia; other toxic and hazardous substances due
to the lack of separation of dumped MSW [2-5]. The composition and potential pollutants
of landfill leachate and the volume of leachate generated depend on many factors including
waste composition, degree of compaction, age of dumped waste, seasonal variations in
precipitation, landfill temperature, chemical and biological activities in a waste body,
hydrogeological conditions in the vicinity of the landfill site, and management practices of
MSW landfills [6-8].
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In order to characterize the contamination potential of landfill leachate, an easy-
comparison index could be a useful tool. Kumar and Alappat [9,10] proposed a technique
to quantify the leachate contamination potential of different landfills on a comparative scale
in terms of a leachate pollution index (LPI). An LPlis a quantitative tool that measures the
leachate pollution potential and can be used not only for characterizing MSW landfills but
also for planning and designing remedial measures to prevent environmental pollution.
Moreover, LPI sub-indices have been developed to describe the dominating pollutants and
their impact [11].

To date, only few data have been available for characterizing landfill leachates in
Vietnam, and the quality and severity of contamination potentials have not been fully
understood. Especially, a quantitative indicator has not been applied to evaluate the sever-
ity of the contamination potential of landfill leachates in Vietnam. This study, therefore,
analyzed the quality of landfill leachates at the Nam Son landfill in Hanoi, a typical MSW
landfill in Vietnam, based on leachate quality monitoring from 2017 to 2019 and character-
ized the seasonal and temporal variations of leachate quality and severity of contamination
potential based on the calculated LPI values. The report on this study could contribute
to the improvement of treatment facilitates of landfill leachates and the diminution of the
adverse impact on the surrounding environment of MSW landfills in Vietnam.

2. Current Status of Solid Waste and Landfill Management in Hanoi, Vietnam

One of the most common techniques for handling MSW in developing countries has
been landfilling because of the higher capacity and lower capital and operation costs than
modern waste management methods [12,13]. In Vietnam, the volume of MSW reaches
more than 64,000 tons/day, and waste generation is increasing at ~5.1%/year [14]. Re-
garding four currently common methods for treating MSW in Vietnam—Ilandfilling (63%),
composting (4%), recycling (10%), and incineration (14%) [14]—landfilling is the major
disposal method. According to a report by the Ministry of Construction [15], there are a
total of 657 landfill sites under operation in Vietnam (total area = 4900 ha), and 31% of
these are certified as engineered landfills with sanitary conditions. In Hanoi, the daily
MSW generation is estimated at approximately 6,500 tons [15]. There are four landfills
which are engineered landfills with a large capacity, namely, Nam Son, Kieu Ky, Xuan Son,
and Nui Thong landfill sites. Hanoi city set a plan to operate 17 solid waste disposal com-
plexes including eight existing zones and upgrading and expanding nine newly established
zones [16].

The concentrations of some indicators of landfill leachates taken from typical MSW
landfills in big cities of Vietnam reported in the literature are summarized in Table 1 [17-22].
It can be seen that 5-day biochemical oxygen demand (BODs) and chemical oxygen demand
(COD) varied irrespective of the operation periods and locations, and total suspended
solids (TSS) varied greatly. The leachate quality of a landfill, however, varies widely due
to the presence of many factors: lack of MSW classification from sources of households
and institutes, seasonal climate variations (dry and rainy seasons), landfill management
practices, and operation periods. Thus, it is difficult to characterize the leachate quality
using samples taken during a certain sampling period. In order to have an accurate
characterization of landfill leachate, it is important to carry out a long-term leachate quality
monitoring using a set of samples fully considering seasonal and temporal variations.
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Table 1. Leachate quality indicators at several municipal solid waste (MSW) landfills in Vietnam.

Landfill Site

Nam Son

Xuan Son

Go Cat

Thuy Phuong

Trang Cat

QCVN 40
City, Year Hanoi, 2013 Hanoi, 2012 Ho Chi Minh, 2007 Hue, 2009 Haiphong, 2013 (Column B) 7/QCVN 25 8
Parameters
pH 6.8-8.0 7.7 7.4-7.6 7.7-8.5 6.5-8.2 5.5-9
TDS (mg/L) ! 6.9 x 10°-2.0 x 10* - - . 4592 -
TSS (mg/L) 2 12 x 102-2.2 x 10° 9.9 x 102 7.0 x 102-2.0 x 10° 42-84 21-78 100
COD (mg/L)? 1.0 x 103-2.3 x 10* 3.5 x 103 14 x 1017 x 104 62 x 10224 x 10° 33 x 10>-1.0 x 10° 150/ 400
BODs (mg/L)* 5.0 x 102-1.2 x 10* 22 % 103 63 x 10992 x 10° 15 x 102-4.0 x 102 1.2 x 10°-4.7 x 102 50/ 100

BODs/COD 0.49-0.54 0.61 0.46-0.58 0.16-0.23 0.37-0.47 -

TN (mg/L)® 42 x 102223 x 10° 62 1.8 x 10°-2.9 x 10° - 1.8 x 102-5.1 x 102 40/ 60
NH*-N (mg/L) . 17 17 x 10°24 x 10° 1.8 x 10%-6.4 x 102 . 10/ 25
NO?-N (mg/L) . 13 0-6.2 - - .

