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Abstract
The dynamic changes in dissolved organic matter (DOM) during the transport of landfill leachate (LL) in porous medium 
should be explored, considering the high levels of DOM in the LL of municipal solid waste. Column experiments were car-
ried out at 25 °C at a Darcy’s flux of 0.29 cm/h for 2722 h to compare the transport of  Cl−, ultraviolet absorbance at 254 nm 
 (UV254), chemical oxygen demand (COD), and dissolved organic carbon (DOC) in the simulated porous medium by using 
the CXTFIT2.1 code. Results showed that the convection–dispersion equation (CDE) could describe  Cl− transport well. The 
high levels of λ and D could be highly correlated with the physicochemical properties of the porous medium. The transport 
of the studied DOM with evident aromatic character could be described appropriately by the CDE model with the first-order 
reaction assumption, considering the similar variation trends of  UV254, COD, and DOC in the effluent during experiments. 
Specifically, the values of retardation factor (R) were in the following order: DOC >  UV254 > COD, whereas the low values 
of the first-order decay coefficient (k1) for DOC and COD were still higher than that for  UV254. High contents of humic-like 
substances in the DOM with complex toxic components resulted in the natural low removal efficiencies of COD, DOC, 
and  UV254 (≤ 23%), which could be confirmed by the variations of fluorescence index (FI) and humification index (HIX) in 
the effluent. The results should be helpful in evaluating the environmental risk induced by the LL leakage in a landfill site.

Keywords Municipal solid waste · Leakage of landfill leachate · Silty sand · Transport of dissolved organic matter · 
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Introduction

According to reports by the “National Bureau of Statis-
tics” of the People’s Republic of China, the total amount 
of municipal solid waste (MSW) in the country has reached 
approximately 269 Mt in 2021 with a year-on-year growth 
rate of 5.7% (NBSC 2021; Khan et al. 2022). Thus far, 
China has produced over 10% of global MSW and has been 
listed as one of the top three MSW-generating countries 
in the world (Han et al. 2020; Nanda and Berruti 2021). 
According to the literature, sanitary landfill accounted 
for approximately 52% of China’s total urban solid waste 
treatment, whereas incineration and composting accounted 
for not more that 48% of the total waste in 2018 (Khan 
et al. 2022). Thus, the sanitary landfill has been the pri-
mary technology for the MSW treatment in China in recent 
decades due to its cost-effectiveness, less labor-intensive 
procedures, and economic benefits from the utilization of 
landfill gas (Beaven et al. 2014; Mian et al. 2017; Khan 
et al. 2022; Nie et al. 2022).
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However, the biodegradation of landfill waste in aerobic 
environment combined with rainwater percolation through 
waste as well as the water in the MSW itself produces lea-
chate (Gonçalves et al. 2019). Although the landfill liner 
layer buried beneath the landfill body could retard the per-
meation of leachate into underlying aquifers effectively, 
they eventually deteriorate with time and environmental 
stress. Moreover, the sharp solid substances in MSW might 
puncture the impermeable membrane, thereby inducing 
the leakage of landfill leachate (LL) into the underground 
environment.

LL is a type of brown solution with foul smell given the 
complicated components in MSW deposited in landfills 
(Moravia et al. 2013; Li et al. 2022a, b). It contains a great 
variety of pollutants including dissolved organic matter 
(DOM), xenobiotic organic compounds, microorganisms, 
inorganic macro-components, and heavy metals (Moravia 
et al. 2013; Jiang et al. 2019; Vaverková et al. 2020). The 
specific quality of LL is highly correlated with rainfall, cli-
mate, waste ingredients, and landfill age. LL with lasting 
toxicological characteristics usually has extremely high con-
tents of DOM, ammonium nitrogen, and microorganisms, 
considering that organic fraction (55.9 − 61.2%), plastics and 
rubber (8.0 − 11.2%), and paper (8.5 − 10.0%) are the larg-
est components of MSW in China and many other countries 
(Liu et al. 2015; Miao et al. 2019; Ma et al. 2020). In mature 
LL (more than 10 years old), the concentration of chemical 
oxygen demand (COD) is commonly less than 4000 mg/L, 
and the concentration ratio of biochemical oxygen demand 
(BOD) to COD is usually below 0.1, indicating the low bio-
degradability of LL (Foo and Hameed 2009). The leakage 
of LL can result in serious underground water pollution 
and pose a threat to human health, due to the high levels 
of organics and ammonia combined with other complex 
toxic components. Thus, the investigation of LL transport 
in underground water would be considerably meaningful to 
estimate the potential environmental contaminant risk and 
provide theoretical support for the prevention of leakage pol-
lution, waste management, and LL treatment.

