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Prediction of iron(II) breakthrough in adsorptive filters
under anoxic conditions
Saroj K. Sharma, Branislav Petrusevski, Bas Heijman and Jan C. Schippers

ABSTRACT
Physical, chemical and biological mechanisms may contribute to the removal of iron in filters. This
paper focuses on the physical–chemical mechanisms namely adsorptive filtration and floc filtration.
Iron removal filters operating in physical–chemical mode are expected to perform better in terms of
filtrate quality, run time and costs by changing the governing mode of operation from floc filtration to
adsorptive filtration. In adsorptive filtration, iron(II) ions adsorb onto iron oxide coating on the filter
media and are subsequently oxidised to iron(III). Modelling of adsorptive iron removal is an essential
tool to predict the performance of filters operated under adsorptive mode and to optimise design
parameters for adsorptive iron removal filters. The iron concentration in filtrates of adsorptive filters
with new (fresh, uncoated) and iron oxide coated sand operating under anoxic conditions, was
modelled using adsorption isotherm, mass balance and mass transfer equations. Kinetic rate
constants, isotherm parameters and mass transfer coefficients used for model predictions were
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determined from batch and short column experiments. The measured filtrate iron concentrations of
laboratory filter columns were then compared with the predictions of three different fixed bed
adsorption models. Consideration of external mass transfer alone (constant pattern model, CPM)
was not sufficient to predict the increase of filtrate iron concentration with time. Further
improvement in prediction was observed when the linear driving force model (LDFM) was used and
the effect of dispersion was also included in the model. The inclusion of surface diffusion (plug flow
homogeneous surface diffusion model, PFHSDM) improved model predictions significantly compared
with the CPM. The LDFM and the PFHSDM predictions of iron breakthrough were better in the case
of new sand compared with iron oxide coated sand. The difference in model predictions and
experimental results in the case of coated sand was probably due to initial pH drop in the pores of
the filter media with iron(II) adsorption, and a consequent decrease in iron(II) adsorption capacity.
Key words
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INTRODUCTION
Conventionally, iron is removed from groundwater by the

main physicochemical mechanisms of iron removal in

processes of aeration and rapid ﬁltration (O’Connor 1971;

ﬁlters. This paper focuses mainly on adsorptive ﬁltration

Salvato 1992). Different mechanisms (physical, chemical

mechanism of iron removal.

and biological) may contribute to iron removal in ﬁlters

In ﬂoc ﬁltration, soluble iron(II) present in ground-

but the dominant one depends on the physical and chemi-

water is oxidised to insoluble iron(III) and the ﬂocs

cal characteristics of the water and process conditions

formed are removed in ﬁlters. In adsorptive ﬁltration, the

applied (Rott 1985; Hatva 1989; Mouchet 1992; Søgaard

iron(II) present in anoxic groundwater is removed by

et al. 2000). Oxidation-ﬂoc formation (ﬂoc ﬁltration) and

adsorption onto the surface of the ﬁlter media. The

adsorption-oxidation (adsorptive ﬁltration) are the two

adsorbed iron(II) is oxidised in the presence of oxygen
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thus creating a new surface for adsorption and consequently allowing the continuation of the process. Under
commonly applied treatment conditions, the ﬂoc ﬁltration
mode

is

commonly

believed

to

predominate.
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THEORETICAL BACKGROUND
Reaction mechanism

The

adsorptive ﬁltration mode of iron removal, however, has

Adsorption of iron(II) onto the surface of ﬁlter media can

several advantages over the ﬂoc ﬁltration mode, namely:

be represented by (Takai 1973; Barry et al. 1994):

longer ﬁlter run, shorter ﬁlter ripening time, and less
backwash water use and sludge production (Sharma et al.

[S-OH + Fe2 + %≡S-OFe + + H +

(1)

2001).
Adsorption of iron(II) onto iron hydroxide ﬂocs and

where [S represents the surface of the ﬁlter media.
In the presence of oxygen, the adsorbed iron(II) is

iron oxide coated sand is well known (O’Connor 1971;
Tamura et al. 1976). Adsorption is also the main mechan-

oxidised creating a new surface.

ism of subsurface iron removal (Braester & Martinell 1988;
Appelo et al. 1999). Iron oxide coated ﬁlter media from
iron removal plants has a high iron(II) adsorption capac-

K

1
3
OH
+H+
⬅S{OFe++ O2+ H2O<⬅S{OFe
OH
4
2

(2)

ity (Sharma et al. 1999) which can be utilised to improve
iron removal in ﬁlters. There are strong indications that

From Equations (1) and (2)

many plants with iron oxide coated sand will perform
better in terms of ﬁltrate quality and costs when the mode
of operation is switched from predominantly ﬂoc ﬁltration

K

1
3
OH
+2H+
⬅S{OH+Fe2++ O2+ H2O<⬅S{OFe
OH
4
2

(3)

to predominantly adsorptive ﬁltration (Sharma et al. 1999,
2001, 2002).
A model describing adsorptive iron removal in ﬁlters

Thus, the adsorption sites are regenerated and hence the
process continues.

could be an essential tool to predict the performance of
existing ﬁlters when operated in adsorptive mode. Such a
model could also be used to evaluate the effects of various

Prediction of breakthrough

process and operational variables on process efﬁciency
and, consequently, to help to establish optimal design

Two main steps are required before adsorbates can be

parameters for iron removal ﬁlters operating in adsorptive

attached to the adsorbent surface: (i) transport of iron(II)

mode. Additionally, prediction of the breakthrough with a

from the bulk solution to the adsorbent surface, and (ii)

mathematical model can reduce the need for lengthy and

adsorption of the iron(II) on the adsorbent sites. Adsorp-

costly pilot experiments.

tion reactions are generally very fast (Ruthven 1984; Tien

To achieve principally adsorptive iron removal, the

1994), therefore the mechanism of adsorption of iron(II)

ﬁlters can be operated in two modes: intermittent

onto the surface of the ﬁlter media is assumed to be mass

regeneration mode and continuous regeneration mode.

transfer controlled.

