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ARTICLE INEO ABSTRACT

The diacharge of ex@efssive concéntratlon of nrthnphgsphate (PO4=P) tons Info the receivlng water causes
enviranmental prablems sueh as “autrophication.” The alm of the presept study was ta lnvest!gate the
adserption behavier of limestene (1), granular activated earben (GAC) and the mixture of both adsorbents
for orthephesphate remeval fram doniestie wastewater. The range of Initlal concentration of PO4-P
thraugheut the study was between 8 and 25 mg/L. Effects of contact/settling times, pH, adsorbent dosage,
initial espeentration, a@&arpﬁ@n isotherm madels and kineties weve studled |n bateh-scale experlments while
for the eolump expeviments, the effeets of flow rate, pH and initial coneentration werg studied. Limestone
alane was shewn 8 be an effective adserbent whieh has potential to remave over 90% orthophosphate at
eptimum eonditions. The lewer initial eancentiation (2.5 mg BO4=R/L) yielded the maximum remaval (84%)
eompared to the higher eaneentration (86% rermeval at 100 mg P@4~PIL) Freundlleh and Langmulr Isotherms
pravided gaed corielation eesfficient for PO4<P and the data agreed with the pseudo-gecond-order kinetics
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1. Introduction

Fresh water for human needs is a precious natural resource that in
many parts of the world is becoming more scarce due to climate
change impacts and increased human demands. Its sources and
security of supply has become a key concern for communities and
more attention is being made on water conservation and use
efficiency, new water sources and advanced treatment technologies
and water reuse. In recent years water recycling has become an
important resource for agricultural and domestic use, including for
potable supply in some countries. Since the early 1970s, the presence
of phosphorous in domestic wastewaters has received increased
attention due to the realization of negative impacts it can have on
receiving waters in the environment, In wastewater treatment
processing, phospharus is a vijtal nutrient for bacteria needed to
degrade and biologically stabilize the organic wastes, Phospharus is

.8lsq an esseptial nutrient for plant grawth in lpkes and. streams; .-
Phosphorus is generally present in_the form of oxthophosphate }

(condensed phosphate or polyphosphate) in natural and waste

* Corresponding author. Tel.: 460 4 5996203; fax: + 60 4 5941009,
E-mail address: cehamidi@eng.usin.my (H.A. Aziz).

0011-9164/5 - see front matter © 2011 Elsevier B.V. All nUan resetved,

doi:10.1016/j.desal.2010.12.046

waters [1]. It commonly originates from human and animal wastes,
agricultural runoff and household detergents. The discharge of
excessive amount of phosphate jons from wastewater treatment
plants may adversely affect the water quality of a receiving body.
Domestic wastewater is an important source of inorganic nutrients
such as ammoniacal-nitrogen (NH4-N) and orthophosphate (PO4-P)i
Phosphorus was found between the levels of 3-15 mg/L in domestic
wastewater; merely about 3 mg/L was formed by the breakdown of
protein wastes while the majority came through the usage of
detergents [2].

Many countries around the world including the European Union
allow 1-2 mg/L as the limit of total phosphorus (TP) for effluent
discharge in wastewater freatment plants. However,-some regions
followed more strict measures of around 0.5-0.8 mg P/L to control
eutrophication [3]. Algal blooms can occur if the concentration of
PO4P exceeds 0.1-0.5 mg/L. which cause “eutrophication” in the
rgcelvmg water, thus phosghth remoyal, is am gs;gntial u:ur g;
domestic wastewater treatment [4,5], '

Phosphorus removal can be brought about by several avallable
wastewater technologies such as biological, coagulation-flocculation,
physico-chemical and electrolytic. These include adsorption, ion
exchange, chemical precipitation and membrane filtration/reverse
osmosis [6]. Some of them are relatively expensive to run due to high
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operational and maintenance cost. Biological process is a low-cost
operating technology compared to chemical process. But the process
could not achieve the required level of phosphorus removal compared
to a well-run physico-chemical process [7,8]. In chemical precipita-
tion, alum, lime and iron salts are widely used as effective coagulants
for the removal of phosphate and ammonium jons from wastewaters.
However, handling of high volumes of sludge, its disposal and
neutralization of the effluent are the major disadvantages of this
2chnology [6]. Orthophosphate removal has been accomplished by
chemical precipitation as a wastewater treatment technology.
However, as a new approach, its removal and recycling technologies
have not been widely implemented due to scarcity of advanced
scientific knowledge [9].

