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a b s t r a c t
The focal point of this study was to use the waste foundry sand (WFS) in the remediation of sim-
ulated aqueous solution contaminated with ammonia nitrogen through batch and column tests. 
Recycling this waste is a real application for sustainable principles because it will reduce disposal 
costs and the required area in the sanitary landfill. Based on the kinetic sorption measurements 
for ammonia nitrogen onto WFS, the predominant mechanism was the chemisorption because 
the measurements were well fitted with the pseudo-second-order model. In comparison with the 
Freundlich model, the sorption isotherm data were well formulated by models of Langmuir and 
Sips with a maximum adsorption capacity of 1.152 mg/g. The breakthrough curves for a duration of 
80 h certified that the two weight ratios (10:90 and 20:80) of WFS:sand were suitable for maintain-
ing the reactivity and conductivity of permeable reactive barrier (PRB) for pollutant under consid-
eration. The results proved that the increasing of WFS and bed depth increased the breakthrough 
and saturation times with the sorption capacity of the barrier. Also, the appearance of these curves 
was directly proportional to the inlet concentration of pollutants and the flow rate of contaminated 
water. Statistical measures specifically Nash–Sutcliffe efficiency and coefficient of determination 
were proved that the breakthrough curves were well described by Thomas, Belter, and Yan models.
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1. Introduction

Massive organic and inorganic species can release to the 
subsurface environment due to the rapid development in 
the agricultural and industrial fields; however, nitrogenous 
compounds like ammonium (NH4–N) are familiar com-
pounds detected in the groundwater [1]. Aquifers located 
along the surface water resources such as rivers and lakes 
can easily contaminate by ammonium due to the exchange 

of water with such resources and this represents a poten-
tial threat to the quality of groundwater [2]. Ammonium 
plume has the ability to propagate in the groundwater for 
long extents where previous records proved that products 
of ammonium spilled from a fertilizer factory can reach a 
distance of 300 m from the spillage source. For example, 
ammonium was found to contaminate groundwater because 
of the spillage from the Leuna site (Germany) that was used 
as a center of the chemical industry for approximately 100 y.
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In addition, the increase of water content in the solid 
wastes of the sanitary landfill to exceed the field capac-
ity could lead to the formation of complex wastewater 
(i.e., leachate) [3]. Nitrogenous compounds are popular 
contaminants in this leachate and; in many cases; the liner 
of sanitary landfills can fail under service. So, the leach-
ate can cause significant damage to the quality of ground-
water and this may be accompanied by critical issues for 
public health and the environment as recorded in many 
polluted sites through America, Australia, England, and  
Korea [4,5].

There are different technologies for removing ammo-
nium from contaminated groundwater mentioned in the 
previous literature like aerated ponds with biofilm pro-
moting mats, constructed wetlands [6–8], and soil filter sys-
tems [9]. Due to the presence of several limitations about 
the efficacy and performance of these methods, innovative 
technology must develop for remediating groundwater 
[10]. In-situ permeable reactive barrier (PRB) is received 
great attention as a promising technique that can be an 
alternative for traditional technologies [11,12]. The idea 
of PRB depends on the emplacement of reactive material 
in the continuous trench below the ground surface per-
pendicular to the path of the contaminant front where 
the water will pass and contaminants must be trapped by 
different reactions to obtain less toxic end-products [13].

Activated carbon, activated silica, and calcium car-
bonate were tested to eliminate NH4–N from contami-
nated water. Results proved that the nitrogen in the form 
of proteins was removed with efficiency ranged from 
74% to 89% [14]. Removal of NH4–N from leachate using 
clinoptilolite-PRB was achieved in the lab-scale study 
and this is opened a new horizon on sustainable ammo-
nium removal [15]. Natural zeolite was also applied in the 
PRB for remediation of simulated groundwater contained 
NH4–N and the outputs proved that the remediation 
process can achieve through the ion exchange mecha-
nism [16]. To apply the concepts of sustainable develop-
ment, recent studies were oriented to use byproducts of 
solid wastes generated from industrial activities. In this 
regard, researchers have been focused on the effective-
ness of inexpensive materials for removing NH4–N such 
as refuse cement and concrete [17], activated carbon and 
limestone [4], and clay as well as zeolite [18]. Many stud-
ies used innovative materials for reclamation of water 
contaminated with heavy metals like cation-exchange 
resin [19–25], cement kiln dust [26], olive pips [27,28], 
zero-valent iron and aluminum [29,30], and others.