This paper deals with the modelling and prediction of

The mass balances for an isothermal plug ﬂow system

iron(II) breakthrough in ﬁltration columns with new

with dispersion, consisting of spherical particles, can be

and iron oxide coated sand under anoxic conditions

written as (Ruthven 1984; Faust & Aly 1987; Tien 1994):

(intermittent regeneration mode). It should be noted
that, in the absence of oxygen, other mechanisms
of iron removal, namely, oxidation-ﬂoc ﬁltration and

vi

∂c
∂z

+

biological oxidation will not take place and hence
adsorptive iron removal is the only removal mechanism

∂q

possible.

∂t
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ﬁxed bed adsorbers (Ruthven 1984; Sontheimer et al. 1988;

Adsorption isotherm:

Smith 1991; Tien 1994). The prediction of iron break(6)

qs = f(cs)

parameters and mass transfer coefﬁcients. In this study,

The initial and boundary conditions are
c=c0+

S D

DL ∂c
vi

∂z

at

through requires an accurate determination of isotherm
the iron(II) breakthrough in the adsorptive ﬁlter was

z=0

(7)

predicted by solving the above set of equations using three
different models with increasing complexity, namely:
constant pattern model, linear driving force model and

∂c
∂z

plug ﬂow homogeneous surface diffusion model. The
=0

at

z=L

(8)

predicted values were then compared with the results of
laboratory-scale ﬁlter column experiments.

∂q
∂r
∂q
∂r

=0

at

r=0

(9)
Constant pattern model

=

kf
Ds

As the ﬁrst simpliﬁcation, it was hypothesised that the
(c{cs)

at r=R

(10)

internal surface area of the ﬁlter media plays a minor role
in the adsorptive iron removal process and there is no

c = 0 at t = 0

(11)

axial dispersion in the ﬁltration columns (DL = 0). Hence,
the inﬂuence of internal mass transfer and axial dispersion

q = 0 at t = 0

(12)

on iron(II) adsorption was neglected. For this case, the
iron(II) breakthrough was predicted using the constant
pattern solution of an isothermal plug ﬂow system with a

where,

linear-rate liquid-ﬁlm mass transfer resistance model for

q = solid phase iron(II) concentration (kg kg − 1)
2

DL = dispersion coefﬁcient (m sec

−1

)

bed ion exchange (Ruthven 1984; Wankat 1990). For this

qs = solid phase iron(II) concentration in
equilibrium with cs (kg kg

−1

Langmuir equilibrium given by Michaels (1952) for ﬁxed
case the rate equation (5) can be replaced by:

)

Ds = effective surface diffusivity (m2 sec − 1)
r = radial distance in particle (m)
z = longitudinal distance in the column (m)
t = time (s)
c = liquid phase iron(II) concentration (kg m − 3)

∂q
∂t

=k9(c2cs =

3kf
Rr(12e)

(c2cs)

(5a)

where k9 is the adsorption rate constant.
The Langmuir adsorption isotherm is given by:

cs = liquid phase iron(II) concentration near the
particle surface (kg m − 3)
c0 = inﬂuent iron(II) concentration (kg m − 3)
vi = interstitial liquid velocity (m sec

−1

)

q s=

bqmcs

(6a)

1+bcs

kf = external mass transfer coefﬁcient (m sec − 1)
R = radius of the ﬁlter bed particles (m)

where b (m3 kg − 1) and qm (kg kg − 1) are Langmuir

e = ﬁxed bed porosity (dimensionless)

isotherm constants.

 = particle density (kg m

−3

The shape of the breakthrough curve is given by

)

L = length of the column (m)
Several analytical and numerical solutions of these equations are available for the prediction of breakthrough in
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(5b)

where k is LDF kinetic rate constant (sec − 1).

c0.

Using mass balance and the Freundlich isotherm
The external mass transfer coefﬁcient kf is related to

the Sherwood number Sh via the equation

k f=

Sh.DAB

transformed in terms of concentration as

(15)

2R

equation, the LDF equation for a batch system can be

c = (c0 − cs)e − kt + cs

(18)

In logarithmic form,
where DAB is the diffusion coefﬁcient of iron(II) in water
(m2 sec − 1).
The Sherwood number Sh was computed using the

ln

S D
c⫺cs

c0⫺cs

=⫺kt

mass transfer correlation given by Wilson and Geankoplis
(1966) for ﬁxed beds of spherical particles with bed

The LDF rate constant k can, therefore, be obtained from

porosity between 0.35 and 0.75 given by:

the kinetic data of batch adsorption experiments (Heijman
et al. 1999).