Pure MgO and low-grade MgO (LG-Mg0) were used as a source of
magnesium for the removal of ammonium and phosphate ions from
wastewater by precipitating in the form of ammonium magnesium
phosphate (MAP) MgNH4PO4 compound, also known as struvite. Pure
MgO performed better than LG-MgO but it has substantial cost-
efféctivé disadvantages [10]. The recovery of MAP, though, would be
béﬂeﬁda]‘tﬁ't ¢ Fagarsoureeof agricultural fertilizer [9], Aguilar et al.
[1 oited aboiit 100% orthophosphdte rermoval using different
glildtts siich d dllitiinldid sulphate, ferric sulphiate dd poly-
aﬂimlﬁlhtﬂ thioHded With 6 witholit coaglaitt aids stich as gowdered
iettvated c’aH)Bh. bretlpntated talelurt caibonate, catiohle polyacryl-
amlde. polyacryllc ac1d polyvinyl alcshol and anionic polyacrylamide.
The additioii of theseé éoagldnt alds caused reduction of shudge
voluiiie of ip t6 41.6%. still the figh cost of chericals usage is the
fmai disad\iantagéx

i Bider to solve these problems, it is desirable to develop a low-
cost ahd., siriple, trédtinefit dlterndtive. Doméstic or municipal
3 dtet tredtiiient could be achieved by adsarption using various
1 ctivated carbons; in graiitilar of powdered forms, are
: t8 dité to the availability of their high surface area
which éntidriced adsorption i rate. However, its expersive regeferation
and dfs[jbsa] probletiis até the major disadvantages of this material [6].

~The remioval ofphosphate by adsorption is quite simple and
converient, Sticcessful results were reported by various researchers
using differefit adsorbents such as fly and bottom ashes [12-17],
opoka and calcinated opoka [18], ZnCly-activated coir pith [19],
natitral indigenous rocks and waste materials [20-=22), red mud and
sand [23,24] and calelum hydroxide, iron oxide, mesoperous alumina
[25-27] from wastewater. Litnestone and zeolite were used as filter
media to adsotb dnlons and catlons from rainfall runoff [22],
Phosphate jon can be removed by lon exchange or phiysieal adserption
[20]. Tanik and Comakoglu [28] evaluated effective phosphorus
remoVal efficlericy from domestlc wastewater by rapid infiltration
Jystern throtgh parous media (sand and gravel from crushed stone).
The range of phosphorus removal achieved in the system was about
46-93%. The fefmoval efficiency increased with decreasing effective
size of soil media, The system wis considered to be suitable because of
low-cost fhedla atid eslergy saving,’

. Rahmar et al, [21] irivestigated wastewater treatmerit with
multllayer imedia cotisisting of natural irdigenous rocks (andesite,
grahite, limestone and nitrolite) and waste materials (refuse concrete,
waste paper and charcoal). In the multilayer media system, the
removal of phosphate ion from wastewater, the combinations of
andesite and nitrolite with charcoal and refuse concrete showed
relatively higher efficiencies. In the single medium treatment, the
removal efficiencies using andesite, nitrolite, refuse concrete and
charcoal were 18%, 36-66%, 55-91% and 11-17%, respectively.
Therefore, the addition of refuse concrete in the multilayer system
resulted in higher potential to remove phosphate ion.

Kietlinska [18] stated that treatment of landfill leachate is difficult
because of its complex composition. He performed a short-term
column experiment to study the effect of opoka adsorbent for the
removal of orthophosphate from landfill leachate. Columns I, I}, Il and

._..\“.:

IV were filled with opoka (Polonite) (<1 mm grain size), sand (2 mm),
calcinated opoka (<2 mm) mixed with zeolite (2 mm) in the ratio 1:1
and peat mixed with calcinated opoka, respectively. Columns I and II
removed about 42% and 39% ortho-P, respectively while columns III
and IV removed more than 90% of ortho-P. Kirk et al. [16] investigated
the removal of soluble phosphorus from wastewater using coal bottom
ashes. The lignite bottom ashes had higher adsorption capacity
(80-600 mg P/kgasn) as compared to bituminous (14-1000.002 for
flowrate =10 mL/min mg P/kgasn). The bituminous and lignite coal
bottom ashes removed about 73% and 82% phosphorus, respectively.

