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ABSTRACT

The present study was conducted to investigate the efficacy of red soil (RS), as a natural
adsorbent, for phosphate removal from wastewater. The chemical composition of the
adsorbent was determined by proton-induced X-ray emission and proton-induced fy-ray
emission methods. Apart from evaluating the influence of major experimental parameters,
the equilibrium data were analyzed by different isotherm models and kinetic models.
Experimentally obtained values, such as separation factor (R;), 0.0297, Freundlich exponent
(n), 2994, and Gibb’s free energy change (AG®), —1.279 k] mol ', suggest that the phosphate
adsorption by RS was a favorable and spontaneous process. The presence of coexisting
anions showed no competing effects on phosphate removal efficiency. For synthetic initial
phosphate concentration of 20mgL™" and contact time of 90 min, phosphate removal effi-
ciency was 96.47% in batch mode and 19 h of breakthrough time in column mode. Whereas
with real domestic wastewater having 5.62mg L' of initial phosphate concentration,
removal efficiency was as high as 99.8% in batch mode and 70 h breakthrough time in col-
umn mode. The results of this study suggested that RS can be used as a low-cost and highly
efficient adsorbent for phosphate removal from wastewater.

Keywords: Red soil; Phosphate removal; Real domestic wastewater; Adsorption isotherm;
Adsorption kinetics

1. Introduction

Phosphorus is an important element, extensively
contributing towards many biological, agricultural,
industrial, environmental, medical, and household
applications. Typically, phosphorus exists in the form
of organic phosphate (nucleic acid, phospholipids,
etc.) and inorganic phosphate (orthophosphate and
polyphosphate) [1]. Domestic wastewater being the
dominant source contributes more than 45% of total
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phosphorus load in surface waters [2]. Usually the
concentration of phosphorus in domestic wastewater
varies in the range of 3-15mgL7', out of which
approximately 3mgL™" forms by the breakdown of
protein wastes and the remaining comes through the
use of detergents [3,4].

Phosphorus usually is the limiting nutrient and
sustained inputs of phosphorus (more than 1mgL™)
to aquatic environments lead to increased rates of
eutrophication [3], a widespread problem throughout
the world affecting the quality of domestic, industrial,
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agricultural, and recreational water resources. While
phosphorus input from industrial sources can be
controlled using any of the known effluent phospho-
rus removal processes [5] and from agricultural
sources, it can be regulated by balance fertilization [6],
domestic sources are of the major concern, which
needs proper treatment for the removal of phosphorus
up to the levels that can be acceptable by natural
systems [7].

So far, various techniques have been developed for
the removal of phosphorus from wastewater, which
broadly classified as physical [8], biological [9], and
chemical methods [10]. Physical methods like electro-
dialysis and reverse osmosis have been proved to be
too expensive and inefficient removing only 10% of
the total phosphorus [10]. To overcome this problem,
biological treatment came into the picture. Biological
removal with Phosphorus Accumulating Organisms
and Denitrifying Phosphorus removing Bacteria can
remove up to 97% of total phosphorus. However, the
complex nature of conventional biological phosphorus
removal process makes the implementation of this
process difficult for wastewater treatment [9]. Simi-
larly, phosphorus removal through the dosing of
chemicals such, as iron salts, aluminum, or calcium, is
a common method used effectively to reduce effluent
concentrations of nutrients released to surface waters.
But the chemicals are expensive and their handling
and storage is too dangerous, and the method results
in higher production of sludge, thus significantly
increasing the operational and maintenance cost [2].
As a consequence, the removal of phosphorus com-
pounds through the adsorption process on to various
low cost and easily available adsorbent materials has
been recognized as one of the most important removal
mechanisms [11]. Till date, diverse adsorbents like
red mud, activated alumina, Fe-, Al-, Mg-, Ca-, and
Si-based substrates, fly ash, blast furnace slag, various
soils, etc. have been reported as adsorbents for
phosphorus removal [12-17].

For phosphorus removal and retention, soil has
been widely used in many wastewater treatment
systems as an adsorbent and proved to be very
effective [18-20]. Thus, using soil as an adsorbent for
phosphorus removal sounds promising, moreover,
the use of local soil as the adsorbent undoubtedly
can be adjudged as one of the cost-effective and
environmentally friendly technology [21]. Red soil
(RS) is the highest coverage of all soil groups of the
state Odisha (India). Presence of excess amounts of
oxides of iron imparts red color to the soil. The soils
are strongly to moderately acidic with low to med-
ium organic matters and have poor water retention

capacity. The soils are deficient in nutrients, have low
cation exchange capacity, high phosphate and sulfur
adsorption property, and deficient in calcium and
magnesium [22]. All these characteristic features
contribute to the possibility of RS to be used as a
phosphorus adsorbent. RS should not be confused
with Laterite, as it differs from Laterite on the basis
of certain parameters like color or hue (RS—7.5
YR- 2.5 YR, Laterite—5 YR to redder), base saturation
(RS—50-75, Laterite- <35), pH (R5—5-6.5, Lterite—
4.5-5), structure (RS- angular or sub angular blocky,
Laterite- compact vesicular, or honeycombed), and
Si0,/R,05 ratio (RS- 1.7-1.8, Laterite- <1) [23].

Keeping the above-mentioned facts in view, the
main objective of this study was to inspect the use of
RS as an adsorbent for the adsorption of phosphorus.
Physico-chemical properties of RS along with surface
characteristics have also been investigated. Besides,
isotherm and kinetic models have been analyzed and
presented to envisage the phosphorus sorption charac-
teristics of RS. Though very few literatures have been
observed to report phosphorus adsorptive behavior of
laterite, so far to the best of our knowledge, no
study has been reported to evaluate the phosphorus
adsorption potential of RS.

2. Materials and methods
2.1. Adsorbent

RS, which is widespread in the districts like
Ganjam, Dhenkanal, Keonjhar, Raygada, and Koraput
of the state Odisha was used as an adsorbent in
this study. The adsorbent was collected from the
Balibagada village area in Ganjam district. The adsor-
bent was washed several times with distilled water to
remove surface adhered particles, soluble materials
and to remove the red color of iron, and dried in hot-
air oven at 100°C for overnight. Then it was crushed,
passed through 48-mesh sieve, and particles less than
0.3mm size were used in the adsorption study.
The properties and average chemical composition
of the material are given in Table 1. For the composi-
tion analysis of soil samples, highly sensitive
multi-component analytical methods like proton
induced X-ray emission (PIXE) and proton induced
y-ray emission (PIGE) were used.