TP (mg/L) 6 6.5-25 4.3 10-20 - 3.9-8.6 6

T"talcl;lég;‘fis) (mg - - - 14 x 10°-4.9 x 10° - -
Cl (mg/L) ; - . 52 x 10212 x 10° ; 1000
As (mg/L) 0.001-0.003 0.2 - - 0.047-0.086 0.1
Pb (mg/L) 0.050-0.086 0.34 - - <0.05 0.5
Cd (mg/L) 0.010-0.025 0.14 : . <0.01 0.1
Hg (mg/L) 0.0001-0.0009 - - - 0.0001 0.01
Reference [17] [18] [19] [20] 17 [21,22]

1 TDS: Total dissolved solids; 2 TSS: Total suspended solids; > COD: Chemical oxygen demand; * BODs: 5-day biochemical oxygen demand;
5 TN: Total nitrogen; 6 TP: Total phosphorus; 7 QCVN 40:2011/BTNMT: National Technical Regulation on Industrial Wastewater; 8 QCVN
25:2009/BTNMT: National technical regulation on wastewater of the solid waste landfill sites.

3. Materials and Methods
3.1. Study Site

Landfill leachate was collected from the Nam Son waste treatment complex in Hanoi,
Vietnam (hereafter, Nam Son landfill) in this study (Figure 1). The Nam Son landfill site
is the biggest MSW landfill site in Hanoi and is located 45 km north from the center of
Hanoi city. The site is located in Soc Son District, which is generally hilly and a region of
moist tropical monsoon heat. The average annual rainfall is 1670 mm, and the average
air humidity is 84% here [23]. The geological and hydrogeological structures are complex,
according to the report of three bore holes drilled 28-30 m deep around the north of the Nam
Son landfill; the stratigraphic column consisted of five layers: from surface to 1.5-2.0 m:
soil, soft-red clay; from 1.5-2.0 to 6.0-7.5 m: mixed sand, interbred with clay; from 6.0-7.5
to 11.2-14.2 m: medium saturated sand; from 11.2-14.2 to 13.0-17.6 m: weathered siltstone;
and from 13.0-17.6 to 28-30 m: shale weathering [23]. In 1999, the landfill was designed to
occupy a total area of 83.5 ha with ten cells of buried waste and to accept 2000 tons/day
of waste (Phase 1). Each cell bottom was constructed with a liner sheet of high-density
polyethylene (HDPE) on top of a clay layer with a tube network to collect leachate. The
volume of received waste steadily increased and currently has exceeded 5000 tons/day.
The first cells were filled completely in 2014 and presently new cells with a total area of
75 ha are under operation (Phase 2) [23]. Nam Son landfill accepts MSW consisting of
mostly organic waste (51.9%) and a large amount of inorganic waste such as plastic and
vinyl (3%), paper (2.7%) glass (0.5%), leather and rubber (1.3%) metals (0.9%), inert matter
(38%), and other materials [14,24].

At the site, landfill leachate is collected by wells with a tube network and discharged
into a bio-lake/leachate reservoir (leachate collection pond in Figure 1). According to the
report by the Hanoi Urban Environment Company (URENCO), each ton of waste will
generate 0.43 m?® leachate, which means that with 5000 tons of waste per day, Nam Son
landfill will generate approximately 2150 m? of leachate per day. It was also reported that
the amount of leachate generated from the natural rainfall was 363 m? per day, so that the
total amount of leachate generated was about 2500 m? per day. All the leachate is directed to
a biological pond that has a volume of approximately 200,000 m3. The collected leachate is
pumped up and brought to three wastewater treatment plants with the maximum treatment
capacity of 3200 m3/day, but they only worked at the capacity of 2150 m3/day [25]. The
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wastewater treatment plants used conventional leachate treatment methods, such as air
stripping, coagulation, flocculation, aerobic and anoxic tanks/sequencing batch reactor
(SBR), settling, filtration and disinfection; the systems required a large amount of chemicals,
and the efficiency is not constant but depends on climate conditions and the volume of inlet
leachate [26]. The bottom of the cells was covered with a geotextile layer that laid directly
on the original ground to prevent leakage of landfill leachate into surrounding areas.

. -~
i Leachate treatment

facility

7

' .
————aabe % -
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s

Landfill cells
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‘"

Y 5
Boundary of landfill site
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Figure 1. Nam Son landfill site (Source: 2015 Google Inc. 12 December 2020).

