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This paper introduces a model of constructed wetlands (CWs) for on-site landfill 
leachate treatment, emphasizing the efficacy of zeolite and biochar as adsorbent 
media to enhance pollutant removal. While zeolite improves nitrification, biochar 
enhances denitrification and organic matter removal. The model employed a series 
of continuously stirred reactors and was calibrated and validated using data from  
2 parallel CW mesocosms. Each mesocosm incorporated a 250-L vertical subsurface 
flow CW (V-CW) followed by a 440-L horizontal subsurface flow CW (H-CW).  
One was an unamended control with gravel media and the other was amended with 
zeolite in V-CW and biochar in H-CW. The model considered hourly changes in water 
storage, temperature, and transformations of nitrogen species, chemical oxygen 
demand (COD), and dissolved oxygen. Model robustness was demonstrated by low 
normalized root mean square error values (<0.3) for effluent ammonium nitrogen 
and COD concentrations. The model, validated and subject to a sensitivity analysis, 
accurately predicted pollutant removal efficiency (<13.3% error for unamended, 
<3% for adsorbent-amended), making it a valuable tool for evaluating full-scale CW 
dynamic performance under variable conditions.
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1. Introduction

Approximately 60 million m3 of landfill leachate are gen-
erated in the United States each year (Lang et al. 2017). 
Landfill leachate contains high concentrations of ammo-
nia (NH3), recalcitrant organic matter, and color (Yang et 
al. 2023), and must be treated to prevent contamination of 
ground and surface waters. Previous studies have demon-
strated that constructed wetlands (CWs) are cost-efficient 
and sustainable methods for on-site landfill leachate treat-
ment (Vymazal and Kröpfelová 2009) due to their low 
complexity and low energy requirements compared with 
conventional treatment technologies (Arias and Brown 
2009; Kadlec and Wallace 2008).

A review of 85 research papers on performance of 
CWs found that hybrid CWs that combine vertical sub-
surface flow CWs (VF-CWs) and horizontal subsurface 
flow CWs (HF-CWs) were the most effective at removing 
organic matter and total nitrogen (TN) from landfill lea-
chate (Bakhshoodeh et al. 2020). VF-CWs favor aerobic 
processes, such as nitrification, because oxygen (O2) dif-
fuses into the unsaturated media, particularly when oper-
ated in batch and/or with pulses of influent. HF-CWs are 
saturated and develop anoxic conditions that favor deni-
trification. However, due to the limited adsorption capac-
ity of gravel substrates, the performance of gravel-bed 
CWs in wastewater treatment is frequently insufficient 
(Kizito et al. 2017). This demands the use of alternative 
substrate materials as adsorbents and biofilm carriers.

One of the challenges in treating landfill leachate is 
that high concentrations of free NH3 can inhibit nitrifying 
bacteria (Kim et al. 2006). Recent studies have suggested 
that addition of an adsorbent, such as zeolite, can pre-
vent nitrification inhibition and increase CWs’ efficiency 
(Gao et al. 2022). Natural zeolites, such as clinoptilolite, 
are porous aluminosilicate minerals with a high cation 
exchange capacity and a strong selectivity for ammo-
nium nitrogen (NH4

+-N). The adsorbed NH4
+ is oxi-

dized to nitrate (NO3
-) by nitrifying biofilms attached to  

the zeolite surface. This bioregenerates the ion exchange 
capacity of the medium without the need for regenerant 
brines or addition of fresh zeolite (Rodriguez-Gonzalez 
et al. 2020).

Biochar is an adsorbent that can enhance TN and 
chemical oxygen demand (COD) removal in wastewa-
ter treatment (Gao et al. 2022). Biochar is a carbon-rich, 
porous material created from thermal decomposition 
of organic matter, such as agricultural biomass waste, 
under low-O2 conditions. Biochar’s heterogeneous sur-
face and numerous pores allow for enhanced organic

matter adsorption, O2 penetration and microbial coloni-
zation, resulting in enhanced COD and TN removal in 
CWs (Deng et al. 2021). Use of biochar in CWs can also 
enhance plant growth and pollutant uptake (Huang and 
Gu 2019).

A mathematical model was developed previously 
involving the physicochemical and biological processes 
of ion-exchange-assisted biological treatment (Aponte-
Morales et al. 2018). Moreover, Payne (2018) developed 
a kinetic model, using the Homogenous Surface Diffusion 
Model (HSDM), to show the adsorption of NH4

+ on zeo-
lites. Key assumptions included that the adsorbent is 
homogeneous and spherical, and that the diffusion pro-
cess follows Fick’s laws. Recently, a model was devel-
oped to predict biochar adsorption of organic pollutants 
using bench-scale experimental data (Kearns et al. 2020). 
The study demonstrated 2 different adsorption models: 
HSDM and the pore surface diffusion model (PSDM). 
These adsorption models use equilibrium parameters, 
such as Freundlich isotherm coefficients, as well as coef-
ficients for external and internal mass transfer. Other 
research has also been published on biochar adsorption 
models using machine learning (Ukoba and Jen 2022). 
However, integrating zeolite and biochar in a CW perfor-
mance model for treating landfill leachate is a novel idea 
for which there is limited research to date.