DOM as a major component of LL is composed of highly 
variable compounds, ranging from low-molecular-weight 
(MW) substances (simple volatile fatty acids) to high-MW 
compounds, such as aromatic hydrocarbons, humic sub-
stances, proteins, phenols, and chlorinated aliphatics (Zhang 
et al. 2013; Zhu et al. 2013; He and Wu 2015; Li et al. 2022a, 
b). The interaction with several organic and inorganic pol-
lutants could significantly affect the transport and transfor-
mation of various pollutants through adsorption, binding, 
biochemical reactivity, and aggregation (Jones and Bryan 
1998; Leenheer and Croué 2003; Hirose 2007; Qian et al. 
2011, 2018; Sun et al. 2013; Ma et al. 2018). In addition, 
DOM in LL contains hydroxyl, carboxyl, carbonyl, and other 
active functional groups, which are important carriers for 

heavy metal migration in soil and groundwater. DOM–metal 
complexes formed through complexation may completely 
change the bioavailability and migration of toxic metals in 
the environment, posing a threat to human and ecological 
environment (Rikta et al. 2018; Zhang et al. 2020a, b). Thus, 
high levels of DOM, which usually account for over 85% of 
the total organic leachate, could significantly affect the qual-
ity of water and soil around a landfill site during the trans-
port of LL. The dynamic changes in DOM derived from the 
leaked LL in ground water and soil should be explored. The 
findings would be greatly helpful in evaluating the impacts 
of LL on the surrounding environment of landfill sites and 
assessing its hazard to human health.

In general, the physicochemical characterization, contam-
inant hazards, and treatment technology of DOM derived 
from crude LL have been reported widely (Kang et al. 2002; 
Zhang et al. 2013; Pan et al. 2017; Jiang et al. 2019; Wang 
et al. 2020; Ma et al. 2021). Domestic and foreign stud-
ies on the migration law of organic matter in groundwa-
ter porous media mainly focus on the laboratory simula-
tion of the migration and transformation of certain types of 
organic matter, such as tetrachloroethylene, aniline, phenol, 
2,4-dichlorophenol, polycyclic aromatic hydrocarbons, and 
organic pesticides. Results show that various factors might 
affect the migration of organic matter, including media, 
hydrodynamic conditions, the presence of surfactants and 
organic solvents, and the concentration of particles and sus-
pended colloids (Cheng et al. 2016; Kadi and Benrachedi 
2018; Lan et al. 2018; Zhang et al. 2020a, b; Sun et al. 
2021; Li et al. 2022a, b). The combination of laboratory 
experiments and numerical simulation is a reliable method 
to evaluate the migration process of organic matter. In the 
past few decades, the convection–dispersion equation (CDE) 
with first-order degradation in a homogeneous matrix has 
been widely used to study the transport of reactive solutes 
in porous media (Clement et al. 1998; De Wilde et al. 2009; 
Peyrard et al. 2011; Zhao et al. 2018).

Although Jiang et al. (2019) reported the migration of 
DOM in LL-contaminated groundwater, less is known 
about the transport of DOM derived from the leaked LL 
into groundwater than that of nitrogen, metals, and nonre-
active tracers, such as chloride and bromide (Florido et al. 
2010; Bero et al. 2016; Zhao et al. 2016, 2018). Moreover, 
the research on the correlations of ultraviolet absorbance at 
254 nm  (UV254), dissolved organic carbon (DOC), and COD, 
which have been widely used to quantify the DOM content, 
could enrich our understanding of DOM transport during 
LL leakage. In recent years, the fluorescence-derived indices 
including fluorescence index (FI), biological/autochthonous 
index (BIX), and humification index (HIX) could identify 
the characterization and derivation of DOM effectively 
(Birdwell and Engel 2010; Zhao et al. 2018). Hence, study-
ing the dynamic changes in DOM (represented by DOC, 



38387Environmental Science and Pollution Research (2024) 31:38385–38398 

COD, and  UV254, respectively) during the transport of LL 
in the porous medium by using fluorescence spectroscopy is 
a worthwhile endeavor. The study would be meaningful to 
assess the negative effects of DOM derived from the leaked 
LL on the surrounding environments of landfill sites scien-
tifically. Accordingly, the findings would be beneficial for 
MSW management and risk assessment.

The current study aims to (1) investigate the hydrogeo-
logical parameters for the transport of solutes in the studied 
porous medium through column experiments and numerical 
simulation; (2) explore the dynamic changes in  UV254, COD, 
and DOC and their correlations during the transport of LL 
in the studied matrix; and (3) quantify the variations of FI, 
BIX, and HIX in the effluent DOM through the determi-
nation of 3D excitation–emission fluorescence during LL 
transport.

Site description

Focusing on the most common type of landfill, which 
receives a mixture of municipal and commercial waste 
(Kjeldsen et al. 2002), the Jiaozuo city MSW sanitary land-
fill site was selected as the study area. It is located in Zhouliu 
village (35°9′55″N, 113°26′02″E), Xiuwu County, Jiaozuo 
city, Henan province, China. The geographical location of 
the studied sanitary landfill site is shown in Fig. 1. It was 
constructed using the existing brick kiln pits with a depth 
between 5 and 8 m below ground level in 2007. It is a plain-
type waste landfill surrounded by farmland, with a total area 
of approximately 369,300  m2, of which the total landfill res-
ervoir area covers 270,600  m2. The landfill was officially 
used in October 2008; it has been 15 years old and becomes 

an elderly landfill. Thus far, the total amount of landfill 
waste has amounted to approximately 4.6 million tons, with 
the maximum landfill height of 30 m above the ground and 
12 m below the ground. According to the geotechnical inves-
tigation report of the site, the shallow groundwater in the 
study area is classified as the Quaternary pore aquifer. The 
groundwater level is 20 − 22 m deep, and the water-bearing 
matrix is mainly comprised of silty sand.

