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The present study deals with the removal of phosphorus from wastewater by using oven-dried alum sludge (ODS) as adsorbent
that was collected from Al-Qadisiya treatment plant (Iraq); it was heated in an oven at 105°C for 24 h and then cooled at room
temperature. The sludge particles were then crushed to produce a particle size of 0.5-4.75 mm. Two modes of operation are
used, batch mode and fixed bed mode, in batch experiment the effect of oven-dried alum sludge doses 10-50 g/L, pH of solution
5-8 with constant initial phosphorus concentration of 5mg/L, and constant particle size of 0.5 mm were studied. The results
showed that the percent removal of phosphorus increases with the increase of oven-dried alum sludge dose, but pH of solution has
insignificant effect. Batch kinetics experiments showed that equilibrium time was about 6 days. Adsorption capacity was plotted
against equilibrium concentration, and isotherm models (Freundlich, Langmuir, and Freundlich-Langmuir) were used to correlate
these results. In the fixed bed isothermal adsorption column, the effect of initial phosphorus concentration (C,) 5 and 10 mg/L,
particle size 2.36 and 4.75 mm, influent flow rate (Q) 6 and 10 L/hr, and bed depth (H) 0.15-0.415 m were studied. The results
showed that the oven-dried alum sludge was effective in adsorbing phosphorus, and percent removal of phosphorus reaches 85%

with increasing of contact time and adsorbent surface area (i.e., mass of adsorbent 50 g/L with different pH).

1. Introduction

Wastewater or contaminated water is a big environmental
problem all over the world, in industrial plants; contam-
inants may be a result of side reactions, rendering the
water stream an effluent status. These impurities are at
low-level concentration but still need to be further reduced
to levels acceptable by various destinations in the plant.
Surface waters contain certain level of phosphorus (P) in
various compounds, which is an important constituent of
living organisms. In natural conditions the phosphorus
concentration in water is balanced; that is, accessible mass
of this constituent is close to the requirements of the
ecological system. When the input of phosphorus to water
is higher than it can be assimilated by a population of
living organisms, the problem of excess phosphorus con-
tent occurs. Regulatory control on phosphorus disposal is
evident all over the world recently [1-3]. Strict regulatory
requirements decreased the permissible level of phosphorus
concentration in wastewater at the point of disposal (i.e.,

1 mg/L). This has made it very important to find appropriate
technological solution for treatment of wastewater prior to
disposal.

Phosphorus removal is considered as a major challenge in
wastewater treatment, particularly for small-scale wastewater
treatment systems. Processes available for P-treatment are
generally classified into three general categories: chemical,
physical, or biological-based treatment systems. Among
physical-chemical methods, phosphorus removal is achieved
using ion exchange [4, 5], dissolved air flotation [6, 7],
and membrane filtration [8, 9]. Filtration has been used
either alone or in conjunction with a coagulation process as
a means to remove phosphorus from wastewater [10, 11].
High-rate sedimentation has also been attempted in some
studies [12, 13]. Among the various physical-chemical meth-
ods, coagulation with chemical precipitation and adsorption
are the most common techniques being used for removing
phosphorus. Enhanced biological methods for removing
phosphorus are also used with success [14, 15]. For small-
scale applications (e.g., aquaculture) biological methods may



not be appropriate for phosphorus removal because of the
low carbon concentrations, which increases cost and time
involved in biological methods [16]. Alternatively, physical-
chemical methods can offer advantages for small industries
because of lower initial costs involvement. These methods are
also easier to use and do not require high level of expertise to
maintain. Physical-chemical methods can also accommodate
recycling sludge to reduce further costs involved in handling
sludge. However, finding an effective and feasible material is
a significant challenge in physical-chemical approach. This
problem has not been addressed so far as a complete solution.
The key problem is to find a suitable material, which is easily
available and effective to remove phosphorus from small-
scale wastewater applications.

Biosolid management is considered very important, as
there are considerable amounts of biosolids generated due
to anthropogenic reasons. Alum sludge, a biosolid generated
in the coagulation process in a water treatment plant, is one
such type.

Divalent and trivalent cation-based materials are
known to be effective for phosphorus removal. Therefore,
aluminum-based residuals (i.e., alum sludge) are a viable
option for being an effective phosphorus removal material.
Alum is typically effective in phosphorus removal in
chemical precipitation process [17]. Therefore, use of alum
sludge can be effective for phosphorus removal. Air-dried
alum sludge has also been attempted in limited manner
by some researchers with success [18]. However, the use
of waste material (alum sludge) not only can provide low-
cost appropriate technological alternative for small-scale
applications but also reduce hazard and cost related to the
disposal of large amount of alum sludge.

