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Abstract

The objective of this study is to investigate the transport of phenolic compounds
existing in leachate through landfill liner systems by assessing the groundwater
quality. Four identical pilot-scale landfill reactors with different alternative
composite liners (2 mm high-density polyethylene (HDPE) geomembrane, 10 +
10 cm compacted clay, 2-cm-thick bentonite and 10 + 10 cm compacted clay
liner (CCL), 2-cm-thick zeolite and 10 + 10 cm CCL) were simultaneously
operated for a period of about 540 days for this purpose. Wastes representing
Istanbul municipal solid wastes were disposed in the reactors. To represent
bioreactor landfills, reactors were operated by leachate recirculation. Phenolic
compounds of leachate were analyzed by using Gas Chromatograph. The change
of phenolic compounds concentration in groundwater samples were modeled by
using modified Gompertz equation.

Keywords:  modelling, leachate, phenolic ~ compounds,  groundwater
contamination.

1 Introduction

Leachates from municipal solid waste (MSW) landfills and various discarded
products contain a wide mixture of chemical pollutants as dissolved organic
matter; inorganic macro components; heavy metals; xenobiotic organic
compounds [1]. The issue of xenobiotic organic compounds (XOCs) in landfill
leachates have been addressed in a number of studies [1-6]. The XOCs include a
variety of aromatic hydrocarbons, phenols, chlorinated aliphatics, pesticides, and
plastizers. Among them, phenol is the precursor to the synthesis of many organic
compounds and is of high concern because of potential toxicity [7]. Phenol and
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substituted phenols are common transformation products of several pesticides.
Many substituted phenols, including chlorophenols, nitrophenols, and cresols,
have been designated as priority pollutants by the U.S. Environmental Protection
Agency [8].

Landfills constitute a potential risk to the quality of receiving water bodies,
such as surface water or groundwater [2—4, 9]. For this reason, MSW landfills
have been identified as one of the major threats to groundwater resources [10].
The impact of landfill leachate on the surface and groundwater has given rise to a
number of studies in recent years [11-16].

The liner system is one of the most important elements of a modern
engineered landfill. There are two pathways for contaminant transport through
composite liners: advection and diffusion of inorganic and organic solutes
through defects in the geomembrane and subsequently through the soil liner; and
diffusion of organic solutes through the intact geomembrane and subsequently
through the soil liner [16, 17]. Due to its high strength, impermeability, and
resistance to compounds, the high density polyethylene (HDPE) geomembranes
are the most widely used components of modern liner systems in solid waste
landfills. However, many studies have shown that geomembranes are essentially
impervious to diffusion of inorganic contaminants but organic compounds can
readily penetrate through geomembranes in a short period of time [18, 19].

The other significant component of a modern liner system is soil liner
generally comprising clay material. Early concerns regarding contaminant
transport through clay liners focused on advective transport (e.g. contaminants
migrating along with the flow of water through the clay) but recently researchers
have concluded that diffusive transport (contaminant migration driven by the
difference in concentration between the upper and lower sides of the liner) is
often the dominant mode of contaminant transport through well-built liner
systems [17, 20-22] including compacted clay liners [23-25], geosynthetic clay
liners [16, 26] and, composite liners [17, 21, 22].

Considering the above-mentioned facts, the specific objectives of this study
are to evaluate the effectiveness of several landfill liner designs with regard to
phenolic compounds transport through alternative landfill liners to groundwater
by modeling the variations of the concentrations of phenolic compounds in
groundwater samples using modified Gompertz equation.

2 Materials and methods

Four identical pilot-scale landfill reactors (R1, R2, R3 and R4) were
simultaneously run for a period of about 540 days to investigate the nature of
diffusive transport of the selected organic and advective transport of inorganic
contaminants. All parts of the reactors were made of HDPE pressurized pipes
with a wall thickness of 5 mm. The diameter (DR), height (HR), effective
volume (VE) and total volume (VT) of the reactors were 40 cm, 250 cm, 0.201
m3 and 0.251 m3, respectively. The reactors were comprised from two parts with
heights of 200 and 50 cm to install alternative liners. The bottom of the upper
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part of the reactors consisted of a 15-cm gravel drainage with a perforated pipe
(2.5 cm diameter) inserted to collect and to discharge the generated leachate.