Namasivayam and Sangeetha [19] studied the sorption capacity of
phosphate from aqueous solution using ZnCl,-activated coir pith. The
results suggested the possible monolayer coverage of phosphate on
the surface of ZnCly-activated coir pith. The adsorption kinetics
showed a clear idea about pseudo-first-order and pseudo-second-
order kinetics. It was concluded that the calculated q. values of
second-order-kinetic were in agreement with the experimental
values compared to the pseudo-first-order kinetics. The correlation
coefficient R? values of the second-ordey:kinetics were greater than
0,89, Therefgre, the study was ipreséited by the second- -rder-
Iirtetic model, THe perceritage reifiaval IiEféised frotil 20% to b5%
with ificteased adsorBeht desaie froiti 38 fo bbb xﬂg. réébecﬂvely

“Limestotie is a low-priced matetial "Us8 19/tod” coitipated t6 the
cost bf detivated carbon “US$ g 7/kg“ 159] it hds fowri good
adsorption potential in seVeral stuiles [22‘29~32] The tain purpose
of the present study was to investigdté the effect and ddsorption
behavior of limestone, activated carbori dtid rhiktiite of both ateiials
as filtering medid for PO4-P temoval fioiti doitiestle \wastewater. This
study was focused on the establishifit 6 essetitlal pardimeters for
the desigri of litnestone of hixtiite of liftiktotie dtid activated tarbon
filter as a post-treatmerit of domestic wdstewater before releasing it
into the recelving water.

2, Materials and metliods
2.1. Wastewater analysis and adsorbents

Wastewater samples were collected from the influent point of the
oxidation pond at Engineering Campus, Universitl Sains Malaysia,
Penang, Malaysia, The exldatlon pand recelves a mixture of domestic
wastewater frem hostels, administrative blocks, schools and cafeter-
jas, Characterization of the wastewater involved the determination of
NH4=N, PO4=P, COD, BOD, turbidity and suspended solids (5S) using
HACH DR2500 spectrophotometer, The pH of wastewater samples
wag analyzed onsite, immedlately after sample collection. The
samples were collected in plastle contalners and stored at 4 °C before
analysls. Domestle and synthetle wastewater samples were used in
batch and column experiments, respectively, The pH was adjusted by
the addition of 0.1 M H80,4 or NaOH salutions. All parameters were
analyzed in accordance with the Standard Methods for the Examina-
tion of Water and WasteWater [1]: Ammomacal nitroger (NH4-NJ was
determined using Nesslerization method (4500-NHj). Orthophos-
phate (PO4-P). Was detetimified: using:: olybdoVanadate Method
(4500-P). Chemical oxygen demand (COD) was determiried usmg
Colorimetric Method (5220-D). BOD: qu ‘determined using 5-Day
BOD Test (5210-B). Turbidity and suspended solids were determined
using 2130 and 2540 Methods, respectively.

The properties of adsorbents, limestone (LS) and granular
activated carbon (GAC), used in the experiments were obtained
commercially from the industries as discussed by Hussain et al. [29].

2.2. Batch study

The batch study was conducted to establish the removal pattern of
PO4-P using limestone (LS), granular activated carbon (GAC) and the
mixture of both adsorbents. The effects of contact and settling times
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were determined prior to the main experiment. Settling was allowed
in order to examine the effect of particle sedimentation after shaking.
The total volume of adsorbent mixture (LS:GAC) and contact speed
were adopted as 40 mL and 350 rpm, respectively [29]. The LS and GAC
combinations (v/v) were 0:0, 40:0, 35:5, 30:10, 25:15, 20:20, 15:25,
10:30, 5:35 and 0:40 corresponding to 0:0, 104:0, 91:7, 78:13, 65:20,
52:26, 39:33, 26:40, 13:46 and 0:53 on mass (g) basis. The range of
initial concentration of PO,-P was 6-25 mg/L throughout the study,
except for the experiment on the effect of initial concentration. To
determine the optimum contact time, 250 mL conical flasks containing
120 mL of domestic wastewater with 40 mL of media mixture (LS:
GAC) ratios 0f 0:0,40:0, 35:5,30:10, 25:15 and 15:25 were agitated on
an orbital shaker at uniform shaking speed. The conical flasks were
removed from the shaker one by one after 30, 60, 90, 120, 150, 180,
210, 240 and 270 min. A settling period of 120 min was allowed prior
to withdrawing the supernatant for PO4-P analysis. The optimum
settling time was determined in a similar fashion as the optimum
shaking time and the supernatant withdrawn after 30, 60, 90, 120, 150,
180, 210,240 and 270 min for analysis. Samples were adjusted to pH 2,
5,7, 11 and 13 (with 0.1 M HE| oy NaO[) ta determine the effect of pH
on PR;-P removal af differeljf mixture ratios of LS:GAC i.e. 0:0, 40:0,
25:15, 20:20 and 0;40. Three ranges of particle size of both adsorbents
were used, L.e,, D.65-1.14 mm, 1.14-2.0 mm and 2.36-4.75 mm. The
effect of initial concentration ranging from 2.5 to 100 mg PO4-P/L was
studied, Data for Freundlich and Langmuir isotherms generation were
obtained by varying the amount of adsorbent mixture from 5 to 40 mL.
The isotherm constants and least squares corielation coefficients (R?)
of both models were compared to determine the best=fit jsetherm
model, Adsorption kinetlgs was studied based on psendo-flrst=order
and pseudo-second-order rppdels. All experiments were eonducted at
room temperature (28 2 °C),