Several physical, chemical, and biological processes 
occur simultaneously and interact with each other in CWs 
(Kadlec and Wallace 2008). These processes can include 
N and organic carbon (C) transformations, dissolved O2 
(DO) cycling, and the effects of dispersion, variability, 
and stagnant areas (Langergraber and Šimůnek 2005). 
Analyzing these complex relationships is challenging with 
observational data and laboratory experiments alone, thus 
process-based numerical models can greatly help with the 
design of adsorbent-amended CWs. However, accurate 
predictions can be obtained only when the parameters 
come from systems that are operating under similar con-
ditions, such as climate, wastewater composition, porous 
filter media, and plant species (Langergraber 2011). 
These models include, for instance, the Constructed 
Wetland 2-Dimensions (CW2D) and FITOVERT mod-
els, which have already been tested (Langergraber et al. 
2009). Models that simulate key CW processes have been 
well demonstrated to be more precise in predicting efflu-
ent concentrations (Yuan et al. 2020). Currently, numer-
ical process models are acknowledged as powerful tools 
to better understand CW physicochemical and biological 
processes and improve their design and performance 
(Samsó et al. 2014). 

A systematic and methodological approach to 
model subsurface flow CWs assumes plug flow with
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longitudinal dispersion and vari-
able saturation. However, such a 
model involves complex mathe-
matical equations regarding time 
and vertical direction, making it 
difficult to apply in CW design 
(Langergraber et al. 2009). On the 
other hand, the Continuous Stirred 
Tank Reactor (CSTR) modeling 
strategy provides a reasonable 
description of the numerous processes. A prior study 
demonstrated that non-ideal plug flow simulations can 
accurately represent large-scale subsurface flow CWs 
(Pálfy et al. 2017). Currently, CW process models con-
sider the N, C, and O2 cycles, and temperature and water 
storage variations (Langergraber 2011). However, no 
prior studies have developed numerical models for adsor-
bent-amended CWs for landfill leachate, which can be 
useful tools for CW design and performance evaluation.

The goal of this study was to develop a numerical 
process model to predict adsorbent-amended CW perfor-
mance under varying landfill leachate loads and concen-
trations. The model considers hourly changes in water 
storage; N, COD, and DO transformations; temperature; 
and effect of zeolite and biochar amendment. The model 
was programmed in Python 3.7 and calibrated and vali-
dated using data collected from mesocosm-scale systems 
operated at a landfill (Yang et al. 2023). An uncertainty 

analysis was performed to predict system performance 
under varying hydraulic loading rates (HLRs). To the best 
of the authors’ knowledge, this study presents the first 
attempt at integrating adsorptive media mechanisms into 
a dynamic model of CWs for landfill leachate treatment.

2. Methods
2.1. Mesocosm Scale Systems
Details on design, operation, and performance of the 
mesocosms can be found in Yang et al. (2023). Briefly, 
2 mesocosm-scale hybrid VF-HF CWs were set up at 
the Southeast Landfill in Hillsborough County, Florida, 
United States (Figure 1). An unamended hybrid VF-HF 
CW with a conventional gravel medium was used as a 
control. The adsorbent-amended VF-CW contained 10% 
zeolite and 90% gravel by volume (23 kg zeolite with 
a porosity of 0.3) to facilitate nitrification. The adsor-
bent amended HF-CW contained 13% biochar and 87% 
gravel by volume (2.6 kg biochar with a porosity of 0.6) 

Highlight
This study introduces a computer model for constructed wetlands 
utilizing zeolite and biochar as adsorbent media, demonstrating 
enhanced pollutant removal through improved nitrification by zeolite 
and denitrification and organic compound removal by biochar.

Fig. 1 Schematic diagram of mesocosm-scale system. Modified from Yang et al. (2023).
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4

Journal of Ecological Engineering Design | Original Research Paper jeed.pubpub.org

Nisa I, Arias ME, Mulligan L, Yang X, Ergas SJ. 2024. A process model for leachate treatment in adsorbent-amended constructed wetlands. 
Journal of Ecological Engineering Design. https://doi.org/10.70793/f69f093e.90a3ddd8.

to enhance COD removal, denitrification, and plant 
growth. The systems were planted with cattails (Typha 
latifolia) and cordgrass (Spartina alterniflora). A theo-
retical hydraulic residence time (HRT) of 11 days was 
maintained by pulsing 24 L of raw landfill leachate per 
day through each system (15 mins every 2 h). Sensors 
for water level were installed in the HF-CWs, and the 
data were used to adjust the water balance. Influent and 
effluent samples were collected and analyzed weekly 
over approximately 2 years. Overall, the pilot system 
demonstrated excellent performance, with zeolite addi-
tion increasing nitrification rates by 16% to 93% and 
biochar addition increasing removal of organic matter 
by 21% to 44% (Yang et al. 2023). 

2.2. Model Overview
A numerical process model was developed to predict 
unamended and adsorbent-amended hybrid VF-HF CW 
performance under varying wastewater loads and con-
centrations. This model considers hourly changes in 
water storage; N, COD, and DO transformations; and 
effects of temperature and adsorbent addition. Although 
the measured pH for the reactors ranged from 7.69 to 
8.36—the model constant neutral pH—it is well known 
that pH affects biodegradation rates (Kadlec and Wallace 
2008); therefore, this is a limitation of the model. The 
VF-CW was modeled as an aerobic system and the 
HF-CW was modeled as an anoxic system to account for 
the effects of DO on kinetic parameters. The model was 
developed in Python 3.7 and was informed by data col-
lected from the mesocosm-scale system. Model param-
eter values were obtained using a combination of model 
optimization and literature review (see tables S2 and S3 
in the Supplementary Material). The steps for devel-
oping the numerical process model are synthesized in 
Figure 2. A more detailed overview of the interactions 
among processes is presented in in the Supplementary 
Material, Figure S2.