At present, the amount of LL produced in the landfill 
area is approximately 170  m3/days. After being regularly 
pumped out through the leachate collection and drainage 
system under the landfill area of waste body, LL is temporar-
ily stored in an adjustment tank with a volume of 33,000  m3. 
Thereafter, it is pumped to the sewage treatment system set 
up in the site for treatment. Under the collection and drain-
age system of LL, high-density polyethylene (HDPE) film 
with a thickness of 2 mm and geosynthetic clay liner (GCL) 
are mainly used for the barrier layer of the landfill reservoir 
area in the site.

Materials and methods

Column material

The used porous medium is comprised of silty sands 
obtained from a Quaternary pore aquifer, bared from 
a 20-m deep pit in the study area. The distribution of 
grain size was described as follows: 46.9% < 75  μm, 
75 μm < 30% < 250 μm, and 23.1% > 250 μm. Prior to use, all 
samples were air dried, crushed, and ground to pass through 
a 2-mm screen. According to the X-ray diffraction (XRD) 
analysis (Bruker, Germany), the mineralogical compositions 

Fig. 1  Location map of the 
study area
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of the sample were quartz (74%), calcite (17%), and feldspar 
(9%). The total organic carbon (TOC) and cationic-exchange 
capacity (CEC) were 1.73% and 2.2 cmol/kg, respectively. 
The soil pH (measured at the ratio of 1:2.5 (w/v) silty sand 
samples to deionized water) was 7.48 using a FG2-FK pH 
meter (Mettler Toledo Corporation, Switzerland).

Characterization of LL

Approximately, 40 L of LL was sampled from the terminal 
outlet of the LL collection and drainage system in the landfill 
reservoir area by using a pump. They were sealed in clean 
plastic barrels with lids and ring clamps and transported 
to our laboratory in not more than 2 h. After being filtered 
through 0.45-μm filter membranes and well-mixed in a clean 
plastic tank within 24 h, they were stored in a refrigerator at 
4 °C before determination. Table 1 shows the physicochemi-
cal properties of the collected LL. It was diluted 1/5 with 
deionized water prior to use for the input solution during 
column experiments. Thus, the packed silty sand column 
surface would not be clogged by precipitates induced by 
the extremely high and complicated contents of pollutants 
and the decay of microorganisms during the transport of LL 
through the packed column.

Column design

Figure 2 shows the experimental apparatus used for the col-
umn displacement experiments with the diluted LL. Two 
identical acrylic custom-made columns (11-cm ID and 90-cm 
height) were packed with the porous medium, as described in 
the “Column material” section. At the bottom and top inner 
boundaries of each column, 5-cm thickness of gravel was filled 
to ensure the water drainage and prevent sand loss. The bottom 
and top covers of columns were sealed with rubber O-rings 
to eliminate solution leakage. Two circles of nylon mesh of 
approximately 11 cm in diameter were individually placed at 
the bottom and top covers to prevent leaching of silty sand 
particles. The bulk density and porosity values of the packed 
matrix in the column were 1.51 g/cm3 and 0.36 (saturated 
water content), respectively. The packed columns were placed 
inside an electrothermal incubator (≤ 85 °C) to maintain the 
desired temperature. The structure of the electrothermal incu-
bator was described in our previous studies (Zhao et al. 2018).

Initially, deionized water was used to saturate the two 
vertical columns packed with the porous medium from 

the bottom using a peristaltic pump (BT100-2 J, Baoding 
Longer Precision Pump Co., Ltd., China) to expel air in the 
columns. Thereafter, steady-state rising flow was maintained 
until the DOC and electrical conductivity (EC) values of the 
outflow were less than 5 mg/L and 110 μS/cm, respectively. 
Then, referring to the in situ average Darcy’s flux of 0.09 
cm/h, the column experiments were carried out here at a 
Darcy’s flux of 0.29 cm/h (hydraulic residence time of 111.8 
h) with a test period of 2722 h (23.81 pore volume (PV)) at 
25 °C. The PV of the effluents during the elution experi-
ments was calculated by the following:

where Vc is the cumulative volume of column effluent  (cm3) 
and  V0 is the pore volume of the saturated column packed 
with the studied medium  (cm3).

Sampling and analysis

Samples were collected from the outlet of columns with 
sampling bottles at pre-set time intervals. The oxida-
tion–reduction potential (ORP) was simultaneously deter-
mined for the eluted liquid. After sampling, all samples were 

(1)PV = VC∕V0

Table 1  Physicochemical properties of the collected LL

TN, total nitrogen, mg/L; EC, electrical conductivity, μS/cm

COD (mg/L) DOC (mg/L) Cl− (mg/L) TN (mg/L) NO3
−-N (mg/L) Cr6+ (mg/L) Fe3+ (mg/L) UV254  (cm−1) EC (μS/cm) pH

3544.6 1028.5 4870.65 2069.6 19.81 1.41 25.86 24.03 34,227.7 8.18

Fig. 2  Schematic drawing of experimental apparatus
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filtered through 0.45-μm membranes, stored at 4 °C, and 
measured for COD, DOC, total nitrogen (TN),  UV254, 3D 
fluorescence spectra, pH, and EC in 24 h.  Cl− in the samples 
was measured within 7 days.