2.2. Domestic wastewater

Wastewater samples were collected from the
wastewater collection pool of Netaji Subash Enclave,
Bhubaneswar, Odisha. The pool receives domestic
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Table 1

Properties and compositions of RS

Properties and compositions RS

Particle size (mm) <0.3

pH,pc 7.51

BET surface area (m*g ") 25.55

Bulk density (gcm ™) 2.25
Porosity (%) 47.12
Specific gravity 4.51
Specific yield (%) 15.37
Specific retention (%) 31.75

SiO, (%) 52.45-54.3
Fe,O3 (%) 24.21-24.73
AlLO; (%) 21.38-22.17
MgO (%) 4.85-5.01
Na,O (%) 0.46-0.49
CaO (%) 0.31-0.34

wastewater discharge of around 300 families residing
in the residential complex. The general wastewater
characteristics such as chemical oxygen demand
(COD), biochemical oxygen demand (BOD), total dis-
solved solids (TDS), ammoniacal nitrogen (NHI-N),
nitrate nitrogen (NOj;-N), total phosphate (PO; -P),
dissolved oxygen (DO), and pH were determined,
respectively, by colorimetric method (5220-D), 5-Day
BOD method (5210-B), method 2540-C, Ion Selective
Electrode (ISE) method, 4500-NHj3;, 4500-NOy5, vanado-
molybdo phosphoric acid method (4500-P), Orion
5-Star DO probe, and HACH digital pH meter as per
the procedure mentioned in the standard methods for
the examination of water and wastewater [24]. The
results are shown in Table 2.

Synthetic phosphate stock solution of 1,000 mg L™
was prepared by dissolving defined amount of
analytical grade anhydrous potassium dihydrogen
phosphate (KH,PO,) in distilled water. The stock

Table 2
Characteristics of domestic wastewater

Compositions Before treatment After treatment
pH 7.91 7.14

DO (mgL™) 2.97 3.30

COD (mgL™) 217 173

BODs (mgL™") 98 57

TDS (mgL™") 360 187

NH;-N (mgL™) 17.38 04.38

NO;-N (mgL™) 2.46 3.17

Total phosphate 5.62 0.04

(mgL™

solution was further diluted with distilled water to get
the desired concentrations of experimental working
solution. Basically, synthetic phosphate solution was
used for optimizing different adsorption parameters in
both batch and column studies, and the optimized
methods were applied to remove phosphate from real
domestic wastewater to evaluate and validate the
results obtained from synthetic phosphate solution.

2.3. Analytical methods

PIXE, PIGE were conducted to analyze the mineral
composition of the RS. For better resolution and clarity
of results, PIXE was done for analysis of elements
with atomic number as low as 12 (low Z elements)
and PIGE was done for analysis of high Z elements
following the method as described by Kennedy et al.
[25]. Measurements were carried out using the 2 MeV
proton beam obtained from 3 MV Tandem pelletron
accelerator.

The adsorbent RS before adsorption and after
adsorption, i.e. red soil treated (RST), were character-
ized by Fourier transferred infra-red spectroscopy
(FTIR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). The FTIR spectra were recorded on
Bruker ALPHA-FTIR Spectrophotometer. Samples
were prepared in KBr disks (2mg sample in 200 mg
KBr). The scanning range was 500-4,000 cm™ ' and the
resolution was 2cm™' with a scanning rate of 16. The
XRD analysis was performed in a X'pert PW 3040/00
(PANalytical) diffractometer at room temperature,
with Cu Ko radiation at a scan speed range of
3° min}, step size of 1s, 30kV voltage, and 20 mAmp
current. The XRD patterns were recorded in the 20
range of 20-80°. Surface microstructure and the mor-
phological characteristics of the adsorbent before and
after adsorption were evaluated using a scanning
electron microscope, SEM, and JOEL JSM-JAPAN with
an accelerating voltage of 15kV and a maximum
magnification of 1000X. The specific surface area of
RS was determined by the BET nitrogen gas sorp-
tion method using a specific surface area analyzer
(Gemini2360, Micromeritics, USA).

Phosphate was analyzed by the vanado-molybdo
phosphoric acid method, 4500-P according to standard
methods for the examination of water and wastewater
[24]. Vanadate-molybdate reagent of 1 and 0.5mL of
distilled water were added with 3.5mL of filtered
sample. The mixed solution was analyzed after 10 min
with a Perkin-Elmer Lambd-25 UV/VIS spectro-
photometer at the detection wavelength of 470 nm.
pHpc of the adsorbent was measured following pH
drift method [26].
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2.4. Batch study

The batch study was conducted to determine maxi-
mum adsorption capacity, adsorption kinetics, and to
establish the PO; -P removal pattern using RS as an
adsorbent. The effect of contact time, pH, temperature,
agitation speed, initial concentrations of phosphate,
adsorbent dose, etc. were also investigated. For the
determination of the effect of various parameters, a
known quantity of adsorbent (0.5-12 g) with 100 mL of
the phosphate solution of concentrations varying from
1 to 25 mg L™" were taken in 250 mL Erlenmeyer flasks
and agitated at (100200 rpm) at a temperature range
of 15-45°C for a known period of 5-120 min. To deter-
mine the effect of contact time on the adsorptive
removal of phosphate, the batch studies were con-
ducted for a series of time intervals until equilibrium
was achieved. A pre-determined settling period of 1h
was allowed and filtration of supernatant was done
using 0.45 pm filter paper, prior to phosphate analysis.
The effect of pH on phosphate removal was carried
out by adjusting pH of the solution from 2 to12 using
1 M HCl or 1M NaOH.

2.5. Adsorption isotherm

In order to determine the adsorption isotherm, 6 g
of RS was equilibrated with 100mL phosphate
solution of various concentrations (1, 5, 10, 15, 20, 25,
30, 35, 40, 45, and 50mg LY in 250 mL Erlenmeyer
flasks for 90 min. The flasks were agitated at 175 rpm
in temperature controlled orbital shaker maintained at
a temperature of 27 +2°C and neutral pH was main-
tained for the solution. After equilibrium time, the
obtained phosphate adsorption data were fitted to the
Langmuir and Freundlich isotherm models. Though
50mgL™" is comparatively higher concentration than
that of the concentrations of domestic wastewater
(3-15mgL™") [3], higher phosphate concentrations are
required to establish a good adsorption isotherm.

