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a b s t r a c t

Albeit the widely-used zeolite permeable reactive barriers (PRBs) in remediating am-
monium in groundwater from mining industry and municipal solid waste landfills, the
engineering design is primarily based on the traditional maximum adsorption capacity
method and the residence time method. Both methods could predict neither the NH+

4
saturation versus time evolution, nor the breakthrough behavior of a zeolite PRB. This
adds uncertainty to the PRB performance, on top of the conventional clogging and
preferential flow problems. In this study, a kinetic-based method was proposed to
tackle above challenges. An adsorption kinetic model was obtained based on two-
variables batch test results, whereas the rate constant k was 0.1728 L/(min · mol),
and the adsorption exponents with respect to both NH+

4 concentration and the zeolite
adsorption site molarity were unity. Effective diffusion coefficient D∗ (1 × 10−9 m2/s)
and mechanical dispersion (αL = 8×10−3 m) were calibrated by Cl− tracer tests. Three
column tests with inlet NH+

4 concentrations of 200, 1000 and 2000 mg/L were performed
to obtain the breakthrough curves, which agreed well (R2 > 0.93) with those simulated
by the proposed method. Indeed, breakthrough curves considering kinetics were also
more precise than those with instantaneous adsorption assumption (R2

= 0.712-0.863).
The proposed method was used for calculating the required thickness of a PRB for a
municipal solid waste landfill, which was more conservative than those calculated by
traditional methods.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Municipal solid wastes (MSW) landfills are ubiquitous in China, USA, and many other developing countries. There are
7,000 unlined MSW landfills in China (Ye et al., 2019). The leachates from MSW landfills are a major challenge in the
nited States. Organic matter, ammonium, metals are 3 major contaminant types of MSW landfill leachates (Ye et al.,
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2019; Han et al., 2016). The in-situ remediation technology for MSW landfill leachate contaminated soil and groundwater
demand removal of multi-component contaminants, which is tackled preferably by permeable reactive barriers (PRBs),
especially on hydrogeological conditions of abundant groundwater flow. This is challenging as traditional permeable
reactive barrier usually removes single component contaminants, such as chlorinated solvents by zero-valence iron (Shen
and Wilson, 2007; Henderson and Demond, 2007) or activated carbon (Erto et al., 2009; Bortone et al., 2013, 2014),
ammonium by zeolite (Chen et al., 2022; Zhang et al., 2022), and iron by calcite (Wang et al., 2016), while multi-layer PRBs
is desired. Preliminary research shows that organic matters, often characterized by chemical oxygen demand (COD), are
often abundant in fresh leachates, which can be oxidized and adsorbed (Ye et al., 2019; Renou et al., 2008; Kjeldsen et al.,
2002). Metal concentrations exceed water quality standards at some sites, which are easily stabilized and removed (Hao
et al., 2022; Liang-tong et al., 2022; Hao et al., 2021; Son et al., 2018; Wang et al., 2019). Ammonium, on the other hand,
is abundant in old leachates, generated due to anaerobic microbial activities (Ye et al., 2019; Renou et al., 2008; Kjeldsen
et al., 2002). Ammonium is not easily removed by activated carbon (AC) (Boopathy et al., 2013) or oxidized (more details
in Case Study), posing challenges for its containment and remediation in an engineering field. In an engineering pilot
site, the contaminated groundwater was treated in-situ by the following treatments, oxidation of organic matters (CODs),
adsorption of residuals of CODs and metal cations by activated carbon, adsorption of ammonium by zeolite. The design
of the zeolite layer is the major topic of this study, while interactions of ammonium and AC will be briefly presented in
Case Study.

Zeolite is one of the most effective and widely used adsorbents for NH4
+ containment so far (Chen et al., 2022;

altali et al., 2007; Cruz et al., 2019). Natural zeolite is composed of cage-like structures of aluminosilicates with high
ation-exchange capacity and large surface area, which is capable of removing ammonium cations from aqueous solutions
ffectively (Karadag et al., 2007, 2008; Obiri-Nyarko et al., 2014). Although the adsorption kinetics of zeolite-NH4

+

nteraction was studied extensively (Soetardji et al., 2015; Suprihatin et al., 2020; Ivanova et al., 2010; He et al., 2019; Pan
t al., 2019; Zhao et al., 2016), the majority of which assumed pseudo 1st-order kinetics with respect to either [NH4

+] or
he molarity of zeolite adsorption sites. This results in inaccurate estimation of the design thickness of zeolite barriers.
n accurate zeolite-NH4

+ kinetic model was in dire need for cost-saving and performance prediction in a PRB project.
Traditional PRB thickness design methods include maximum adsorption method and residence time method (Obiri-

yarko et al., 2014; Chen et al., 2012; Gavaskar, 1999). The maximum adsorption method assumes full utilization
f the zeolite adsorption capacity for NH4