Sh=

1.09


Re1 Ⲑ 3Sc1 Ⲑ 3

In this case, the axial dispersion in the ﬁltration
for

0.0016⬍Re⬍55

and 165⬍Sc,70600

column was also included and the Freundlich isotherm
(16)

equation was used for equilibrium. The Freundlich
isotherm equation is given by:

where Re and Sc are the Reynolds number and Schmidt
number, respectively, given by the following equations:

qs = Kcns

(6b)

where K and n are constants for the Freundlich isotherm.
Re=

2Rv0
n

Sc=

n
DAB

(17)

These constants are determined from the adsorption
equilibrium experiments.
The model equations (4) to (12) were solved numeri-

where n0 = average superﬁcial velocity (m sec − 1) and

cally using the PDESOL software to obtain the iron(II)

n = kinematic viscosity (m2 sec − 1).

breakthrough curves.

Linear driving force model

Plug ﬂow homogeneous surface diffusion model

The linear driving force (LDF) model is a simpliﬁed

The plug ﬂow homogeneous surface diffusion model

approach that uses an overall kinetic rate constant (cov-

(PFHSDM), developed for modelling adsorption in acti-

ering both internal and external mass transfer coefﬁcients)

vated carbon, uses Freundlich isotherm parameters K and

for the adsorption rate equation. It is postulated that the

n and mass transfer coefﬁcients kf and Ds for the predic-

uptake rate of adsorbate by an adsorbent is linearly pro-

tion of the breakthrough (Liu & Weber 1981; Hand et al.

portional to the driving force, deﬁned as the difference

1983; Sontheimer et al. 1988). The PFHSDM considers the

between the surface concentration and the average

dual mass transfer mechanism of ﬁlm diffusion across

adsorbed phase concentration (Peel & Benedek 1981; Tien

the hydrodynamic boundary layer of the solid and intra-

1994). Mathematically, the solid phase mass balance is

particle resistance in the form of surface diffusion. The

given by the linear driving force equation:

mass transfer coefﬁcients are determined by ﬁtting the
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Characteristics of the new and iron oxide coated sand used

Media

New sand

Coated sand

Grain size (mm)

0.8–1.25

0.7–1.25

Mean diameter (mm)

0.82

0.81

Average geometric surface area (m2 g 1 1)

2.8 2 10 1 3

2.8 2 10 1 3

Speciﬁc surface area (BET) (m2 g 1 1)

1.0

11.4

Surface extractable iron content (mg g 1 1 sand)

0

29–33

Micropore volume (diameter < 2 nm)

0.06 2 10 1 3

4.9 2 10 1 3

Mesopore volume (2 nm < diameter < 50 nm)

1.24 2 10 1 3

6.7 2 10 1 3

Total pore volume (cm3 g 1 1)

1.30 2 10 1 3

11.6 2 10 1 3

Time in use (years)

—

3.5

Process conditions during coating development

—

Filtration rate ;8 m h 1 1; pH = 7.6,
Fe = 1.7 mg l 1 1 Mn = 0.07 mg l 1 1,
HCO31 = 155 mg l 1 1

Pore volume (cm3 g 1 1)

PFHSDM to the breakthrough of the target substance in

new sand was washed in demineralised water, soaked in

short column tests (Weber & Liu 1980).

concentrated HCl (pH < 2) for 24 h and again rinsed with

In this case, the axial dispersion in the ﬁltration col-

demineralised water and dried at 40°C. The iron oxide

umns was not considered and the model equations (4) to

coated sand was washed gently with demineralised water

(12) were solved numerically using the computer program

to remove any deposits and dried at room temperature

written by Yuasa (1982).

before using for batch and column experiments.

Batch experiments

MATERIALS AND METHODS
Filter media

Batch adsorption experiments were conducted to obtain
isotherm parameters and LDF kinetic rate constants.
Iron(II) adsorption onto new and iron oxide coated sand

New (virgin, uncoated) sand and iron oxide coated

was measured at different pH by conducting experiments

sand from a full-scale groundwater treatment plant in the

at room temperature (18–20°C). The experimental set-up

Netherlands were used in this study. The characteristics of

and procedure to determine iron(II) adsorption onto the

the ﬁlter media used are presented in Table 1. The speciﬁc

ﬁlter media was similar to that used in an earlier study

surface areas and pore volumes were measured using the

(Sharma et al. 1999). Nitrogen gas was used for deoxy-

BET nitrogen gas adsorption method with a Quanta-

genation and the pH was adjusted using HCO3− -CO2

chrome Autosorb-6B gas adsorption analyser at 77 K. The

buffer. Different amounts of FeSO4 · 7H2O stock solution

Downloaded from https://iwaponline.com/aqua/article-pdf/52/8/529/402413/529.pdf
by guest

534

Saroj K. Sharma et al.

|

Iron(II) breakthrough in adsorptive filters

Journal of Water Supply: Research and Technology—AQUA

were introduced into the closed reactor containing deoxy-

Table 2

|

equilibrium iron concentration was reached and the iron
concentrations were measured (Standard Methods 1995).
Iron(II) adsorbed onto the media as a function of time was

52.8

|

2003

Process conditions for short column experiments

genated water and a known weight of ﬁlter media.
Samples were taken periodically from the reactor until

|

Bed depth

Superficial velocity

Media

(cm)

(m h −1)