The aim of this work was to investigate the effectiveness
of oven-dried alum sludge for adsorption of orthophosphate
from deionized water and to compare the results with other
conventional adsorbent (i.e., activated carbon).

1.1. Adsorption Isotherm. The most common forms of
adsorption isotherms used in chemical-environmental engi-
neering are the Langmuir and the Brunauer, Emmett and
Teller (BET) besides the Freundlich empirical model [19-
23]. The Langmuir model can be described as

X  (abC.)

m  (1+aC,)’ (1)

where X = mass of solute adsorbed to the solid (mg), m =
mass of adsorbent used (g), C. = concentration of solute in
solution at equilibrium (mg/L), a = Langmuir constant; the
amount of solute adsorbed per unit weight of an adsorbent
in forming a complete monolayer (L/mg), b = Langmuir
constant (mg/g).

Assumptions made in developing the Langmuir model
are as follows [19].

(a) The maximum adsorption corresponds to a saturated
monolayer of solute molecules on the adsorbent
surface.

(b) The energy of adsorbent is constant.
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(c) There is no transmigration of adsorbate in the plane
of the surface.
(d) The adsorption is reversible.

The Freundlich isotherm is an empirical model and
was developed for heterogeneous surfaces. The Freundlich
adsorption model is of the form [19]

2 ke, @
m

where k = Freundlich equilibrium constant indicative of
adsorptive capacity, n = Freundlich constant indicative of
adsorption intensity.

Combination of Langmuir-Freundlich isotherm model,
that is, the SIPS model for single component adsorption [24]
is

( b qﬂ’ZCgl/n) ( )
= —=". 3
7 (v bcm)
The BET isotherm model is of the form
X (ACXim)

m~[(c-cofi+@a- D<) @

where A = a constant describing energy interaction between
the solute and the adsorbent surface, X,, = amount of solute
adsorbed in forming a complete monolayer (M/M), C, =
concentration of solute in solution at equilibrium, C; =
saturation concentration of solute in solution.

The BET isotherm model has been developed on the
following assumptions [19].

(a) The model describes multilayer adsorption at the
adsorbent surface.

(b) The Langmuir model applies to each layer.

(c) A given layer needs not complete formation prior to
initiation of subsequent layers.

2. Experimental

2.1. Alum Sludge. Alum sludge is a waste material generated
during the coagulation/sedimentation process in a drinking
water treatment plant. Inorganic materials in alum sludge are
presented in Table 1.

Alum sludge used in this research was heated in an oven
at 105°C for 24 hours. The dried sludge was then cooled to
room temperature. The sludge particles were then crushed
to produce a particle size of (0.5, 2.36, and 4.75) mm. The
physical properties are listed in Table 2.

2.2. Granulated Activated Carbon (GAC). Granulated acti-
vated carbon (GAC) is one of the most widely used adsor-
bents for organic, metallic, and inorganic contaminants in
water. It was supplied by Unicarbo, Italians to the Iraqi local
markets. The physical properties are listed in Table 3 [25].

2.3. Adsorbate. Orthophosphate (potassium dihydrogen or-
thophosphate KH,PO,) was used to prepare a phosphorus
solution. Orthophosphate was chosen as it is the key species
of phosphorus in most wastewaters. The physical properties
of KH,POy, are listed in Table 4.
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TaBLE 1: Inorganic materials in alum sludge. TasLE 5: Phosphorus solution.

Constituent Weight percent Phosphorus concentration (mg/L) KH, PO, to be added (g)
Aluminum 3.38% 5 0.00715
Iron 0.819% 10 0.0143
Manganese 0.16%
Chromium 0.013%
Vanadium 0.002% 2.5. Adsorption Column. The fixed bed adsorber studies were
Zinc 0.0098% carried out in Q..V.F. glass column of 2 in. (50.8 mm) I.D. and
Lead 0.0001% (30 and 50) cm in height. '

) The oven-dried alum sludge was confined in the column
Barium 0-0001% by fine stainless steel screen at the bottom and a glass
Arsenic 0.0002%

TABLE 2: Physical properties of oven dried alum sludge.

Item name Oven dried alum sludge
Bulk density (kg/m?) 786.7

Particle porosity 0.7

Bed porosity 0.65

BET surface area (m?/g) 191

TasLE 3: Physical properties of activated carbon.