2.2.1. Water Balance Module
To solve for hourly water volume of both VF-CW and 
HF-CW, the following mass balance equation was used:

where V is the volume (m3), t is time (h), Qi is the inflow 
rate (m3/h), Qo is the outflow rate (m3/h), P is precipita-
tion (m/h), As is the wetland surface area (m2), and ET 
is evapotranspiration rate (m/h). The hydraulic loading 
rate (HLR) associated with Qi was computed from 24 L 
of water, fed to the system intermittently. The adjusted

Thornthwaite method was employed to estimate evap-
otranspiration (ET) in this study, with the use of hourly 
temperature data:

where T is the hourly air temperature (°C) and a is 
derived from a polynomial equation as a function of I, 
the annual heat index.

To understand the hydraulics in the VF-CW, pre-
liminary computer simulations were performed using 
Hydrus-1D (Šimůnek et al. 2016). The hydraulic load-
ing rate of the whole system was 0.0039 cm/min and 
the simulated bottom flux was 0.004 cm/min. Therefore, 
the VF-CW outflow rate was assumed to be equal to the 
inflow rate for the same tank. The HF-CW was consid-
ered to be a saturated system and the inflow rate of this 
tank was equal to the outflow rate of the vertical tank. 
The HF-CW tank’s outflow rate was assumed to be equal 
to the HF-CW inflow rate.

2.2.2. Effect of Temperature
Temperature affects the biochemical processes regulat-
ing the removal efficiency of CWs (Kadlec and Reddy 
2001). Although these effects are particularly impor-
tant in N cycle reactions (mineralization, nitrification, 
and denitrification), the effects of temperature were 
incorporated in evaluating the kinetic parameters for all 

Fig. 2 Landfill leachate CW model development and 
evaluation steps.

(2)

(1)
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modules by adjusting the rate constants for temperature 
dependence using the modified Arrhenius equation:

where k20 is the removal rate constant at 20 °C, T is any 
given temperature (°C), k is the removal rate constant 
at the given temperature (°C), and θ is the temperature 
coefficient. The θ values for organic N mineralization 
values were assumed to be 1.08 based on model cali-
bration. The value of θ for nitrification is close to 1.10 
(Kadlec and Reddy 2001). The values for all the rest of 
the temperature coefficients were assumed to be 1.04 
based on model calibration.

2.2.3. Effects of Dissolved Oxygen
Dissolved oxygen is a critical factor in N cycling. In 
nitrification, aerobic bacteria convert NH4

+-N to NO3
--N 

in the presence of O2, while in denitrification, anaerobic 
bacteria convert NO3

--N to N gas in the absence of O2. 
Since the availability of O2 affects the rates and efficiency 
of these processes, the DO mass balance was solved:

where DO is the dissolved O2 concentration (mg/L), HTres 
is the respiration rate by heterotrophs (mg/L/h), ATres is 
the respiration rate by autotrophs (mg/L/h), and JO2 is 
the O2 mass flux (mg/L/h), which is calculated using the 
following equation:

where kR is the temperature-dependent mass transfer 
coefficient (h−1), DOs is the DO concentration when sat-
uration is reached (mg/L), and DO is the average DO 
concentration measured in the water column (mg/L). 
The availability of DO determined if the system was 
aerobic or anaerobic, and thus also determined the val-
ues of rate constants to be used in the modules (see the 
Supplementary Material for parameter values). 

Previous research has supported the use of the 
Monod relationship for incorporating the effects of DO 
on determining microbial kinetic parameters (Zakir 
Hossain et al. 2019):

where k is reaction rate constant (h−1); kmax is the  
temperature-dependent maximum reaction rate constant 
(h−1); Kd is the half-saturation constant (mg/L), which is 
also dependent on temperature; and DO is the DO con-
centration (mg/L).

2.2.4. Pollutant Mass Balance
Removal of N in subsurface flow CWs relies mostly 
on microbially mediated transformations (e.g., 

ammonification, nitrification, denitrification), with 
plant uptake having a limited impact (Yang et al. 2023). 
Nitrification is mostly favored by aerobic conditions and 
depends on O2 availability and pH, whereas the denitrifi-
cation process is dependent on low levels of DO and the 
availability of organic C as electron donor (Langergraber 
and Šimůnek 2005). 

Nitrification is often modeled as a single-step 
process in CWs, where NH4

+-N is oxidized to  
NO3

--N, ignoring nitrite (NO2
-) production (Mayo 

and Bigambo 2005). This assumption is valid when  
NO2

--oxidizing bacteria are uninhibited and can quickly 
convert NO2

- to NO3
-, eliminating the need to explicitly 

model the intermediate step. Denitrification is a 4-step 
process (NO3

- → NO2
- → NO → N2O → N2); however, it 

is often assumed that denitrification is a single-step pro-
cess for model simplification (Barker and Dold 1997).

