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Abstract

A series of lanthanum doped meosoporous MCM-4L4 4L, x is SyLa molar ratio) was prepared by sol-gel method. The surface
structure of the materials was investigated with X-raffrelction and N adsorptioydesorption technique. The content of La in the
materials was determined by ICP. It was found that the Laerdraf LasM41, LaspM41 and LageM41 was 7.53%, 3.89% and 2.32%,
respectively. The phosphate adsorption capacities isetewith increasing amount of La incorporation. With 0.40agsM41 99.7%
phosphate could be removed. Theeets of SiLa molar ratio, LaM41 dose, pH, initial concentration of phosphate solutimmjons
on phosphate adsorption were also evaluated. The phosatisteption kinetics of La41 could be well-described by the pseudo
second-order model, and Langmuir isotherm fit equilibritatednuch better than the Freundlich isotherm.
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I ntroduction MCM-41, a mesoporous molecular sieve, has the char-
acters of sharp and ordered pore distribution, high surface

Phosphorus is the key nutrients for biological and chemarea and pore volume. Lanthanum is one of the rare

ical processes in natural water bodies, and large quatritity @arth elements that is considered to be pollution-free to

phosphate present in wastewater is one of the main causesvironment and has an ability to adsorb phosphate. In

of eutrophication in surface waters (Chubar et al., 2005the present article, Lanthanum doped meosoporous MCM-

Saad et al., 2007). Therefore, strict discharge standardsl(LaqM41) was prepared by sol-gel method. THeeets

of phosphate (0.5-1.0 mg/lB were applied to control of operating parameters on phosphate adsorption such as

the level of phosphate in water (Ugurlu and Salmansorbent dosage, temperature, solution pH, contact time and

1998). Physicochemical and biological techniques havénitial phosphate concentration were evaluated. The fun-

been used for phosphate removal. Among these method$amental adsorption behaviors of phosphate onNM41

adsorption technique isfective and economical, however, from aqueous solutions were investigated, including the

the key problem is how to findgcient, low-cost and easily adsorption kinetics and adsorption isotherm.

available adsorbents. Many inorganic adsorption matgrial

such as alum and aluminum hydroxide (Georgantas an@l M aterials and methods

Grigoropoulou, 2007), zeolite (Onyango et al., 2007),

dolomite (Karaca et al., 2004) and fly ash (Ugurlu and].1 Reagents

Salman 1998) as well as some biomaterials including col- ] )

lagen fiber (Liao et al., 2006), shell powder (Namasivayam All reagents were of analytu_:al grade. Stock solutions of

et al., 2005), banana stem (Anirudhan et al., 2006) anfnosphate were prepared using anhydrous®, and

orange waste (Biswas et al., 2007) have been developeR! Was pre-adjusted by HCl and NaOH solutions.

Recently, the interest is focused on mesoporous material,2 Synthesis of La,M41
which have been applied for the removal harmful chemi- )
cals from water, such as arsenic, Hg, phenol (Yoshitake et Lanthanum — doped = MCM-41 ~ was  synthesized

al., 2003: Mangrulkar et al., 2008; Puanngam and Unobl?y tetraethylorthosilicate as organic| Si source and
2008) cetyltrimethylammonium bromide (CTAB) as template.

The procedure is as follows: 9.6 g CTAB was added to
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the mixture of 160 g distilled water and 0.688 g NaOH; 12000 {100)
then 20 mL tetraethylorthosilicate was added slowly to
the solution with stirring; after that, the lanthanum rtigra

solution was introduced dropwise; the final mixture was
stirred for 2 hr and then transferred into PTFE-lined
autoclaves under autogenous pressure at 110°C for
period of 48 hr; the white solid produced was washed,
filtered, dried, and calcined at 550°C with the heat rate of =

10000 f
8000 -

6000 |- La, M41

tensity

. 4000
1°C/min. The samples were presented agNl4l, where g
x indicated the $La molar ratio k= 100, 50, 25). 2000 ,L:'W (110) (200)
1.3 Characterization N N\A
O L 1 T
X-ray powder dffraction patterns of the samples were 0 - 4 6 8

recorded in the @ range of 0.8-8with a scan speed of 26 (degree)