2.3, Column study

A column, 7.5 cm diameter and 17.5 cm bed height, filled with a
mixture ratio of LS and GAC 25:15 was employed for this study. The
column was operated in up-flow mode without effluent recycle. The
particle size of hath adsorbgiits (LS and GAC) used was 2,38-4.75 mi
The operational conditlans of this cojumnn experiment are shewsn fi
Table 1. The calumn Was gleaned. with diluted nitric acid. and rinsed
with distilled water before the experiments. The limestone and
granular activated carbon mixture was air-dried at room temperature

Table 1
Adsorbent characteristics and operational parameters of the experimental set up.

Flow rate (mL/min) 10 and 30

Column height (cm) 20

Internal diameter (cin) 7.5

Area of column (cm?) 44,18

Column material Glass fiber (plastic)
Bed height (cm) 175

Bed volume (cm?)
Adsorbents, ratio

773.13

Limestone and granular activated carbon
I o e = -(15:GAG; 25:15)- - - » b i B
Bulk density of LS:GAC 1769

(25:15) (kg/m?)
Mass of adsorbent (g) 741
Particle size range (mm) 2.36-4.75
v VRN\(_%) o )\ Fop ' ~4ﬁ,4 ,‘ ; 3 :,"‘:},: - T LREE
Type of pump Master flex/peristaltic pump
Empty bed contact time ~ ° 12.9
EBCT (min)

Retention time (min) 13.86 for flowrate = 30 mL/min
41.59 for flowrate = 10 mL/min
0.007 for flowrate =30 mL/min
0.002 for flowrate =10 mL/min

Up flow (without effluent recycling)

Filtration rate (m*/m? min)

Mode of flow

(2542 °C) for 24 h prior to filling the column. The mixture in the
column was cleaned with distilled water for 24 h in an up-flow mode
to remove any trapped air and unwanted impurities from the bed. The
effects of flow rate, pH and initial concentration on column
performance were investigated.

3. Results and discussion

Characterization of domestic wastewater: The composition of raw
domestic wastewater collected from the influent point of oxidation
pond is shown in Table 2. The measured average density of limestone
and granular activated carbon were 2598 kg/m?® and 1265 kg/m?,
respectively.

3.1. Batch study

3.1.1. Preliminary experiments )
Effects of contact and settling times and shaking speed, The effects of
contact and settling times at different ratios of LS:GAC were evaluated
at constant settling time and contact speed 35 shawi in Figs, 1 and 2.
Here 0:0 means there was no adsorbent, whiel) canfiymed negligible
removal of PO4-P. It was observed thaf PR4:-p '{gmg}{%;w‘mch‘
was=90% (as the initial concentrafion decreased from” 16 mg/L to
0.50 mg/L) at contact times ranging from 30 fa 270 mjn. The contac{
times between 150 and 180 min showed good performance with
about 95%, 89-94% and 65-70% remavals using LG:GAG ratios of 35:5,
25;15 and 15:25, respectively, The results indlcated that Increased
desage of GAC In all ratios showe) slgnificant decrease in removal.
This may be due ta higher physico-chemical sarption capacity of 1S for
PO4<P compared to GAC which generally represents physical sorption.
Rig. 2 shaws the effect of settling tlme In simulated sedimentation
after shaldng of the adserbent mixtures on sorptlon capaeity, It was
ebserved that increase in settling time shawed a little ephaneed
removal. Settling times of 120-130 min showed hetter remavals of
about 91-94%, 92%, 89-92%, 85-87% apd 72% for ratios 40;0, 35:5,
30:10, 25:15 and 10:30, respectively at optimum contact time of
150 min and shaking speed of 350 rpm. The aptimum contack and
settling times were adopted as 150 and 120 min<for, the rest of the
experiments. - PR EN b TLai B
- Flz.3 shows that limestone has pofential o remove approximately
80% orthophosphate at higher shaking speed ranging between 300
and 400 rpm. The initial PO4-P concentration of 20 mg/L was reduced
to a final concentration of 2 mg/L. Increase in shaking speed causes
better surface contact between the adsorbent and the aqueous
solution, thus enhanced the sorption rate.
(