The reactors were operated by recirculation of leachate to represent bioreactor
landfills, and four alternatives (2-mm high-density polyethylene (HDPE)
geomembrane, clay, clay + bentonite, clay + zeolite) were employed for the
reactor liners. The thicknesses of the clay layer, zeolite layer, bentonite layer
were 10 + 10 cm, 2 cm and 2 cm, respectively. The clay material and
geomembrane used in this study was obtained from Komurcuoda Sanitary
Landfill in (41°8'41"N, 29°2221"E) in Istanbul, Turkey. The leachate collection
was performed by opening the discharge valve on a daily-basis at the beginning
of the experiment, and at 1 or 2 week intervals for the following periods. The
discharged leachate from each reactor was stored to use for recirculation.
Distilled water was placed at the lower part of the four reactors simulating
groundwater, and distilled water samples were obtained from the valves existing
at the bottom. Landfill gas was collected via the perforated pipes, which were
located in the center of each reactor (4 cm diameter and 170 cm height).
Temperature probes were also located at 120 cm depths from the top of the waste
to measure temperature variation in each landfill reactor. A detailed schematic of
the experimental set-up is depicted in Fig. 1.
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Figure 1: Schematic view of landfill bioreactors.
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The disposed municipal solid wastes in the landfill reactors were obtained
from the Odayeri Sanitary Landfill (41°14'8"N, 28°51'16"E) in Istanbul, Turkey.
The average composition of solid waste samples collected from Odayeri Sanitary
Landfill was 44% organic, 8% paper, 6% glass, 6% metals, 5% plastic, 5%
textile, 9% nylon, 8% diaper, and 9% ash and others [27]. The reactors were
filled with approximately 150 kg of fresh MSW.

To determine phenol and phenolic compounds in leachate, SPME method is
used as conducted by Ribeiro er al. [28]. 85 um polyacrylate fiber (from
SUPELCO), a SPME fiber holder (from SUPELCO) and (0.25 mm x 30 m x
0.25 um) column are used for this method. The fiber was conditioned in the GC
injector for 1 h at 250°C. The vial capacity was 4 mL, handling 2 mL of sample.
The temperature and stirring velocity (750 rpm) were controlled during
extraction. The pH of the samples were adjusted (pH < 2) with H,SO, by using
pH meter (Jenway 3040 Ion Analyser) and a pH probe (HI1230, Hanna
Instruments). Na,SO, was used to saturate samples. GC/FID analyses were
carried out using a Varian 3900 Model GC/FID Gas Chromatograph with the
helium carrier gas at 10 mL/min. Injector and detector temperatures are 250 and
320°C, respectively. The temperature program is increased to 280°C at a heating
rate of 6°C/min and held at this temperature for 5 min. Phenolic compounds are
quantified by peak area using external standard method. Quantification is
achieved using peak area calculations, and compound identification is partly
carried out using correlations between retention times. EPA 8040A and EPA
8040B phenol calibration mixtures (from SUPELCO) containing eighteen
phenols with an individual concentration of 2000 pg/L in isopropyl alcohol was
used to obtain fourteen phenol derivatives.

3 Results and discussion

Maximum, mean and minimum concentrations of phenolic compounds in
leachate and groundwater samples of anaerobic reactors are given in Table 1 and

Table 1: Maximum, mean and minimum concentrations of phenolic
compounds in leachate samples of anaerobic reactors.