+ in accordance with adsorption isotherm. The residence time is the time
equired for the reaction between contaminated groundwater and reactive material to achieve the treatment goals, and
s often calculated by the number of half-lives (time required for concentration reduction of 50%) required to achieve
arget breakthrough concentration (10% in this study Woinarski et al., 2006) (Obiri-Nyarko et al., 2014). The maximum
dsorption method considers only the adsorption capacity of the zeolite at equilibrium, not the hydrodynamic and kinetic
dsorption processes. On the other hand, the residence time method assumes first-order chemical reaction and neglects
dsorbate saturation, both of which are not always true. Taking the maximal thickness from the above two methods
as often used in PRB design. This PRB design approach leaves out true chemical reaction kinetics, hydrodynamics,
nd spatiotemporal concentration distribution along the thickness of the PRB, which are needed for filling materials
eplacement or regeneration and performance prediction. Indeed, besides adsorption kinetics, ammonium transportation
n porous media is also governed by advection, diffusion and mechanical dispersion (Shackelford and Rowe, 1998), which
an be modeled by 1-D mass transport simulation. Recent PRB projects performed both laboratory tests (isotherms, column
ests) and numerical modeling (2-D transportation, multi-objective optimization) (Santonastaso et al., 2018; Katarzyna
t al., 2019; Maamoun et al., 2020; Cai et al., 2018). Santonastaso et al. designed the thickness of a PRB filled by AC to
emediate thallium (TI)-contaminated aquifer combining the laboratory isotherm tests and 2-D contaminant transport
imulation in order to consider complicated flow condition and optimize the configuration of PRB to decrease total
ost (Santonastaso et al., 2018). Katarzyna et al. proposed a thickness design method for multi-layered PRB based on
aboratory tests and numerical modeling considering the optimization of both thickness and the total cost in order to
etermine the required PRB thickness with the lowest cost (Katarzyna et al., 2019). Maamoun et al. proposed a method
ombining the laboratory batch and column tests of several materials and multi-objective optimization to design the PRB
hickness for Cr (VI) removal in order to select the most feasible reactive material with long residence time and low
ost (Maamoun et al., 2020). Cai et al. applied kinetic models obtained from batch tests and modeling to the design of
alcite PRB for fluoride remediation in order to compare the design thicknesses in presence of metal ions (Co, Mn, Cd and
a) (Cai et al., 2018).
Instantaneous adsorption equilibrium was often assumed in a mass transport simulation (details in Materials and

ethods), whereas adsorption kinetics was rarely incorporated. The design method based on 1-D mass transport
imulation considering instantaneous adsorption equilibrium depends on the retardation factor (Rd) measure by column
reakthrough tests. However, one shortcoming is Rd calibration. The Rd is not a constant but a variable related to
oncentration and velocity which means that the calibration by column breakthrough tests could be time-consuming.
his shortcoming can be overcome if kinetic model is incorporated in the mass transport simulation. To date, however,
o attempt was identified in the literature.
The goal of this study is to propose a kinetic reaction-based 1-D mass transport modeling method for the design and

erformance prediction of a zeolite PRB for removal of NH4
+ from a contaminated MSW landfill site. The objectives are:

(1) to obtain a true adsorption kinetic model for zeolite adsorbing NH +, considering both the ammonium concentration
4
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and the molarity of adsorption sites; (2) to quantify the hydrodynamic parameters of a zeolite column matrix via Cl−
racer tests; (3) to establish a kinetic reaction-based 1-D mass transport model, which was verified by NH4

+ column
reakthrough tests; (4) to design an engineering PRB with the newly-proposed method, and to compare with traditional
esign methods.

. Materials and methods

Commercial natural clinoptilolite zeolite (Jinyun county, Zhejiang Province, China) with grain size ranging from 1–2 mm
as used. The zeolite was washed thoroughly and immersed in deionized water (DI water) for 24 h to remove impurities,
nd was then oven-dried before using.
Ammonium solutions from 100 to 2000 mg/L (in terms of nitrogen) were prepared by dissolving ammonium chloride

NH4Cl) powders (AR, Sinopharm Chemical Reagent Co. Ltd., China) in DI water.
Single variable batch tests were conducted in Erlenmeyer flasks containing ammonium solutions ranging from 100 to

000 mg/L at fixed zeolite contents (1 g/100 mL and 5 g/100 mL). The flasks were agitated in a temperature-controlled
rbital shaker with speed of 200 rpm and temperature at 25 ◦C. Solution samples were collected at various time intervals
n the first 1600 min. Ammonium concentrations were determined by Nessler’s reagent spectrophotometry method. The
mount of adsorbed ammonium (Se in mg/g) was calculated by Eq. (1) (Alkan et al., 2007; Bhatnagar et al., 2010; Wang
t al., 2007; Englert and Rubio, 2005):

Se =
(C0 − Ce)V

m
(1)

where C0 and Ce are the initial and equilibrium concentrations of ammonium, in mg/L, respectively; V is the solution
volume, in L; m is the weight of zeolite, in g.

Mineralogical composition of original zeolite was analyzed by X-ray diffraction (XRD) measurement (Bruker D8
Advance diffractometer, Bruker, Germany) with Cu-Kα (λ = 0.154056 nm) radiation and an angle of incidence ranging
from 5◦ to 90◦. The phase and compositions were analyzed by MDI Jade 9 software. Scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM-EDS) measurements (GeminiSEM 300, ZEISS, Germany) were performed to
analyzed the elemental composition of zeolite before and after ammonium adsorption.