The distance from Nam Son landfill to surrounding villages is only 200-500 m so that
the impact of environment pollution looks potentially serious. According to inhabitants of
the nearby Lai Son village, the odors from the landfill are unbearable. In both the dry and
rainy seasons, the air the villagers inhale and water they use are highly contaminated due
to the high concentrations of poisonous sediments on the surface, in the groundwater, and
vapors in the proximity of the landfill [23].

3.2. Sampling and Analysis of Landfill Leachate

Landfill leachate samples were collected from the leachate collection pond (Figure 1) at
the Nam Son landfill from 2017 to 2019 at 3 month intervals (March, June, September, and
December). The samples were collected with polypropylene bottles and were stored at 4 °C
in the laboratory for the wastewater quality analysis. Wastewater quality parameters and
testing methods are summarized in Table 2. Mainly, four groups of pollutants: (i) general
wastewater quality parameters, (ii) anions and cations, (iii) organic pollutants, and (iv)
heavy metals were measured following Vietnamese standards (TCVN) [21], Standard
Methods for the Examination of Water and Wastewater (SMEWW) [27], and Selected
Analytical Methods for Environmental Remediation and Recovery [28].

3.3. Leachate Pollution Index (LPI)

The landfill leachate pollution index (LPI) is a quantitative tool to evaluate the leachate
contamination potential of landfill leachate [9-11]. In this study, the overall LPI and three
sub-indices of LPI—LPI organic (LPl,.), LPI inorganic (LPli,), and LPI heavy metals
(LPIy,y)—were used. Each sub-index can be calculated:

Zin:1 WiP'
LPI ==~ -1 x 100 1
YL Wi M



Environments 2021, 8, 17 50f 11

Then, the overall LPI can be calculated:
Overall LPI = 0.232 LPl,, + 0.257 LPL, + 0.511 LPL, @)

where LPI is the leachate pollution index, Wj is the weight for the ith pollutant variable,
P; is the sub-index score of the ith pollutant variable, and n is the number of leachate
pollutant variables used in calculating the LPI. The W; and P; are selected according to
the instructions of Kumar and Alappat [9-11], the P; is changed or reselected when the
concentration of ith pollutant changes. Table 3 exemplifies the LPI calculation. The leachate
quality parameters of BODs, COD, phenolic, and coliform for calculating LPI,,, pH, NH;*—
N, C17, and total nitrogen (TN) for calculating LPI;,, and Fe, Cu, Ni, Zn, Pb, Cz, As, CN,
and Hg for calculating LPIy,,, were used in this study.

Table 2. Leachate quality parameters and testing methods.

Parameter Testing Methods ! Parameter Testing Methods
Odor SMEWW 2150 (2012) Ni SMEWW 3125 (2012)
pH TCVN 6492 (2011) Pb SMEWW 3125 (2012)
Dissolved oxygen (DO) TCVN 7325 (2004) Zn SMEWW 3125 (2012)
BODs TCVN 6001-1 (2008) Cr (VI SMEWW 3500Cr.B (2012)
COD SMEWW 5220C (2012) CN™ SMEWW 4500 (2012)
Suspended solids (SS) SMEWW 2540D (2012) Phenol TCVN 6216 (1996)
As SMEWW 3125 (2012) s?- SMEWW 4500 S>~D (2012)
Cd SMEWW 3125 (2012) F~ SMEWW4500 F~B&D (2012)
Cr (1IT) SMEWW 350Cr.B (2012) NH,*-N TCVN 6179-1 (1996)
Cu SMEWW 3125 (2012) TN TCVN 6638 (2000)
Fe SMEWW 3125 (2012) TP TCVN 6202 (2008)
Hg SMEWW 3125 (2012) Cl™ SMEWW4500 (2012)
Mn SMEWW 3125 (2012) Coliform TCVN 6187-1 (2009)

I TCVN: National standards of Vietnam issued by the Vietnam Standard and Quality Institute; SMEWW: Standard methods for the
examination of water and wastewater, American Public Health Association, American Water Works Association, and Water Environment
Federation.

Table 3. Sub-indices and leachate pollution index (LPI) calculated for leachate samples in March 2017 and December 2019.