2.6. Adsorption kinetics

Experiment was performed with 6 g of RS dosed
into 250 mL Erlenmeyer flasks containing 100 mL of
20mg L'phosphate solutions at neutral pH. The
contents of the Erlenmeyer flasks were then agitated
at 175rpm and 27+2°C temperature in an orbital
shaker incubator. The samples were withdrawn at the
intervals of 5, 10, 15, 20, 30, 40, 50, 60, 90, and 120 min
after the start of the reaction and analyzed for residual
phosphate concentration in the solution. The obtained
results were analyzed as per pseudo-first-order,

pseudo-second-order, and intra-particle diffusion
kinetic equations to find out the best-fit kinetic model.

2.7. Column study

Column study was intended for the characteriza-
tion of packing of adsorbent and the behavior of
adsorption during flow through the packed adsorbent.
Column tests are normally performed for providing
more realistic laboratory results, since it has a greater
resemblance to the flux conditions in full-scale con-
structed filters than short-term stirred batch experi-
ments, which can result in overestimation of sorption
capacities [27]. A polyacrylic transparent column hav-
ing inner diameter 4.5 cm and height 50 cmm was used
for this study. The column was operated in down-flow
mode with adsorbents filled to 20 cm of bed heights.
A constant superficial inflow velocity of 4.2mL min ™’
was maintained with the help of peristaltic pump
(miclins VSP-200-2C) in a continuous mode. Periodic
monitoring and data collection were carried out at a
regular interval of 1h to obtain the breakthrough and
exhaustion pattern for the adsorbent in the column.

3. Results and discussions
3.1. Characterization of adsorbent

The chemical composition of the RS was analyzed
by PIXE and PIGE and the major constituents are
given in Table 1. PIXE and PIGE are the highly
sophisticated experimental techniques used in the
precise determination of elemental composition of a
material. The percentage composition of the RS found
in this work is in agreement with the RS properties
reported earlier [23]. The presence of Fe-, Al- and
Mg-oxides are known to play an important role in
phosphate removal [28]. Though, the major compo-
nent of RS was Si-oxide, however; it has a very insig-
nificant role in phosphate removal [29]. Phosphate
ions react with Fe- and Al-oxides by ligand exchange
forming inner-sphere complexes, whereas the presence
of Mg ion facilitates phosphate removal via precipita-
tion and formation of magnesium ammonium
phosphate compound, known as struvite [30-32].

FTIR is a simple and reliable technique widely used
in both organic and inorganic chemistry, in research,
and in industry. It is widely used in quality control and
dynamic measurement. The FTIR spectra of the native
and phosphorus loaded adsorbent are shown, respec-
tively, in the Fig. 1(a) and (b), which clearly indicates
the changes in the functional groups and surface prop-
erties of the adsorbent before and after adsorption. The
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Fig. 1. FTIR spectrum of adsorbent (a) before adsorption;
and (b) after adsorption.

FTIR spectrum reveals the complex nature of the
adsorbent as evidenced by the presence of a large num-
ber of peaks. The infrared absorption between 1,250
and 850 cm™' corresponds to the stretching frequency
region of phosphate species [33]. Different peak
positions in the above-mentioned range of frequencies
again vary depending upon the species of the
phosphate ion and probable mineral phase of the
adsorbent participating in the adsorption process.

The absorption peak (determined using e-FTIR
software) around 1054.23, 1,127, and 1143.45cm™! in
case of RST indicates the participation of P=O entity
in adsorption process, which is in agreement with the
findings, reported earlier [34]. As a matter of fact, the
above-mentioned peaks were not present before
phosphorus exposure indicating absence of these
functionalities in native adsorbent (RS). There are
well-documented experimental results showing that

the frequency appearing at 1,126cm ™' is mainly due
to adsorption of H,PO, resulting in P=O stretch [34].
Thus, it can be said that the frequency appearing at
1,127cm™ in this study is mainly due to the P=O
stretch as a result of adsorbed H,PO, . The slight dif-
ference in our experimental value and other additional
peaks in the frequency ranges may arise due to the
presence of different mineral phases within the native
adsorbents.

The XRD spectra of adsorbent before and after
adsorption are shown in Fig. 2(a) and (b), respectively.
There is a visible difference in the diffraction pattern
of RS before and after adsorption with respect to shift-
ing of peaks, decrease in intensity of the peaks, and
disappearance of peaks. The difference in diffraction
pattern of both adsorbents may be the indication of
phosphate adsorption. While the peak shift represents
the contraction of unit cell, both peak intensity decrease
and peak disappearance contributes towards loss of
crystallinity of the material under investigation [35].
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Fig. 2. XRD spectra of adsorbent (a) before adsorption; and
(b) after adsorption.
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The number of peaks and their respective positions
for RS and RST were determined using XPertHigh-
Score software. Comparing Fig. 2(a) and (b), it was
found that totally five peaks were common between
the diffraction pattern of RS and RST. But in case of
RST, the peak intensity reduced drastically with negli-
gible change in peak positions as compared to RS.
Also, the number of peaks in 26 range of 26-50 in the
XRD spectrum decreased from seven in case of RS to
two in case of RST, making the structure of RST more
amorphous than that of RS. This finding suggests the
loss of crystallinity due to adsorption of phosphate
[36].

The SEM image of the native adsorbent RS is
shown in Fig. 3(a). It can be seen from the figure that
the presence of irregular grooves and ridges results in
a rough and porous surface which is considered suit-
able for the attachment of phosphate to the adsorbent
surface. On the other hand, Fig. 3(b) shows SEM of
RST, indicating the presence of fine particles and layer
over the surface that are basically absent from the
native adsorbent (Fig. 3(a)) before adsorption. This

Fig. 3. SEM images of adsorbent at 2000X magnification (a)
before adsorption; and (b) after adsorption.

deposition of fine particles and layer is mainly due to
the adsorption of phosphates over the surface of RS.
The specific surface area and pore volume of the RS
were determined to be 25.55m” ¢! from the BET anal-
ysis. This result is comparable with the findings
reported earlier [19,21].