1°/min using a difractometer (DnaX-ZZO(DPC, Rigaku Fig. 1 X-ray diffraction patterns of LgoM41, LaspM41, and LasM41.
Corporation, Japan) with @&, radiation (40 mA, 45 L

kV). The pore structures distribution and BET area ofstructure. This indicated that moderate amount of La
the samples were measured at 77 K with physical incorporated into MCM-41 did not change the hexagonal
adsorptioydesorption technique using a surface area anatructure significantly. However, if a large amount of La
porosimetry analyzer (ASAP 2010 AC, Micromeritics m_corporated the framework of doped MCM-41 would be
Inc., USA). Prior to analysis, the L&I41 was degassed disordered as reported by Qu etal. (2007)

at 200°C for 6 hr under vacuum (0.1 Pa). The La contenp 2 N, adsor ption/desor ption isother ms

of LayM41 was determined by ICP (Iris Advantage 1000,

Thermo Corporation, USA). Nitrogen el_dsorptioﬁuiesorption isotherms of all samplgs
. are shown in Fig. 2. All samples presented a typical
1.4 Phosphate adsor ption reversible nitrogen adsorptigesorption isotherm of type

The adsorption capacity of L&I41 toward phosphate IV, having an S-shape characteristic of MCM-41. The
was investigated using K#PO, solution. Adsorption ex- calculated _BET s_urface areas and the mesoporous param-
periments were carried out by batch experiments in 25§t€'S are listed in Table 1. The BET surface areas of
mL glass-stoppered conical flasks placed in an air bath@00M41, LasgM41, and LasM41 were 914.3, 902.3, and
thermostatic rotary shaker (HZQ-F, Harbin Donglian Elec-/63-2 n¥/g, respectively. The corresponding pore sizes
tronic & Technology Development Co., Ltd, China). The Were 3.1, 3.4, and 3.6 nm. The incorporated La could
sorbent (0.100 g) was mixed with 100 mL phosphatec?‘us_e a reductpn _of BET_ surface area, while the pore
solution of various initial concentrations. The shake spee SiZ€ increased with increasing of La introduced due to the
was kept constant at 12@mmin for all experiments. The
supernatant solution was filtered by a 0.45-m syringe filter
after the adsorption. The remaining phosphate concentre
tion of the filtered solution was analyzed according to
the ascorbic acid method of monitoring the absorbance
at 880 nm on spectrophotometer (Unico UV-2102 PCS,
Unico Corp., China) (APHA, 1985). The sorption amount

600

wn
(=
(=]

400

Quantity adsorbed (cm3¥g STP)

of phosphate at equilibriunge (mg/g), can be calculated 300
by Eq. (1): ,aw’f
(Co _ Ce)V 200 F ‘0' < —A— La50M41
= 1 7 —o— La,M41
e (1)
where,Cy andC, (mg/L) are the initial and equilibrium 100F o
liquid phase phosphate concentrations, respectivie(l) 0.1 00 01 02 03 04 05 06 07 08 09 1.0
is the volume of the solution armd (g) is the mass of the Relative pressure (P/Pp)
dry sorbent used. All experiments were replicated twiCejg 5 nNitrogen adsorptioesorption isotherms of LaM41,
and the mean values were reported. LasoM41, and LasM41. STP: standard temperature pressure.
2 Results and discussion Table1l Structure propertie_s of an/I41_ determined by nitrogen
adsorptioyfdesorption
2.1 X-ray diffraction Sample BET surface Pore diameter Total pore
] area (n3/g) (nm) volume (criyg)
The low-angle powder X-ray ffraction patterns of
; o i LaiooM41 914.3 3.1 0.88
!_axM41 samples are erlcted in Fig. 1. All samples exhib LacM4L 902 - 0.88
ited well-resolved typical peaks of MCM-41 (100), (110), | 5 .ma1 763.2 36 0.80

and (200), which is attributed to thgémm mesoporous
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substitution of silicon by La. 100 = 2
420
2.3 Effect of different Si/La molar ratio 90 \ /
o
A
\

Because MCM-41 did not adsorb phosphate, the phos 80 ><
phate adsorption is attributed to the La incorporation. ForZ . i
70}
\ 112
60 a 410
capacity increased from 6.8 to 21.1 fggThe adsorption s0p ]
of the phosphate is usually characterized by either mas v = Adsorptionextent -

8
6
. . . . 40 . .
transfer or intraparticle éusion or both for solid-liquid —4— Adsorption capacity {4
2

adsorption process. The mechanism of phosphate adsor| 3 : s s . .
0.1 0.2 0.3 0.4 05

Adsorbent dose (g)