In Iraq, approximately 10,000 kg of WFS can gener-
ate from Nasr Company for Mechanical Industries each 
day and this considers a huge quantity that forms a great 
load on the ambient. So, it is attractive to reuse this quan-
tity in the treatment of contaminated water to fulfill the 
environmental requirements and to decrease the cost of 
WFS disposal [31]. Hence, the aim of the study was; (i) To 
evaluate the ability of WFS in the removal of NH3–N from 
aqueous solutions, and (ii) To calculate the suitable WFS/
filter sand mixture for PRB to satisfy the reactivity and 
permeability requirements for finding the barrier lon-
gevity in the reclamation of groundwater contaminated  
with NH3–N.

2. Models for batch and continuous outputs

2.1. Sorption models

It is worthy to find a relationship between the quantity 
of contaminant retained within the solid phase (qe) and the 
final concentration of contaminant remaining in the bulk 
solution (Ce) [32]. Mathematically, this relationship is plotted 
qe with Ce at a specific temperature and it can be represented 
by the following models [33–36]:

•	 Freundlich model (1906): is the earliest isotherm model 
applicable for multilayer sorption onto heterogeneous 
surfaces and can be as follows [37]:

q K Ce F e
n=
1

 (1)

where KF is an indicator for sorption capacity of the 
reactive material (mg/g)(L/mg)1/n and n is the sorption 
intensity.

•	 Langmuir model (1916): is another nonlinear isotherm 
model for the description of the monolayer sorption 
process onto homogeneous surfaces as follows [38]:

q
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where qmax is the maximum adsorption capacity (mg/g) 
and b is the affinity between the contaminant and reactive 
solid.

•	 Sips model (1948): is a three parameters model that 
collected between the behaviors of Freundlich and 
Langmuir relationships. For sorption data at equilib-
rium status, this model listed in Eq. (3) (named also as 
“Langmuir–Freundlich model”) follows Langmuir for 
the higher concentration of contaminant while behavior  
will be according to Freundlich at lower concentration [39]:
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where Ks, as,	and	βs are the Sips model constants.

2.2. Kinetic models and sorption mechanisms

For designing the proper sorption process, the mass 
transfer of contaminant from the liquid phase to solid 
sorbent must be predicted. This can achieve by apply-
ing the kinetics models having linearized forms as in 
Eqs. (4)–(6) [40]:

Pseudo-first-order:
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Elovich:

q tt = ( ) + ( )1 1
β

αβ
β

ln ln  (6)

where k1 is the equilibrium rate constant of pseudo-first- 
order (1/min), k2 is the rate constant of pseudo-second-order 
model (g/mg min), qe is the equilibrium quantity of contam-
inant retained onto sorbent (mg/g), and qt is the quantity 
of contaminant retained onto sorbent at time t (mg/g).

To identify the transport of contaminant by diffusion, 
the theory of intra-particle diffusion model [41] was applied 
based on the following empirical relationship:

q k t Ct i i= +0 5.  (7)

where ki (mg/g h0.5) is the rate constant for the i stage and 
it represents the slope of the linear plot between qt and 
t0.5, and Ci is the intercept for the i stage that reflects the 
thickness of the boundary layer. When this intercepts with 
the origin, the rate-limiting process is governed by the 
intra- particle diffusion only. However, additional mech-
anisms are involved with this diffusion for other cases 
(i.e., intercept not equal zero). Previous studies signified 
that this plot can consist of two or three portions; the 
first one is sharper (identical to instantaneous or external 
surface adsorption), the slope of the second portion may 
vary gradually and intra-particle diffusion can be the 
rate-limiting, and the last region reflects the final stage of 
equilibrium for intra-particle diffusion [42].