3.1.2. Effect of pH

Fig. 4 shows the effect of various pH values, i.e. 2,5,7,11 and 13 on
the sorption of PO4-P at the mixture of LS:GAC taken in different -
ratios. The agitation of the aqueous solution without adsorbent
confirmed almost negligible removal over the entire range of pH
values. However, it is clearly observed that limestone alone showed

Table 2

Domestic wastewater characteristics,

“barameter Units Range  Average
Ammoniacal nitrogen, NH-N mg/l C o625 ¢ 15
Orthophosphate, PO4-P mg/L 11-20 16
Ccob mg/L 98-123 111
BODs mg/L 30-43 37
SS mg/L 25-65 45
Turbidity NTU 62-77 70

pH 6.45-6.95 6.70
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Fig. 1. The effect of contact time versus PO4-P removal (conditions: LS, 2.36-4.75 mm;
GAC, 0.65-2.36 mm; shaking speed, 350 rpm).

hnlforl'd reiho\ral (>94%) over tie entlre range of pH "3-13" whieh
means thaf tﬁe removal was unaffeeted by the initlal pH of the
wastewater, The LS:CAC ratios 25:15 arid 20:20 attained about 87%
nd 82% P04-P rériigval at nedtral pH (7), respectively. For the
mixtiire ratios of L5:GAC 25:15, 20:20 and 0:40, sorption capacity was
sllghtly decx‘eased at alkaline pH. GAC alone rerhoved about 94% at pH
5'biut’ ﬂus was réduced to 67% under alkaline conditions (pH 13). The
restilts indicated that tHe phosphate ‘sorption capacity tends to
dectease withi tiie ificiease of initial pH of the solution which is in
agreeinént with Zeng et al. [26], who stated that phosphate removal
ecréased by increasing the initial pH of the aqueous solution from 3.2
) 95 Srinivasan et al. [22] investigated the ablhty of hmestone to
renrfoval of phosphate (>94%) over the pH range of 2-13, subsequent
experiments were conducted at neutral pH.

3,1.3. Effect of adsorbent mixture ratio (LS:GAC) and particle size
Fig. 5 shows the effect of varying the LS:GAC ratlo en the serption
capacity of PO4-P. The results indlcated that the LS alone, ratie 40:0,
has potential to adsorh about 98% PO,-P from aqueous selution at
opti ufti .exp‘erﬁnehtﬂ cotiditions; theé initial PO4-P concentration of
20 mg/l w3s redUCed to 0.5 mg/L. While the ratio 25:15 yielded about
I {scleatly observed that the ratios 40:0, 35:5 and 30:10
joval. However the sorption capacity was
reduced o’ about 70% when ratio 0:40 (GAC only) was used. This was
itobably dife to the fact that the physio-chemical/adsorption/anion

100‘ !:A pabte of $ ma
g T
= e—e—e\w
22 60
©
5
E 4 —8—40,0  —a— 355  —»— 3010
g 40 — 25115 —6— 15:25
o
20 A
0 T T T

T T T T T T
0 30 60 90 120 150 180 210 240 270 300
Settling Time (minute)

Fig. 2. The effect of settling time versus PO4-P removal (conditions: LS, 2.36-4.75 mm;
GAC, 0.65-2.36 mm; contact time, 150 min; shaking speed, 350 rpm).
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Fig. 3. The effect of shaking speed on the sorption capacity of PO4-P (conditions: PO4-P,
20.10 mg/L; LS, 2.36-4.75 mm; GAC, 0.65-2.36 mm; pH, 6.84).

ERNRl Pl stwlen iyt b e g

exchange qr galchun bhqsphdte p:ecl {bf/ tapacity of llrﬁestbhe
was el higher thin the physled] kiation of ghanular etlpated
carbon, Increase in pH aftér certain agltafloh was attrlbuted to
incredsed dosage of CAC (initial pH of GAC was arbutid §-10) at
various LS:GAC ratlos. Limestorie Inéréased thie Inflierit pH of 6.79 to
the final effluent pH of 8.5. In the présent sttidy, the ratio 25:15 was
adopted as optimitiri thixtute fatio as it riot ofily hds ability td remove
PO4-P (about 93%) but also yielded substantial removal around 58% of
NH4-N [29], which could reduce the cust of expensive idsorbent
(GAC).