New sand

7

8

Coated sand

4

4

calculated from the iron mass balance. Adsorption isotherm constants were obtained by ﬁtting isotherm models
(Equations 6a and 6b) to iron(II) adsorbed onto ﬁlter
media at various equilibrium iron concentrations.
The LDF rate constants (k) for both ﬁlter media at

Determination of dispersion coefﬁcients

different pH were calculated by ﬁtting Equation (19) to
kinetic (time versus iron concentration) data of the batch

The conductivity (NaCl) breakthrough experiments (with-

adsorption experiments. The constant k is given by the

out iron(II)) were conducted separately for the 50 cm-long

slope of the straight line when ln(c − cs)/(c0 − cs) is plotted

columns equipped with new and iron oxide coated sand to

against time.

assess the extent of axial dispersion in the packed bed.
Concentrated sodium chloride solution (1 g NaCl l − 1)
was introduced into the column containing ﬁlter media

Column experiments

and the conductivities of the samples taken periodically

Laboratory-scale column experiments were conducted

were measured until complete breakthrough. Axial

using a 25 mm ID, 55 cm high plexiglass column to obtain

dispersion coefﬁcients DL were then determined by

iron(II) breakthrough proﬁles. The depth of the ﬁlter

solving the model Equations (4) to (12) numerically using

media was 50 cm. Nitrogen gas was used to prepare the

the PDESOL software, after equating the adsorption

anoxic feed water. Model (artiﬁcial) groundwater used in

term (∂q/∂t) to zero. The axial dispersion coefﬁcients

the experiments was prepared by mixing FeSO4 · 7H2O

obtained in this way were used to predict the iron(II)

stock solution in deoxygenated demineralised water buff-

breakthrough in the adsorptive ﬁlter columns with the

ered with NaHCO3 to achieve an initial iron(II) concen-

LDFM.

tration of 4 mg l − 1 and an alkalinity of 100 mg l − 1 of
HCO3− . The pH was adjusted with HCl and NaOH. The
column experiments were conducted at three different pH
values i.e. 6.0, 6.5 and 7.0. The ﬁltration rate was 8 m h − 1
−1

Determination of mass transfer coefﬁcients
Short column experiments were conducted separately for

for coated sand. The pH and

both media at pH 6.5 using the same model groundwater

oxygen concentration of the feed water were monitored

to obtain the external mass transfer coefﬁcient (kf) and

for new sand and 4 m h
continuously

to

ensure

constant

pH

and

anoxic

conditions.

surface diffusion coefﬁcient (Ds). The bed depths of the
short columns were selected after conducting several trial

Before starting the ﬁlter run, the columns were

experiments in order to get the complete breakthrough

brought to equilibration by recirculating the demineral-

curve within a short time. The operational parameters for

ised water adjusted to the pH and alkalinity of the subse-

short column tests are summarised in Table 2.

quent run through the columns for about 15 min. The feed

The mass transfer coefﬁcients kf and Ds were obtained

water and ﬁltrate iron concentrations were measured peri-

by ﬁtting the PFHSDM to the iron breakthrough data

odically during the ﬁlter run to obtain the relative iron

of

short

column

experiments

using

the

computer

concentration (c/c0) breakthrough proﬁles. In the case of

program written by Yuasa (1982). These coefﬁcients were

coated sand, column experiments were terminated after a

later used for the prediction of breakthrough in long

run time of 10 h.

columns.
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Adsorption isotherm parameters
pH

Media

Isotherm

Parameter

6.0

6.5

7.0

New sand

Freundlich

K

6.4 2 10 1 6

6.9 2 10 1 6

1.1 2 10 1 5

n

0.54

0.73

0.70

r2

0.95

0.98

0.98

qm

3.1 2 10 1 5

6.2 2 10 1 5

6.3 2 10 1 5

b

0.22

0.115

0.208

r2

0.97

0.98

0.96

K

1.2 2 10 1 4

1.7 2 10 1 4

3.3 2 10 1 4

n

0.49

0.54

0.43

r2

0.96

0.99

0.98

qm

4.1 2 10 1 4

7.5 2 10 1 4

9.2 2 10 1 4

b

0.374

0.26

0.514

r2

0.94

0.98

0.93

Langmuir

Coated sand

Freundlich

Langmuir

Units: K [(g g −1)/(g m −3)n], n [−], qm [g g −1], and b [m3 g −1].

RESULTS AND DISCUSSION

Model predictions

Isotherm parameters

Constant pattern model

Adsorption isotherm constants obtained by ﬁtting

In the constant pattern model (CPM), internal mass trans-

Freundlich and Langmuir isotherm models to batch equi-

fer and axial dispersion in the column were neglected. The

librium experimental results are presented in Table 3.

ﬁlm mass transfer coefﬁcients (kf) for the new and iron

Batch results showed that adsorption of iron(II) onto both

oxide coated sand were computed from Equations (15)

new and iron oxide coated sand gave ‘favourable’ adsorp-

to (17). Using the viscosity of water of 10 − 6 m2 sec − 1

tion isotherms (n < 1). Systems with favourable adsorption

(at 20°C) and
−9

2

diffusion

m sec

−1

coefﬁcient of

iron(II)

as

(CRC Handbook 1996), the exter-

isotherms show ‘constant pattern’ behaviour with respect

0.72 × 10

to the form of mass transfer front or removal proﬁles along

nal mass transfer coefﬁcient kf for new and iron oxide

the depth of the ﬁlter, i.e. the breakthrough curve retains a

coated sand was calculated to be 3.26 × 10 − 5 m sec − 1

constant shape (Ruthven 1984; Wankat 1990; Tien 1994).

and 2.61 × 10 − 5 m sec − 1, respectively.