COD was measured with potassium dichromate method. 
DOC and total nitrogen (TN) were determined using a TOC-
LCSH (Shimadzu Corporation, Japan) with a detector for 
the TN content.  Cl− was tested through ion-exchange chro-
matography (ICS-3000, Dionex Co., USA).  UV254  (cm−1) 
is expressed as the ratio between optical density at 254 nm 
and optical length (1.0 cm) using a UV-1800 (Shimadzu 
Corporation, Japan).

3D excitation–emission fluorescence spectra were 
acquired in a quartz cell with 1-cm path length by using 
a fluorescence spectrophotometer (F-7000, Hitachi, Japan). 
Excitation wavelengths were scanned from 200 to 450 nm, 
and the emitted fluorescence was detected between 240 and 
550 nm in 5-nm steps. The slit width of excitation and emis-
sion was 10 nm, and the scan speed was 12,000 nm/min. The 
Raman peak of water at 348 nm was used to check for instru-
ment stability prior to analysis. FI is the ratio of fluorescence 
intensities at emission wavelengths of 470 and 520 nm for 
an excitation at 370 nm (Cory and McKnight 2005). BIX is 
the ratio of emission intensities at relatively short (380 nm) 
and long (430 nm) wavelengths at a fixed excitation wave-
length (310 nm). HIX is the integrated area under spectra at 
wavelengths from 435 to 480 nm divided by the sum of the 
area at wavelengths from 435 to 480 nm and 300 to 345 nm 
at a fixed excitation wavelength of 254 nm (Ohno 2002).

Deionized water was used for blank samples to make up 
reagents and clean the quartz cell between samples. All data 
in this specific study were the average values of the two 
sequential samples, which had an error of not more than 5%.

Transport model

The convection–dispersion equation (CDE) for 1D transport 
of reactive solutes (DOC, COD, and  UV254) with first-order 
degradation in a homogeneous medium can be described by 
the following governing equation:

where R is the retardation factor, C (mg/L) is the solute con-
centration, t (h) is time, q (cm/h) is the Darcy’s flux, θ is the 
porosity (saturated water content), x (cm) is depth, D  (cm2/h) 
is the hydrodynamic dispersion coefficient, and k1 (1/h) is the 
first-order decay coefficient.

The vertical 1D transport of  Cl− in the porous matrix 
could be described by the CDE model as the following gov-
erning equation (Toride et al. 1999; Wang et al. 2013):

(2)R
�C

�t
= −

q

�

�C

�x
+ D

�
2C

�x2
− k1C

Parameter estimation and data processing

The dynamic changes in  Cl−, COD, DOC, and  UV254 in 
the effluent through the matrix were initially determined by 
analyzing their breakthrough curves (BTCs). Thereafter, the 
computer software CXTFIT2.1 (Toride et al. 1999) was used 
to estimate the model parameters of D and pore velocity (υ) 
based on a nonlinear least-squares fit of the laboratory meas-
urements obtained from the measured BTCs of  Cl− under 
flux-type boundary conditions. Then, the R and k1 values 
for COD, DOC, and  UV254 were estimated based on their 
observed BTCs by fixing the simulated values of D and υ for 
 Cl− using the code. The validity of the first-order reaction 
assumption for the biodegradation of the studied DOM was 
investigated by analyzing the numerical results.

Results and discussion

Analysis of  Cl− breakthrough curves

The LL displacement experiments at 25 °C at a Darcy’s flux 
of 0.29 cm/h were carried out. The observed  Cl− BTC was 
plotted according to the normalized concentrations (C/C0, 
hollow symbols) and PV (Fig. 3). As described in the figure, 
the measured effluent concentrations of  Cl− accounted for 
more than 98% of the influent value (974.13 mg/L) after 1.8 
PV, indicating that the water in the column had been entirely 
displaced by the injected LL. Thereafter, the measured C/
C0 fluctuated between 0.98 and 1 during the test duration of 
23.81 PV (2722 h), suggesting that the reaction of chloride 
with the packed porous medium and its adsorption onto the 
matrix could be neglected. Thus, the CDE model was fitted 
by analyzing the observed BTC to estimate the value of D 
through CXTFIT 2.1 code.

The simulated BTC for  Cl− is shown in Fig. 3 (solid 
lines). The fitted results of D and v are presented in Table 2. 
Despite the complicated components with high contents in 
the input solution, the CDE model could still describe the 
vertical transport of  Cl− effectively through the matrix with 
r2 and MSE being 0.997 and 0.0005, respectively, as illus-
trated in the figure and table. The result further confirmed 
that chloride could be widely used as a conservative tracer 
in the estimation of solute transport parameters in the porous 
medium (Broholm et al. 2000; Bero et al. 2016; Eichinger 
et al. 2020; Shi et al. 2021a). As shown in the table, the value 
of � was almost two times that obtained at a Darcy’s flux of 
0.8 cm/h at 25 °C for the packed fine sand columns (Zhao 
et al. 2018). Correspondently, the simulated value of D 

(3)�C

�t
= −

q

�

�C

�x
+ D

�
2C
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obtained at the lower Darcy’s flux of 0.29 cm/h in this work 
was close to that reported by Zhao et al. (2018) (D = 1.44 
 cm2/h) (Gwo et al. 1995; Toride et al. 2003; Jellali et al. 
2010). In addition, the transport of chloride in the studied 
matrix was dominated by advection, and the role of disper-
sion for the transport of chloride was evident in the packed 
column indicated by the low value of Pe (< 100) (Bryant 
et al. 2003).