2.3. Breakthrough curves

The relationship of the contaminant normalized con-
centration (C/C0) and the residence time at a certain loca-
tion along the PRB bed can be described through a set 
of theoretical and empirical models. The advection-dis-
persion equation is a familiar relationship for predicting 
the spatial and temporal movement of the contaminant 
front. It can solve by analytical or numerical solutions 
depends on the problem complexity and available infor-
mation. These solutions are validated with experimental 
measurements obtained from the column tests. To avoid 
the strict assumptions required for analytical solutions 
and difficult formulation for numerical solutions, simpler, 
and more tractable empirical expressions like Thomas, 
Belter, and Yan models can be applied (Table 1). These 
models are profitable in the designing of PRB on the 
field scale especially in specifying the barrier longevity 
through the identification of breakthrough and saturation 
points. There are several previous studies such as [26,33] 
that introduce the assumptions and concepts utilized in 
the derivation of models mentioned in this table.

3. Experimental work

3.1. Material

The reactive material used in the batch and continuous 
tests is the byproduct of solid waste named waste foundry 
sand (WFS) that generated from industrial activities of 

Nasr Company for Mechanical Industries, Baghdad, Iraq. 
The physical properties of this waste are porosity, bulk den-
sity, hydraulic conductivity, cation exchange capacity, and 
surface area of 0.46, 1.44 g/cm3, 1 × 10–6 cm/s, 11 meq/100 g, 
and 5.9 m2/g respectively. Porosity represents the proportion 
between the volume of voids and the total volume of the 
bed. The Al2O3 and Fe2O3 are the main components of this 
waste with percentages approximately of 3 and 2 beside the 
silica that formed 94%; however, the size of the particles was 
ranged from 0.075 to 0.84 mm with the coefficient of unifor-
mity (d60/d10) equal to 1.94. Foundry sand is utilized in pro-
cesses of casting by iron foundries to form molds in which 
molten iron has been poured. The sand molds are broken 
after cooling and the final iron products can remove. Clay 
(or bentonite) as a binder with a percentage ranged from 
4% to 10% is mixed with the sand to keep the mold shape 
during pouring and cooling [43].

The principle geotechnical properties of the reactive 
medium in PRB (i.e., permeability, porosity, and particle 
size curve) produce from the characteristics of the surround-
ing aquifer. Thus, the barrier should fulfill the following; 
(i) “retention criteria” (i.e., must be fine enough to trap loose 
particles of soil), (ii) “permeability criteria” (i.e., must be 
coarse enough to permit flow and avoid the high internal 
pore pressure development). Therefore, constriction size rep-
resents a useful variable to understand the migration inside 
the reactive medium. This size is the diameter of the largest 
particle capable of passing in PRB. Also, the hydraulic con-
ductivity of the reactive medium must be at least one order of 
magnitude greater than that of the aquifer [44]. Because, the 
conductivity of WFS was very low as mentioned previously, 
a mixture of 60% coarse sand with 40% fine sand was thor-
oughly mixed with WFS in certain percentages to satisfy the 
required value of hydraulic conductivity for PRB. The “mean 
particle size, d50” values of coarse and fine sand were equal 
to 1.65 and 1.62 mm, respectively. The particle size distribu-
tion curves proved that the filter sand consists of 100% sand 
while WFS contains 6% bentonite (or clay) and 94% sand; so, 
this clay would be responsible for foundry sand reactivity.

A certain mass of anhydrous ammonium chloride 
(≈3.819	 g)	 manufactured	 by	 E.	 MERCK,	 Denmark	 was	

Table 1
Empirical models for transport of ammonia nitrogen in the 
packed column
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dissolved in 1 L of deionized water at room temperature 
to obtain the sock solution. This solution contained NH4–N 
with a concentration of 1,000 mg/L and its acidity can be 
adjusted by drops of 0.1 M of HCl or NaOH as needed.