Therefore, the constant pattern model was the ﬁrst to

Figures 1 and 2 compare the iron breakthrough curves

be selected for the prediction of iron breakthrough in

predicted from Equations (13) to (17) and the experimen-

adsorptive ﬁlter columns.

tal data at different pH values for the ﬁlter columns with
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Predicted (CPM) and experimental iron breakthrough curves for the filter
column with new sand at different pH (filtration rate=8 m h −1, initial iron
concentration=4 mg l −1).

Figure 3
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Experimental and predicted iron breakthrough curves for the filter column
with new sand for different values of external mass transfer coefficient kf
(filtration rate=8 m h −1, initial iron concentration=4 mg l −1, pH=6.5).

particular, the internal mass transfer is most likely a

!"&

limiting factor, as this is not taken into account in the
CPM.

!"%

Figure 3 shows that even when external mass transfer

!"$

coefﬁcient kf is decreased by 5 or 10 times, there are still
considerable differences between model predictions and
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experimental data. This implies that, besides external mass
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Figure 2

!!"#"

Predicted (CPM) and experimental iron breakthrough curves for the filter
column with iron oxide coated sand at different pH (filtration rate=4 m h −1,
initial iron concentration=4 mg l −1).

transfer, there are also some other factors that affect the
adsorptive iron removal process. The iron(II) breakthrough might be inﬂuenced by adsorption of iron(II) onto
the internal surfaces, or the internal mass transfer might
play a role in the removal process. Therefore, the consideration of external ﬁlm mass transfer alone was not sufﬁcient to model accurately the process of adsorptive iron
removal.

new and iron oxide coated sand, respectively. It was
observed that (i) the iron breakthrough in the experimental columns occurred much earlier than predicted by the

Linear driving force model

model, and (ii) at the later stage, the increase of ﬁltrate

As the CPM was not satisfactory, the LDFM including the

iron concentrations in experimental columns was consid-

axial dispersion in the columns was applied to get better

erably slower while the model predicted a sharp increase

predictions of iron breakthrough in adsorptive columns.

in iron concentration. This indicates that the overall mass

The LDF overall kinetic rate constant (k) was obtained by

transfers in adsorptive iron removal ﬁlters are likely to

ﬁtting Equation (19) to kinetic data (iron concentration

be much slower than that predicted by the CPM. In

versus time) of batch adsorption experiments. The LDF
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Media

LDF rate constant k (s −1)

pH

6.0

6.5

7.0

New sand

2.6 2 10 1 4

2.8 2 10 1 4

2.9 2 10 1 4

Coated sand

1.7 2 10 1 4

1.8 2 10 1 4

2.0 2 10 1 4
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Predicted (LDFM) and experimental iron breakthrough curves for the filter
column with iron oxide coated sand (filtration rate=4 m h −1, initial iron
concentration=4 mg l −1).
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imental data than that of the CPM. However, there was

!

still a considerable difference between the experimental
!

Figure 4

|
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Predicted (LDFM) and experimental iron breakthrough curves for the filter
column with new sand (filtration rate=8 m h −1, initial iron
concentration=4 mg l −1).

data and the LDFM predictions in the case of coated sand.
The dispersion in a ﬁxed bed adsorber depends on the
column geometry and the ﬂow conditions. The dispersion
number (DL/viL) is the measure of the degree of variation
from the ideal plug ﬂow condition (0 for plug ﬂow and
inﬁnity for completely mixed) (Levenspiel 1972; Weber
1972). Under the applied conditions, the dispersion num-

kinetic rate constants for new and coated sand at different

bers were calculated as 0.06 and 0.14 for the experiments

pH are summarised in Table 4.

with new and coated sand, respectively. The effect of

Axial dispersions in the experimental columns were

dispersion is likely to be more pronounced at the lower

measured by performing the conductivity (NaCl) break-

velocity and for the short columns. At higher velocity and

through experiments. Using the model Equations (4) to

for longer columns, the effect of dispersion is likely to be

(12) for the system without adsorption, the dispersion

negligible (Weber 1972; Bhattarai & Grifﬁn 1999). It is

coefﬁcients for new sand and iron oxide coated sand,

consequently likely that some dispersion effect was

under given process conditions, were determined to

observed because a relatively short (50 cm) experimental

be 1.6 ± 0.1 × 10 − 4 m2 sec − 1 and 2.0 ± 0.1 × 10 − 4 m2

column was used in this study. In practice, ﬁlter bed depth

sec

−1

, respectively.

and ﬁltration rate range between 1.5 and 2.0 m and

Figures 4 and 5 compare the LDFM predictions

between 5 and 15 m h − 1, respectively. Therefore, the

(including axial dispersion) with the experimental iron

dispersion effect is likely to be rather small in full-scale

breakthrough data. Figure 4 shows that the LDFM reason-

ﬁlters.

ably predicted the iron(II) breakthrough in the adsorptive
column with new sand. The LDFM predictions for all
three pH values were very close to the experimental

Plug ﬂow homogeneous surface diffusion model

results. In the case of coated sand (Figure 5), the LDFM

Since both models, the CPM and the LDFM, do not take

predictions of iron breakthrough were closer to the exper-

into account internal and external mass transfer, the
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−1