Variations in  UV254

Figure 4a shows the dynamics of the normalized values 
(C/C0) of  UV254 over PV for the effluent during the elu-
tion experiments (hollow symbols). As shown in the fig-
ure, the measured values of  UV254 increased rapidly before 
3.24 PV and then tended to be stable. The breakthrough 
point of  UV254 was approximately 2 PV later than that of 
chloride in the effluent, suggesting that the dissolved aro-
matic compounds might be adsorbed by the packed silty 
sand containing calcite and feldspar, as described in the 
“Column material” section (Sø et al. 2012; Al-Anber 2015; 
Zhang et al. 2018; Xue et al. 2019). Thereafter, the measured 
values of  UV254 in the outlet (78–92% of the inlet values) 
indicated that the removal efficiencies of dissolved aromatic 
compounds fluctuated between 8 and 22% during LL trans-
port. Thus, a fraction of the DOM could be biodegraded 

during LL transport in the matrix, as further confirmed by 
the results obtained in the “Variations in COD and DOC” 
section.

Assuming that D and q were individually fixed to 1.258 
 cm2/h and 0.29 cm/h, respectively, R and k1 were estimated 
using CDE model with the first-order degradation assump-
tion (Eq. (2)). The simulated BTC and transport parameters 
of  UV254 are shown in Fig. 4a (solid lines) and Table 3, 
respectively. As shown in the figure, the deviation between 
the measured and fitting values of C/C0 for  UV254 was 
slightly larger than that of chloride because  UV254 repre-
sents the concentration of a series of compounds with aro-
matic characters that have ultraviolet absorption at 254 nm 
instead of one chemical substance (Altmann et al. 2016; 
Shi et al. 2021b). The special physicochemical properties 
of these aromatic compounds could induce the slight vari-
ations of their transport through the packed matrix, induc-
ing the above result. Nevertheless, the high value of the 
fitted correlation coefficient (r2 = 0.95) suggested that the 
transport of the dissolved aromatic organic matter through 
the packed sand column could follow the model effectively. 
The estimated normalized values (C/C0) of  UV254 in the 
outlet were not more than 82% of the inlet values after 
the breakthrough point. Correspondingly, the simulated 
values of k1 and R were 0.00281  h−1 and 2.667, respec-
tively, indicating the occurrence of low biodegradation 

Fig. 3  Observed and fitted 
BTCs of  Cl− during the trans-
port of LL through the packed 
silty sand column at a Darcy’s 
flux of 0.29 cm/h at 25 °C 
 (C0 = 974.13 mg/L). The simu-
lated BTC is presented as ━

Table 2  Predicted transport parameters for chloride using CDE model in CXTFIT2.1

T temperature, q Darcy’s flux, D hydrodynamic dispersion coefficient, v pore-water velocity, L = 90 cm, r2 correlation coefficient for the regres-
sion of observed versus fitted concentration, MSE mean square error, � dispersivity, Dh mechanical dispersion coefficient, Pe Peclet number, Df 
molecular diffusion coefficient, d grain size of the packed silty sand (2 mm)

T (°C) q (cm/h) CDE model �(= D∕v)(cm) Dh (= D-Df)  (cm2/h) Pe (= vL∕D) Df (= vd/Pe)  (cm2/h)

D  (cm2/h) v(cm/h) r2 MSE

25 0.29 1.258 1.11 0.997 0.0005 1.14 1.255 79.27 0.003
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of the aromatic compounds by the packed matrix in the 
simulated pore groundwater. Calcite and feldspar in the 
packed porous medium could adsorb the input organic mat-
ter as described in literatures (Zhang et al. 2018; Xue et al. 
2019). However, the values of R were obviously lower than 
those obtained in our previous studies due to the lack of 
clay minerals, such as illite and kaolinite (Zhao et al. 2016, 
2019).

Variations in COD and DOC

According to C/C0 and PV, the observed BTCs of COD 
and DOC were plotted in Fig. 4 b–c (hollow symbols). In 

general, the variation trends of COD and DOC were similar 
to that of  UV254 in the effluent. Moreover, they could be well 
expressed as the linear function of  UV254, as follows:

where n is the number of measured concentrations in the 
effluent. The good linear correlation with r2 is 0.92–0.97 
in Eqs. (4) and (5), indicating that  UV254 could represent 
the organic content despite its tendency to mainly repre-
sent aromatic characters, in accordance with the results of 
Korshin et al. (2009) and Shi et al.(2021b). In addition, a 
comparatively strong correlation (r2 = 0.94) is found between 
the concentrations of COD and DOC, as follows:

The COD/DOC ratio of 2.85, as shown in Eq. (6), is 
between 2.84 and 3, as reported in previous studies (Dub-
ber and Gray 2010; Zhao et al. 2020a). The dichromate 
method  (CODCr), as a measure of chemically oxidizable 
organics, with more than 2-h test duration, uses heavy 
metals and produces toxic wastes. By contrast, DOC test, 
which produces less waste, has the advantage of faster 
and potentially more precise than COD test. Thus, DOC 
measured using a high-precision thermocatalytic oxidation 