LPI in March 2017 LPI in December 2019
Index Parameter Value P; W; W;P; LPI Value P; W; W;P; LPI
LPI,, BODs 2.0 x 103 40 0.267 10.7 1.48 x 103 32 0.267 8.54
COD 4.14 x 10° 62 0.263 16.3 296 x 103 58 0.263 15.3
Phenolic 0.60 5 0.246 1.23 0.40 5 0.246 1.23
Coliform 5.0 x 107 100 0.224 224 50.6 1.06 x 108 100 0.224 22.4 47.4
LPL;, pH 8.65 5 0.214 1.07 8.23 5 0.214 1.07
NH,*-N 9.08 x 102 95 0.198 18.8 1.47 x 103 100 0.198 19.8
Cl~ 1.62 x 10° 11 0.187 2.06 9.61 x 102 7 0.187 1.31
TN 1.45 x 10° 50 0.206 10.3 40.1 1.72 x 103 60 0.206 124 429
LPI;m Fe 6.35 5 0.088 0.44 1.25 x 10! 6 0.088 0.53
Cu 0.019 5 0.098 0.49 0.026 5 0.098 0.49
Ni 0.183 5 0.102 0.51 0.085 5 0.102 0.51
Zn 0.443 5 0.110 0.55 0.344 5 0.110 0.55
Pb 0.025 5 0.123 0.62 0.135 6 0.123 0.74
Cr 0.090 5 0.125 0.63 0.038 5 0.125 0.63
As 0.137 5 0.119 0.60 0.031 5 0.119 0.60
CN 0.027 5 0.114 0.57 0.006 5 0.114 0.57
Hg 0.002 5 0.121 0.61 5.0 0.001 5 0.121 0.61 5.2

Overall LPI 24.6 24.7
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4. Results and Discussion
4.1. Seasonal and Temporal Variations of Landfill Leachate Quality

Measured leachate quality parameters from 2017 to 2019 are summarized in Table 4.
Generally, December to March is the dry season, and June to September is the rainy season
in Vietnam. Organic pollutants, such as BODs and COD, decreased slightly during the
monitoring periods of 2017-2019 (6.9 x 102-3.8 x 10°> mg/Lin 2017 and 4.3 x 10>-2.7 x 103
mg/L in 2019 for BODs; 1.5 x 103-7.8 x 10® mg/L in 2017 and 1.0 x 103-6.1 x 10°> mg/L
in 2019 for COD). To clarify the seasonal and temporal variations of organic pollutants,
the measured BODs, COD, and BOD5/COD ratio are shown with monthly rainfall and
averaged temperature in Figure 2. It can be seen clearly that BOD5 and COD in the dry
season (December to March) became 5-8 times higher than those in rainy season (June to
September), suggesting that the concentrations of organic pollutants depend highly on the
dilution by rainfall. Besides, the volume of the leachate collection lake is around 200,000 m3,
equal to more than 70 days of a hydraulic retention time. It created an anaerobic condition
that reduced the concentration of organic matter, mixing of fresh and old leachate and
rainwater in the lake.

2017 2018 2019
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Figure 2. Seasonal variation of BODs5, COD, and BOD5/COD of Nam Son landfill leachate from 2017 to 2019. Note that
the permissible levels of BOD5 and COD are 50 and 150 mg/L (QCVN 40:2011/BTNMT. National technical regulation on