2-CP 4-NP 2,4,6-TCP PCP

Min 12,70 1,11 3,24 10,32

Rl Mean 164,07 10,40 94,16 63,88
Max 490,30 38,40 320,76 144,28
Min 12,40 1,34 10,56 532

R2  Mean 192,16 10,57 98,30 40,27
Max 442,50 36,30 258,59 88,45
Min 2,20 0,16 0,57 1,41

R3  Mean 111,98 6,33 16,40 20,32
Max 343,94 22,73 87,93 85,72
Min 2,20 0,24 0,51 0,62

R4  Mean 54,63 5,20 126,33 52,00
Max 199,32 15,03 52,00 269,99
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Table 2: Maximum, mean and minimum concentrations of phenolic
compounds in groundwater samples of the anaerobic reactors.

2-CP 4-NP 2,4,6-TCP PCP

Min 0,63 0,58 0,78 1,99

R1 Mean 2,87 3,49 31,25 7,41
Max 5,22 6,23 55,76 11,30

Min 0,54 0,29 0,58 1,74
R2 Mean 8,13 4,24 22,32 11,16
Max 14,48 5,68 36,17 15,95

Min 0,22 0,00 0,55 0,42

R3 Mean 2,16 1,59 2,06 2,94
Max 3,64 2,85 3,47 4,67

Min 0,55 0,35 0,24 0,46
R4 Mean 2,01 1,67 33,04 12,76
Max 3,99 1,94 58,06 29,94

Table 3: Gompertz model coefficients for phenolic compounds in

groundwater samples of anaerobic reactors.

Gompertz model coefficients

Reactor PhenolicCompound

Ay Anm m L R?
2-CP 0.946 4413 0.0185 1858 0.960
- 4-NP 0.859 5.065 0.0253 158.8 0.971
R 2,4,6-TCP 0.905 53.62 0.2688 1348 0.960
PCP 2576 7.980 0.0290 73.66 0.781
2-CP 1.130  13.18 0.0607 1442 0.956
~ 4-NP 0.365 5.076 0.0305 5026 0.926
R 2,4,6-TCP 0294 3696 0.1226 65.00 0.961
PCP 2620 12.02 0.0565 51.64 0.836
2-CP 0214 3.572  0.0106 77.49 0.881
" 4-NP 0.007 2.908 0.0078 58.06 0.808
R 2,4,6-TCP 0.631 1923 0.0081 55.60 0.842
PCP 1.249 3.040 0.0091 68.11 0.721
2-CP 0.776 2971 0.0104 176.0 0.926
- 4-NP 0.068 1.471 0.0078 47.60 0.748
R 2,4,6-TCP 0.002 5525 0.2231 92.15 0.946
PCP 1.322 2282 0.0703 106.8 0.703

Table 2. As seen from Table 1 and Table 2, 2-CP and 4-NP concentrations in
leachate samples of R1 and R2 reactors were determined to be higher. Higher
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concentrations of 2-CP and 4-NP in groundwater samples of R1 and R2 reactors
can be explained by higher concentrations of these compounds in leachate
samples. 2,4,6-TCP and PCP concentrations of groundwater samples of R4
reactor were determined to be higher because of high concentrations of these
compounds in leachate samples. In R3 reactor concentrations of phenolic
compounds in groundwater samples were found to be lower when compared with
other reactors. This can be explained by adsorption of contaminants by bentonite
material used as a liner component in this reactor.