(4)COD = 129.96UV254, r
2 = 0.97, n = 26

(5)DOC = 44.87UV254, r
2 = 0.92, n = 26

(6)COD = 2.85DOC, r2 = 0.94, n = 26

Fig. 4  Observed and fitted BTCs of  UV254, COD, and DOC during the transport of LL through the packed silty sand column at a Darcy’s flux of 
0.29 cm/h at 25 °C

Table 3  Predicted transport parameters for  UV254, COD, and DOC 
using the CDE model in CXTFIT2.1

� porosity, q Darcy’s flux, k1 the first-order decay coefficient, R retar-
dation factor, r2 correlation coefficient for the regression of observed 
versus fitted concentrations

Parameter θ q (cm/h) CDE model with first-order 
reaction assumption

k1 (/h) R r2

UV254 0.36 0.29 0.00281 2.667 0.95
COD 0.00353 1.865 0.94
DOC 0.00356 2.792 0.93
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with a high-temperature TOC analyzer can be used as a 
potential alternative index of water quality instead of COD 
to reflect the organic pollution in water (Guo et al. 2017; 
Park et al. 2022).

As shown in Fig. 4 b–c, the delayed observed BTCs of 
COD and DOC with the maximum values of not more than 
0.9 further confirmed the adsorption and biodegradation of 
the studied DOM during LL transport through the packed 
matrix. The simulated BTCs for COD and DOC using the 
same model as for  UV254 and the simulated results are 
shown in Fig. 4b–c (solid lines) and Table 3. The table 
shows that the high values of r2 between 0.93 and 0.95 
indicate that the CDE model, which has been widely used 
to investigate the transport of various tracers with cur-
tain structure and chemical composition, could be used to 
describe the transport of chemically oxidizable organics 
and DOM with evident aromatic characters. Therefore, 
chemicals belonging to each surrogate (i.e., COD, DOC, 
and  UV254) in the current work might have similar proper-
ties including dispersion, adsorption, and biodegradation.

The differences in the BTCs of  UV254, COD, and DOC 
prior to their breakthrough points could not be distinguished 
clearly from Fig. 4 a–c, considering the long test duration 
during the column experiments. Thus, the observed and 
simulated BTCs of  UV254, COD, and DOC were plotted 
according to the normalized concentrations (C/C0, hollow 
symbols) over 10 PV (Fig. 4d). As shown in the figure, 
the evident delay of the simulated DOC and  UV254 BTCs 
compared with that of COD could be observed clearly. 
In addition, the breakthrough point of  UV254 was slightly 
earlier than that of DOC. Correspondently, the simulated 
values of R, as shown in Table 3, were in the following 
order: DOC >  UV254 > COD. To our best knowledge, DOC 
represents the total amount of organic carbon present in 
the measured water samples. By contrast, COD represents 
both organic and some kinds of reducing inorganic mat-
ter that can be oxidized by potassium dichromate, such as 
 Fe2+,  NO2

−, and  S2−, which might be adsorbed by the stud-
ied porous medium to a less extent than the organic matter 
in the input LL (Choi et al. 2004; Albrektienė et al. 2012; 
Zhao et al. 2016, 2018, 2020b). Thus, the rates of break-
through during DOM transport were in the following order: 
COD >  UV254 > DOC. The values of k1 for DOC and COD 
were higher than that for  UV254, considering the low-molec-
ular-weight aliphatic hydrocarbons were easier to be biode-
graded than the aromatic compounds in the DOM during LL 
transport through the medium. Correspondingly, the simu-
lated maximum values of C/C0 after the breakthrough points 
of COD and DOC (0.77–0.78) were slightly lower than that 
of  UV254 (0.81). The natural low removal efficiencies of 
COD, DOC, and  UV254 could be attributed to the high con-
tents of humic-like substances with low biodegradability 
(Baker and Curry 2004; Zhang et al. 2013), which could be 

further confirmed by the results obtained in the “Variations 
in FI and BIX” and “Variations in HIX” sections.

Variations in FI and BIX

Figure 5a–b shows the variation trends of FI and BIX in the 
influent and effluent. As illustrated in Fig. 5a–b, the values 
of FI and BIX in the influent remained stable and fluctuated 
between 2.98–3.07 and 0.77–0.83, respectively. According 
to previous studies, DOM might be freshly produced by 
microbial activities if the calculated FI and BIX values were 
individually above 1.9 and 0.8, respectively (McKnight et al. 
2001; Birdwell and Engel 2010). Thus, abundant microbial 
precursors were generated during the formation of LL from 
the landfill waste and their degradation processes, in accord-
ance with the results of Zhang et al. (2013) and Ma et al. 
(2021).