Zeolite column breakthrough tests were conducted for nonreactive tracer experiments (Cl− as tracer) and for ammo-
nium permeation experiments (detailed in the subsequent paragraph), in separate columns. The bulk density and porosity
of the zeolite column were 1.3 g/cm3 and 0.6, respectively. A total of 122.9 g zeolite was poured into an acrylic column
(10 cm ×4 cm, height × inner diameter) pre-filled with water to ensure saturation. For the nonreactive tracer (Cl−)
experiment, 100 mg/L NaCl solution was pumped into zeolite column from the bottom at flow rates of 1 and 2 mL/min,
respectively. The effluent solution was collected by the automatic fraction collector every 10 min, and was later tested
for Cl− concentration via ion chromatography. The two unknowns, namely the longitudinal mechanical dispersivity (αL)
and effective diffusion coefficient (D∗) of the zeolite matrix can be calculated by two sets of Dhd and v (Eq. (3)), which
were obtained by fitting Cl− breakthrough curves at flow rates of 1 and 2 mL/min, respectively. The calculated D∗ and αL
were assumed also applicable for the hydrodynamic behaviors of NH4

+ (Brusseau, 1993; de Smedt and Wierenga, 1984;
Klotz et al., 1980; Biggar and Nielsen, 1962; Robbins, 1989).

The density, porosity, zeolite weight and size of columns used for ammonium permeation experiments were the same
as those in nonreactive tracer experiments. For the ammonium permeation experiments, ammonium solutions (NH4Cl) of
200, 1000, 2000 mg/L were peristaltically pumped from the bottom at flow rate of 2 mL/min. The effluent solution was
collected from column top by an automatic fraction collector at time intervals of 10 min.

The 1-D transport of non-reactive tracer in saturated porous media can be described by advection–dispersion equation
as Shackelford and Rowe (1998), Brusseau (1993) and Zheng and Bennett (2002):

θ
∂C
∂t

= Dhdθ
∂2C
∂z2

− q
∂C
∂z

(2)

where θ is the volumetric water content of porous medium; C is the solute concentration, in mg/L; t is time, in second;
Dhd is hydrodynamic dispersion coefficient, in m2/s; q is Darcy’s velocity, in m/s; z is the axial distance, in meter.

Dhd = D∗
+ αLv (3)

where D∗ is effective diffusion coefficient, in m2/s; αL is longitudinal dispersivity of zeolite matrix, in meter; v is seepage
velocity, in m/s.

v =
q
θ

(4)

Hydrodynamic dispersion coefficient (Dhd) can be obtained by fitting the breakthrough curves of non-reactive tracer
(Cl−) (Eq. (2)) at a given flow rate (i.e., seepage velocity). For two unknowns (D∗ and α ), two sets of Eq. (3) are required,
L

3



Y.-X. Yang, J.-K. Chen, L. Zhao et al. Environmental Technology & Innovation 29 (2023) 103020

T

a
p
d

p

3

T
c
c
p
e

i
f
f
2
e

p

(

which mandates 2 flow rates (Brusseau, 1993; de Smedt and Wierenga, 1984; Klotz et al., 1980; Biggar and Nielsen, 1962;
Robbins, 1989):{

Dhd1 = D∗
+ αL × v1

Dhd2 = D∗
+ αL × v2

⇒

⎧⎪⎪⎨⎪⎪⎩
αL =

Dhd1 − Dhd2

v1 − v2

D∗
=

Dhd2 × v1 − Dhd1 × v2

v1 − v2

(5)

The analytical solution to Eq. (2) is (Shackelford and Rowe, 1998):

C (L, t)
C0

=
1
2

[
erfc

(
L − vt
2
√
Dhdt

)
+ exp

(
vL
Dhd

)
× erfc

(
L + vt
2
√
Dhdt

)]
(6)

under the following initial and boundary conditions:{C (z, 0) = 0
C (0, t) = C0
C (∞, t) = 0

(7)

Eq. (2) can also be solved numerically e.g., by PHREEQC (USGS, USA).
Instantaneous equilibrium was often assumed to be reached in mass transport simulation, which also considered

advection, diffusion and mechanical dispersion:

Rd
∂C
∂t

= Dhd
∂2C
∂z2

− v
∂C
∂z

(8)

where Rd is the retardation factor derived from the adsorption isotherm between ammonium and zeolite:

Rd = 1 +
∂ (ρbS)
∂ (θC)

(9)

ρb is the dry density, in g/cm3; and S is the solute content adsorbed onto the solid phase.
The mass transfer equation considering kinetic adsorption can be expressed as Shackelford and Rowe (1998) and Zheng

and Bennett (2002):

θ
∂C
∂t

= Dhdθ
∂2C
∂z2

− q
∂C
∂z

−
∂(ρbS)

∂t
(10)

he 3rd term on the right-hand side represents kinetic adsorption process.
The solution of solute (NH4

+) transportation in a porous medium requires 3 sets of parameters, the equilibrium
dsorption isotherms, the kinetic rate constants, and the hydrodynamic constants (i.e., D*, αL). The first two sets of
arameters were obtained via batch tests, and the 3rd set of parameters was obtained by tracer tests. The partial
ifferential equation (Eq. (10)) usually was solved numerically, in this study using PHREEQC program (USGS, USA).
The output NH4

+ concentration at any given time and distance from the starting point provides guidance for barrier
erformance prediction, monitoring, as well as replacement and regeneration.