3.2. Kinetic and isotherm study

Kinetic tests were conducted to investigate the vari-
ation of NH3–N removal from aqueous solutions as a 
function of the contact time. Seven flasks of 250 mL were 
prepared and 100 mL of aqueous solution contaminated 
with 476 mg/L of NH3–N were distributed on these flasks. 
The initial pH of the solution was kept at 6 and 90 g of 
WFS was added to each flask which were agitated by an 
orbital shaker (Edmund Buhler SM25, German) at 200 rpm. 
The choice of seven flasks aims to find the removal effi-
ciencies of NH3–N after periods of 3, 10, 20, 30, 60, 90, and 
120 min. At the end of each period, sorbent grains were 
filtered from the solution by filtration and the concen-
tration of contaminant in the supernatant can measure 
by KJELTEC AUC 1030 analyzer using distillation and 
titration method that suitable for NH3–N concentration of 
greater than 5 mg/L. The measurements were conducted 
in the laboratory of Biological Science – University of 
Baghdad – Iraq.

Also, sorption isotherm tests were carried out to find 
qe as a function of Ce as described section Sorption mod-
els. These tests require to add 20, 30, 40, 60, 70, 90, and 
120 g WFS to 100 mL of water contaminated with 697 mg/L 
NH3–N for initial pH of 9 at agitation speed and contact 
time of 200 rpm and 60 min, respectively. The same proce-
dure mentioned previously could be adopted to measure 
the concentration of NH3–N; however, the qe determines by:

q C C
m
V

e e= −( )0  (8)

where m and V are the mass (g) of WFS and volume of 
contaminated water (L) added to the flask, respectively.

3.3. Column tests

Three PVC columns (90 cm height and 6.3 cm inner 
diameter) were constructed to achieve the continuous tests. 
The tests were directed to specify the performance of PRB 
by identification the best mixture proportions of WFS and 
filter sand that must be packed in each column. The tests 
were conducted under the variation effects of inlet con-
centration (200, 500, and 700 mg/L), and flow rate (25, 30, 
and 35 mL/min) for ports 15 (P1) and 80 cm (P2) along the 
packed column. The tests have simulated the migration of 
NH3–N along the barrier bed in the one dimension under 
the effect of advective and longitudinal dispersive fluxes.

The choice of three columns is required to conduct three 
different configurations of operation at the same period 
especially the PRB adopted in this work composed of WFS, 
fine sand, and coarse sand to satisfy the hydraulic conduc-
tivity requirements. The first configuration requires to fill 
the column with a mixture composed of 60% coarse sand 
and 40% fine sand. This configuration is the reference bed 
(bulk density = 1.7 g/cm3, porosity = 0.32, and hydraulic 

conductivity = 4.7 × 10–1 cm/s) which is applied to find the 
role of sand in the treatment process. Then, 90% of the ref-
erence bed was mixed with 10% WFS to produce PRB with 
properties of bulk density = 1.59 g/cm3, porosity = 0.36, 
and hydraulic conductivity = 3.9 × 10–2 cm/s. This bed 
represents the second configuration and can use to study 
the effect of reactive material on the treated water. In the 
third configuration, the proportion of WFS was increased 
to 20% where the bulk density will become 1.65 g/cm3, 
while porosity and hydraulic conductivity have values 
of 0.34 and 3.9 × 10–2 cm/s, respectively. The last configu-
ration was aimed to give another choice for PRB in com-
parison with the second configuration to choose a suitable 
one based on the reactivity and permeability requirements.

All experiments were performed at room tempera-
ture using contaminated water with a pH of 9 for inlet 
concentration and volumetric feed flow rate illustrated 
previously. To avoid the entrapped air in the bed, contam-
inated water was injected from the bottom in the upward 
direction. Samples were taken periodically from the ports P1 
and P2 for the duration not greater than 90 h to monitor the 
concentration of NH3–N.