2

−1

Media

kf (m s

New sand

2.27 ± 0.20 2 10 1 5

2.30 ± 0.20 2 10 1 11

'

Coated sand

1.65 ± 0.13 2 10 1 5

0.13 ± 0.01 2 10 1 11

!"&

Ds (m s

)

C-C(

)
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PFHSDM separately considers both external mass transfer
and internal mass transfer. The mass transfer coefﬁcients
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Figure 6

|

(kf and Ds) obtained by ﬁtting the PFHSDM to short
column iron breakthrough data are summarised in

Predicted (PFHSDM) and experimental iron breakthrough curves for the filter
column with new sand (filtration rate=8 m h −1, initial iron
concentration=4 mg l −1).

Table 5.
The external mass transfer coefﬁcients (kf) for new

*+,-,%"!

*./0123/0,*+,-,%"!

and coated sand obtained from the short column exper-

*+,-,%"(
*+,-,4"!

*./0123/0,*+,-,%"(,
*./0123/0,*+,-,4"!

iments (Table 5) were 70% and 63%, respectively, of the
external mass transfer coefﬁcients calculated theoretically

'

from mass transfer correlations. This is probably because

!"&

umns was smaller than the adsorption capacity obtained

!"%

from the batch adsorption experiments.
Figures 6 and 7 present the iron breakthrough curves
for the 50 cm column predicted from the PFHSDM
(neglecting axial dispersion) together with the experimental data at different pH values for new and coated sand,

C-C(

the actual iron(II) adsorption capacity in the ﬁlter col-

!"$
!"#
!
!

respectively. Figure 6 shows that the PFHSDM fairly accurately predicted the initial increase in ﬁltrate iron concen-

considerable differences between the model predictions

'!

'(

#!

#(

)!

)(

$!

!"#$%&'()*+,

tration in the adsorptive column with new sand. However,
with the further progress of the ﬁlter run, there were

(

Figure 7

|

Predicted (PFHSDM) and experimental iron breakthrough curves for the filter
column with coated sand (filtration rate=4 m h −1, initial iron
concentration=4 mg l −1).

and experimental data. At all three pH values studied, the
ﬁltrate iron concentration did not reach the feed water
iron concentration but the breakthrough curve was
‘broadening’. This may be due to some continuous

Figure 7 shows that the PFHSDM provides a some-

removal of iron in the column, which was achieved

what better prediction of the iron breakthrough in adsorp-

through either ion exchange or iron(II) oxidation by traces

tive ﬁlters with iron oxide coated sand than the CPM.

of oxygen possibly present in the pores of the ﬁlter media

However, the initial increase of iron concentration in the

and in the feed water. Additionally, the sand grain is not

experimental column occurred much earlier than the

homogeneous but consists of pores of different sizes which

model predicted. Further increase in ﬁltrate iron concen-

are narrow close to the centre of the grain.

tration observed in the experiments, however, was very
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slow compared with a sharp increase predicted by the

nant mass transfer mechanism. However, the iron oxide

model. There is not sufﬁcient experimental data to com-

coated sand is not homogeneous but consists of a sand

pare the agreement of the model predictions with the

core and an outer layer of iron oxide coating. Additionally,

later part of the breakthrough curve. For columns with

the new sand grain and the iron oxide coating are not

iron oxide coated sand, the LDFM and the PFHSDM

homogeneous but consist of pores of different sizes, and

predictions of iron breakthrough were very similar.

the iron oxide coating is not uniform throughout the sand

The axial dispersion was not considered initially in the

grain (Sharma et al. 2002). This is probably one of the

PFHSDM because the model considers ‘plug ﬂow’ con-

reasons for the difference in the PFHSDM predictions and

ditions and some effect of axial dispersion was already

experimental results.

included in the mass transfer coefﬁcients kf and Ds determined from the short column experiments. Even when the
effect of dispersion was taken into account and experi-

Sensitivity analysis of model parameters

mentally measured axial dispersion coefﬁcient was

The sensitivity of the LDFM and the PFHSDM predictions

included in the PFHSDM, it was found that for the

with the change in the values of model parameters

measured values of kf and Ds for new and iron oxide

(speciﬁcally adsorption capacity, mass transfer coef-

coated sand, there were no signiﬁcant changes in the

ﬁcients and dispersion coefﬁcients) were analysed. This

PFHDSM model predictions with or without inclusion of

was done to check whether the differences between the

the axial dispersion.

experimental results and model predictions were due to

The ‘broadening’ of the breakthrough curves in the

possible errors associated with parameter determinations.

case of new sand might be due to the presence of some
traces of oxygen in the feed water (5 µg l − 1—the detection
level of the oxygen meter used) which might have continu-

LDFM

ously regenerated some of the iron(II) adsorption sites,

Figures 8 and 9 present the sensitivity of the LDFM

thus resulting in an extra capacity (5 µg l − 1 of oxygen can

breakthrough predictions for the ﬁlter column with new

oxidise about 0.04 mg l − 1 of iron(II)). In the case of

sand and iron oxide coated sand for different values of the

coated sand, however, the contribution of this effect to

LDF rate constant k and the dispersion coefﬁcient DL. For

overall removal is likely to be minimal because its iron(II)

both the media, iron breakthroughs were earlier when k

adsorption capacity is much higher than that of new sand.

was decreased or DL was increased. The LDFM predic-

It should be noted that, in the case of the short column

tions for ﬁlter columns with coated sand, within the range

tests, adsorption on the outer or external pore spaces

of k and DL tested, did not ﬁt the experimental break-

probably plays a major role and determines the mass

through values. This indicates that apart from mass trans-

transfer coefﬁcients. In the case of new sand, external

fer, some other mechanism may also be inﬂuencing the

pores are relatively larger and greater in number, so the

iron(II) adsorption capacity and, consequently, the shape

effect of internal pores is most likely not very pronounced.

of the iron breakthrough curve.