. Results and discussion

Mineralogical and elemental composition of zeolite
The results of XRD pattern and mineralogical compositions of original zeolite were shown in Fig.S1 and Table S1.

he mineralogical composition of zeolite was 40.6% mordenite, 19.7% clinoptilolite, 16.3% quartz, 12.7% kaolinite, 8.8%
ristobalite and 1.9% zeolite group. Because the original zeolite sample was mainly composed of zeolite minerals, namely
linoptilolite and mordenite, and the cation exchange mechanism for ammonium adsorption by zeolite minerals has been
roven by extensive researches, the cation exchange was the mechanism for attenuation of ammonium in this study (Chen
t al., 2022; Saltali et al., 2007; Cruz et al., 2019; Karadag et al., 2007, 2008; Obiri-Nyarko et al., 2014).
The surface morphology and elemental composition of the zeolite before and after ammonium adsorption were shown

n Fig.S2. It can be obtained from Fig.S2(E) that after the ammonium adsorption, the content of cations in zeolite decreased
rom 0.34, 1.49, 0.12% to 0.2, 1.31, 0.05% for Na, K and Ca, respectively, and the content of nitrogen in zeolite increased
rom 0.95% to 2.38%, suggesting the cation exchange was the main mechanism for ammonium attenuation (Chen et al.,
022; Saltali et al., 2007; Cruz et al., 2019; Karadag et al., 2007, 2008; Obiri-Nyarko et al., 2014; Bate et al., 2022; Zhan
t al., 2022).
Adsorption Kinetics
Adsorption equilibrium isotherm was found to be best described by Langmuir isotherm (details in S.I.). The fitted

arameters of both Langmuir and Freundlich isotherms were presented in Table 1.
The adsorption kinetic reaction of ammonium on zeolite can be described as Du et al. (2005), Ho (2006) and Lin et al.

2013):

Site−
+ NH +

→ SiteNH (11)
4 4

4
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Table 1
The fitted parameters of Langmuir and Freundlich isotherms (KL , Sm:Langmuir constants; af , bf : Freundlich constants;
R2: determination coefficient.)

Langmuir isotherm Freundlich isotherm

Sm KL R2 af bf R2

(mg/g) (L/mg) (mg/g)

14.2 0.05 0.9491 5.112 0.123 0.3961

Fig. 1. Experimental data for the determination of the reaction exponents (a and b) with respect to (a) NH4
+ and (b) zeolite adsorption site at

zeolite dosages of 1 g/100 ml and 5 g/100 ml.

The rate of reaction (R) depends on both the ammonium concentration and the number of adsorption sites of zeolite,
which is generally expressed as Eitel et al. (2018), Cavazos et al. (2018) and Taillefert and Gaillard (2002):

R =
d[SiteNH4]

dt
= −

d[Site]
dt

= −
d[NH4

+
]

dt
= k[Site]a[NH4

+
]
b (12)

here k is the overall rate constant, a and b represent the exponents of the zeolite adsorption site ([Site], mM) and the
mmonium concentration ([NH4

+
],mM). Given constant dosage of zeolite, the rate of ammonium adsorption could be

implified into a pseudo-order kinetic model (Eitel et al., 2018; Cavazos et al., 2018; Taillefert and Gaillard, 2002):

R = kpseudo[NH4
+
]
b (13)

here

kpseudo = k[Site−
]
a (14)

s the apparent rate constant. From Eq. (13), the exponent b can be determined as the slope of the lg(R)-lg[NH4
+]0 (log of

he initial ammonium concentration) straight line (Eitel et al., 2018; Cavazos et al., 2018; Taillefert and Gaillard, 2002).
he initial rate was calculated using the [NH4

+] evolution over time curve during the initial 10%–15% of the adsorbed
H4

+ (Eitel et al., 2018; Cavazos et al., 2018; Taillefert and Gaillard, 2002). The calculated exponent b ranges from 1.071
o 1.075 (Fig. 1a), suggesting the first-order kinetic reaction with respect to NH4

+.
Exponent a can be calculated by fitting Eq. (15):

lg kpseudo = lg k + a lg[Site−
] (15)

here a is the slope of the lg kpseudo−lg[Site−
] straight line (Fig. 1b), yielding a = 1.000, suggesting the first-order reaction

ate with respect to the molarity of available zeolite adsorption site.
The overall reaction rate (R) is determined from Eq. (12), suggesting an overall second-order kinetic reaction for the

dsorption of ammonium on zeolite:

R = −
d[NH4

+
]

dt
= k[Site−

][NH4
+
] (16)

here k = 0.1728 L/(min mol). Then the concentration of NH4
+ versus time relationship can be obtained by integrating

q. (16). Given the assumption that monolayer adsorption sites were dispersed uniformly on the zeolite surfaces (S.I., the
ssumption of Langmuir isotherm) and the amount of adsorption site was determined by cation exchange capacity (CEC,
5
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Fig. 2. Experimental (open markers), numerical (solid lines) and analytical (solid markers) results of the temporal evolution of normalized NH4
+

concentration in aqueous solution with initial NH4
+ of 100, 200, 300, 1000 and 2000 mg/L. Note: the numerical results nearly coincided with the

analytical results.