The change in surface properties due to the
adsorption of phosphates was evident from the XRD
and FTIR results as discussed above. The prominent
change in the diffraction pattern of the spent adsor-
bent to that of the native adsorbent indicates the
texture distortion of the adsorbent which may arise
due to phosphate adsorption. In order to support the
phosphate adsorption by RS, FTIR analysis was also
performed. The FTIR spectra of spent adsorbent
revealed the presence of peaks corresponding to P=O
stretch. Thus, confirming phosphate adsorption. Apart
from analyzing the phosphate adsorption with the
help of diffraction, absorption, and transmittance
properties of the adsorbent, visual observation of
phosphate deposition on the adsorbent surface was
also conducted by SEM. As observed from Fig. 3(b),
SEM enabled the direct visualization of the deposition
of fine particles and layers of phosphate on the adsor-
bent surface. Therefore, adsorption of phosphates by
the use of RS as an adsorbent was confirmed by XRD,
FTIR, and SEM.

3.2. Batch study
3.2.1. Effect of contact time

The effect of contact time on the adsorption of
phosphate by RS was investigated experimentally.
The experiments were performed with 100mL of
water containing 20mgL™" initial phosphate concen-
tration, 6 g of RS, at pH 7, 27 +2°C temperature, and
175rpm agitation. Elnermayer flasks were removed
from shaker after 5, 10, 15, 20, 30, 40, 50, 60, 90, and
120 min and were allowed to settle for 1h before
determining the residual phosphate concentration of
the supernatant. The results are shown in Fig. 4.
From the figure, contact time of 90 min can be consid-
ered as the optimum contact time to reach the
equilibrium, resulting in approximately 96% of
phosphate removal efficiency. Whereas for 5min of
contact time, this was as low as just 40%. Further
increase in contact time over optimum contact time,
does not seem to have any significant impact on the
equilibrium concentration.

The methods through which adsorbate transfer to
the adsorbent include diffusion through the fluid film
around the adsorbent particle and diffusion through
the pores to the internal adsorption sites. It can also
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Fig. 4. Effect of contact time on phosphate adsorption.
(Conditions: agitation 175rpm, adsorbent 6 g per 100 mL,
adsorbate 20 mg | pH 7, and temperature 27 +2°C).

be said from Fig. 4 that during the initial phase of
adsorption, i.e. up to first 50 min, the slope of the
curve is very steep indicating a very fast rate of
adsorption (0 to 86.5% removal took place). This can
be explained as the maximum surface area of the RS
was uncovered while starting the experiment, thus
exposing numerous pores and free surface area for
adsorption, thereby results in a large concentration
gradient between the film and the available pore sites.
With the passage of time, more and more surface area
and pore sites of the RS get saturated with phos-
phates. Thus, the available exposed surface of RS
decreases, rate of pore diffusion of the phosphates into
the bulk of the adsorbent decreases so does the rate of
adsorption [37]. This is evident from the figure that
only a small amount of phosphate removal takes place
during the last 40 min of equilibrium. Therefore, based
upon these experiments, the optimum contact time
was fixed as 90 min for rest of the experiments.

3.2.2. Effect of agitation

The effect of agitation on phosphate removal was
studied at 100, 125, 150, 175, and 200 rpm. The experi-
ments were conducted maintaining the other factors
constant such as 20 mg L' phosphate concentration, 6
g of RS, contact time of 90 min, settling time of 1h, 27
+2°C temperature, and pH 7. The results are
illustrated in Fig. 5. From this, it can be said that the
percentage removal of phosphate increases with
increase in rotational force, from 88.4% at 100 rpm to
approximately 96% at 175rpm. Increase in rotational
speed increases the movement of adsorbent particles
in the solution, leading to the reduction of mass
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Fig. 5. Effect of agitation on phosphate adsorption. (Condi-
tions: contact time 90 min, adsorbent 6 g per 100 mL, adsor-
bate 20 mg L pH 7, and temperature 27 +2°C).

transfer boundary. This ultimately improves the sur-
face contact between the adsorbent and the aqueous
solution, thereby increasing the rate of phosphate
adsorption [38]. But from Fig. 5, it can also be seen
that the adsorption rate of RS does not change much
beyond 175 rpm, indicating optimum rotational speed
as 175 rpm for the adsorption of phosphates by RS.

3.2.3. Effect of adsorbent dose

The effect of adsorbent doses on phosphate adsorp-
tion was investigated by varying RS concentration
from 0.5 to 12g per 100mL of synthetic wastewater
containing 20 mg L™ phosphate and maintaining other
factors constant such as 90 min of contact time, 1h of
settling time, pH 7, temperature 27 +2°C, and 175 rpm.
The results of the study are given in Fig. 6. It can be
observed that the phosphate removal efficiency
increased from 37.1 to 96.47% by increasing the adsor-
bent dose from 0.5 to 12 g per 100 mL. The phosphate
adsorption rate increases rapidly with the increasing
adsorbent concentration due to the availability of more
surface area and more adsorption functional sites [20].
Beyond a certain extent, i.e. 6 g per 100 mL in this case,
there is no significant uptake of phosphate with an
increase in adsorbent dose (Fig. 6). This can be attrib-
uted to the attainment of saturation level beyond a cer-
tain adsorbent dosage during adsorption process.
From Fig. 6, the optimum adsorbent dose of 6 g of RS
per 100 mL was fixed for the subsequent experiments.
In addition to this, an attempt was made to observe
the effect of surface treatment of RS on the sorption
behavior of phosphates. RS was activated through acid
treatment following a slightly modified method [39].
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Fig. 6. Effect of adsorbent dose on phosphate adsorption.
(Conditions: contact time 90 min, agitation 175 rpm, adsor-
bate 20 mg L pH 7, and temperature 27 +2°C).

The RS was mixed with 0.1 M solution of HCl at a ratio
of 1:10 by weight. The mixture was then incubated at
100°C for 12h. At the end of the treatment, washed
thoroughly and oven-dried at 105°C for 12h, and acti-
vated RS was used as an adsorbent. The optimum
adsorbent dose in this case was found to be 0.9 g per
100 mL. The high sorption efficiency of the activated
RS may be attributed to the increase in active sites and
porosity of the material due to acid treatment. This
particular study was done only for a comparison pur-
pose. As RS is a natural substance abundantly present
in different parts of Odisha, a higher dose of untreated
RS can be compromised rather than going for activa-
tion of RS by using acid treatment. Therefore, raw RS
without any activation was used as adsorbent through-
out the study.