2-CP concentrations in groundwater samples were determined in the range of
0.63-5.22 pg/L in R1 reactor, 0.5-15 pg/L in R2 reactor, 0.22-3.64 pg/L in R3
reactor and 0.55-3.99 ug/L in R4 reactor during the study. Transport percentage
of 2-CP from landfill leachate to groundwater was determined as 1.75%, 4.23%,
1.93 and 3.69% in RI1, R2, R3 and R4 reactors respectively. 2,4,6-
TCPconcentrations were determined in the range of 0-60 pg/L in R1 reactor,
0.58-36.17 pg/L, 0.61-4 ug/L in R3 reactor, and 0.24-58.06 pug/L in R4 reactor,
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Figure2:  Gompertz model for 2-CP concentrations in groundwater samples
of anaerobic reactors.
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respectively. Based on the experimental results, 2,4,6-TCP concentration
measured in R3 reactor was determined to be lower than the other reactors. It
was found that transport percentages of 4-NP in R1 and R2 reactors were higher
than those in R3 and R4 reactors, which have bentonite and zeolite in liner
systems. These results can be attributed to the adsorption capacity of bentonite
and zeolite materials. PCP concentrations were determined in the ranges of 2-12
pg/L, 1.74-15.9 pg/L, 0.42-4.7 pg/L, and 0.46-30 pg/L in R1, R2, R3 and R4
reactors, respectively. PCP transport in R3 reactor, with a bentonite layer in
addition to compacted clay liner and geomembrane, was found to be lower than
those in R2 and R4 reactors, and close to R1 reactor. But PCP transport in R4
reactor with zeolite layer was determined to be the higher than R1 and R3
reactors and close to R2 reactor having a geomembrane and clay liner. The
reason of this may be attributed to the higher PCP concentration of leachate
generated in R4 reactor.
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Figure 3: Gompertz model for 4-NP concentrations in groundwater samples
of anaerobic reactors.
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The variations of phenolic compounds in groundwater samples by time was
modelled by using modified Gompertz equation. This equation was given as
follows;

A

A=A, + 4, -exp|:— exp(”mp(l)~(L—t)+1H (M
where, A, is the concentration phenolic compound at the beginning of the
experimental study, A is the concentration phenolic compound, Amax is the
maximum concentration phenolic compound, m is the slope, and L is the time for
the beginning of the increase of the concentration phenolic compound.
Experimental and model results for the variations of concentration phenolic
compound by time and model coefficients calculated are given in Figures 2-5
and Table 3, respectively.

Variations of 2,4,6-TCP and 2-CP concentrations in all of the reactors by time
fits Gompertz Equation Model with higher correlation coefficients. Variation of
PCP concentrations in all of the reactors by time fits Gompertz Equation Model
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Figure 4: Gompertz model for 2,4,6-TCP concentrations in groundwater

samples of anaerobic reactors.
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Figure 5: Gompertz model for PCP concentrations in groundwater samples of
anaerobic reactors.

with the lowest correlation coefficients. As seen from Tablel that highest Amax
values representing maximum concentration were calculated for 2,4,6-TCP. A,
values of PCP were found to be higher in all of the reactors. The measured and
calculated Ay and A, values were determined to be close for each compound in
each reactor. These results support the fitness of the data to Gompertz Model. m
value is the slope and represents the increase of the concentration of the phenolic
compound in groundwater by time. Since 2,4,6-TCP concentrations were higher
in the groundwater samples, m values of these compounds were found to be
higher than that of the other phenolic compounds in each reactor. In the reactors,
m values of PCP and 2,4,6 TCP were determined to be higher, except for R3
reactor consisting bentonite and clay in the liner system. It can be said from PCP,
2,4,6-TCP results that bentonite adsorbs these phenolic compounds. m values of
2-CP and 4-NP compounds were determined to be lower in R3 and R4 reactors.
It can be concluded that the rate of increase of 2-CP and 4-NP concentrations in
groundwater samples of R3 and R4 reactors was found to be lower. This can be
explained with the adsorption of these compounds by zeolite and bentonite
materials used as a liner material in R3 and R4 reactors. Zeolite and bentonite
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reduces the transport rate of the 2-CP and 4-NP compounds from leachate to
groundwater. It can be concluded from the results that in all of the reactors, L
values of 2-CP were determined to be higher than that of the other phenolic
compounds. Since L constant represents the time for the beginning of the
increase of the concentration, it can be said that transport of 2-CP from leachate
to groundwater through alternative composite liners consisting of clay, zeolite
and bentonite materials takes more time when compared with other phenolic
compounds.
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