However, in the case of coated sand the internal pores are
likely to be considerably greater in number and relatively
smaller than those in new sand. Therefore, it is likely that

PFHSDM

the actual surface diffusion coefﬁcient Ds in the case of

Figures 10 and 11 present the effect of mass transfer

coated sand is much smaller than that measured from the

coefﬁcients (kf, Ds) and adsorption capacity (K) on iron

short column tests. Hence, the actual iron breakthrough in

breakthrough curves for the ﬁlter columns with new sand

adsorptive ﬁlters with iron oxide coated sand might be

and coated sand. Figure 10a shows that there was no

much slower than that predicted by the model.

signiﬁcant change in the shape of the breakthrough curve

Furthermore, the PFHSDM assumes that the adsorb-

with ± 50% change in kf, whereas some alteration of Ds

ent is homogeneous and the surface diffusion is the domi-

and adsorption capacity K inﬂuenced both the shape of

Downloaded from https://iwaponline.com/aqua/article-pdf/52/8/529/402413/529.pdf
by guest

540

Saroj K. Sharma et al.

|

Iron(II) breakthrough in adsorptive filters

Journal of Water Supply: Research and Technology—AQUA

*+,-./0-1234
k 6 #"'#*8$7 9-1
k 6 #"&!*8$7 9-1 :0-39;.-<=
k 6 )"()*8$7 9-1

!"%

!"%

C-C(

C-C(

!"&

D% &'()*+,-./ 0-1

!"$
!"#

!$#

!

!

!"(

'

'"(

#

#"(

)

!

!"(

'

!"#$%&'()*+,

#

#"(

)

!"#$%&'()*+,

()*+,-.+/012 $
D345 $"!(6& .$ 7-1 8.+179,+:;
D345 $"!(6% .$ 7-1
D345 $"!(6$ . 7-1

!"'

!"'

!"#

!"&
!"%

!"$

!"#

!"#

!
'

#!

#'

!"#$%&'()*+,

$!

k ' 1)23+,-&/0

!"%

!"$

!

!$#

!"&

D%&'&()*+,-&.(/0

C-C(

C-C(

'"(

Effect of (a) k and (b) DL on the LDFM predictions of iron breakthrough for the filter column with new sand (pH=6.5, initial iron concentration=4 mg l −1, filtration
rate=8 m h −1).

()*+,-.+/012
k 5 #"<=(6&4 7-1 8.+179,+:;
k 5 #"%&(6&4 7-1
k 5 !"=!(6&4 7-1

|

2003

k-&-/(12*+, 0-1

!"$
!"#

!"#

!

Figure 9

|

'

!"&

|

52.8

*+,-./0-1234
#
D5 67'"%*8$ 0 9-1 :0-39;.-<=
# -1
D5 67'"%*8% 0 9
#
D5 67'"%*8> 0 9-1

'

Figure 8

|

!
!

'

#!
#'
!"#$%&'()*+,

$!
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rate=4 m h −1).
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the curve and breakthrough time signiﬁcantly. In the case
of iron oxide coated sand, a decrease in kf and Ds inﬂuenced the initial part of the curve and gave early iron
breakthrough (Figure 11). As expected, the breakthrough
time was more sensitive to the changes in adsorption
capacity K. However, in the case of coated sand, the
breakthrough curve was very different from the model
predictions with different sets of parametric value, indicating that the difference was not due to possible errors
associated with the parameter determinations.

pH drop in the pores of filter media with iron(II)
adsorption
In the case of ﬁlters with iron oxide coated sand, initial
increases in ﬁltrate iron concentrations were much earlier
than those predicted by both the models (PFHSDM and
LDFM). Further increases in iron concentrations were,
however, much slower than the model predictions. It was
hypothesised that the difference between the model predictions and the experimental results in this case was
probably due to the ‘pH drop’ in the pores of the ﬁlter
media due to iron(II) adsorption.
Adsorption

of

iron(II)

onto

ﬁlter

media

is

accompanied by release of the proton (H + ) (Takai 1973;
Barry et al. 1994), associated with a local pH drop in the
pore spaces and on the surface of the ﬁlter media. This pH
drop results in a temporary decrease in the iron(II)
adsorption capacity. The extent of pH drop depends on
the diameter of the pores and the density of adsorption
sites. The BET nitrogen adsorption measurements showed
that the coated sand tested had high pore volume (Table 1)
and contained both micropores (diameter < 2 nm) and
mesopores (2 nm < diameter < 50 nm). The calculated densities of iron(II) adsorption sites per unit BET speciﬁc
surface area at equilibrium iron(II) concentration of
4 mg l − 1 are presented in Table 6.
The proton released due to iron(II) adsorption, however, will react with the alkalinity (bicarbonate ions)
present in water (e.g. diffusing from the bulk solution),
thus compensating the pH change and regaining the
Figure 10