industrial wastewater).
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Table 4. Summary of leachate quality parameters of Nam Son landfill from 2017 to 2019 !.
2017 2018
Parameters Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec.
Temperature (°C) 22 28 33 20 27 32 29 25 24 30 29 22
pH 7.8 8.4 9.8 8.6 7.6 7.8 6.5 8.1 8.0 8.6 8.0 8.3
DO (mg/L) 0 0.32 0 0 0 0.1 0 0 0 0 0.35 0.28
BODs (mg/L) 3.8 x 10° 6.9 x 10? 72 x 10> 2.7 x 10 1.2 x 103 27 x 100 63 x 10> 43 x 10> 43 x 10> 26 x 10> 8.9 x 10? 1.5 x 103
COD (mg/L) 7.8 x 103 1.5 x 10° 1.7 x 10° 5.5 x 103 3.8 x 10° 6.1 x 10° 1.4 x 10° 1.0 x 103 1.0 x 10° 5.5 x 103 2.1 x 10% 3.2 x 10°
SS (mg/L) 2.7 X 102 1.7 x 102 1.6 x 102 9.6 x 102 2.5 x 10% 6.7 X 102 4.9 x 102 1.6 x 10? 0.8 x 102 3.0 x 102 0.8 x 102 0.4 x 102
As (mg/L) 0.24 0.14 0.13 0.038 0.001 0.010 0.007 0.025 0.004 0.014 0.075 0.03
Cd (mg/L) 0.0012 0.001 0.0009 0.0005 0.001 0.039 0.0006 0.025 <0.0002 0.01 0.0008 0.0005
Cr (III) (mg/L) 0.097 0.14 0.085 0.040 0.095 0.13 0.008 0.28 0.005 0.039 0.069 0.035
Cr (VI) (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.017 <0.01 <0.04 <0.04 <0.01 0.069 0.035
Cu (mg/L) 0.019 0.035 0.016 0.007 0.015 0.034 0.005 0.75 0.015 0.018 0.039 0.032
Fe (mg/L) 8.5 6.4 6.4 4.1 8.5 10 0.98 41 0.7 19 23 8.1
Hg (mg/L) 0.0061 0.0005 0.001 0.0006 0.006 0.008 0.0002 0.003 0.0009 0.001 0.0005 0.002
Mn (mg/L) 0.41 0.22 0.23 0.56 0.40 0.47 0.03 10.4 0.01 7.5 5.4 0.6
Ni (mg/L) 0.32 0.21 0.13 0.069 0.32 0.39 0.008 0.45 0.017 0.084 0.039 0.2
Pb (mg/L) 0.023 0.04 0.013 0.024 0.002 0.014 0.009 1.65 0.008 0.008 0.024 0.5
Zn (mg/L) 0.28 1.1 0.33 0.11 0.29 0.25 0.069 8.4 0.083 0.28 0.25 0.77
CN~ (mg/L) <0.004 0.019 0.028 0.034 <0.004 <0.02 0.011 0.009 0.007 0.008 0.005 0.005
Phenol (mg/L) 14 0.22 0.25 0.50 1.5 0.41 0.26 0.20 0.17 0.92 0.37 0.14
S?~ (mg/L) 16 21 5.4 17 16 13 0.48 0.01 0.35 11 5.3 0.85
F~ (mg/L) 11 11 6.4 43 10 11 9.1 X 102 31 50 49 11 13
NH;*-N (mg/L) 1.2 x 103 6.3 x 102 7.6 X 102 1.0 x 103 5.3 x 10% 8.6 x 102 9.7 x 102 1.1 x 103 1.2 x 103 1.2 x 10% 1.3 x 103 2.1 x 10%
TN (mg/L) 1.3 x 103 1.6 x 10% 1.6 x 10° 1.4 x 103 1.3 x 103 1.3 x 108 1.1 x 108 1.4 x 103 1.5 x 103 1.5 x 10% 1.4 x 103 2.5 x 108
TP (mg/L) 9.7 0.74 13 3.1 9.7 23 13 21 12 3.6 15 22
Cl~ (mg/L) 1.8 x 10° 1.5 x 10° 1.5 x 10° 1.6 x 103 1.8 x 10° 1.9 x 10° 1.3 x 10° 1.3 x 103 1.2 x 10° 2.4 x 102 1.4 x 103 9.8 x 102
(MPCISII/‘fl%rOmmL) 47x107  3.6x107 75x107 43 x107 45x107 46 x 107 43x10° 75x 105 39x10° 31x107 31x10° 2.7 x 10°

! Note that the values of indicators exceeding the permissible levels (QCVN 40:2011/BTNMT on National technical regulation on industrial wastewater) are given in bold.
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Moreovert, the BOD5/COD ratio became almost constant, ranging between 0.4 to 0.5
throughout the whole monitoring period (Figure 2). It is well known that the BOD5/COD
ratio of landfill leachate depends on the age of the dumped waste and decreases with
age due to the decomposition of easily biodegradable waste [29]. For example, Mohamed
et al. [30] reported that BOD5;/COD became >0.5 for young landfills (<2 years) and showed
a decrease with age; the BOD5/COD ratio for mature landfills became <0.1 with typically
>10 years use. Based on this viewpoint, Nam Son landfill (Phase 2 operation began from
in 2014) in this study can be categorized as a young landfill. However, it is noted that the
leachate collection pond at the Nam Son landfill site collects leachate not only from new
cells but also old cells (Phase 1). This may lower BODs and COD values compared to other
young landfills dumped with fresh waste [2,3,30].

During the monitoring period, the pH ranged between 6.5 and 9.8, and mostly around
8.0. The weak alkalinity indicates that landfill leachate of the Nam Son landfill site has
completed the acidification phase and is in the methanogenic phase [31]. Ammonia-
nitrogen (NH4*-N) and total nitrogen (TN) increased slightly, and this was probably
caused by the biological decomposition of organic N into ammonium N due to the increase
in landfill age [6]. In addition, several trace metals, such as Fe, Mn, As, Ni, Zn, and Pb, were
detected to some extent with seasonal and temporal variations, while other metals, CN, Cr,
Cd, and Hg, were not detected significantly. Their concentrations during the monitoring
period became lower than 0.01 mg/L.

4.2. Seasonal and Temporal Variations of LPI

Seasonal and temporal variations of calculated LPI values are shown with monthly
rainfall and average temperature in Figure 3. The overall LPI became less sensitive to
monthly rainfall and the temperature and ranged between 20 and 25 during the monitoring
period. Among the sub-indices of LPI, LPI,; and LPL;, were higher than LPI;,, indicating
that the LPI of the Nam Son landfill was mainly dominated by the organic and inorganic
pollutants. Taking a closer look at the figures, LPI,; varied depending on the monthly
rainfall and a higher LPI,, in the dry season (March and December) and lower LPI,; in
the rainy season (June and September). This is in accordance with the trend of BODs and
COD in Figure 2, meaning that these parameters controlled the severity of LPI,, in the
calculation. Moreover, correlations between LP;,, and monthly rainfall decreased because
a high concentration of NH;*-N was maintained during the monitoring period (Table 4).