4. Results and discussion

4.1. Effects of operational conditions

Fig. 1a illustrates the variation of sorbed quantity (qe) 
of NH3–N and removal percentages with contact time for 
two values of initial pH specifically 3 and 9 at C0 and WFS 
dosage equal to 600 mg/L and 90 g/100 mL, respectively, for 
speed of 200 rpm. For pH = 3, this Fig. 1 certified that the 
change of contact time from 5 to 30 min caused a remark-
able jump in the value of a sorbed quantity (and removal 
efficiency) from 0.04 (6%) to 0.38 mg/g (57%), respectively. 
The presence of sufficient binding sites for sorption of the 
contaminant in the initial times might be the cause for this 
behavior [45,46]. However, no significant change in the value 
of qe was noticed beyond 60 min which represented the time 
suitable for achieving equilibrium status. In addition, this 
figure demonstrated that the increase of initial pH had a 
good ability in the improvement of removal process where 
for example the value of qe increased from 0.4 to 0.487 mg/g 
at equilibrium when pH changed from 3 to 9, respectively. 
With the variation of pH, ammonia either be non-ionized  
ammonia (NH3) or ionized ammonium (NH4

+) as follows:

N OH NH H O+ ↔ +−
3 2  (9)

NH H O NH H O3 3 4 2+ ↔ ++ +  (10)

So, the presence of ammoniacal nitrogen in the ion-
ized form resulted in a lower columbic repulsion and this 
enhanced its removal with the increasing pH [47].

Fig. 1b certified that the change of sorbent dosage from 
20 to 90 g will associate with evidence variation in the 
removal percentages from 43% to 96%, respectively, for C0 
of 400 mg/L because of the presence of high vacant sites 
in the larger dosages. However, this increase of dosage 
for the same range was caused a decrease in qe from 0.86 
to 0.32 mg/g, respectively, because the sorbed quantity of 
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contaminant related inversely with sorbent dosage [48]. 
A decrease of NH3–N removal (an increase of sorbed quan-
tity) due to the increase of initial concentration can be 
observed in the same figure. Also, it seems that the NH3–N 
removed per each WFS unit mass was increased in a rapid 
manner at equilibrium for low initial concentration, and; 
then, it begins to increase with higher concentrations.

4.2. Sorption kinetics

A theoretical formulation for measured kinetic data 
was applied by fitting with kinetic models described in 
section Kinetic models and sorption mechanisms. This 

fitting requires to use of the nonlinear regression option 
in Microsoft Excel 2016 to find the constants of kinetic 
models illustrated in Table 2. The concurrence between 
these models and experimental measurements is clear 
in Fig. 2a. However, the sorption process of NH3–N onto 
WFS follows the pseudo-second-order model with a deter-
mination coefficient (R2) of 0.989, and the calculated qe of 
0.398 mg/g approaches from the experimental value of 
0.393 mg/g. Accordingly, chemisorption is the predominant 
mechanism for the sorption of NH3–N onto WFS.

Fig. 2b plots the sorbed quantity of NH3–N at any time 
(t) with t0.5 to find the coefficient of the intra-particle diffu-
sion model (Eq. (7)) for portions 1 and 2. This coefficient had 
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Fig. 1. Variation of NH3–N sorbed quantity onto WFS and removal percentages with (a) residence time and acidity of 
aqueous solution and (b) sorbent dosage and initial concentration for agitation speed of 200 rpm.
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a value of 0.0497 for the first portion and it was decreased 
to be 0.0081 for the second portion. The outputs of this 
model certified that the removal process is governed by 
both film and pore diffusion with the rate of macro-pore dif-
fusion greater than that of micro-pore diffusion.

4.2. Sorption isotherms

Fig. 3 shows the Freundlich, Langmuir, and Sips mod-
els plotted together with experimental measurements for 
sorption of NH3–N onto WFS after implementation of fit-
ting process based on the same option in the Microsoft Excel 
mentioned previously. Table 2 lists the values of model 
parameters; however, the maximum adsorption capacity 

was found to be 1.152 mg/g. This Table 2 with Fig. 3 demon-
strated that there is a good matching between the measure-
ments and predicted values for removal of NH3–N onto 
WFS, especially with Langmuir and Sips models.