in mg NH4
+/g zeolite), Eq. (17) could be derived:

−
dC
dt

= k × (CEC ×
m
V

− C0 + C) × C (17)

here C represented [NH4
+]. The Eq. (17) could be integrated with the initial condition, as shown in Eq. (18):⎧⎨⎩

∫
dC

(CEC ×
m
V − C0 + C) × C

= −

∫
kdt

C(t = 0) = C0

(18)

he explicit analytical solution of Eq. (16) is:

C =

(
CEC ×

m
V − C0

)
× C0

CEC ×
m
V × exp

[(
CEC ×

m
V − C0

)
× kt

]
− C0

(19)

If abundant zeolite was available (i.e. abundant adsorption site), e.g., in a column breakthrough test at initial moment,
the Eq. (19) could be simplified:

C = C0 × exp
[
−

(
CEC ×

m
V

− C0

)
× kt

]
(20)

which is the typical first-order reaction rate solution (Suprihatin et al., 2020).
On the other hand, if abundant NH4

+ is available, such as in a batch test with high initial NH4
+ concentration, the

Eq. (19) could be simplified:

S = CEC × [1 − exp (−C0 × kt)] (21)

hich is the typical pseudo-first-order reaction rate solution (Soetardji et al., 2015; Ivanova et al., 2010).

atch Test Verification
Batch tests were performed simulating NH4

+ adsorption onto zeolite at initial concentration of 100, 200, 300, 1000,
000 mg/L, respectively. The normalized [NH4

+]-time evolution relationship was plotted in Fig. 2. [NH4
+]-time evolution

urves obtained from the analytical solution of the proposed kinetic method (Eq. (19)) and from PHREEQC simulation
ere plotted for comparison. The kinetics method yields good C/C0-time curves, with R2 range of 0.89–0.97. C/C0-time
urves predicted by PHREEQC, essentially by the same kinetic parameters, also yields the same curves as the analytical
olution which validated the ability to simulate kinetic adsorption in PHREEQC program.
Hydrodynamic Features
The hydrodynamic parameters in a zeolite column, namely the effective diffusion coefficient (D*) and the longitudinal

mechanical dispersivity (αL), were determined by trial-and-error method with high R2 values (0.9392 and 0.9494), which
sed PHREEQC to satisfy Eqs. (1)–(2) in two breakthrough instances (1 and 2 mL/min), and then the results were verified
y the analytical solution of Eq. (2) (i.e. Eq. (6)) as shown in Fig. 3. The calculated D∗ was 1×10−9 m2/s, which was within

the range of 1.015×10−9 m2/s to 1.421×10−9 m2/s for D* of Cl− migration in a coarse-grained matrix (Shackelford and
Rowe, 1998). The calculated longitudinal dispersivity α was 8× 10−3 m, which was similar to the α (8.8× 10−3 m) of a
L L

6
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Fig. 3. Column breakthrough curves of Cl− tracer tests. Markers: experimental data, solid lines: the simulation results of PHREEQC, dot lines:
analytical solution.

Fig. 4. Experimental ammonium (NH4
+) breakthrough curves with influent concentrations of 200, 1000, 2000 mg/l. The flow rate of both non-reactive

racer (Cl−) and reactive (NH4
+) permeation experiments was 2 mL/min.

racer migration in rock column with grain size of 1–2 mm, the same as that of the zeolite used in this study (Klotz et al.,
980). It is worth noting that at a flow rate of 2 mL/min, a mere of 0.28% of the solute disperses via effective diffusion
D*), while the majority of Cl− disperses via longitudinal mechanical dispersion (99.72%). The latter process (mechanical
ispersion), which is solute independent, could then be applied to NH4

+ breakthrough zeolite process simulation under
similar flowrates (Brusseau, 1993; Delgado, 2006).

NH4
+ Breakthrough Behaviors

The ammonium breakthrough curves were retarded as compared to that of the chloride tracer (Fig. 4) due to adsorption
process (Mojid and Vereecken, 2005). Assuming instantaneous equilibrium, the retardation factors (Rd) were defined as
the ratio of the velocity of nonreactive tracer to the average velocity of reactive solute (Eq. (22)):

Rd =
L/tCl

−

50

L/tNH4+

50

=
tNH4

+

50

tCl
−

50

(22)

here L is the length of column; t50 is the time when effluent solute concentration reaches 0.5C0. The calculated Rd
values were 104.6, 23.0, 11.1 for the influent NH4

+ concentrations of 200, 1000 and 2000 mg/L, respectively (Fig. 4,
inset) (Mojid and Vereecken, 2005; USEPA, 1999; Shackelford, 1991; Cao et al., 2019). The Rd decreased with increasing
NH4

+ concentrations suggesting the adsorption sites could be saturated with less pore volumes of solution.
Ammonium transport through zeolite column at the influent concentration of 200, 1000, 2000 mg/L simulated with

instantaneous equilibrium assumption yields R2 range of 0.712–0.863 (Fig. 5), which is not satisfactory. The residence
time of NH + in zeolite column was 38 min (1 pore volume divided by flow rate), while the equilibrium time for full
4
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Table 2
The parameters for simulation of ammonium transport through zeolite using the Langmuir equilibrium model and overall kinetic model in PHREEQC
for the influent ammonium concentration of 200, 1000 and 2000 mg/L (vs: seepage velocity; αL: zeolite’s longitudinal dispersivity; KL , Sm: Langmuir
onstants; k: overall rate constant; R2: determination coefficient for the regression of experimental data versus simulation results.)