Item name Granulated activated carbon
Base Coconut shell
Apparent density (kg/m?) 480-490

Bulk density (kg/m?) 770

BET surface area (m?/g) 1000

Particle porosity 0.5

Bed porosity 0.4

Ash content (%) 5 (max)

Todine number ( mg/g)* 1100-1130

pH** 10.2-10.6

“The iodine number refers to the milligrams of a 0.02 normal iodine
solution per gram of GAC during a standard test (ASTM D4607).

**The pH of a solution of distilled water with a specific dosage of GAC
according to a standard test (ASTM D3838).

TaBLE 4: Main properties of adsorbate.

Name of component Potassium dihydrogen orthophosphate
KH,PO,
The British Drug Houses LTD/England
136.09 kg/kg-mole
99 to 101 per cent

Not more than 0.01 per cent

Chemical symbol
Name of company
Molecular weight
Assay (acidimetric)
Chloride (CI)

Sodium (Na)

Sulphate (SO4)

pH (1 percent solution)

Not more than 0.2 per cent
Not more than 0.05 per cent
4.5t04.7

2.4. Wastewater. Deionized water was spiked with KH,POy4
to prepare a phosphorus solution of (5 and 10) mg/L; the
masses used are listed in Table 5. The phosphorus concen-
tration was chosen as typical phosphorus concentration in
many wastewaters.

cylindrical packing at the top of the bed to ensure a
uniform distribution of influent through the alum sludge.
The influent solution was introduced to the column through
a perforated plate, fixed at the top of the column.

2.6. Experimental Arrangements. The schematic representa-
tion of experimental equipment is shown in Figure 1.

3. Experimental Work

3.1. Batch Experiments. Batch experiments were used to
obtain the equilibrium isotherm curves and then the equi-
librium data. In batch mode the following experiments were
carried out:

(i) effect of oven-dried alum sludge weight on adsorp-
tion process,

(ii) effect of pH of solution on adsorption process,

(iii) equilibrium isotherm experiments.

All experiments were carried out at 25°C + 1. The desired
pH was adjusted using 0.1 M NaOH and HCL

Five 1L flasks were used for each pH solution (i.e., 5,
6, 7, and 8). For experiments conducted with an initial
phosphorus concentration of 5mg/L, alum sludge was used
in concentration of (10, 20, 30, 40 and 50) g/L. Samples were
collected from the flasks and after 7.5 days tested for total
orthophosphate phosphorus concentration. Phosphorus that
was lost from the solution was assumed to be adsorbed onto
the adsorbents. Data obtained from batch tests conducted
on deionized water fitted to Freundlich, Langmuir, and
Freundlich-Langmuir adsorption isotherm equations.

3.2. Fixed Bed Column Experiments. Column experiments
were carried out to measure the breakthrough curves for the
systems. Experiments were carried out at various pH, initial
phosphorus concentrations (C,), particle size, flow rate (Q),
and bed depth (H).

4, Results

4.1. Batch Experiments

4.1.1. Effect of Mass of Oven-Dried Alum Sludge on the Adsorp-
tion Process. The results of the dependence of phosphorus on
the mass of oven-dried alum sludge of size 0.5 mm at 25°C
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F1GURE 2: Change in phosphorus concentration with time of batch
tests (C, = 5mg/L, pH = 5, Temp. = 25°C, particle size = 0.5 mm).

are shown in Figures 2, 3, 4, 5, 6, 7, 8, and 9. These figures
represent the plotting of the phosphorus concentration with
time and the percentage removal of phosphorus against the
mass of oven-dried alum sludge, respectively.

Removal of phosphorus (%)
u
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FiGure 3: The effect of ODS on phosphorus removal (C, = 5mg/L,
pH =5, Temp. = 25°C, particle size = 0.5 mm).

The percent removal of phosphorus increases with
increasing weight of oven-dried alum sludge up to a certain
value depending on adsorption sites. These figures can clearly
show that the increase in the percent removal of phosphorus
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is due to the greater availability of adsorption sites or surface
area of adsorbent (oven-dried alum sludge).

4.1.2. Effect of pH on the Adsorption Process. The removal of
phosphorus by using oven-dried alum sludge, as a function
of pH, is presented in Figures 10, 11, 12, 13, and 14. Effect of
pH, on the adsorption density is illustrated in Figure 15. pH
had little effect on the adsorption density. However, solution
pH of 6 appeared to produce maximum adsorption density
in many of the experimental results.