4.3. Continuous studies

Results of the first configuration (i.e., column packed 
with a mixture of 60% coarse sand and 40% fine sand) 
at flow rate and inlet concentration of 25 mL/min and 
200 mg/L, respectively, proved that the effluent concentra-
tions of NH3–N were approximately equal to influent con-
centration for a period not exceeding 80 h at port P2. So, 
the sand can classify as “inert material”. It was just used 
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to increase the hydraulic conductivity of the barrier beyond 
mixing it with WFS for column tests. Fig. 4 shows the effect 
of flow rate on the propagation of NH3–N front through 
the column packed with 10% and 20% WFS for second and 
third configurations, respectively, described previously at 
the ports P1 and P2 for 700 mg/L inlet concentration. This 
figure certifies the increase of flow rate from 25 to 35 mL/

min will increase the steepness of the breakthrough curve 
with a significant reduction in the times required for spec-
ifying saturation and breakthrough points. Indeed, this 
behavior can be explained on the basis that the increase of 
flowrate means the increase of pore water velocity which 
is accompanied by decreasing of residence time within the 
bed; so, this will decrease the opportunity of contaminant 
molecules capturing [49]. Table 3 presents the breakthrough 
and saturation times identical to 5% and 95% of normalized 
concentration for flow rates of 25, 30, and 35 mL/min at inlet 
concentration of 700 mg/L when the percentage of WFS  
equal to 10% and 20%.

For a flow rate of 35 mL/min and pH of contaminated 
water of 9, the breakthrough curves at inlet concentrations 
of NH3–N equal to 200, 500, and 700 mg/L for ports P1 and 
P2 through the beds of 10 and 20% WFS are illustrated in 
Figs. 5 and 6. It seems that the higher values of applied 
concentration will lead to an increase of its gradient and 

Table 2
Values of parameters for models of NH3–N sorption onto WFS

Study Model Parameter Value

Kinetic 

Pseudo-first-order
qe (mg/g) 0.352
k1 (min−1) 0.108
R2 0.972

Pseudo-second-order
qe (mg/g) 0.398
k2 (g/mg min) 0.372
R2 0.989

Elovich
β	(g/mg) 16.41
α	(mg/g	min) 0.301
R2 0.929

Sorption 
isotherm

Freundlich
KF (mg/g)(L/mg)1/n 0.076
1/n 0.391
R2 0.913

Langmuir
qmax (mg/g) 1.152
b (L/mg) 0.006
R2 0.923

Sips

Ks (L/mg) 0.003
as (kJ/mol) 1.181
βs 0.003
R2 0.923

Table 3
Breakthrough and saturation times for NH3–N sorption on the 
beds of 10% and 20% WFS for various inlet concentration at 
pH = 9 and flow rate = 35 mL/min for ports P1 and P2

Location and inlet 
concentration (mg/L)

Breakthrough 
time (h)

Saturation 
time (h)

10% 20% 10% 20%

P1
200 7 7.6 18.35 16.75
500 5.85 6.35 16.5 13.6
700 3.3 3.6 15.5 10.6

P2
200 53.75 52.6 73.25 80.0
500 48.85 49.0 64.85 69.5
700 45.25 45.5 61.85 66.1
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this can accelerate the propagation of contaminant front 
and, consequently, exhaustion of the bed due to smaller 
mass transfer resistance. All results signified that the larger 
beds have high sorption capacities for the same values of 
flow rate and inlet concentration because this will increase 
the residence time of contaminant with the packed bed. 
For example, the increase of bed depth from 15 to 80 cm 
will be accompanied by an increase of time required to 
reach the breakthrough point (that identical to C/C0 of 5%) 
from 12 to 61 h, respectively, for flowrate 25 mL/min and 
10% WFS bed. In addition, the proportions of WFS used 
in the packed beds proved their activity in maintaining 
the hydraulic conductivity required for PRB. This may 
be attributed to the ability of these beds for producing 

interconnected pores that not infilling by precipitation 
products or biological growth. All measurements demon-
strated that the increase of WFS proportion in the PRB will 
cause a clear delay in the appearance of contaminant front 
due to the increase of retardation factor because of the 
increment in the value of bulk density for the packed bed.