Sewwandi et al. [3] investigated the LPI values of MSW dumping sites in different
climate zones of Sri Lanka and showed that landfills in wet zones had the higher overall LPI
of 16-43 compared to those at intermediate and dry zones. Esakku et al. [32] investigated
seasonal variations of LPI values at MSW dumping sites in India and Sri Lanka and
reported that the LPI decreased by 50% during the monsoon period (from October to
December 2002). Compared to those reported results, it can be seen that the seasonal and
temporal variations in LPI at Nam Son landfill in this study were small (around 10-20%).

Lastly, annual averaged LPI values of Nam Son landfill from 2017 to 2019 were
calculated and are shown in Table 5. For reference, LPI values calculated from the maximum
permissible limits in QCVN 40:2011/BTNMT National Technical Regulation on Industrial
Wastewater [21] are also given in Table 5. The annual averaged values of overall LPI at Nam
Son landfill was approximately 2.5 times higher than that of the maximum permissible
limits in QCVN 40. Especially, the annual averaged values of LPl;, were 7.7 times higher
than the maximum permissible limits in QCVN 40. This strongly suggests that not only
treating the organic pollutants, such as BODs and COD, in landfill leachate but also
treatment of inorganic pollutants, such as NH;*-N and TKN, is highly required at Nam
Son landfill to prevent environmental pollution surrounding the waste landfill site.
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Figure 3. Seasonal variation in the LPI values of Nam Son landfill leachate from 2017 to 2019.

Table 5. Annual averaged LPI values of Nam Son landfill leachate from 2017 to 2019. The LPI values
calculated from QCVN 40:2011/BTNMT National technical regulation on industrial wastewater in
Vietnam are also given.

2017 2018 2019 QCVN 40 [21]
LPI; 50.6 482 46.9 244
LPL, 40.1 35.8 424 55
LPLm 5.0 5.8 52 5.0
Overall LPI 24.6 233 24.4 9.6

5. Conclusions

This study revealed the complexity of the leachate of Nam Son landfill, especially
the existence of high concentrations of organic compounds, nutrients, and bacteria. The
BODs5 and COD of landfill leachates in the dry season were 5-8 times higher than those
in the rainy season, while BOD5/COD was almost constant, ranging between 0.4 and 0.5
throughout the whole monitoring period. The results also suggest the insufficient capacity
of the current leachate treatment plant and the need to upgrade the treatment capacity and
continuous monitoring to avoid environmental pollution of and environmental incidents
in the surrounding areas.

This study also emphasizes that LPI indicators (i.e., LPIo, LPliy,, LPlyy,) are suitable to
evaluate the overall degree of leachate pollution. It also specifies the most critical indicators
that contribute to overall LPI. This method would be helpful for management authorities
to monitor and carry out suitable measures to prevent environmental pollution at landfill
sites and leachate ponds. This study suggests that management authorities should develop
the official technical guideline for calculating the LPI indicator to monitor the leachate
quality of landfill sites in Vietnam.



Environments 2021, 8, 17 10 of 11

Author Contributions: Conceptualization, S.T.H., and K.K.; methodology, S.T.H.; validation, S.T.H.,
H.N.L., N.-T.T.V,, and K.K; writing—original draft preparation, S.T.H.; writing—review and editing,
KK, HN.L, N.T.T.V,, and G.N.H.; visualization, K.K., and S.T.H.; supervision, K.K., and G.N.H.;
project administration, G.N.H., and K.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by JST-JICA Science and Technology Research Partnership for
Sustainable Development (SATREPS) Project (No. JPMJSA1701) (CTTD 2018).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the information security conditions
of the project.

Acknowledgments: We are thankful to the Hanoi Urban Environment Company (URENCO) for
supporting the landfill leachate sampling and our project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Tashiro, T. IRBC: The “Fukuoka Method”: Semi-Aerobic Landfill Technology—Fukuoka Region, Japan; Program document at International
Regions Benchmarking Consortium (IRBC); Metro Vancouver: Burnaby, BC, Canada, 2011.

2. Bhalla, B.; Saini, M.S.; Jha, M.K. Effect of age and seasonal variations on leachate characteristics of municipal solid waste landfill.
Int. J. Res. Eng. Technol. 2013, 2, 223-232, eISSN: 2319-1163, pISSN: 2321-7308.

3.  Sewwandi, B.G.N.; Koide, T.; Kawamoto, K.; Hamamoto, S.; Asamoto, S.; Sato, H. Evaluation of leachate contamination potential
of municipal solid waste dumpsites in Sri Lanka using leachate pollution index. In Proceedings of the Fourteenth International
Waste Management and Landfill Symposium, Sardinia, Italy, 30 September—4 October 2013; p. 233.