The effluent pH was understandably dependent on the
influent pH. An influent pH 5 produced effluent pH of (4.7—
5.5). Similarly an influent pH 6 generated an effluent pH
range (5.6-6.3), and an influent pH 7 generated an effluent
pH range of (6.5-7.5). It was due to the adsorption and
desorption of H* ions during the adsorption of phosphorus
on alum sludge. An effluent pH below 4.5 is not suitable for
disposal in surface water. The effluent pH can be increased
prior to disposal in surface water. However, the cost of
chemicals to reduce initial pH and to increase final pH and
hazards of dealing with increased amount of sludge would
pose negative interest for pH control.

In general, a pH value in the range of (6-9) is reasonable
for wastewaters before disposal into surface water.

The removals of phosphorus on oven-dried alum sludge
for all the pHs were more than (80)%.

4.2. Equilibrium Isotherm Experiments. The adsorption
isotherm curves were obtained by plotting the weight of
the solute adsorbed per unit weight of the adsorbent (g.)
against the equilibrium concentration of the solute (c.).
Figures 16, 17, 18, and 19 show the adsorption isotherm
curves for phosphorus adsorption onto oven-dried alum
sludge at 25°C. The obtained data of phosphorus was corre-
lated with Langmuir, Freundlich, and Langmuir-Freundlich
models. The parameters for each model were obtained from
nonlinear statistical fit of the equation to the experimental
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FIGURE 11: The effect of pH on adsorption of phosphorus by ODS
(C, = 5mg/L, mass of sludge = 20 g/L, Temp. = 25°C).
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FiGure 12: The effect of pH on adsorption of phosphorus by ODS
(C, = 5mg/L, mass of sludge = 30 g/L, Temp. = 25°C).

data. All parameters with their correlation coefficients (R?)
are summarized in Table 6.

It is clear from the previous figures and table the
following.

(i) The equilibrium isotherm is of favorable type, for
being convex upward.

In order to assess the different isotherms and their
ability to correlate with experimental results, the correlation
coefficient was employed to ascertain the fit of each isotherm
with experimental data. From Table 6, the correlation coeffi-
cient value was higher for Langmuir-Freundlich than other
correlations. This indicates that the Langmuir-Freundlich
isotherm is clearly the best fitting isotherm to the experimen-
tal data.
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FIGURE 16: Adsorption isotherm for phosphorus onto ODS (C, =
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FIGURE 17: Adsorption isotherm for phosphorus onto ODS (C, =
5mg/L, pH = 6, Temp. = 25°C).

4.3. Fixed Bed Experiments

4.3.1. Effect of Initial Concentration. Experimental data for
adsorption of phosphorus onto ODS at flow rate of 6 L/hr,
bed depth of 0.25 m, and particle size of 2.36 mm are shown
in Figure 20. It is clear from the breakthrough curves that an
increase in the initial concentration makes the breakthrough
curves much steeper, which would be anticipated with the
basis of the increases in driving force for mass transfer
with increases in concentration of solute in solution. The
breakpoint was inversely related to the initial concentration;
that is, the time required to reach saturation decreases with
increasing the inlet solute concentration. This may also be
explained by the fact that since the rate of diffusion is
controlled by the concentration gradient, it takes a longer
contact time to reach saturation for the case of low value of
initial solute concentration.

4.3.2. Effect of Particle Size. The breakthrough curves as
shown in Figure 21 were obtained for different particle size
at constant initial concentration of phosphorus (10 mg/L),
bed depth of oven-dried alum sludge (0.25 m), and constant
flow rate (6 L/hr). The experimental results showed that fine
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FIGURE 19: Adsorption isotherm for phosphorus onto ODS (C, =
5mg/L, pH = 8, Temp. = 25°C).

TABLE 6: Isotherm parameters for phosphorus adsorption onto
ODS with the correlation coefficient.

Model Parameters Values

a, 2.437878

Langmuir (1) b, 0.128524
Correlation coefficient 0.977

K, 0.090537

Freundlich (2) n, 2.92948
Correlation coefficient ~ 0.9946

> 3.675591

Combination of b, 0.025254

Langmuir-Freundlich (3) n, 4.793108
Correlation coefficient 0.995

particle sizes showed a higher phosphorus removal than
coarse particle sizes as illustrated in the figure. This was due
to large surface area of fine particles.