The finding of a suitable model for representing the 
relationship between the concentration and residence time 
introduces insights into the sorption pathways, sorbent 
characteristics, and sorbent affinity [50]. Accordingly, the 
familiar models of Thomas, Belter, and Yan were applied 
to formulate the experimental outputs of the column tests 
as shown in Figs. 5 and 6. The plotted curves by men-
tioned models can use effectively in the designing of PRB 
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because they give a clear vision of the migration rate of 
the contaminant in the selected locations along the labora-
tory column. This will be required in the determination of 
bed depth to ensure that the effluent concentration below 
the acceptable environmental regulation for contaminant 
under consideration [51]. Consequently, the saturation 
and breakthrough points can be estimated easily when 

finding the more representative model for the measured 
breakthrough curves. The choosing of a suitable model 
is depended on the calculated values of Nash–Sutcliffe 
efficiency (E) and R2 to find the degree of compliance 
between the measurements and predicted values. Perfect 
matching between the predicted and experimental values 
can achieve when Nash–Sutcliffe efficiency = 1. Table 4 

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

a) Thomas model with measurements
(10% WFS+ 90% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

b) Betler model with measurements
(10% WFS+ 90% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

c) Yan model with measurements
(10% WFS+ 90% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

Fig. 5. Measured breakthrough curves with empirical models for the sorption of NH3–N onto the bed consisted of 10% WFS 
plus 90% sand for various values of inlet concentrations and locations with pH = 9 and flow rate = 35 mL/min.



A.A.H. Faisal et al. / Desalination and Water Treatment 230 (2021) 227–239236

lists the constants of the breakthrough models utilized in 
this work with statistical goodness parameters. Results of 
this table in combination with Figs. 5 and 6 certified that 
all utilized breakthrough models are described in well 
manner the measured breakthrough curves.

5. Conclusions

Experimental results certified that the WFS resulted as 
a byproduct from the steel industry could be used effec-
tively in the remediation of water contaminated with 

 

 

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

a) Thomas model with measurements
(20% WFS+ 80% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

b) Betler model with measurements
(20% WFS+ 80% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

C/
C( noitartnecnoc dezila

mro
N

o)

Time (h)

c) Yan model with measurements
(20% WFS+ 80% sand)

Experiment (P1, 200 mg/L)
Experiment (P1, 500 mg/L)
Experiment (P1, 700 mg/L)
Experiment (P2, 200 mg/L)
Experiment (P2, 500 mg/L)
Experiment (P2, 700 mg/L)

Fig. 6. Measured breakthrough curves with empirical models for the sorption of NH3–N onto bed consisted of 20% WFS plus 80% 
sand for various values of inlet concentrations and locations with pH = 9 and flow rate = 35 mL/min.



237A.A.H. Faisal et al. / Desalination and Water Treatment 230 (2021) 227–239

Ta
bl

e 
4

C
on

st
an

ts
 o

f t
he

 T
ho

m
as

, B
el

te
r, 

an
d 

Ya
n 

m
od

el
s 

fo
r b

ed
s 

co
nt

ai
ne

d 
10

%
 a

nd
 2

0%
W

FS
 a

t d
iff

er
en

t p
or

ts
 a

nd
 c

on
ce

nt
ra

tio
ns

M
od

el
Pa

ra
m

et
er

P1
P2

20
0 

m
g/

L
50

0 
m

g/
L

70
0 

m
g/

L
20

0 
m

g/
L

50
0 

m
g/

L
70

0 
m

g/
L

10
%

20
%

10
%

20
%

10
%

20
%

10
%

20
%

10
%

20
%

10
%

20
%

Th
om

as

M
q
k
Q0

Th
(

)
6.

54
9

7.
80

7
6.