Mass balances for N species were simulated using 
a steady-state CSTR in-series model (or Tanks in Series 
[TIS] model), which is widely used for simulating con-
tinuous flow process (Wong et al. 2006; Chapra 2008; 
Kadlec and Wallace 2008). A TIS model assumes a series 
of CSTRs, in which the effluent from one tank is the influ-
ent of the next tank. The number of TIS is based on the 
residence time required for the desired treatment process. 
CWs exhibit deviations from idealized plug flow or CSTR 
reactors due to short-circuiting and dispersion. Therefore, 
the TIS model is more suitable for describing hydraulics 
and pollutant behavior in CWs; it serves as an intermedi-
ary between the plug flow and CSTR models and consid-
ers the number of TIS as a mathematical representation 
of the hydraulic performance of the CW, rather than the 
physical number of cells within the system. In the cur-
rent model, we assume the number of TIS to be 3, based 
on model optimization and commonly used values in the 
literature (Kadlec and Wallace 2008). The model also 
assumes a constant flow rate in and out, immediate and 
complete mixing within each tank, uniform temperature 
throughout the reactor, and no differences in velocity or 
stagnant areas. The general mass balance for each tank in 
the TIS is represented as:

where Qi is the inflow rate, Ci is the influent concentra-
tion, Qo is the outflow rate, C is the effluent concentration, 
r is the reaction rate, and V is the water volume in each h 
solved with the water balance.

The mass balances for N species are solved in a sim-
ilar manner. The following mass balance equation was 
used for organic N:

(3)

(4)

(6)

(5)

(7)
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where (OrgN)n−1 is the effluent concentration of organic 
N (mg/L) in (n − 1)th tank in TIS model, (OrgN)n is the 
concentration of organic N (mg/L) in the nth tank in TIS 
model, kpd is the rate constant for plant decomposition 
(h−1), km is the rate constant for mineralization/ammon-
ification (h−1), V is the tank volume (m3), and Q is the 
flow rate (m3/h). The following equation was used for 
calculating effluent NH4

+-N concentration:

where (NH4
+)(n − 1) is the effluent concentration of NH4

+-N 
(mg/L) in (n − 1)th  tank in TIS model; (NH4

+)n is the 
concentration of NH4

+-N (mg/L) in nth tank in TIS model; 
kn is the first-order rate constant for nitrification (h−1), 
which is dependent on availability of DO and temper-
ature; kpu,ammonia is the first-order rate constant for plant 
uptake of NH4

+ (h−1); V is the tank volume (m3); and Q is 
the flow rate (m3/h). The following equation was used to 
calculate effluent nitrate concentration:

where (NO3
-)n is the effluent concentration of  

NO3
- (mg/L) in nth tank in the TIS model; (NO3

-)n−1 is the 
concentration of NO3

- (mg/L) in (n−1)th tank; kdn is the 
first-order rate constant for denitrification (h−1), which is 
dependent on temperature; kpu,nitrate is the rate constant for 
plant uptake of NO3

- (h−1); V is the tank volume (m3); and 
Q is the flow rate (m3/h).

Models of microbially facilitated nitrification- 
denitrification reactions often follow a modified Stover-
Kincannon model, which is used to calculate the rate 
of change in substrate concentration at steady state as a 
function of loading rate (Nga et al. 2020). The following 
mass balance equation was used to estimate the effluent 
COD concentration:

where (COD)n is the effluent concentration of COD 
(mg/L) in nth tank in TIS model, (COD)n−1 is the con-
centration of COD (mg/L) in (n − 1)th tank, umax is the 
temperature-dependent specific maximum substrate uti-
lization rate (mg/L/h), Kb is the temperature-dependent 
saturation constant (mg/L/h), V is the tank volume (m3), 
and Q is the flow rate (m3/h).

2.2.5. Adsorption Media Module
Adsorption models for zeolite and biochar (Table 1) 
were carried out using the HSDM, an approach that has 
shown to be effective in simulating adsorption kinetics 
(Payne 2018). HSDM assumes the adsorption media to 
be homogeneous and the particles to be spherical. 

Following the HSDM approach, the NH4
+-N mass 

balance equation was modified to incorporate adsorption: 

where JNH4
+ is the flux of NH4

+-N from the bulk liquid to 
the solid phase (mg/m2/h) and Aadsorbent is the interfacial 
area of the adsorbent sites (m2/m3). The adsorption flux 
JNH4

+ is calculated as follows:

where ρ is the particle density (g/m3), Ds is the surface 
diffusivity (m2/h), qNH4

+ is the maximum adsorption 
capacity (mg/g), and r is the radial coordinate. Here,  
r was assumed to be equal to R, the radius of a 
zeolite particle (m). Also, since the HSDM assumes 
particles are spherical, Aadsorbent is calculated as follows: 

where M is the mass of zeolite in the system (g) and V is 
the volume (m3). The COD mass balance was also mod-
ified to consider adsorption: 

where CODi is the initial concentration of COD (mg/L), 
umax is the specific maximum substrate utilization rate 
(mg/L/h), Kb is the saturation constant (mg/L/h), V is 
the tank volume (m3), Q is the flow rate (m3/h), JCOD 
is the adsorption flux (mg/m2/h) and Aadsorbent is the  
surface area of adsorbent (m2/m3). Here JCOD and Aadsorbent 
are calculated using similar equations to (13) and (14), 
respectively.