Fig. 6 shows the effect of various particle size rarges i.e. 0.65-
1.14 mm, 1.14-2.0 mm and 2.36-4.75 mii1 on the sorption capacity of
orthophospliate. The adsorption capacity was not significantly
affected by these different particle sizes when 40:0 and 35:5 ratios
were used which showed consistent reminval of about 97-99%. As the
dosage of GAC increased, PQ4-P sorption tapacity decreased to some
gxtent for 30:10, 25:15 and 15:25 ratios,

3.1.4. Effect of initial concentration and adsorbent dosage

Fig, 7 shows the effect of varying injtlal PO4-P concentration from
2.5 to 100 mg/L on the sorptioti capdcl ty“'t:.the sorbént thixture of LS:
GAC, 25:15. It was observed that lowér ihitial coriceritration (2.5 mg
PO4-P/L) resulted in higher removal efﬁcnency (94%) compared to the
higher concentration (80% at 100 mg PO.LP/LY. This is due fo the
greater relative availability of sorption sités on the sorbent imixturé for

100
80 -
2
< 601
8 — 0.0 &— 400 2516
. —a— 2020 —— 0:40
O
e
20
0 e T e T ¢\l‘ - 4[’-‘4
4 5 7 19 13

pH

Fig. 4. Effect of pH on PO4-P removal at different ratios of LS:GAC (conditions: shaking
speed, 350 rpm; contact time, 150 min; settling time, 120 min).



S. Hussain et al. / Desalination 271 (2011) 265-272 269

100 14.0
1135
) 113.0
1125
112.0
+11.5
+11.0 %
1105
+10.0
195
+9.0
185

—&— PO4-P
—e— pH after shaking

[23
o

Removal (%)
3

20+

0 . . T T " . : T 8.0
40:0 855 30:10 25:15 20:20 15:25 10:30 5:35 0:40
Mixture Ratio (LS:GAC)

Fig. 5. The effect of mixture ratio LS:GAC versus removal (%) (conditions: PO4-P,
20.0 mg/L; shaking speed, 350 rpm; contact time, 150 min; settling time, 120 min;
pH, 6.79).

PO4-P remova, m fhe case g_[ figher j.r;i'tia] P0O4-P concentration, the
total number af availablé sqrption sites Was exceeded by the moles of
PO4-P whicly caused the deerease i the phosphate adsorption rate.

Fig. 8 shows PO4-P remaval as a function of adsorbent dosage using
the optimum ratio 25:15, It was observed that the increase in
adsorbent dosage increased the percentage removal of PO4-P. The
5mL dosage resulted in ahout 66% removal while the maximum
removal of 91% was achleved with both 35 mL and 40 mL dosages.
Higher dosages increased the available surface area and lead to
greater adsorption,

3.1.5. Adsorption isotherm

Freundlich and Langmulr adserption isetherm medels were
applied to study the adsorption capacity of limestone and granular
activated carbon for the removal of orthophesphate at eptimum
conditions from wastewater.

The Freundlich model is expressed as follows [6];

X =Kl )
m

where x/m 19 ihe amount of POy-F adserbed per uplit Mass of
adsorbent (mg/g), Ce Is the equilibrium eshicetitration (mg/L) and, K;
and 1/n are the Freundlich |sptherm) eanstant (LANE) 406 IHtensiey ar
adsorption, respectively. Large K¢ value shows that the adsorbent has a
high adsorption capacity for the adsorbate and small value of 1/n

100 T—f——=pg E ;

80
X . —o0—0.65-1.14 mm
5 © —8— 1,14-2.0 mm
3 —&— 2.36-4.75 mm
E 40+
o

20

0 ;

40:0 855 30410 25145 20:20
Mixture Ratio (LS:GAC)

15:25

Fig. 6. The effect of media size for PO4-P removal at different mixture ratios (conditions:

shaking speed, 350 rpm; contact time, 150 min; settling time, 120 min; LS:GAC, 25:15; +

pH, 6.87). :
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Fig. 7. Initial concentration versus removal (%) (conditions: shaking speed, 350 rpm;
contact time, 150 min; settling time, 120 min; LS:GAC, 25:15; pH, 6.91).