|

Effect of (a) kf, (b) Ds and (c) K on the PFHSDM predictions of iron
breakthrough for the filter column with new sand (pH=6.5, initial iron
concentration=4 mg l −1, filtration rate=8 m h −1).
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Density of iron(II) adsorption sites (iron(II) ions m −2)
pH=6.0

pH=6.5

pH=7.0

New sand

1.91 2 1017

2.04 2 1017

3.17 2 1017

Coated sand

2.40 2 1017

3.44 2 1017

6.60 2 1017
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Figure 12

|

pH drop in pores of iron oxide coated sand due to iron(II) adsorption at
different pH as a function of pore diameter (HCO3− =100 mg l −1, iron(II)
concentration=4 mg l −1).

Considering the ﬁlter media pore space as a closed system
(no transport of H + and HCO3− out of the pore volume),
the theoretical calculations of local pH drop in the pores
of the ﬁlter media with iron(II) adsorption were made.
Figure 12 shows that this local pH drop in the pores of the
ﬁlter media with iron(II) adsorption is substantial for a
pore diameter up to 5 µm, which consequently reduces the
iron(II) adsorption capacity signiﬁcantly.
The diffusion of H + ions outside the pores and/or
transport of HCO3− ions inside the pores are time and
concentration dependent processes governed by ﬂow conditions, pore geometry and diffusion coefﬁcients of H +
and HCO3− ions. Therefore, it is likely that, initially, the
iron breakthrough is faster than the model predictions as
the adsorption capacity is lower (due to local pH drop).
Later on, iron breakthrough is much slower as the adsorption capacity is much higher than before because of an
Figure 11

|

increase of pH and also because the adsorption capacity,
Effect of (a) kf, (b) Ds and (c) K on the PFHSDM predictions of iron
breakthrough for the filter column with coated sand (pH=6.5, initial iron
concentration=4 mg l −1, filtration rate=4 m h −1).
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the constant pattern model (CPM), which considers

more pronounced at lower pH as the adsorption capacity

ﬁlm (external) mass transfer only. In addition, the

decreases substantially with the decrease of pH. Addition-

shapes of the predicted iron breakthrough curves

ally, this effect would be much less pronounced in the case

were considerably different from the experimental

of new sand as adsorption capacity is considerably smaller
and, hence, the local pH drop with initial iron(II) adsorp-

breakthrough curves.
–

The linear driving force model (LDFM), which

tion is much lower. Furthermore, the pores in new sand

considers an overall mass transfer combining both

are likely to be mainly close to the surface and relatively

external and internal mass transfer, gave a good

bigger than in iron oxide coated sand. Hence, the diffusion

prediction for the initial breakthrough in ﬁlter

of H + and HCO3− is faster, and the pH drop would be

columns with new sand. However, the subsequent

minimal. In the case of coated sand, pore sizes are most

development gave a signiﬁcant deviation. For coated

likely much smaller and pores are much deeper inside the

sand, the model predictions improved but were still

grain than those in new sand. Therefore, the pH effect is
likely to be much more pronounced.

quite different from the measured values.
–

The plug ﬂow homogeneous surface diffusion model

As mentioned earlier, in the short column tests,

(PFHSDM), which separately includes both ﬁlm

adsorption on the outer or external pore spaces is

mass transfer and surface diffusion, gave a good

expected to be dominant, and this determines the mass

prediction of initial breakthrough in ﬁlter columns

transfer coefﬁcients. The diffusion of iron(II) into the

with new sand. Further development of the curve, as

internal pores and subsequent pH drop due to iron(II)

in the case of the LDFM, gave a signiﬁcant deviation

adsorption are also time-dependent. The internal pores

from experimental results. For coated sand, the iron

are relatively much smaller than the external pores. The

breakthrough predictions with PFHSDM were not

pH effect increases with a decrease in pore sizes. Therefore, it is likely that the ‘pH effect’ is less pronounced in

better than with the LDFM.
–

the case of short column tests than in the long columns.

PFHSDM gave no substantial improvement in iron

It should also be noted that in reality the actual pH
drop is not so pronounced because, with the adsorption of

Incorporating dispersion in the LDF and the
breakthrough predictions.

–

The difference in model predictions and

iron(II), the pH starts to drop, consequently the adsorp-

experimental results in the case of iron oxide coated

tion capacity also decreases and all the adsorption sites

sand was probably due to the effect of an initial pH

available at the beginning are not occupied.

drop in the pores with iron(II) adsorption, and a
consequent decrease in iron(II) adsorption capacity.
–

More accurate predictions of iron breakthrough will
require quantiﬁcation of the effect of pH change in

CONCLUSIONS
The process of adsorptive iron removal in ﬁlters under
anoxic conditions was modelled using adsorption isotherm parameters, mass balance and mass transfer equa-

the pores of the ﬁlter media with iron(II) adsorption.
In addition, the effect of inhomogeneity of pore
sizes, and traces of oxygen in the water and in the
pores needs to be studied in more detail.

tions. The iron breakthroughs in adsorptive ﬁlters with
new and iron oxide coated sand were predicted using
three different models with increasing complexity, and the
model predictions were compared with the experimental
results. The following conclusions can be drawn:
–
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