3.2.4. Effect of initial phosphate concentration

linitial phosphate concentration was varied from 1
to 25mgL 'in order to evaluate the effect of initial
phosphate concentration on the adsorption capacity of
the RS (Fig. 7). The experiments were conducted main-
taining all the optimized parameters constant. It can
be observed that the lower initial concentration of
phosphate e.g. 1mgL™" resulted in higher removal
efficiency of approximately 100% as compared to the
higher initial concentration of 25mgL™!, at which
removal efficiency was 90.1%. It is evident from Fig. 7
that under lower initial phosphate concentration,
adsorption saturation could not be reached due to
greater availability of free adsorption sites on the RS
as compared to the number of phosphate molecules to
be adsorbed, thus resulting in higher phosphate
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Fig. 7. Effect of initial phosphate concentration on adsorp-
tion. (Conditions: contact time 90 min, agitation 175rpm,
adsorbent 6 g per 100 mL, pH 7, and temperature 27 +2°C).

removal efficiency. In case of higher initial phosphate
concentration, the available free active adsorption sites
on the RS decreases, resulting in lower phosphate
removal efficiency (Fig. 7) [3]. The initial phosphate
concentration of 20 mg L™ was chosen as the optimum
value for the subsequent experiments in order to
accommodate maximum possible levels of phosphate
in wastewater which are usually in the range of
3-15mgL™" [3].

3.2.5. Effect of pH

In order to evaluate the effect of pH on phosphate
removal, the tests were carried out at pH 2, 5, 7, 10,
and 12, maintaining all other parameters constant at
their optimum values. It was observed that the maxi-
mum phosphate removal efficiency of 97.2% occurred
at pH 5 followed by 96.09% at pH 7 (Fig. 8). Phos-
phate speciation in solution, pH,,. of the adsorbent,
the affinity of phosphate ions towards the adsorbent,
etc. are the governing factors controlling the effect of
pH on phosphate adsorption [36]. There exist three
different forms of phosphate, e.g. H,PO,, H,PO;  and
PO;™ in the solution as described in the Egs. (1)-(3).
Normally, H,PO?~, and H,PO, are the predominant
species in the pH region between 4 and 10, with
H,PO?" being more widespread in slightly alkaline
conditions and H,PO; in slightly acidic conditions.
Between pH 10 and 12, H,PO; dominates over PO; "
species whereas, at pH higher than 12.5, PO}~ species
are the predominant [40]. pH,,. is the pH at which
the net surface charge on the adsorbent is zero. At pH
less than pH,,. value, the surface charge of the
adsorbent is positive, so a higher Columbic attraction
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Fig. 8. Effect of pH on phosphate adsorption. (Conditions:
contact time 90 min, agitation 175rpm, adsorbent 6 g per
100 mL, adsorbate 20 mg L', and temperature 27 +2°C).

between the binding sites and phosphate ions leads to
a higher phosphate uptake. Whereas, at pH greater
than pH,,, the surface has a net negative charge that
enhances Columbic repulsion between the sites and
the phosphate ions resulting in a decrease in phos-
phate absorption [41]. The pH,,. of RS was found to
be 7.51.

H;PO, <+ H' + H,PO; pK, =22 (1)
H,PO, «» H' + HPO; pK, =72 )
H,PO; < H'+PO;” pK, =123 (©)

When the solution pH becomes less than pK,, the
solution starts donating more protons than hydroxide
groups, making the adsorbent surface positively
charged that attracts negatively charged species [42].
In this study, the higher removal of phosphates at pH
5 and 7 indicates that the species involved in adsorp-
tion are those which are related to pK, value of 7.2. In
this case, the values of both pHs at which maximum
phosphate sorption took place were less than that of
(i) pH,pc (7.51) of RS and (i) pK, value (7.2) of
H,POj, ; therefore resulted in the RS surface being pos-
itively charged. Thus, based upon this observation, it
can be said that H,PO, was the major species
involved in this adsorption process [20,36]. Fig. 8
shows that phosphate removal efficiency at pH 7
(96.09%) is marginally less than that of removal
efficiency at pH 5 (97.2%). Therefore, for better
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convenience neutral pH was set as the optimum pH
for subsequent tests.

3.2.6. Effect of temperature

The effect of temperature on the adsorption of
phosphate was evaluated by performing the experi-
ments in the temperature ranges from 15 to 45°C and
keeping all other optimized parameters constant
(Fig. 9). From Fig. 9, it is observed that the phosphate
removal increases from 779 to 95.86% with the
increase in temperature from 15 to 35°C. However,
there is no further improvement in phosphate removal
with the increase in temperature beyond 35°C. This
particular phenomenon can best be described with the
help of difference in the types of adsorption, i.e. physi-
cal or chemical adsorption. Physical adsorption
requires very low activation energy, so the rate of
adsorption is high even at low temperature [42].
Therefore, phosphate adsorption onto RS possibly a
case of physical adsorption, where 35°C temperature is
enough to achieve the required activation energy for
the process to be carried out. An increase in the
adsorption process with an increase in temperature up
to a certain extent might be due to the diffusional
nature of adsorption process which in turn is endother-
mic in nature [43]. Thus, the temperature beyond 35°C
is not having any major impact on the process. Consid-
ering the optimum temperature range (15-35°C) from
the figure, 27+2°C was adopted as the operating
temperature for the further experiments.

98 -
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Fig. 9. Effect of temperature on phosphate adsorption.
(Conditions: contact time 90 min, agitation 175 rpm, adsor-
bent 6 g per 100 mL, adsorbate 20 mg L™!, and pH 7).
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3.3. Adsorption isotherm

Adsorption isotherms are used to describe the
equilibrium relationship between the amount of
adsorbate adsorbed g.(mgg '), and the amount of
adsorbate in solution C,(mgL™") at constant tempera-
ture. The equilibrium uptake capacity g, can be
calculated by using the following equation [44].

e = (Co = Ce)V/m @

where Cy, and C, are the initial and equilibrium
phosphate concentrations (mgL™"), V is the volume of
phosphate solution (mL), and m is the mass of
adsorbent (g). In this study, Langmuir and Freundlich
isotherm models were adopted to fit the equilibrium
data obtained from adsorption experiments.