means that adsorption bond is strong. A linear plot pf log x/m versus
log Ce yielded the following values of Frenfidliclj {safherm canstants
as shown in Fig. 9, I AL ANl S
K; = 27.18,1/n = 1.06 and R* = 0,94

The Langmuir isotherm model is expressed as follows:

aooag o 11
M= T O AT m*% @)

The values ef g, b and eorresponding correlatjon coefficients (R?)
are 0.0063 L/mg, 3.0183 mg/g, and 0.94, respectively, Fig, 9 shows that
the cerrelation coefficient (R®) values for Freundlich and Langmulr
isetherms aye same, Thus, the experimental data fits both, Freundlich
as well Langmuir adserption isatherm. Langmulr madel agsumes the
formatien of a mene layer of the adserbate an the adsorbate where as
Freundlich model explains the faultl layer fagmation, The farmer hipts
towards surface homegeneity wherg as the later towards surface
heterggeneity. The fitting of both magels ean be Interpretad In tepms
of gutface nature af the twe substanees invelved In thé adsorption
process especially the adsorbent. Prabably the supface of the
adsorbefit eoitains the uniformly distributed parches of similar
functional groups. Thus the surface becomes a uniform system of

!
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Fig. 8. Effect of adsorbent dosage versus removal (%) (conditions: PO4-P, 17.50 mg/L;
LS:GAC, 25:15; shaking speed, 350 rprii; contact time, 150 min; settling time, 120 min;
PH, 6.78). : Bt ) 5
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eotorthity £ Ht both tie iotlels up to sithiflar dxtetits. :

3.1.6. Adsorption kinetics

31 6 1, Comparisoi of pseudo-first-order and pseudo-second-order
kirietics. Fig. 10 shows the adsorption kinetics of orthophosphate.
The experlmental data was applied to the selected adsorption kinetic
madels Viz, pSetido-first-order and pseudo-secorid-ordet.

Thie adsorption kifiétics data was analyzed using linear form of the
pseudofiist-order (Lageigren first-order) rate equation as follows:

ST iy T
log(ge—ar) = 108(de)— 5305 3)
where ¢e ahd ¢ are the amount of POsP adsorbed per mass of
adsorbeiit (pg/g) at equillbrium and time ¢ (min), respeetively and i
is the equilibrivm rate constant of pseudo-first-order adserption,
(g/pg min). The values of ky and g, were ealeulated from the intereept

and the slope of the plots of log(ge= q¢) versus t, It was ebserved that -

- the calculated ge Values of PO4-P did not agree with the experiraental
ge values for most LS:GAC ratlog (Table 3), Mareaver, the correlatian
coefficient (R?) values of the pseudo-first-order kinetics were also
wrery low.

Bséddé second-order (PO4-P)
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Fig. 10. Pseudo-second-order Kinetic plot for PO4-P removal.

The pseudo-sectirid-ordet Kiiteties éqUatlbﬂ bdtl lie wrltteh fi the
linear foith as follows [33}: . % 1

1 1 '
= — 4 —t 4
kyq? @

{]

S]e
-=

where ky is the equilibrium rate .coristant’ of - pselido-secorid-otder
adsorption (g/pg min). The calculated valiiés of kz diid g, obtaiftéd from
thie plot of t/te vefsus t were in good agreement with the experimental
values of ge (Table 3). The data showed good cotiiplianice with the
pséudo-second-order kinetics (R?>0.98). The value§ of the rate
coristarits (kz) were fourid in the range of 5:2x ]9"3 99%10~3 g/ug

min and the amount of PO4-P adsorbed at equilibrium condition was in
the range of 12.69-17.24 pg/g, respectively.

3.2, Column studies

This study was earrled out to investigate the effect of flow rates,
injtlal concentration and pH on the breakthrough curve of ortho-
phosphate from synthetic wastewater using optimum mixture ratio of
LS:GAC (25:15) at a constant bed depth of 17.5 cm,

3.2.1. Effect of flow rate

The experimental data (Fig, 11) shnws that hlgher flow rate
resulted in shorter column saturatlon/exhaustion time, When the
flow rate increases, the residence tiriie’ in the beéd decreases which
results in lower bed utilization. Thus, the Eo]dmn satUration time and
the bed capacity decreased WIth Jhcg‘eased ﬂovy rate The exhaustion,
time at initial concentration of 24 and 252 mg P04-P/L for flow rat('es
10 and 30 mL/min were about 16.5 and 7 h, respectively. The lower
flow rate 10 mL/min also yielded higher initial percentage removal
(about 77%) compared to the higher flow rate 30 mL/min (about 67%).