20
0

8.
21

1
4.

54
5

6.
00

7
19

.2
01

14
.1

64
20

.9
59

16
.9

98
18

.7
71

3
15

.9
38

K
C

Th
0

10
00

0.
51

57
0.

64
31

0.
55

42
0.

81
95

0.
48

19
0.

84
71

0.
30

25
0.

21
32

0.
36

84
0.

28
67

0.
34

98
0.

28
55

E
0.

99
7

0.
97

6
0.

98
8

0.
99

0
0.

99
2

0.
97

7
0.

95
6

0.
97

5
0.

97
7

0.
98

7
0.

98
6

0.
98

8
R2

0.
99

7
0.

98
1

0.
98

7
0.

99
1

0.
99

1
0.

97
8

0.
96

5
0.

97
7

0.
98

6
0.

98
9

0.
98

8
0.

98
9

Be
lte

r 

t0.
5  (

m
in

)
76

1
73

0
67

2
60

0
56

6
43

2
3,

80
0

3,
99

8
3,

41
3

3,
55

3
3,

22
5

3,
38

8
σ

0.
25

9
0.

21
4

0.
27

5
0.

20
6

0.
37

5
0.

27
9

0.
07

9
0.

12
4

0.
08

3
0.

10
9

0.
08

8
0.

11
6

E
0.

99
7

0.
97

6
0.

98
7

0.
99

0
0.

99
3

0.
97

4
0.

95
5

0.
97

4
0.

97
7

0.
98

6
0.

98
5

0.
98

7
R2

0.
99

7
0.

98
1

0.
98

7
0.

99
2

0.
99

2
0.

97
7

0.
96

5
0.

97
7

0.
98

7
0.

98
9

0.
98

8
0.

98
9

Ya
n 

Q
C

q
M× ⋅

 
 

×
 

 
−

0

0

3
10

1 m
in

1.
3

1.
3

1.
5

1.
6

1.
8

2.
4

0.
26

0.
25

0.
29

0.
28

2
0.

31
0.

29
6

a
6.

41
8

7.
67

2
6.

26
9

8.
07

7
4.

41
3

5.
49

21
.1

18
13

.7
18

21
.1

03
16

.0
86

19
.4

39
14

.9
18

E
0.

99
3

0.
97

2
0.

98
3

0.
98

9
0.

98
7

0.
98

0
0.

95
3

0.
97

5
0.

97
6

0.
98

7
0.

98
4

0.
98

8
R2

0.
99

4
0.

98
0

0.
98

5
0.

99
1

0.
98

7
0.

98
1

0.
96

4
0.

97
8

0.
98

7
0.

99
0

0.
98

7
0.

99
0



A.A.H. Faisal et al. / Desalination and Water Treatment 230 (2021) 227–239238

ammoniacal nitrogen. The pseudo-second-order model was 
more representative in the description of kinetic sorption 
data and, consequently, chemisorption was the predomi-
nant mechanism. Langmuir and Sips models described the 
equilibrium isotherm sorption measurements in a good 
manner. The maximum adsorption capacity and affinity 
constant for the interaction of NH3–N and WFS were equal 
to 1.152 mg/g and 0.006 L/mg, respectively, at pH = 9, con-
tact time = 120 min, and agitation speed = 200 rpm for an 
initial concentration of 697 mg/L. Based on the outputs of 
the intra-particle diffusion model, the sorption process was 
governed by both pore and film diffusion mechanisms. 
To prepare the suitable PRB that satisfies the hydraulic 
conductivity coefficient and reactivity requirements, two 
mixing ratios of WFS with sand specifically 10:90 and 
20:80 were tested. The measurements of the continuous 
tests with Thomas, Belter, and Yan breakthrough models 
demonstrated that the bed depth, WFS ratio, flow rate of 
inflow, and inlet concentration have a remarkable influ-
ence on the performance and longevity of the WFS-PRB. 
An increase of WFS ratio and bed depth in combination 
with a decrease in flow rate and inlet concentration could 
produce PRB with high longevity.
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