LaysM41, LaspM41, and LaggM41 the La contents were
7.53%, 3.89% and 2.32%, respectively. As shown in Fig.
3, with increasing amount of La, the phosphate adsorptior

10n exter

Adsorpt
Adsorption capacity (mg/g)

tion involves the chemical reaction between La on the
adsorbents and phosphate forming metal-inorganic com

plexes. In term of the results. it was clearly that with theFig. 4 Effect of the LasM41 dose on removal extent and adsorption
! capacity of phosphate. Initial phosphate concentratiOmgL; temper-

increa_lse_qf La dC_)pEd, the adsqrption capacity of\l4l _ature: 25°C; stirring speed: 120min; contact time: 1440 min.
was significantly improved. Obviously, the key mechanism

for phosphate removal was the precipitation of lanthanum
phosphate formed by the reaction of doped lanthanum ifnrough the sorption process.
LayM41 with phosphate.

2.4 Effect of LaysM41 dose

2.5 Effect of initial pH

The solution pH can influence the adsorption of anions
Because LaM41 has highest adsorption ability and rel- 4t the solid-liquid interface. This is partly because hyaro
ative fine mesoporous structure among studied absorben{g, jons themselves intensively compete with adsorbate.
it was selected in the following experiment. fl2rent  The dfect of pH on the adsorption of phosphate by
doses of LasM41 ranging from 0.100-0.500 g were added| 5,.M41 was studied at pH range 2.0 to 12.0 (Fig. 5).
to 100 mL of a 50-mg. phosphate solution for batch The adsorption capacity of kgVi41 first increased with
phosphate adsorption experiments. Thieas of LasM41  increase pH from 2.0 to 4.0 and reached a plateau with
dose on the removal of phosphate and adsorption capacify pH from 4.0 to 8.0, then dramatically decreased to 8.0
are shownin Fig. 4. The phosphate removal increased Withhgq at pH 12.0. This is because phosphate can exist in
increasing LasM41 dosage and reached the maximumihe form of HPQ,, H,PO,~, HPQ,2 and PQ3 which
99.7% at 0.500 g, because a higher sorbent amount mgjpend on the solution pH value. At 8.0, predominant
provide a lager adsorbent surface area and more actiecies of phosphate issPI0; which is weakly attached
sites. However, the adsorption capacity decreased frofg the sites of the sorbent. With increase of solution pH,
21.15 to 9.97 mgy with increasing amount of the sorbent the dominant states transformed intgR®,~ and HPQ?",
from 0.100 to 0.500 g. The reason may be that increasinghich can be adsorbed by the sorbent. At pH 12.0, the
adsorbent dosage leads to an aggregation of adsorb&dH- concentration increased and competed with,PO
particles and increase infilision path length. Moreover, The electrostatic repulsion between the surface sites of
at constant phosphate concentration, the increase of-ads@fighly negatively charged sorbent and anion do not favor
bent dosage will lead to an unsaturation of adsorption siteghe adsorption. In conclusion, neither low pH (gH.0)
nor high pH (pH> 8.0) was suitable for the adsorption.
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Fig. 3 Effect of diferent SiLa molar rations of LaM41 on phosphate pH

adsorption. Initial phosphate concentration: 50/lmghe amount of ) ) )
LayM41: 0.100 g; pH: 7.0; the volume of solution: 100 mL; tempere: ~ Fig. 5 Effect of pH on adsorption of phosphate. |Adsorption dose/0.1
25°C. /100 mL; agitation time: 1440 min; temperature: 25°C.
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Fig. 6 Effect of agitation time and initial concentration on the antoun Fig 7 Effect of foreign anions on adsorption capacity. Sorbent dasag
of phosphate adsorbed ontoZk®41. Sorbent dosage: 100 M0 mL;  0.100 ¢g100 mL; phosphate concentration: 50 fngforeign anions
pH: 7; temperature: 25°C; stirring speed; 12@in. concentrations: 400 g, pH: 7; temperature: 25°C; stirring speed 120
r/min.
2.6 Effect of initial phosphate concentration and con-
tact time 2.8 Adsorption kinetic studies