(9)

(8)

(10)
(13)

(11)

(14)

(15)

(12)

Table 1 Properties of adsorbent media

Adsorbent Density
(g/cm3)

Diameter
(mm)

Radius
(m)

Mass in  
the CW

(g)

Bulk  
Density
(mg/L)

Zeolite 0.877 0.6 2.5 * 10−4 23,000 0.097
Biochar 0.090 2-4 1.5 * 10−3 2,600 0.088
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2.3. Model Calibration and Validation
The mesocosm-scale CWs were constructed, planted, and 
put into operation on 28 August 2020. The model was 
calibrated using 6 months of data from the CWs after 
the plants were well established (25 November 2021 to  
14 May 2022) and validated using another 6-month  
dataset (15 May 2022 to 13 October 2022). Since samples 
were collected weekly, influent NH4

+-N and COD con-
centrations were assumed to vary linearly between data 
points. Auto-calibration was carried out using Platypus, a  
multi-objective evolutionary algorithm (MOEA) open-
source framework for optimization in Python (Hadka 
2017). Initial ranges of input parameters came from the 
scientific literature when available (Martin and Reddy 
1997; Welander et al. 1997; Lahav and Green 2000; 
Alvarez and Becares 2008), then were adjusted based 
on the sensitivity analysis (described in section 2.4). 
Hourly rainfall and temperature data collected from a 
local weather station (Lakeland Linder International 
Airport Station in Lithia, Florida, United States) were 
used for precipitation and evapotranspiration (Weather 
Underground 2024). Water level sensors were used to 
calibrate the water balance. Pollutant concentrations, 
measured weekly, were assumed to be constant between 
collection times. Model fitness was evaluated using the 
normalized root mean square error (NRMSE) as pre-
sented by Ranatunga et al. (2017):

where ysimulated is the value simulated by the model,  
yexperimental is the concentration value observed by the 
experimental data, and N is the number of the experimen-
tal data points. NRMSE is a widely recognized metric for 
evaluating the accuracy of prediction tools (Ranatunga 
et al. 2017). Its advantage lies in its unit independence, 
making it suitable for comparing models across different 
scales and applications. A perfect model would achieve 
an NRMSE value of 0, indicating no prediction error. 
Previous studies have regarded an NRMSE value below 
0.3 as indicative of good model performance (Verhamme 
et al. 2016; Lei et al. 2023; Sadeghi et al. 2024).

Model validation was performed based on the mean 
percent removal efficiency. For this, removal efficiency 
was calculated at each data point for both the simulated 
and observed scenarios. The mean of these removal effi-
ciencies was then computed for both datasets. Using these 
mean values, the percent error between the observed 
and simulated removal efficiencies was calculated. This 
method provided a quantitative measure of the model’s 
predictive capability in terms of removal efficiency.

2.4. Parameter Sensitivity Analysis
A sensitivity analysis was carried out to understand how 
the model’s key outputs (effluent concentrations) reacted 
to various model parameters. The analysis was done 
using the Sobol method (Saltelli 2002) on 12 and 11 dif-
ferent parameters for NH4

+-N and COD adsorption mod-
ules, respectively. The Sobol method is a variance-based 
sensitivity analysis method that quantifies the contribu-
tion of each input parameter to the output variance. It is 
based on decomposing the output variance into compo-
nents that can be attributed to individual or combinations 
of input parameters. This method determines first-order 
and total-order indices to evaluate each parameter’s indi-
vidual and cumulative contribution. The first-order sensi-
tivity index measures the contribution of each parameter 
alone, while the total-order sensitivity index measures the 
contribution of each parameter and its interactions with 
other parameters. If the total-order indices are signifi-
cantly higher than the first-order indices, that means there 
are higher order interactions among the parameters. Both 
NH4

+-N and COD adsorption modules were analyzed 
using over 10,000 model runs to evaluate the global var-
iability of the parameters. Indices reported in the results 
represent the contribution that each parameter makes to 
the total variance and include all variance caused by its 
interactions with any other input parameter. Overall, this 
method provides a powerful tool for understanding the 
sensitivity of a model to its input parameters and for iden-
tifying which parameters are most critical for improving 
the model’s performance.

3. Results and Discussion
3.1. Parameter Sensitivity Analysis
Results from the parameter sensitivity analysis for the 
NH3 adsorption-media processes show that surface 
diffusivity of zeolite and the maximum NH3 adsorption 
capacity were the most sensitive parameters (Table 2).  
In other words, slight changes in adsorbent properties 
can have the greatest effect on the predicted NH4

+-N  
concentration. NH4

+-N adsorption appeared to be least 
sensitive to temperature among the parameters evaluated, 
which is expected as seasonal temperature differences 
in Florida are not as extreme as in higher latitudes. 
Furthermore, the sensitivity analysis for COD adsorption 
indicated that the most sensitive parameters are biochar 
maximum adsorption capacity and surface diffusivity 
(Table 3), demonstrating that biochar properties are 
critical for COD removal from landfill leachate in CWs. 

3.2. Unamended CWs Calibration and Validation
Parameters for the unamended CWs were calibrated first 
to fit the simulation results with the experimental data. 