3.3.1. Langmuir model

The Langmuir isotherm suggests monolayer
adsorption on a homogeneous surface with a finite
number of adsorption sites and without any interaction
between the adsorbed molecules [37]. The linearized
form of the Langmuir isotherm model is given as:

Ce/qe = 1/(bgm) + (1/9,,)Ce 5)

where g,, is the maximum adsorption capacity
(mgg ") and b is adsorption constant (L g~ ") that mea-
sures the affinity of the adsorbent for the solute. The
higher value of b suggests a higher level of adsorption.
The plot of C, vs. C./q, as per Eq. (5) is a linear one
(Fig. 10(a)) and the values of g,, and b can be obtained
considering the slope and intercept of the plot
(Table 3). The maximum adsorption capacity (g,,) of
RS is found out to be 0.56 mg g~ ', which is at par with
the finding reported earlier [21]. As discussed in
section 3.2.4, the g, of activated RS, i.e. acid treated
RS, was observed to be as high as 2.12mg g . Despite
of higher adsorption efficiency of acid treated RS, the
raw RS without any treatment has been suggested to
be used as the adsorbent, since it does not incur any
capital and processing costs. Moreover, phosphate
loaded exhausted RS can be used in the agricultural
sector as phosphate fertilizer.

Langmuir equation can also be used to calculate a
dimensionless equilibrium parameter, R; also known
as the separation factor [38] and can be expressed as:

R = 1/(1 + bCO) (6)

367

0 -
(a) [y=1.7741x + 1.0655

|R* = 0.9888 P

Celge (2 L)

(b) o5 ] [y=03342x-1.3065]
1 R*=0.9651

In Ce (mg L")

Fig. 10. Adsorption isotherms for phosphate adsorption on
RS: (a) Langmuir model and (b) Freundlich model. (Condi-
tions: contact time 90 min, agitation 175 rpm, adsorbent 6 g
per 100 mL, adsorbate 1-50 mg L™, pH 7, and temperature
27 +2°C).

Table 3
Parameters of isotherm and kinetics models
Langmuir Gm b R?
model (mgg™ (L mg™)
0.56 1.67 0.98
Freundlich K¢ n R?
model (mgg™
0.27 2.99 0.96
Pseudo-first-order g, Ky (min™) R?
model (mgg™
0.43 -0.078 0.54
Pseudo-second- e ko R?
order model (mg gfl) (g (mg min) )
0.35 0.26 0.99
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where, Cy is the initial concentration of phosphate
(mgL™h.

Ry =1 represents linear adsorption, while R; =0
stands for the irreversible adsorption process. R; <1 is
for favorable adsorption, while R;>1 represents
unfavorable adsorption. In this case, the value of R
was found to be 0.03, suggesting that the adsorption
process was favorable.

The impulsiveness of the adsorption process can
be analyzed based upon the values of Gibbs free
energy changes, AG". Langmuir constant, b, is also
helpful in finding AG® for the adsorption process as
per the following equation [45]:

In (1/b) = AG®/(RT) @)

where R is the universal gas constant (8.314]mol ™
K™) and T is the absolute temperature. Based upon
Eq. (7), the Gibbs free energy AG® observed to be neg-
ative (—1.279kJmol™") which necessarily represents
the spontaneity of the phosphate adsorption process
by RS as an adsorbent.

3.3.2. Freundlich model

The Freundlich isotherm model explains about the
adsorption process wherein a heterogeneous adsorbent
surface involves in the multilayer distribution of the
adsorbate with interaction amongst adsorbed mole-
cules. The linear form of Freundlich isotherm model is
given below as Eq. (8) [45]:

In g, = Ink 4 (1/n)In C, 8)

where ki (mgg™') is the Freundlich constant which
represents the adsorption capacity and “n” is the
Freundlich exponent that represents the adsorption
intensity. k; is related to temperature and the chemical
or physical characteristics of adsorbents, whereas “n”
is an indicator of the change of intensity of adsorption
process and also a measure of the deviation from
linearity of the adsorption. A higher value of n (n>1)
indicates favorable adsorption, where as n<1 repre-
sents poor adsorption characteristics [37]. In this
study, the values of kf and n (Table 3) were calculated
from the intercept and slope of the Freundlich
isotherm which is drawn by plotting In g, vs. In C,
(Fig. 10(b)). The value of n=2.99 suggests favorable
adsorption.

Isotherm constants of both the models are summa-
rized in Table 3. The correlation coefficient, R?, values
of both the models were higher than 0.96, suggesting

that the experimental data demonstrate a very good
mathematical fit to both the models and this can be
interpreted in terms of surface nature of the adsorbent
and affinities of different mineralogical forms present
in adsorbent towards phosphate. Though both the
models fit well, the R? value for Langmuir model
(0.98) is marginally higher than that of the Freundlich
model (0.96), which may indicate the predominance of
monolayer adsorption process over intra-molecular
interactions amongst the adsorbed phosphates.

3.4. Adsorption kinetics

The kinetic study of adsorption process is
important as it gives insight into the rate of adsorption
process, which is helpful in finding out contact time
required for adsorption to take place and also facili-
tates evaluation of reaction coefficients. To investigate
the mechanism of adsorption kinetics of phosphate
onto RS, two kinetic models, namely pseudo-
first-order and pseudo-second-order models were
analyzed. The linear forms of pseudo-first-order and
pseudo-second-order kinetic models are given below
as Egs. (8) and (9), respectively [3].

log (q. — g:) = logq. — (k1/2.303) t ©)

ta, =1/(k2- ") + (1/90)t (10)
where g, and g, (mgg™") are, respectively, the adsorp-
tion capacity at any time f and at equilibrium, k; is the
first-order reaction rate constant (min~!) and k,
represents the second-order reaction rate constant
(gmg 'min~"). The values of k; and g, were deter-
mined from the graph of pseudo-first order model
(Fig. 11(a)) that was obtained by plotting log (g.— g
vs. t. Similarly, the value of g, and k, for pseudo-
second-order model is determined from the slope and
intercept of the plot of t/q; vs. t as shown in
Fig. 11(b). The calculated kinetic parameters along
with R? values for both the kinetic models are given
in Table 3. The R* value for the pseudo-second-order
model (0.99) was much higher than that of the
pseudo-first-order model (R* = 0.54). Moreover, a very
poor correlation between experimentally observed g,
value (0.32mgg ") and that the pseudo-first-order
kinetic (0.43mgg ') was observed with negative reac-
tion constant (k; =—0.078), indicating the inadequacy
of the pseudo-first-order kinetic model. Whereas in
case of pseudo-second-order kinetic model, the calcu-
lated equilibrium adsorption capacity (g,=0.35mgg™")
was in good agreement with that of the experimen-
tally obtained value (,=0.32mgg ). The results
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Fig. 11. Kinetic models for phosphate adsorption on RS:
(a) Pseudo-first order, (b) pseudo-second order and (c)
intra-particle diffusion. (Conditions: contact time 5-120
min, agitation 175rpm, adsorbent 6 g per 100 mL, adsor-
bate 20 mg LY, pH 7, and temperature 27 + 2°C).