4. Slack, R.J.; Gronow, ]J.R.; Voulvoulis, N. Household hazardous waste in municipal landfills: Contaminants in leachate. Sci. Total
Environ. 2005, 337, 119-137. [CrossRef] [PubMed]

5. Umar, M,; Aziz, H.A,; Yusoff, M.S. Variability of parameters involved in leachate pollution index and determination of LPI from
four landfills in Malaysia. Int. . Chem. Eng. 2010. [CrossRef]

6.  Chen, PH. Assessment of leachates from sanitary landfills: Impact of age, rainfall, and treatment. Environ. Int. 1996, 22, 225-237.
[CrossRef]

7.  Camba, A.; Gonzalez-Garcia, S.; Bala, A.; Fullana-i-Palmer, P.; Moreira, M.T.; Feijoo, G. Modeling the leachate flow and aggregated
emissions from municipal waste landfills under life cycle thinking in the Oceanic region of the Iberian Peninsula. J. Clean. Prod.
2014, 67, 98-106. [CrossRef]

8. Ahmed, S; Joshi, R.; Kumar, S. Seasonal variation of leachate quality at active landfill sites in Delhi, India. In Proceedings of the
Institution of Civil Engineers—Municipal Engineer; ICE Publishing: London, UK, 2020; Volume 173, pp. 157-170. ISSN 0965-0903.
E-ISSN 1751-7699. [CrossRef]

9.  Kumar, D.; Alappat, B.J. Evaluating leachate contamination potential of landfill sites using leachate pollution index. Clean Technol.
Environ. 2005, 7, 190-197. [CrossRef]

10. Kumar, D.; Alappat, B.J. Analysis of leachate pollution index and formulation of sub leachate pollution indices. Waste Manag. Res.
2005, 22, 230-239. [CrossRef] [PubMed]

11.  Kumar, D.; Alappat, B.]J. Errors involved in the estimation of leachate pollution index. J. Hazard. Toxic Radioact. Waste 2005, 9,
103-111. [CrossRef]

12.  Perera, K.L.S. An overview of the issue of solid waste management in Sri Lanka. In Proceedings of the Third International
Conference on Environment and Health, Chennai, India, 15-17 December 2003; pp. 346-352.

13. Abeynayaka, A.; Werellagama, D.R.I.B. Efficiency improvement of solid waste management systems with load reduction: A case
study in Kandy City, Sri Lanka. In Proceedings of the International Conference on Sustainable Solid Waste Management, Chennai,
India, 5-7 September 2007; pp. 126-133.

14. Ministry of Natural Resources and Environment. National State of Environmental Report, 2019; Ministry of Natural Resources and
Environment (MONRE): Hanoi, Vietnam, 2019.

15.  Ministry of Construction. Overview of Solid Waste Management in Vietnam 2016; Ministry of Construction (MOC): Hanoi, Vietnam,
2016.

16. The Prime Minister of Viet Nam. Decision No. 609/QD-TTg: Approving the Master Plan on Solid Waste Disposal of Hanoi Capital to
2030, with a Vision to 2050; The Prime Minister of Viet Nam: Hanoi, Vietham, 2014.

17.  Hien, D.X;; Tap, V.H. Initially, the Study on the Treatment of Landfill Leachate by O3 and UV/O3 Agent. |. Sci. Technol. Vietnam
Acad. Sci. Technol. 2013, 51, 224-230. (In Vietnamese)

18. Toan, V.D. Assessing the impact of landfills Xuan Son, Ha Noi to the aquatic environment and propose solutions. J. Hydraul.

Eng. Environ. 2012, 39, 28-33. (In Vietnamese)


http://doi.org/10.1016/j.scitotenv.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15626384
http://doi.org/10.1155/2010/747953
http://doi.org/10.1016/0160-4120(96)00008-6
http://doi.org/10.1016/j.jclepro.2013.12.013
http://doi.org/10.1680/jmuen.17.00039
http://doi.org/10.1007/s10098-004-0269-4
http://doi.org/10.1177/0734242X05054875
http://www.ncbi.nlm.nih.gov/pubmed/15988942
http://doi.org/10.1061/(ASCE)1090-025X(2005)9:2(103)

Environments 2021, 8, 17 11 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tri, TM. Project Report: Application of the Advanced Oxidation Process (AOPs) for Treating Leachate after Biological Treatment State in
Go Cat Treatment Plant on Pilot Systems of 15-20 m®/day; Center for Chemical and Environmental Technology: Ho Chi Minh City,
Vietnam, 2007. (In Vietnamese)

Tung, T.Q.; Tuan, L.V.; Tuyen, N.TK.; Lieu, PK. The Study of Leachate Treatment by UV-Fenton Agent in the Interrupted Device.
J. Sci. Hue Univ. 2009, 53, 165-175. (In Vietnamese)

Ministry of Natural Resources and Environment (MONRE). QCVN 40:2011/BTNMT; National Technical Regulation on Industrial
Wastewater; Ministry of Natural Resources and Environment: Hanoi, Vietnam, 2012.