4.3.3. Effect of Flow Rate and Bed Depth. In the design
of a fixed bed adsorption column, the contact time is
the most significant variable, and therefore the bed depth
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FIGURE 20: Experimental breakthrough curves for adsorption of
phosphorus onto ODS at different initial concentration.
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FiGure 21: Experimental breakthrough curves for adsorption of
phosphorus onto ODS at different particle size.

and the flow rate are the major design parameter. The
effect of varying the volumetric flow rate was investigated.
The experimental breakthrough curves are presented in
Figure 22 in terms of C/C, versus time at constant initial
concentration of phosphorus (10mg/L) and particle size
(2.36 mm). Increasing the flow rate may be expected to make
reduction of the surface film. Therefore, this will decrease
the resistance to mass transfer and increase the mass transfer
rate. Also, because the reduction in the surface film is due to
the disturbance created when the film of the bed increased
resulting from easy passage of the adsorbate molecules
through the particles and entering easily to the pores, this
decreased contact time between phosphorus and oven-dried
alum sludge at high flow rate. The effect of bed depth
was investigated for phosphorus adsorption onto oven-dried
alum sludge; the experimental breakthrough curves are pre-
sented in Figure 23. The breakthrough curves were obtained
for different bed depth of oven-dried alum sludge at constant
flow rate and constant P concentration. It is clear that the
increase in bed depth increases the breakthrough time and
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FIGURE 22: Experimental breakthrough curves for adsorption of
phosphorus onto ODS at different flow rates.
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FIGURE 23: Experimental breakthrough curves for adsorption of
phosphorus onto ODS at different bed depth.

the residence time of the solute in the column. A comparison
is shown in Figure 24, where bed depths are different but
residence time was kept constant by changing the flow rate.
These results show that increases of fluid velocity had no
significant effect. Thus, the residence time in the column is
more important than fluid velocity in improving the removal
efficiency. The results are obtained, here.

4.3.4. Oven-Dried Alum Sludge Compared to Granular Acti-
vated Carbon. The results obtained, here, are presented in
Figure 25. Granular-activated carbon (GAC) was used in this
study as a reference by which to compare adsorption with
oven-dried alum sludge. The results showed that granular-
activated carbon had the best phosphorus removal capability
due to its higher surface area. These results were on the
contrary with the results obtained by Maruf et al., [26] due to
higher surface area of alum sludge that was collected from the

C, = 10mg/L, Particle size = 2.36 mm

C/Cy
=
(o)}

0 5000 10000 15000

Time (sec)

20000 25000 30000

-9~ Q=6L/hr,H =0.25m
- Q=10L/hr,H = 0.415m

FIGURE 24: Experimental breakthrough curves for adsorption of
phosphorus onto ODS at different residence time.

o = 10mg/L, Q = 6L/hr, H = 0.25m, Particle size = 2.36 mm
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Ficure 25: Comparison between ODS and granular-activated
carbon for phosphorus adsorption.

Lake Major Water Treatment Plant, Halifax Regional Munic-
ipality, Canada with respect to granular-activated carbon;
also this was probably because of other adsorbates competing
with phosphorus in secondary municipal wastewater for
adsorption sites.

5. Conclusions
The present study has led to the following conclusions.
(1) Oven-dried alum sludge was effective in adsorbing
phosphorus from deionized water.

(2) In batch experiment the percent removal of phospho-
rus increases (85%) with increasing in the oven-dried
alum sludge dose (i.e., 50 g/L at deferent pH).

(3) Batch kinetics experiments showed that equilibrium
time was about 6 days without mechanical mixing.

(4) The results showed that the model (Langmuir-
Freundlich) gave good fitting for adsorption capacity.



10

(5) In fixed bed experiment, the percent removal of
phosphorus increases with increasing contact time

and adsorbent surface area.

Nomenclature

a: Langmuir constant (L/mg)

b:  Langmuir constant (mg/g)

C: Concentration of solute in solution (mg/L)

k:  Freundlich equilibrium constant

n:  Freundlich constant

m: Mass of solute adsorbent (g)

H: Bed depth (m)

pH: Acidity

Q: Flow rate (L/hr)

q:  Amount of metal ion adsorbed (mg/g)

R?: Correlation coefficients

x: Mass of solute adsorbed (mg)

X,»: Amount of solute adsorbed in forming a
complete monolayer (M/M).

Abbreviations

P: Phosphorus

ODS:  Oven-dried alum

MTZ: Mass transfer zone

GAC: Granulated activated carbon

BET:  The Brunauer, Emmett, and Teller

QVEF:  Quality vessels fabrication

ASTM: American society for testing and materials
USEPA: United states environmental protection agency
ID: Inner diameter.

Subscript
o : Initial

e : Equilibrium
s: Saturation.
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