indicated that the adsorption kinetics of phosphate on
RS follows pseudo-second-order kinetics. The best-fit
pseudo-second-order kinetics presumes that the rate
of adsorption is proportional to the square of the
number of unoccupied sites on the adsorbent surface
and to the concentration of adsorbate in the solution

as well. Thus suggesting that the adsorbates can be
bound to different binding sites on the adsorbent.
Similar types of findings were also reported by earlier
researchers [3,36,38].

Basically, the adsorption process is controlled by
the slowest steps of the reaction, i.e. either external
mass transfer (film diffusion) or intra-particle diffusion
(pore diffusion) or by both. The rate-limiting step of
the adsorption process can be predicted by diffusion
coefficients calculated from a diffusion model. The
presence or absence of intra-particle diffusion can be
confirmed by the application of the linear form of the
Morris—-Weber equation as mentioned below in
Eq. (11) [46].

g =k, t'? +C (11)
where k, is the intra-particle diffusion rate constant
(mgg 'min'/?), g, (mgg ") is the phosphate uptake
amount at time ¢ (min), and C is the constant indicat-
ing the thickness of the boundary layer. Plot of g; vs.
t'/2 is shown in Fig. 11(c). The coefficient, k,, can be
determined from the slope and C from the intercept of
the plot. Fig. 11(c) shows that the plot of g; vs. t'/? is
not a straight line, indicating that intra-particle diffu-
sion is not the only rate-limiting step. Along with
intra-particle diffusion, other mechanisms may also be
involved in the adsorption process. The presence of
first, second, and third step on the curve is possibly
due to the presence of boundary layer diffusion, intra-
particle diffusion, and saturation step, respectively.
Therefore, both pore diffusion and film diffusion are
likely to affect the adsorption process. This supports
the earlier discussion (section 3.2.6) about the diffu-
sional nature of the adsorption process.

3.5. Column study

In case of column study, the influent flows contin-
ually through the adsorbent bed showing greater simi-
larities to the flow conditions of an actual long-term
treatment process. From the practical utility point of
view, column study which simulates actual wastewa-
ter treatment processes provides more reasonable
laboratory results. So, the column study was per-
formed to investigate phosphorus removal efficiency
of adsorbent by implementing all the optimized
adsorption process parameters obtained from batch
study. The flow rate was adjusted to 4.2mLmin "
with the help of peristaltic pumps, in order to main-
tain the equilibrium contact time for phosphate
adsorption, i.e. 90min. The breakthrough curve as
obtained from the column study is illustrated in
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Fig. 12. Breakthrough curve of column study. (Conditions:
flow rate 4.2mLmin}, pH 7, bed height 20cm, and
initial phosphate concentration, Cy, 20 mg L™).

Fig. 12. The breakthrough time corresponding to
95.33% removal of phosphate, ie. an effluent
phosphate concentration less than 1mgL™" was found
to be 19h; whereas, exhaust time matching to 5%
removal of phosphate was 88 h. The volumes of water
treated corresponding to breakthrough time and
exhaust time were 4.75 and 22 L, respectively. It took
3.2h for the exchange zone to be formed initially. The
height of the exchange zone was 16.2 cm with a move-
ment rate of 0.23cmh™'. From the breakthrough
curve, the equilibrium adsorption capacity of RS corre-
sponding to breakthrough time was calculated to be
0.30mg g !, which is in good agreement with the equi-
librium adsorption capacity (0.32mgg™") obtained
experimentally. The observed minor difference
between the batch and column operation may be due
to the difference in mode of interaction of adsorbate
and adsorbent in the two cases. In batch mode, liquid
state predominates and constant agitation may help in
proper exposure of binding sites and minimizing the
thickness of the mass transfer barrier as well. On the
other hand, in column mode solid state predominates.
Liquid flow through the adsorbent bed may result in
incomplete exhaustion of the adsorbent due to chan-
nelization of flow. Thus, the lesser equilibrium capac-
ity compared to batch mode.

3.6. Effect of coexisting anions

Common anions such as SO2~, NOj, and CI~ are
generally present in wastewater and might show
competition to phosphate adsorption onto RS. Typical
concentrations of SO;~, NO;, and CI” in high strength
domestic wastewater were found to be 50, 70, and
90mgL~!, respectively [44]. So the intervention of
coexisting anions on phosphate adsorption was
evaluated by considering 50mg L™ of SO3~, 70 mg L™’

Table 4
Effect of coexisting anions

Concentration of anions

-1
(mgL % phosphate removal
PO;~ SO;~ NO; Cl-

20 0 0 0 95.3

20 50 0 0 95.5

20 0 70 0 95.9

20 0 0 90 96.2

20 50 70 90 94.0

of NOj, and 90mgL™" of Cl” ions as model compet-
ing anions. Maintaining the phosphate ion concentra-
tion as 20mg L', the experiments were carried out at
pH 7 and at an adsorbent dose of 6 g per 100 mL. The
results given in Table 4 show no significant change in
phosphate adsorption onto RS, after adding coexisting
anions with concentrations more than that of phos-
phate ions. This may be attributed to the specific
adsorption of phosphate onto the specific active site of
the adsorbent, which is not generally influenced by
the presence of other ions [43]. The observation dem-
onstrates that RS has high adsorption selectivity
towards phosphate. So, RS could remove phosphate
effectively even in the presence of coexisting competi-
tive anions, which is advantageous for its potential
application as an adsorbent for phosphate removal
from real domestic wastewater.