The dfects of initial phosphate concentration and con- The pseudo first (Eqg. (2)) and second-order (Eq. (3))
tact time on adsorption capacity are shown in Fig. 6 model were used to investigate the adsorption kinetic of
It is clear that adsorption capacity increased with thephosphate onto the kgM41 (Lagergren, 1898; Blanchard
increase of initial phosphate concentration. The adsampti et al., 1984):
of phosphate increased with the lapse of time and reached
to saturation after 960 min. The equilibrium time was inde-109(@ — @) = 10gge - kit/2.303 )
pendent of initial phosphate concentration. The maximumt _ 1 + r 3)
phosphate adsorption capacity was found to be 19.6, 21.1y kg2 Qe
and 21.8 mgg at initial concentrations of 30, 50, and 100
mg/L at 25°C, respectively. However, the removal amount<V€re.de (Mgg) andq: (mg/g) are the amount of phos-
of phosphate decreased from 65.3% to 22.2% with initiaPat¢ adsorbed on sorbent lat_ equilibrium and at time
concentrations increasing from 30 to 100/mgBecause ¢ (Min), respectivelyky (min™) is the adsorption rate
for a given sorbent dose, the total number of availablgonStant of pseudo first-order adsorption. The valudg of
active sites are fixed, while the relatively large numbe@1dde can be determined by the slope of linear plots of
of active sites required for the high initial concentration!09(e—=0) versust. kz (g/(mgmin)) is the equilibrium rate
of phosphate, the active sites are ifisient (Das et al., constant of pseudo second-order adsorption. By plotting
2006). For LasM41, the maximum adsorption capacity tq versust,_values ofky andq,_; can be calculated from th_e
was calculate to be 22.0 rfgg which is higher than the slope and intercept. According to the parameters obtained

values reported previously (Li et al., 2009; Zeng et aL,(TabIe 2) it can be concluded that pseudo second-order
2004) adsorption model was more suitable for describing the

adsorption kinetics of phosphate onpblsl41.
2.7 Effect of co-existing anions

2.9 Adsorption isotherm models
The dfect of foreign anions on adsorption capacity ) L _

were studied in the presence of sodium salts of following -@ngmuir and Freundlich isotherms were applied to

competing anions: £ CI-, NOs~, and SQ% (Fig. 7). The describe the relationship between the amount of phosphate

results indicate that the addition of co-ions decreased th@PSorbed on LaM41 and its equilibrium concentration in
adsorption capacity of phosphate ions ond\41, due to aqueous solution. The Langmuir isotherm, which is valid

the competition between the anions and phosphate for tHg" Monolayer adsorption onto surface with a finite number
adsorption sites on the adsorbent. of identical sites, is expressed as Eq. (4):

C 1 C

Ze @

Ge oKL o

Table2 Comparison of the first and second-order adsorption ratstants and experimental values

Initial Je (exp) (mgg) Pseudo first-order Pseudo seconf-order
concentration (m) k(min!)  ge(cal) (mgg) R ke (@(mgmin))  ge(cal) fngg) R
30 19.5 0.0023 16.3 0.966 0.000309 20.6 0.996
50 21.1 0.0025 16.8 0.976 0.000316 21.7 0.998
100 21.7 0.0028 16.9 0.994 0.000341 22.5 0/997

exp: experimental; cal: calculated.
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Table3 Langmuir and Freundlich isotherms constants

Temperature (°C) Langmuir Freundlich

Q (mgg) KL (L/mg) R n Kr (Mg/g) R
25 22.0 0.493 0.997 9.166 12.60 0.989
35 23.9 0.440 0.996 8.703 14.20 0.998
45 26.7 0.561 0.998 7.949 15.55 0.999
where,Ce (mg/L) is the concentration of phosphate so- a lignocellulosic residueEnvironmental Science & Technology,
lution at equilibrium, ge (Mg/Qg) is the amount of the 40(8): 2740-2745.

. APHA (American Public Health Association), 1985. Standitethods
phosphate absorbed by per unit of the Sorb%(’mg/g) for the Examination of Water and Wastewater (16th ed.). \iigsh

andK_ (L/mg) are Langmuir constants related to adsorp-  ton. pC, USA.

tion capacity and energy of adsorption, respectively. Biswas B K, Inoue K, Ghimire K N, Ohta S, Harada H, Ohto K et al.,
The Freundlich isotherm is expressed as: 2007. The adsorption of phosphate from an aquatic envirahme
using metal-loaded orange wasleurnal of Colloid and Interface
1 Science, 312(2): 214-223.
logge = logKg + = logCe (5) Blanchard G, Maunaye M, Martin G, 1984. Removal of heavy fseta
n from waters by means of natural zeolit&%ater Research, 18(12):

. 1501-1507.
where,Kr (mg/g) andn are the constants of the Freundlich Chubar N 1, Kanibolotskyy V A, Strelko V V, Gallios G G, Samdau

isotherm that measure the adsorption capacity and infensit v r, shaposhnikova T O et al., 2005. Adsorption of phosphate
of adsorption, respectively. ions on novel inorganic ion exchange@olloids and Surfaces A:
The isotherm constants at 25, 35 and 45°C are sum-  Physicochemical and Engineering Aspects, 255(1-3): 55-63.