Ministry of Natural Resources and Environment (MONRE). QCVN 25:2009/BTNMT; National Technical Regulation on Wastewater
of the Solid Waste Landfill Sites; Ministry of Natural Resources and Environment: Hanoi, Vietnam, 2009.

Giang, N.V,; Kochanek, K.; Vu, N.T.; Duan, N.B. Landfill leachate assessment by hydrological and geophysical data: Case study
Nam Son, Hanoi, Vietnam. . Mater. Cycles Waste Manag. 2018. [CrossRef]

Khai, N.M.; Quynh Trang, H.T. Chemical precipitation of ammonia and phosphate from Nam Son landfill leachate, Hanoi. Iranica.
J. Energy Environ. (Special Issue Environ. Technol.) 2012, 3, 32-36. [CrossRef]

Hanoi Urban Environment Company (URENCO). Plan on Management and Operation of Nam Son Waste Disposal Area, from
2018-2020; Hanoi Urban Environment Company: Hanoi, Vietnam, 2018. (In Vietnamese)

Yen, H.V. Optimization of Partial Nitrification and Denitrification Processes in Landfill Leachate Treatment Using Sequencing
Batch Reactor Technique. PhD Thesis, University De Liege, Liege, Belgium, 2009. Available online: https://core.ac.uk/download/
pdf/58881103.pdf (accessed on 20 December 2020).

Rice, E.W.; Baird, R.B.; Eaton, A.D.; Clesceri, L.S. (Eds.) Standard Methods for the Examination of Water and Wastewater, 22nd ed.;
American Public Health Association (APHA), American Water Works Association (AWWA) and Water Environment Federation
(WEF): Washington, DC, USA, 2012.

Campisano, R.; Hall, K.; Griggs, J.; Willison, S.; Reimer, S.; Mash, H.; Magnuson, M.; Boczek, L.; Rhodes, E. Selected Analytical
Methods for Environmental Remediation and Recovery (SAM) U.S. EPA /600/R-17/356, 2017. Available online: https:/ /cfpub.
epa.gov/si/si_public_record_report.cfm?Lab=NHSRC&dirEntryld=339252 (accessed on 20 December 2020).

Wiszniowski, J.; Robert, D.; Surmacz-Gorska, J.; Miksch, K.; Malato, S.; Weber, J.V. Solar photocatalytic degradation of humic
acids as a model of organic compounds of landfill leachate in pilot-plant experiments: Influence of inorganic salts. Appl. Catal.
B Environ. 2004, 53, 127-137. [CrossRef]

Kamaruddin, M.A.; Yusoff, M.S.; Rui, LM.; Isa, A.M.; Zawawi, M.H.; Alrozi, R. An overview of municipal solid waste
management and landfill leachate treatment: Malaysia and Asian perspectives. Environ. Sci. Pollut. Res. 2017, 24, 26988-27020.
[CrossRef] [PubMed]

Ngoc, N.T.; Nakajima, J.; Takaoka, T.; Hang, N.T.A. Heavy metal speciation in landfill leachate and its association with organic
matter. IOP Conf. Ser. Earth Environ. Sci. 2019, 266, 012006. [CrossRef]

Esakku, S.; Karthik, O.; Joseph, K.; Nagendran, R.; Palanivelu, K.; Pathirana, K.PM.N.; Karunarathna, A K.; Basnayake, B.FA.
Seasonal Variations in Leachate Characteristics from Municipal Solid Waste Dumpsites in India and Sri Lanka. In Proceedings of
the International Conference on Sustainable Solid Waste Management, Chennai, India, 5-7 September 2007; pp. 341-347.


http://doi.org/10.1007/s10163-018-0732-7
http://doi.org/10.5829/idosi.ijee.2012.03.05.06
https://core.ac.uk/download/pdf/58881103.pdf
https://core.ac.uk/download/pdf/58881103.pdf
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NHSRC&dirEntryId=339252
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NHSRC&dirEntryId=339252
http://doi.org/10.1016/j.apcatb.2004.04.017
http://doi.org/10.1007/s11356-017-0303-9
http://www.ncbi.nlm.nih.gov/pubmed/29067615
http://doi.org/10.1088/1755-1315/266/1/012006

	Introduction 
	Current Status of Solid Waste and Landfill Management in Hanoi, Vietnam 
	Materials and Methods 
	Study Site 
	Sampling and Analysis of Landfill Leachate 
	Leachate Pollution Index (LPI) 

	Results and Discussion 
	Seasonal and Temporal Variations of Landfill Leachate Quality 
	Seasonal and Temporal Variations of LPI 

	Conclusions 
	References