3.7. Treatment of real domestic wastewater

The applicability of RS as adsorbent was also veri-
fied with real domestic wastewater. The characteristics
of the domestic wastewater before and after adsorp-
tion are given in Table 2. The optimized parameters
obtained through the batch and column study of syn-
thetic phosphate solution were adopted for phosphate
removal from real domestic wastewater. The concen-
tration of phosphate in the domestic wastewater was
very low, 5.62mgL™!, as compared to the synthetic
phosphate solution (20 mgL™"). The batch study with
real domestic wastewater revealed that the adsorbent
dose of 2.5g per 100 mL and an equilibrium time were
sufficient enough to get an effluent concentration of
0.01mg L™" of phosphate, resulting in a removal effi-
ciency of. The higher equilibrium time (110min) of
real sample as compared to synthetic sample (90 min)
may be explained on the basis of higher removal effi-
ciency of real sample (99.8%) than that of synthetic
one (¥96.5%). Since up to equilibrium time, increase in
contact time results in increase in removal efficiency
[37]. Adsorption data fitted well to Langmuir isotherm
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(Ce/q.=2.43+3.206 C,, R*=0.904) with the maximum
adsorption capacity (g,) of 0.311mgg™". Experimen-
tally calculated values of R; = 0.118 and Gibb’s free
energy change, AG® = —0.698kJmol™', suggest the
favorability and spontaneity of the process. The col-
umn study was performed by pumping domestic
wastewater with the help of peristaltic pump at a flow
rate of 42mL min~' through the column packed with
RS as an adsorbent. The column was operated for a
period of 7 days, during which there was no appear-
ance of the exhaustion point. The breakthrough time
corresponding to 83% removal of influent concentra-
tion was found to be 70h. In this case, 83% removal
(less than 1mgL™" of effluent phosphate) was opted
as the breakthrough point instead of 95.33%, since the
initial phosphate concentration was low. During
column mode of operation, leaching study was
performed to find out the leaching potential of the
constituents of adsorbent (Si, Fe, Al, Mg etc.). Even
though the adsorbent contains a considerably high
amount of Si, Fe, Al, and Mg, insignificant leaching of
the components was observed in the treated water.
The aluminium leaching was reported to be approxi-
mately 0.129mgL™" followed by iron leaching (0.037
mgL™") and there was no trace of other constituents
of adsorbent found in the effluent of column study.
The results of column study revealed that apart from
phosphate removal, there was some variations
observed in the values of other parameters like TDS,
NO5-N, NHI—N COD, BOD, DO, etc. The removal of
TDS, ammonium ion, COD, and BOD may be a result
of effective adsorption onto the RS. However, a minor
increase in the value of the DO is possibly due to the
passive aeration during percolation of wastewater
through the adsorbent bed. Aeration may also result
in nitrification of some ammoniacal nitrogen, thereby
slight increase in value of nitrate was observed after
passing through the adsorbent column [31].

3.8. Desorption study

A good and efficient adsorbent should have a basic
property of reusability. It should respond well to pro-
cess of desorption which is essential for regeneration
of the adsorbent. In this study, approximately 6 g of
phosphate loaded RS was subjected to desorption in
100 mL of 0.1 M KCI solution agitated at 200 rpm for
24 h (other parameters maintained at the same value
as that of adsorption experiment) following slightly
modified procedure as described by Ye et al. [47]. The
desorbability of phosphate was found to be in the
range of 75-80%. Though very high rate of desorption
was observed for RS; however considering (i) the local

availability of RS, (ii) cost of desorption process, and
(iii) applicability of spent RS as phosphate fertilizer,
desorption process is not encouraged. However, the
desorption followed by reusability of the adsorbent
was explored in this study. The desorbed adsorbent
was washed several times with distilled water to
neutral pH and dried in hot-air oven at 100°C for
overnight before using for phosphate adsorption again
[48]. In the second time use (maintaining all optimum
parameters), the phosphate removal efficiency of the
adsorbent was observed to be 67-71% as compared to
approximately 96% in the case of first use. The
observed lesser efficiency in second use is possibly
due to the occupancy of some of the active sites of the
adsorbent by the nondesorbed phosphates (since the
desorption rate is 75-80%). There is also probability
that the number of active sites for adsorption
decreases after every use of the adsorbent. The
desorption results represent two very important
phenomena. Firstly, the adsorption of phosphates on
RS is relatively reversible, suggesting the type of
adsorption might be a case of physical adsorption as
discussed earlier (section 3.2.6). Secondly, the easily
desorbed phosphates indicate the availability of labile
phosphates for growth of plants, thereby making the
application of RS as an eco-friendly and green adsorp-
tion technology for the removal of phosphates from
domestic wastewater. The spent RS can be applied as
soil conditioner and as phosphate fertilizer safely in
agricultural uses.

4. Conclusion

The present study evaluates the efficacy of RS as
an adsorbent for the removal of phosphates from
synthetic as well as real domestic wastewater. In
this study, the phosphate adsorption by RS was
observed to respond well to both the Langmuir and
Freundlich isotherms. Best fit to the pseudo-second-
order reaction kinetics indicates that both the concen-
tration of adsorbate as well as adsorbent govern the
phosphates adsorption rate by RS. Intra-particle
diffusion model suggests the diffusional nature of the
adsorption process. Both film diffusion and pore dif-
fusion governs the rate of adsorption of phosphate
onto RS. Based upon the experiments, it can be con-
cluded that the application of RS for adsorptive
removal of phosphates is highly favorable and a
spontaneous process. Therefore, it can be proposed
that RS can be used as a low cost and highly
efficient natural adsorbent for removal of phosphates
from wastewater.
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Abbreviations

PIXE — proton induced X- ray emission

PIGE — proton induced y- ray emission

PAOs — phosphorous accumulating organisms

DPB — denitrifying phosphorous removing bacteria
RS — red soil

RST  — red soil treated

ZPC  — zero point charge

List of symbols

Co — initial phosphate concentrations, mg L™

C. — equilibrium phosphate concentrations, mg L™

e — eq?ilibrium uptake capacity of adsorbent, mg
)

qs — adsorption capacity at any time t, mgg "

Gm — maximum adsorption capacity, mgg '

b — Langmuir adsorption constant, L gf1

Vv — volume of phosphate solution, mL

m — mass of adsorbent, g

Rp — separation factor

AG®  — Gibbs free energy changes, k] mol™"

R — universal gas constant (8.314) Jmol ' K™

T — absolute temperature

ke — Freundlich constant, mgg ™"

n — Freundlich exponent

kq — first-order reaction rate constant, min™

ko — second-order reaction rate constant, g mgf1
min !

kp — inFraia}igrticle diffusion rate constant, mg g™’
min
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