C0 Langmuir equilibrium model Overall kinetic model

vs αL D∗ Sm KL R2 vs αL D∗ k R2

mg/L mmin−1 m ×10−9 m2/s mg/g L/mg m/min m ×10−9 m2/s L/(min · mol)

200 0.265 0.008 1 14.2 0.05 0.863 0.265 0.008 1 0.1728 0.980
1000 0.265 0.008 1 14.2 0.05 0.843 0.265 0.008 1 0.1728 0.978
2000 0.265 0.008 1 14.2 0.05 0.712 0.265 0.008 1 0.1728 0.940

NH4
+ adsorption on zeolite in batch tests ranged from 300 to over 1000 min (Fig. 2). This means that the adsorption

quilibrium was not reached because of the relatively high seepage velocity compared with the kinetic adsorption
ate (Shackelford and Rowe, 1998; Jellali et al., 2010). Therefore, using the instantaneous adsorption model to predict
he ammonium breakthrough curves would overestimate the adsorption rate and underestimate the actual extent of
he NH4

+ propagation (Shackelford and Rowe, 1998). Given the low adsorption rate of the kinetic model, as compared
to the instantaneous equilibrium model, the unabsorbed ammonium due to relatively fast transportation process led to
early ammonium arrival (Fig. 5a), which agrees with prior observations (Jellali et al., 2010; Šimůnek et al., 2006). On
the other hand, simulation results with kinetic adsorption model yields R2 range of 0.940–0.980 for three inlet NH4

+

oncentrations, which are better than those (0.712–0.863) obtained by the instantaneous equilibrium model (Table 1,
ig. 5). This comparison substantiated the kinetic nature of NH4

+ adsorption onto zeolite sites, which is the rate-limiting
tep for the NH4

+ transportation.
The deviation between the simulated breakthrough curves by kinetic-based method and the measured ones appeared

t high influent NH4
+ concentrations (1000 and 2000 mg/L), which were postulated to be due to the following reasons.

irstly, the intraparticle/film diffusion processes of NH4
+ into zeolite matrix were underestimated by the D∗ and αL

oefficients obtained from Cl− tracer test, given the possible Columbian repulsion between Cl− anions and negatively-
charged zeolite lattices, which limits the Cl− diffusion through the cavity of zeolite (Karadag et al., 2007; Barczyk et al.,
2014; Alver and Metin, 2012). Secondly, the adsorption sites located on zeolite surfaces were sufficient for adsorbing low
concentration (200 mg/L) NH4

+ cations in a column test, similar to the case scenarios in a batch test where the relative
abundant NH4

+ cations (100 to 2000 mg/L) saturated (both on surfaces and inside the intra-aggregate spaces) quickly
in a few zeolite grains. In another word, intra-aggregate transportation is not the rate-limiting step for both the batch
tests and the column test with low influent NH4

+ concentration (200 mg/L). For the column breakthrough tests with
high influent NH4

+ concentrations (1000, 2000 mg/L), on the contrary, surface zeolite sites were not sufficient, and NH4
+

eeded to diffuse into the intra pores of zeolite, the rate of which was then limited by the intra-aggregate diffusion process,
hich was not reflected by either kinetic parameters from a batch test or the Cl− tracer test. This inherently rendered
n overestimation of NH4

+ adsorption and the early arrival of the breakthrough curves, as revealed by the reduction in
etermination coefficient (R2) at high influent NH4

+ concentrations (Fig. 5b–c) (Shackelford and Rowe, 1998; Zheng and
ennett, 2002; Shackelford, 1991; Jellali et al., 2010).

dvantages of the proposed kinetic-based method
The advantages of the above-proposed kinetic-based method for NH4

+ adsorption on zeolite are essentially the
oundness of the theoretical foundation and the robust applicability to a variety of field conditions. The method was
ounded on 1D mass transport theory and chemical reaction kinetics, and all the hydrodynamic parameters and kinetic
odel parameters are constants independent of field conditions, such as NH4

+ concentration, flow velocity, and content
f zeolite. In another word, Rd calibration for flow velocity and NH4

+ concentration is no longer needed.

omparison between kinetic-based method and conventional methods
Conventional PRB thickness design methods include maximum adsorption method and residence time method (Obiri-

yarko et al., 2014; Chen et al., 2012; Gavaskar, 1999). The maximum adsorption method assumes full utilization of the
eolite adsorption capacity for NH4

+ in accordance with adsorption isotherm. The maximum adsorption method considers
nly the adsorption capacity of the zeolite at equilibrium, not the hydrodynamic and kinetic adsorption processes. The
esidence time is the time required for the reaction between contaminated groundwater and reactive material to achieve
he treatment goals, and is often calculated by the number of half-lives (time required for concentration reduction of
0%) required to achieve target breakthrough concentration (10% in this study, Woinarski et al., 2006) (Obiri-Nyarko
t al., 2014). The residence time method assumes first-order chemical reaction and neglects adsorbate saturation. Above
wo methods are not always the case in reality. On the contrary, the proposed kinetic-based design method incorporated
oth the chemical kinetics and hydrodynamic processes, which overcame the shortcomings of the conventional methods.
omparison between conventional methods and the proposed method were compiled in Table 3:
8
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Fig. 5. Experimental breakthrough curves (markers) and simulated breakthrough curves based on Langmuir equilibrium model (blue solid line) and
verall kinetic model (red solid line) of the influent ammonium concentration of (A) 200 mg/L, (B) 1000 mg/L, (C) 2000 mg/L. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version of this article.)