. . P . Das J, Patra B S, Baliarsingh N, Parida K M, 2006. Adsorptibn o
marized in Table 3. The equilibrium data obtained for phosphate by layered double hydroxides in aqueous Sofution

the adsorption of phosphate on k41 were fitted to Applied Clay Science, 32(3-4): 252—260.
Langmuir equation. The linear plots @f/ge versusCe Georgantas D A, Grigoropoulou H P, 2007. Orthopho_sphate and
at different temperatures were examined to deterrgine metaphosphate ion removal from agueous solution using ahan

. . aluminum hydroxide Journal of Colloid and Interface Science,
and K| values. The results indicate that the adsorption 315(1): 70_;/9.

capacity increased from 22.0 to 26.7 fy@s temperature Karaca S, Gurses A, Ejder M, Acikyildiz M, 2004. Kinetic mdidg
increased. That may due to the increase of phosphate ac- of liquid-phase adsorption of phosphate on dolomitirnal of
tivity with the rising of temperature and easilyfiising to Colloid and Interface Science, 277(2): 257-263.

i H, Ru J, Yin W, Liu X H, Wang J Q, Zhang W D, 2009. Removal
the mesoporous structure of the adsorbent. The extremell'y of phosphate from polluted water by lanthanum doped vesiteia

high values of the correlation cfiients confirm that both Journal of Hazardous Materials, 168(1): 326—330
the Langmuir and Freundlich equations are suitable fokiaoXP, DingY, Wang B, Shi B, 2006. Adsorption behavior obgphate

i PR on metal-ions-loaded collagen fibéndustrial and Engineering
describing the adsorption isotherm. Chemistry Research, 45(11): 38963901,

Mangrulkar P A, Kamble S P, Meshram J, Rayalu S S, 2008. Adsorp
3 Conclusions of phenol and-chlorophenol by mesoporous MCM-4kurnal of
Hazardous Materials, 160(2-3): 414—-421.

Namasivayam C, Sakoda A, Suzuki M, 2005. Removal of phospimat
Lanthanum doped MCM-41 developed from sol-gel adsorption onto oyster shell powder — kinetic studiesirnal of

method is €icient for phosphate removal. Based on the Chemical Technology & Biotechnology, 80(3): 356—358.
results of x_ray difraction, and M adsorptio;/desorption, Onyango M S, Kuchar D, Kubota M, Matsuda H, '2007..AdSO.I’ptiV6
the structure of Lanthanum doped MCM-41 materials kept ~ rémoval of phosphate ions from agueous solution using sfioth

. zeolite. Industrial and Engineering Chemistry Research, 46(3):
well, and La contentin LgM41, LaspM41, and LaggM41 894-900.
was 7.53%, 3.89% and 2.32%, respectively. Phosphateu E, Junjie Z J, Shaochun M C, Jiagiang W Q, Fei X, Liang M,
adsorption matched with both Langmuir and Freundlich 2007 Highly dficient removal of phosphate by lanthanum-doped
isotherms. Langmuir ad_sorption capacity was found to Ef;ﬁgg:ﬁ;ﬁgd?gggslgé il;r_fggai A: Physicochemical and
be 22.0 mgy at 25°C. Kinetic data are described betterpyanngam M, Unob F, 2008. Preparation and use of chemicaiified
by pseudo second-order model. The maximal adsorption ~ MCM-41 and silica gel as selective adsorbents for Hg(ll)sion
was achieved with the pH range 3-8. Co-existing ions  Journal of Hazardous Materials, 154(1-3): 578-587.

. . Lagergren S, 1898. Zur theorie der sogenannten adsorpedistgr
decreased the phosphate adsorption capacity. However, a° stoffe. Kungliga Svenska Vetenskapsakademiehsndlingar,

present, the main problem is that the cost ofM41 24(4): 1-39.

preparation is high. Saad R, Belkacemi K, Hamoudi S, 2007. Adsorption of phosphat
nitrate anions on ammonium-functionalized MCM-4&fdets of
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