As shown in Fig. 5a, the FI values in the effluent increased 
sharply from 2.71 to 4.13 within the initial 0.62 PV. The 
result could be attributed to the microbe production during 
the diffusion of the injected solution in the pore water at the 
beginning of the displacement experiments. However, high 
contents of DOM, inorganic macro-components, heavy met-
als, and microorganisms in the input solution would restrain 
the multiplication and growth of microorganisms when the 
water in the porous matrix was gradually displaced by the 
solution (Baker and Curry 2004; Zhang et al. 2013). Thus, 
the FI values decreased rapidly at PV ranging from 0.62 to 
5.42 in the outlet of columns. Thereafter, they stabilized at 
values between 3.02 and 3.1, which were slightly higher 
than those in the influent. Hence, the microbes produced 
during the middle and late stage of column experiments 
were limited. Low removal efficiencies of COD, DOC, and 
 UV254 were observed in the “Variations in COD and DOC” 
section despite the high values of FI (> 1.9) in the efflu-
ent of columns packed with silty sand, considering the low 
biodegradation characteristics of DOM in LL as reported in 
previous studies (Baker and Curry 2004; Ma et al. 2021).

Meanwhile, Fig. 5b indicates that the dynamic changes 
in BIX with PV in the effluent were similar to that of FI due 
to their similar microbial indications for DOM. Specifically, 
the calculated values of BIX fluctuated between 1.05 and 
1.35 with the average value of 1.21 prior to 0.62 PV, after 
which it decreased rapidly from 1.2 to 0.74 at PV ranging 
from 0.62 to 4.15. However, most BIX values in the efflu-
ent were still higher than those in the influent at this stage, 
suggesting that the microbial environment in the simulated 
pore water strengthened compared with that at the middle 
and late stage of column experiments (McKnight et al. 2001; 
Huguet et al. 2009). Thereafter, it tended to be stable at val-
ues between 0.79 and 0.81, which was almost equal to the 
value in the influent. The above phenomenon further con-
firmed that the amounts of microbes might barely change 
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during the middle and late stage of column experiments, 
in accordance with the FI results. The types of microbes in 
the simulated groundwater might change slightly during LL 
transport due to the biodegradation of a small fraction of 
the studied DOM.

Variations in HIX

The HIX variations in the influent and effluent during col-
umn experiments are shown in Fig. 5c. As shown in the 
figure, the HIX values in the influent fluctuated between 
7.84 and 9.10 due to the heterogeneity of the input LL with 
high contents of various pollutants. In addition, the long-
term test duration with 2722 h could also induce the slight 
variations of their contents in the collected mature LL main-
tained at 4 °C in the dark prior to use (the “Characteriza-
tion of LL” section). DOM, as a major component of LL, 
is mainly derived from the degradation of plant materials, 
such as lignin, carbohydrates, and peptides. Thus, it consists 
of highly variable compounds, such as humic substances, 
aromatic hydrocarbons, chlorinated aliphatics, and phenols 
(Jiang et al. 2019; Ma et al. 2021). To our best knowledge, 
humic substances including humic acid and fulvic acid 
belong to high-molecular-weight and refractory organic mat-
ter, which are difficult to biodegrade (He et al. 2009). They 
usually account for 39.3–45.4% of the DOC in LL, resulting 
in high HIX values in the current work (Kang et al. 2002; 

Zhang et al. 2013; Ma et al. 2021). Therefore, high contents 
of humic-like substances in the studied DOM with the BIX 
values lower than 1.0 indicated a strong allochthonous ori-
gin of the DOM in the input mature LL (Huguet et al. 2009; 
Jiang et al. 2019).

As shown in Fig. 5c, the HIX values in the effluent 
increased sharply from 0.72 to 8.97 within 1.18 PV, after 
which it decreased within a short period (1.18 ~ 2.82 PV) 
due to the temporary strengthened microbial environment, as 
described in the “Variations in FI and BIX” section. There-
after, the HIX values gradually increased and exceeded 
the influent values until the end of experiments, implying 
the enhanced humification degree of the input DOM dur-
ing the transport of LL through the packed porous medium 
within the test duration of 2722 h. Moreover, the “exogenous 
source” characterization of the DOM would be highly corre-
lated with the plant materials derived from MSW (primarily 
food waste, leaf litter of plants, paper, and wood) and their 
degradation processes during the leakage of LL in the simu-
lated groundwater beneath the waste body (Yu and Zhang 
2016; Tansel 2023).

In summary, the transport of COD, DOC, and  UV254 in 
the studied porous medium could be described effectively 
by the CDE model with the first-order reaction assumption 
during the leakage of LL into groundwater. However, the 
adsorption of COD by the packed matrix was the weakest 
among the three DOM parameters relative to its test method. 

Fig. 5  Variations in FI, BIX, and HIX at 25 °C during column experiments
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During the leakage of LL into groundwater, the composition 
and content of DOM in LL would be changed due to its weak 
biodegradability and adsorption onto the porous medium as 
well as the enhancement of the DOM humification, which 
could serve as indicators for groundwater pollution. The 
research in the current work provides a novel scientific 
perspective for assessing landfill risks and monitoring and 
remediating groundwater pollution after LL leakage.

ORP, pH, and EC

Variations of ORP, pH, and EC in the outlet of the packed 
columns over PV are shown in Fig. 6a–c. Figure 6a indicated 
that the effluent ORP fluctuated between 174 and 297 mV 
with the injected solution prior to 1.18 PV. Thereafter, it 
decreased slowly to the minimum value of 105 mV at 23.09 
PV, suggesting the strengthening of reducing environment in 
the simulated pore groundwater with time. Thus, the stable 
low removal efficiencies of COD, DOC, and  UV254 were 
observed. The nitrification of  NH4

+ and reduction in high 
contents of  Fe3+ and  NO3

−, as reported in the previous stud-
ies (Liu 2019; Miao et al. 2019; Zhao et al. 2020b), could 
also induce the decrease in ORP in the effluent.