. Case study

A multi-layer PRB containing activated carbon (AC) layer and zeolite layer was designed to be installed at the
ownstream of Tianziling Landfill which was located at a valley in Hangzhou, China to remediate the groundwater
ontaining multi-contaminant. Tianziling Landfill started operation in 1991 for primary municipal solid wastes, and closed
n 2007. The groundwater contaminated by the leachate of Tianziling Landfill contained high concentration of ammonium
nd chemical oxygen demand (COD). The field groundwater was collected to permeate the AC column. Based on the
aboratory AC column experiment result as shown in Fig.S4, AC have high affinity for COD while it could hardly retard the
9
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Table 3
Comparison between conventional methods and proposed method.

Methods Process

Advection Hydrodynamic dispersion Adsorption

Equilibrium Kinetics

Residence time method
√

× ×
√

Maximum adsorption method
√

×
√

×

Proposed method
√ √

×
√

ammonium. The COD was treated before the ammonium in the AC layer. Up to 85% of the COD in the inflow of PRB was
removed by oxidation methods (including O3 micro-nano bubbles (MNBs) and Fenton technique). While the residual COD
was adsorbed by the AC layer. The particle sizes of zeolite and AC used in this case study were similar at 1–2 mm, which
corresponding to permeability coefficients of 1.1 cm/s. Given the relatively large particle sizes and the high permeability,
removal of COD is unlikely to clog or cause preferential flow of the PRB (not observed, too). Therefore, the hydrodynamic
properties of AC layer have little to none influence on the flow to zeolite layer of the PRB. Therefore, the containment of
COD in groundwater was assumed to be achieved by the AC layer, and the groundwater ammonium concentration was
used to calculated the thickness of zeolite layer. In July 2022, the ammonium concentration of its neighboring downstream
zone was approximately 135 mg/L, which exceeded standard limits of groundwater quality (1.5 mg/L, GB/T 14848-2017).
The zeolite PRB was planned to be installed perpendicular to the groundwater flow direction, downstream of the landfill
and the PRB was planned to build to a depth and width that over-encompasses the vertical and horizontal dimensions of
the contaminant plume, and the insertion depth of PRB into the impervious layer (aquitard) should be 30 cm or sufficient
to elongate the seepage path underneath PRB to prevent circumventing (Ott, 2000; Gavaskar et al., 1998; Powell et al.,
1998). The Darcy velocity of the groundwater was 0.29 m/d, and the designed seepage velocity within PRB was 0.49 m/d.

Based on Langmuir isotherm obtained from batch test, the thickness of PRB (H) by maximum adsorption method can
e calculated by:

H =
q · C · T
Se · ρb

(23)

here T (day) is the service life of PRB. Given the site condition of Tianziling Landfill and a design service life of 2 years,
was 1.54 m.
The residence time was determined by the number of half-lives required to reduce the influent concentration of the

ontaminant to below its threshold breakthrough concentration, which was 0.1C0 in this study (Obiri-Nyarko et al., 2014;
avaskar, 1999):

tres = N × t0.5 × u1 × u2 × SF (24)

H = q × tres (25)

here N is the number of half-lives required to reduce the influent concentration to below 0.1C0, N = 4 in this study,
0.5 is the half-life of the reaction between ammonium and zeolite obtained from batch test by first-order kinetic model,
0.5 = 0.127d, u1 was the temperature correction factor which was assumed to be 2, u2 was the bulk density correction
actor which was assumed to be 1.5, SF was the safety factor which was assumed to be 2 (Chen et al., 2012; Gavaskar,
999). The thickness of the PRB based on the residence time method was calculated to be 0.88 m for Tianziling Landfill.
With the overall kinetics model (Eq. (10)) and hydrodynamic parameters obtained from tracer test (Table 1), a new

ethod for calculating the thickness of PRB for Tianziling Landfill was proposed as follows. Indeed, there were multiple
ations in real contaminated groundwater. And it is true that the other cations, such as Na+ and K+, compete with NH4

+

n the adsorption process onto zeolite. Per this situation, additional zeolite breakthrough experiment was performed with
ollected real groundwater from Tianziling Landfill site. The chemical speciation of the cations of the real groundwater was
abulated in Table 4, with the main cations of NH4

+, Ca2+, K+, Mg2+, and Na+. Among these cations, bivalent cations (Ca2+
nd Mg2+) were mostly adsorbed by the preceding AC layer due to the strong adsorption capability of AC. The remaining
onovalent cations (K+, Na+, NH4