(16)
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The average influent concentrations of NH4
+-N and COD 

were 357 mg/L and 446 mg/L, respectively. Parameters 
were maintained within the literature range most of the 
time; however, some model parameters were not found 
in previous studies and thus, best fit values were chosen 
both for VF-CW and HF-CW. The calibrated parameters 
and literature ranges are presented in Table S1 in the 
Supplementary Material.

The simulated results for NH4
+-N for 

both the VF-CW and HF-CW capture well the  
NH4

+-N reduction trend, as the NRMSE values 
for the validation period are 0.37 and 0.28 for 
the VF-CW and HF-CW, respectively (Figure 
3). These findings regarding NH3 removal 
efficiency indicate a higher efficiency in the 
VF-CW, with a removal efficiency of 43.1%, 
compared to the HF-CW, which showed an 
efficiency of 21.9%. These findings align with 
observations of low error percentage (7.8% 
and 8.9% for VF-CW and HF-CW, respec-
tively). The aerobic conditions in the VF-CW 
favor nitrification, which is a major step in the 
NH4

+-N removal process. On the other hand, 
anaerobic conditions with limited O2 supply 
impede the growth and activity of nitrifying 
bacteria (Schmidt et al. 2002).

The simulated and experimental results 
for NO3

--N are shown in Figure 4. The results 
for NO3

--N concentration calibration/validation 
show lower NRMSE values for both VF-CW 
(NRMSE = 0.23) and HF-CW (NRMSE = 
0.29) indicating good model fitness. NO3

--N 
accumulation occurs as a function of the imbal-
ance between nitrification and denitrification 
(Vymazal 2005). The nitrification rate constants 
were higher in the VF-CW (0.70 h−1) compared 
to the HF-CW (0.006 h−1). These findings indi-
cate that the VF-CW system, with an average 
concentration of 63.74 mg/L, had a higher 
accumulation of NO3

--N because of effective 
nitrification and limited carbon availability for 
denitrification compared to the HF-CW sys-
tem, which had an average concentration of  
44.97 mg/L. 

The relatively low NRMSE for COD in 
the unamended system for both VF-CW (0.12) 
and HF-CW (0.17) suggests that the models 
fit the COD observations well (Figure 5). The 
VF-CW showed a slightly improved simulated 
COD removal efficiency of 17.4% compared 
to the HF-CW, which had a removal efficiency 
of 13.4%. This aligns well with the observed 

data, which show a mean COD removal of 16.5% in the 
VF-CW and 11.5% in the HF-CW. Typically, aerobic 
conditions are more favorable for organic matter deg-
radation, as microorganisms utilizing O2 as a terminal 
electron acceptor play a key role in the process (Najafi 
Savadroudbari et al. 2021). COD also plays a crucial role 
in denitrification, as organic matter in the influent acts 
as an electron donor and impacts microbial metabolism 

Table 2 Sensitivity analysis results for NH4
+-N adsorption

Parameter
Description

Parameter
Notations

Units
Total-Order

Indices

Zeolite Surface Diffusivity ds zeolite m2/h 4.14E-01

Zeolite Maximum Adsorption VF qNH4 mg/g 3.15E-01

Nitrification (Aerobic) A kn a h−1 1.59E-01

Nitrification (Anaerobic) A kn an h−1 6.73E-02

Plant Uptake (HF-CW) A HF kpu NH4 h−1 5.23E-02

Biochar Maximum Adsorption HF qNH4 mg/g 1.40E-02

Biochar Surface Diffusivity ds biochar m2/h 1.37E-02

Mineralization (Anaerobic) km an h−1 1.08E-02

Precipitation precip m 4.68E-03

Plant Uptake (VF-CW) A VF kpu NH4 h−1 1.83E-03

Mineralization (Aerobic) km a h−1 3.38E-04

Temperature temp    °C 1.91E-04

Table 3 Sensitivity analysis results for COD adsorption

Parameter
Description

Parameter
Notations

Units
Total-Order

Indices

Biochar Maximum Adsorption hf qcod mg/g 7.67E-01

Biochar Surface Diffusivity ds biochar m2/h 2.51E-01

Max Utilization Rate (HF-CW) hf mu max mg/L/h 4.92E-06

Zeolite Surface Diffusivity ds zeolite m2/h 2.97E-06

Saturation Constant (HF-CW) hf Kb mg/L/h 7.39E-07

Precipitation precip m 6.54E-09

Max Utilization Rate (VF-CW) vf mu max mg/L/h 2.56E-10

Saturation Constant (VF-CW) vf Kb mg/L/h 2.67E-20

Zeolite Maximum Adsorption vf qcod mg/g 2.28E-20

Temperature temp °C 1.83E-20
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(Zhao et al. 2021). The low COD removal efficiency can 
be attributed to the presence of high levels of recalcitrant 
organic matter in landfill leachate, indicating that further 
treatment, such as activated C adsorption or advanced 
oxidation, may be required (Archibald et al. 1998). 