As shown in Fig. 6b, the pH values in the outlet of col-
umns decreased sharply from 8.05 to 6.74 within 3.25 PV. 
According to the previous studies, ammonium ion is a major 
nitrogenous compound in LL (Liu 2019; Miao et al. 2019). 

Its content usually accounts for 58–70% of TN in the liq-
uid. At the beginning of column experiments, aerobic bac-
teria might be produced during the transport of LL through 
the packed matrix, indicated by the higher levels of FI and 
BIX in the effluent than those in the influent. Thus, the high 
level of ammonium ion would induce the production of the 
hydrogen ion through weak nitrification reaction under the 
simulated reduction environment (Huang et al. 2015; Zhao 
et al. 2016), as follows:

Moreover, the biodegradation of COD, TOC, and  UV254 
in the current work would induce the production of organic 
acid with low molecular weight (Liu et al. 2015; Wang et al. 
2020). Therefore, a significant decrease in the effluent pH 
was observed at the beginning of experiments (0–3.25 PV). 
With the gradual strengthening of reduction environment as 
well as the complicated and high contents of pollutants in 
the simulated groundwater, the growth of microorganisms 
was limited, as described in the “Variations in FI and BIX” 
section, thereby inducing the inhibition of these reactions. 
Thus, the rapid increase in effluent pH between 3.25 and 6.04 
PV occurred because of the relatively high values of pH in 
the influent. Thereafter, it tended to be stable at 8.06 ± 0.04, 
which is still evidently lower than that in the influent. At the 
middle and late stages of experiments (14.88 ~ 23.88 PV), 

(7)NH+
4
+ 2O2 → NO−

3
+ 2H+ + H2O

Fig. 6  Variations in ORP, pH, and EC at 25 °C during column experiments
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it increased slowly and tended to be stable at the values of 
the input solution.

Figure 6c showed that the effluent EC increased sharply 
from 131.5 to 4646 μS/cm prior to 1.88 PV (close to the 
observed breakthrough point of  Cl−). The transport of sulfate 
and other ions with low transformation rates and retardation 
factors through the porous medium might also contribute 
to the above results (Long et al. 2010; Zhao et al. 2020b). 
Thereafter, the outlet EC increased rapidly to more than 97% 
of the input values at 1.88 − 6.05 PV, during which most of 
the other components would also reach their breakthrough 
points, such as COD,  Fe3+, and  Cr6+ (not determined here) 
in the influent (Jung et al. 2006; Ren et al. 2018; Vaverková 
et al. 2020). Then, the EC values in the effluent stabilized at 
the influent levels, implying the stabilization of the microbial 
and physicochemical environments in the studied water.

Conclusion

The BTC of  Cl− at a Darcy’s flux of 0.29 cm/h at 25 °C 
during the transport of mature LL in the studied porous 
medium could be effectively estimated by the CDE model 
in the CXTFIT2.1. The values of Pe, D, and � suggested that 
the transport of chloride was dominated by advection in the 
studied silty sand, and the role of dispersion for its transport 
was evident. The high levels of D and λ could be highly 
correlated with the grain size, porosity, and mineralogical 
compositions of the packed matrix.

The strong linear correlations with r2 at 0.9–0.97 between 
values of any two parameters among COD, DOC, and  UV254 
induced their similar variation trends in the effluent dur-
ing column experiments, thereby suggesting the evident 
aromatic characteristic of DOM in the studied LL. Their 
delayed observed BTCs with the maximum values of C/C0 
(≤ 0.92) indicated the occurrence of their low biodegrada-
tion and adsorption onto the studied porous medium dur-
ing LL leakage. Furthermore, the transport of the studied 
DOM could be described effectively by the CDE model with 
the first-order reaction assumption in the code. Although 
chemicals belonging to each surrogate (i.e., COD, DOC, and 
 UV254) might have similar properties including dispersion, 
adsorption, and biodegradation, the rates of breakthrough 
were in the following order: COD >  UV254 > DOC. The k1 
values for DOC and COD were higher than that for  UV254 
because the low-molecular-weight aliphatic hydrocarbons 
included in COD and DOC were easier to biodegrade than 
the aromatic compounds indicated by  UV254 in the DOM.

The high values of HIX in the influent between 7.84 and 
9.10 implied the high contents of humic-like substances in 
the studied mature LL, resulting in the natural low removal 
efficiencies of COD, DOC, and  UV254. These results could 
be further confirmed by the similar variations of FI, BIX, 

and ORP in the effluent. Moreover, the humification degree 
of DOM in the outlet got strengthened during LL transport 
through the studied porous medium. The variation of pH in 
the effluent was highly correlated with the biodegradation 
of DOM and other complicated physical and biochemical 
interactions during LL transport in the simulated groundwa-
ter. Correspondingly, the effluent EC values kept increasing 
evidently prior to 6.05 PV, after which they stabilized at the 
input values.
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