+) compete for the adsorption site. Lyotropic series (Bohn et al., 2002; Sposito et al.,
984) suggest the selectivity of zeolite site for competing cations as: K+ > Na+ > NH4

+, given equal concentration. On
he other hand, the actual concentrations of these three monovalent cations are in the order of K+ < Na+ < NH4

+. A
imple assumption was made that, the molarity of the zeolite adsorbed cations of each type of monovalent cations is
roportional to the concentration of this type of monovalent cation. Then, the adsorbed NH4

+ accounts for 45% of the
vailable zeolite adsorption sites.
This reduction factor (45%) for NH4

+ adsorption onto zeolite was introduced in the numerical simulation program,
nd yielded good fit of the breakthrough curve with R2

= 0.9573 (Fig. 6). This good agreement between the experiments
nd the numerical simulation validated the above assumption in this case study. Numerical solver, PHREEQC was used
o incorporate both the chemical kinetics and hydrodynamic processes with the parameters listed in Table 2. The length
f cells in PHREEQC were set to 0.01 m, and the time step which was equal to length of cell divided by seepage velocity
10
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Table 4
Concentration of cations of the collected real groundwater in Tianziling Landfill site.
Cations Concentration (mmol/L)

NH4
+ 9.64

K+ 2.86
Na+ 9.06
Ca2+ 1.08
Mg2+ 0.40

Fig. 6. Experimental breakthrough curve of NH4
+ using the real groundwater (scatters) and simulated NH4

+ breakthrough curve based on kinetic
imulation considering competing cations in authentic groundwater.

Table 5
The parameters for PRB design based on ammonium transport simulation considering overall kinetic model.

C0 vs αL
a D∗ k H

mg/L m/day m ×10−9 m2/s L/(min · mol) m

135 0.49 0.1 1 0.1728 4.45

aThe longitudinal dispersivity was dependent on scale and the dispersivity used for PRB design were assumed to be
linear with that obtained from laboratory tracer test Gelhar et al. (1992).

was 1763 s. To meet the PRB service life requirement (2 years), the number of cells (the PRB thickness was equal to the
number of cells times the length of cells) was searched by trial-and-error method.

Given 0.1C0 breakthrough criterion (Woinarski et al., 2006), the calculated thickness of the PRB was 4.45 m, which was
thicker than those calculated by either maximum adsorption method (1.54 m) or residence time method (0.88 m). The
newly proposed method gives a safer design. The distribution of NH4

+ concentration along PRB thickness at given time
ould also be obtained (Fig. 7), which provides a basis for performance monitoring and filling material replacement (see
ig. 7 and Table 5).

. Conclusion

The major findings in this study were summarized as follows:

(1) Based on two-variables batch tests for NH4
+ adsorption on zeolite, the adsorption kinetic parameters (Eq. (16))

were obtained: the overall kinetic rate constant k = 0.1728 L/(min mol), the adsorption reaction rate was found
to be first-order with respect to both NH4

+ concentration (exponent a = 1.07) and the molarity of the available
adsorption sites of the zeolite (exponent b = 1.00).

(2) Hydrodynamic parameters dictating both diffusion (effective diffusion coefficient D∗
= 1×10−9 m2/s) and

longitudinal mechanical dispersion (αL = 8×10−3 m) processes were obtained by Cl− tracer column breakthrough
tests. Mechanical dispersion process, which is solute independent, was the major hydrodynamic transportation
mechanism at experimental conditions in this study. This validates the applicability of hydrodynamic parameters
obtained from Cl− anions to the transport of NH + cations.
4

11
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Fig. 7. Monthly ammonium concentration distribution in the PRB with the barrier in service life of 2 years.

(3) Good agreement between the proposed kinetics-based NH4
+ transport simulation method and column tests

substantiated the advantages of the newly-proposed kinetic-based method.
(4) The kinetic-based method was used for designing the thickness of a permeable reactive barrier (PRB) for remediating

NH4
+ leached from Tianziling Landfill. The calculated PRB thickness was 4.45 m, which was more conservative than

those calculated from traditional methods.

ummary of symbols and parameters used in this study

Variable Unit Description
Se mg/g Equilibrium adsorbed NH4

+ concentration
S mg/g Adsorbed NH4

+ concentration
C0 mg/L Initial NH4

+ concentration
Ce mg/L Equilibrium NH4

+ concentration
V L Solution volume
m g Weight of zeolite
θ – Volumetric water content
t second Time
z m Axial distance
q m/s Darcy’s velocity
v m/s seepage velocity

Dhd m2/s Hydrodynamic dispersion coefficient
D∗ m2/s Effective diffusion coefficient
αL m Longitudinal dispersivity
Rd – Retardation factor
ρb g/cm3 Dry density of zeolite
k L/(min mol) Overall rate constant

kpseudo 1/min Apparent rate constant
a – Exponents of the zeolite adsorption site
b – Exponents of the ammonium concentration
Sm mg/g Maximum adsorption capacity of Langmuir isotherm
KL L/mg Langmuir adsorption constant
af mg/g Multilayer adsorption capacity of Freundlich isotherms
bf – Adsorption intensity of Freundlich isotherms
CEC meq/g Cation exchange capacity of NH4

+ in absence of competing cations.
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