3.3. Adsorbent-amended CWs Calibration  
 and Validation
The parameters for the adsorbent-amended CWs were cal-
ibrated to fit the simulation results with the experimental 
data. Maximum adsorption capacity and surface diffusiv-
ity of both zeolite and biochar were the main calibration 
parameters. After calibration, parameter values were 
mostly within the literature range. However, some param-
eters were not found in previous studies and thus, best fit 
values were chosen both for VF-CW and HF-CW. As for 
the surface diffusivity of zeolite, the value was obtained 
within the literature range (4.77×10−12 m2/s). However, 

the biochar surface diffusivity value was not found in the 
literature, so the value 3.37×10−11 m2/s was obtained from 
model optimization. The calibrated parameters and litera-
ture ranges are presented in the Supplementary Material, 
Table S2.

The simulated results for NH3 for both the amended 
VF-CW and HF-CW are presented in Figure 6. The 
NRMSE value for the validation period for VF-CW is 
0.36 and that of the HF-CW is 0.23. The values are higher 
(worse) compared to the unamended CW results, which 
is expected because of the complex adsorption kinetics 
involved in these CWs. The simulated removal efficien-
cies (discussed in more detail in section 3.4), however, 
matched closely with the observed data; zeolite in the 
VF-CW helps reduce nitrification inhibition due to high 
free NH3 concentrations in the leachate (Aponte-Morales 
et al. 2018). This likely contributed to the higher NH4

+-N 
removal rate in the VF-CW system compared to the 

Fig. 3 Time series of observed and simulated NH4
+-N concentrations in the unamended system.

Fig. 4 Time series of observed and simulated NO3
--N concentrations in the unamended system.
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HF-CW system, as biochar is not as effective as zeo-
lite in removing cationic compounds from wastewater. 
However, the presence of biochar in the HF-CW system 
can promote plant growth, leading to NH4

+-N removal 
through plant uptake (Rawat et al. 2019).

The simulation results for COD illustrate there 
is not much difference in COD removal between the 
unamended and adsorbent-amended VF-CWs, which 
is expected as zeolite does not have much adsorption 
capacity for COD (Figure 7). The NRMSE values are 
low for both VF-CW (NRMSE = 0.17) and HF-CW 
(NRMSE = 0.24), indicating good model fitness. The 
simulation results suggest that the HF-CW system has a 
much higher COD removal efficiency (38%) compared 
to the VF-CW system, which only shows a removal effi-
ciency of 16%. This aligns with observed data, as bio-
char has been found to be effective in removing organic 
compounds through adsorption. Unlike biochar, zeolite 
is primarily utilized as a cation exchange material and 

does not exhibit the same level of organic compound 
adsorption. Furthermore, biochar can create a favorable 
environment for organic matter degrading microorgan-
isms, resulting in increased COD removal compared to 
zeolite, which does not have similar impacts on micro-
bial activity (Dai et al. 2021).

3.4. Removal Efficiency Validation
The mean removal efficiency for each media-amended 
tank was calculated to compare the experimental and 
simulated results (Table 4). For the unamended sys-
tem, the model was able to predict the removal effi-
ciency within a range between 5% and 13%. The 
removal efficiency for NH3 was higher for the VF-CW 
(43.1%) compared to the HF-CW (22%), which 
matches the observed trends. However, the removal 
efficiency of COD shows little disparity between the  
VF-CW and the HF-CW, indicating similar per-
formance between the 2 systems. For the amended 

Fig. 5 Time series of observed and simulated COD concentrations in the unamended system.

Fig. 6 Time series of observed and simulated NH4
+-N concentrations in the adsorbent-amended system.
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system, the removal efficiency for NH4
+-N was 

higher for the VF-CW (67%) compared to the  
HF-CW (33%), which matches the observed trend. As for 
COD, the removal efficiency of COD was much higher 
in the HF-CW (38%) compared to the VF-CW (16%), 
which is expected due to the addition of biochar. Overall, 
the results show that the amended CW model can predict 
the removal efficiency within an error range of 0% to 3%.

3.5. Effects of Media Amendment on  
 Leachate Pollutant Removal
A direct comparison of the effluent concentrations from 
the unamended and amended CWs elucidates the model’s 
capability of simulating the effects of adsorbent amend-
ment (Figure 8). The results for NH4

+-N show a 24.3% 
increase in simulated removal efficiency for NH3 in the 
amended VF-CW compared to the unamended system, 
and a 46.6 % increase in the amended HF-CW compared 
to the unamended system. As for the COD removal, there 

was a 24.9% increase in simulated removal efficiency in 
the amended HF-CW compared to the unamended sys-
tem. However, simulated COD removal efficiency did not 
vary much between the amended and unamended VF-CW 
(16% vs. 17%). This is expected as zeolite does not have 
much affinity for COD and this has been reflected in the 
model.

3.6. Effects of Varying Hydraulic Loading Rate
An analysis with varying HLR was performed to 
understand the effect of this important design parameter 
on cumulative pollutant removal efficiency of the 
amended system (Figure 9). The simulated results were 
also compared against the available observed data for 
verification purposes. Note that while the range of 
HLR simulated covered a range of typical operating 
conditions for CWs, these simulations covered a larger 
range than the experiments. As expected, there was a 
tendency for the removal efficiency to decrease with 

Fig. 7 Time series of observed and simulated COD concentrations in the amended system.