Table 3
Pseudo-first-order and pseudo-second-order kinetics data.

Ratio Experimental Pseudo-first-order kinetics
(LS:GAC) g (1g/g)

Pseudo-second-order
kinetics

Qe (cal), R? ka

e (cal), R? ks

(ng/g) (ng/g)
35:5 13.54 2526 0.8929  0.0131 14.025 09989 0.0099
30:10 13.17 2.017 05333  0.0028 13.405 09849 0.0053
25:15 204 2267 03733 0.0053 12,690 09880 0.0052
20:20 16.86 0.725  0.1333 —0.0037 17.241 09945 0.0072




S. Hussain et al. / Desalination 271 (2011) 265-272 271

Flow rate effect and PO4-P breakthrough curve
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Fig. 11. The effect of different flow rates on PO4-P breakthrough curve (conditions: PO4-
P, 24.0 and 22.2 mg/L; particle size, 2.36-4.75 mm; pH = 7.05).

322, Effect of pH = < b weees

The effect of varying mlpgl pl—[ of the solunon on the breakthlough
curve of orthophosphate removal is described by Fig, 12. It was observed
that column saturation time for PO4-P at pH 11 (alkaline solutnon) was
much quicker than at pHs 4 and 7 for a flow rate of 10 mL/min (filtration
rate, 0,002 m*m? min). The column saturation times at pHs 11, 7 and 4
were approximately 2.75, 19.5 and 11 h, respectively,

During the pH experiment, it was abserved that limestone
behaved as an acid neutralizing material and raised the influent pH
from 4 to the final effluent pH of 8.24-8.41 which complies with the
Malaysian Environmental Quality Act 1974 Standards [34], Due to
dissolution of LS, the net wastewater acidity deereased when it passed
through the mixture of LS and GAC filter bed. Limestone particles
(adided to the acldic agueous selution) could disselve neutralizing
aclds and increase dissolved ealeium cenceneration. The phenemena
can be described by the following chemical reactions:

CaC0, + H*—Ca* * 4 HCOF (5)

Cacoy + Hy0—Ca* ¥ + HEDT -+ QH™ (6)

3.2.3, Effect of initial cancentration
The results for injtial PD4-P concentrations of 520, 10.20 and
22.20 mg/L (filtration rate, 0.002 m?/m?min) were studies (plot in

Effect of pH and POy4-P breakthrough curve
1.00 SO . ;

0.80

0.60

c/C,

0.404 [

0201
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T T T

0 5 10 15 20 25 8.

Flow Time (hour)

Fig. 12. The eifect of different pH vaiues on PU4- breakthrough curve (conditions: LS:
GAC, 25:15; particle size, 2.36-4.75 mm; pHs, 4, 7 and 11).

not given). The experimental results were not so clear to analyze the
significant difference among the selected initial concentrations.
However, from the data, it is observed that the column saturation
time at 22.20 mg/L was slightly shorter than the initial concentrations
of 5.20 mg/L and 10.20 mg/L. It was concluded that the higher initial
concentration of phosphate ions resulted in quicker column satura-
tion time compared to the lower concentration.

4, Conclusions

The present study aimed to investigate the adsorption of PO4-P
using two media; one being the commonly studied granular activated
carbon (GAC) and the other being limestone (LS) as low-cost material.
In the batch study, optimum contact and settling times were obtained
as 150 min and 120 min, respectively. Limestone alone has the
potential to adsorb about 98% PO4-P from aqueous solution at
optimum experimental conditions; the initial concentration of
20 mg/L dropped to the final level of 0.5 mg/L. The LS:GAC ratio
25:15 was adopted as optimum mixture ratio as it not only removed
PO,4-P (about 93%) but, also yieldeq _substantial re“mqval of NH4N

of orthophosphate Freundlich an g ic 9;11§;ms both provided
good correlation coefficient (R?>0,94), Thg data ﬁtted wgll witf;
pseudo-second-order kinetics model (R?>0,98) which indicates that
the adsorption was chemlsorptinn. Results flgru the column study
showed that higher flow fate and Inltlal concepgration resulted in
shorter eelurnn saturation time, It Is recommended ghat the high-cost
GAC adsorbent eap be redueed by comblning It with Jow-cast natural
LS at eptimum ratle (LS;GAC) 25115,
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