Pollutant Tank Simulated Removal Efficiency (%) Observed Removal Efficiency (%) Error (%)

Unamended CWs

NH4
+ − N VF-CW 43.1 46.6 7.4

NH4
+ − N HF-CW 21.9 20.1 8.9

COD VF-CW 17.4 16.5 5

COD HF-CW 13.4 11.5 13.3

Amended CWs

NH4
+ − N VF-CW 67.4 65.7 2

NH4
+ − N HF-CW 32.5 33.2 3

COD VF-CW 16.2 16.3 0

COD HF-CW 38.3 37.6 1.8

Table 4 Removal efficiency comparison
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increasing HLR, up to a value around 17 cm/day, 
after which the efficiency stabilized. For instance, 
when increasing the HLR from 2.9 cm/day to 17.2 
cm/day, NH3 removal efficiency decreased from 99% 
to 67%, but the removal efficiency remained nearly 
the same at an HLR of 25.7 cm/day. Moreover, COD 
removal efficiency decreased from 70% to 32% when 
HLR changed from 2.9cm/day to 17.2 cm/day, but 

the efficiency was approximately 30% at an HLR of  
25.7 cm/day. Increasing HLR can decrease pollutant 
removal efficiency for several reasons. As the HLR 
increases, for instance, HRT decreases, leading to shorter 
contact time between pollutant and treatment system. 
Also, an increase in HLR can decrease the O2 supply 
per unit volume of landfill leachate, leading to reduced 
pollutant removal efficiency (Zulfikar et al. 2022).

Fig. 8 Effects of adsorbent amendment on effluent concentration.

Fig. 9 Removal efficiency for varying HLRs.

a) Ammonia Nitrogen b) COD
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3.7. Limitations

Several limitations in the model could be addressed in 
future studies:

• There were not sufficient data available to cali-
brate the model for organic N, which may have 
affected the accuracy of the predictions.

• The model does not consider the bio-regenera-
tion of biochar and zeolite, which can lead to 
higher errors in the prediction of effluent con-
centrations. This is particularly relevant for bio-
char, as the experimental data showed a decline 
in adsorption capacity after 160 days, which was 
not captured by the model (Figure 7).

• As already stated, the model assumes constant 
pH. The model also does not consider the limit-
ing effects of C availability on the denitrification 
process and the HF-CW system has been mod-
eled as fully anoxic to account for the effects of 
low levels of DO on the denitrification process 
for model simplification.

• The model could be improved by performing 
a tracer study to make more accurate assump-
tions about the number of tanks in the mixing 
model. The reaction rates utilized in the model 
were acquired through a combination of litera-
ture review and model optimization. However, 
more accurate results could have been achieved 
if the reaction rates were obtained through batch 
reactor experimental results.

• Model fitness metrices other than NRMSE need 
to be explored, as well, to compare and evaluate 
the model results.

4. Conclusions and Recommendations
A numerical process model was developed to predict 
the performance of CWs in response to varying waste-
water loads, concentrations, design parameters, and 
adsorbent-media characteristics. This model produces 
simulation results for both unamended and adsor-
bent-amended hybrid VF-HF CWs using a TIS model for 
NH4

+-N and COD removal. This model considers a range 
of factors including water storage; N, COD, and DO 
transformations; temperature effects; and the enhance-
ment potential of zeolite and biochar amendments. The 
model was calibrated and validated using data collected 
from a mesocosm-scale system installed at an operating 
municipal landfill. A parameter sensitivity analysis was 
carried out prior to model calibration. Additionally, an 
uncertainty analysis was conducted to assess the mod-
el’s ability to predict system performance under different 
HLRs. The resulting model is scalable and could provide

performance estimates for large-scale CWs designed to 
treat landfill leachate.

The results of the study indicate that the developed 
model can successfully simulate the concentrations of 
NH4

+-N and COD in CW effluent under varying condi-
tions. The model’s performance was evaluated using the 
NRMSE, which was found to be <0.3, demonstrating 
its efficacy in predicting pollutant removal efficiency. 
The error in predicting removal efficiency was less than 
13% for the unamended system and 3% for the adsor-
bent-amended system. The results further show that 
the addition of zeolite and biochar to the CWs signifi-
cantly improved the removal of pollutants, as there was 
a 24% and 13% increase, respectively, in simulated 
removal efficiency of NH4

+-N in the adsorbent amended 
VF-CW and HF-CW compared to the unamended sys-
tem. Additionally, there was a 25% increase in simulated 
removal efficiency of COD in the amended HF-CW 
compared to the unamended system. However, no major 
difference was observed between the results for the 
unamended and amended VF-CW for COD removal. A 
sensitivity analysis demonstrated that slight changes in 
adsorbent properties can have the greatest effects on the 
predicted NH4

+-N concentration. The analysis for vary-
ing HLR in the adsorbent-amended system revealed that 
by increasing the HLR from 2.9 cm/day to 20 cm/day, 
NH4

+-N removal efficiency decreased from 99% to 63% 
and COD removal efficiency decreased from 70% to 
31%. Further studies are needed to assess the long-term 
performance of the adsorbent-amended CWs and the eco-
nomic feasibility of using adsorbents in a full-scale CW.

Supplementary Material
The online version of this article contains a link to sup-
plementary material that includes: Figure S1 Hydraulic 
Simulation Results for VF-CW; Figure S2 Overview of 
Module Interactions; Table S1 Van Genuchten Parameters 
for Hydraulic Simulation; Table S2 Calibrated Values for 
Adsorbent-Amended CW Model Parameters; Table S3 
Calibrated Values for Unamended CW Model Parameters.
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