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Zirconium(IV) loaded lignocellulosic butanol residue (LBR-Zr) used for the adsorption of phosphate (P)
ions from aqueous solution was synthesized and evaluated. The adsorption isotherms were fitted well
with the Freundlich and Temkin modes. Thermodynamic analyses indicated that phosphate adsorp-
tion on the LBR-Zr increased with increasing temperature from 298 to 338 K. The kinetic datas were
described better by the pseudo-second-order adsorption kinetic rate model. Increasing pH suppressed
phosphate adsorption. Coexisting anions study exhibited that the incorporation of CO3%~ anion had the

K.ey words: . . largest influence on the phosphate adsorption capacity. The mechanism of adsorption process on LBR-Zr
Lignocellulosic butanol residue R . . .

Zirconium was analyzed by FTIR (Fourier transform infrared spectroscopy), scanning electron microscope (SEM)
Biosorbent with an EDX (energy dispersive X-ray) and X-ray photoelectron spectroscopy (XPS) technologies, respec-

tively. The above results confirmed that surface hydroxyl groups on biosorbent LBR-Zr were replaced
by phosphate. The LBR-Zr with good specific affinity towards phosphate was a promising biosorbent for
phosphate removal from aqueous solution. The research would be beneficial for developing a promising,

Phosphate removal
Adsorption isotherms
Mechanism

eco-friendly phosphate biosorbent from plentiful lignocellulosic butanol residue.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (P) is a very important limiting nutrient for growth
oforganisms[1].It plays amajorrole in the development of animals,
plants and the industrial manufacture [2]. However, the extensively
application of phosphate has caused serious environmental issues.
Particularly, the residue of phosphates in water with a large amount
may cause eutrophication leading to excessive growth of algal
called algal blooms [3]. Furthermore, it is recommended that a cri-
terion maximum contaminant level for phosphate ions is less than
0.05mgL~! by the United States Environmental Protection Agency
(USEPA) [4]. As a consequence, it is necessary to develop certain
efficient methods to remove phosphate ions from water. Presently,
the methods used for the removal of phosphate from water were
summarized as chemical precipitation, ion exchange, crystalliza-
tion, biological treatment, and adsorption methods [1,5-9]. Among
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these methods, the adsorption method is usually considered to be
superior to other techniques when being applied in the remove
of pollutants from aqueous solutions because of its simpleness,
effectivity, and low cost [10]. There has been growing interest in
developing novel, low-cost and sustainable biosorbents for phos-
phate removal using renewable agricultural by-products such as
apple peels [11], okara [12], soybean milk [13], aspen wood fiber
[14], eggshell [15], wood particles [16], coir pith [17], orange waste
gel [1].

The lignocellulosic butanol residue is a byproduct obtained from
industrial of bio-butanol, a superior liquid fuel with a potential
to substitute for fossil fuel. The bio-butanol was produced by the
method of biorefinery processes based on agricultural biomass
such as wheat straw and corn, and meanwhile, and generated a
larger quantity of lignocellulosic butanol residue (LBR) as a by-
product [18]. As expected, the further uitilzation of LBR therefore
can reduce the cost of production of bio-butanol [19]. Lignin is the
main component of LBR, in which the content of lignin is higher
than eighty percent. It was acknowledged that lignin exhibited high
capture abilities to various heavy metals [20-23]. To the best of our
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Table 1

Composition and functional group content of LBR (wt.%).?
Sample Ash Lignin Holocellulose Polysaccharide Total hydroxyl Phenolic hydroxyl Aliphatic hydroxyl Methoxyl
LBR 3.9 81.0 11.9 1.5 20.9 33 17.6 2.7

2 The data was from Zhang et al. [18].

knowledge, it has not been reported the utilization of LBR for
removal phosphate.

Generally, cationic binding sites were usually introduced into
sorbent by metal impregnation to improve their uptake capacity
of phosphate. As a consequence, cationization of agricultural by-
product is widely used for activating its phosphate sorption ability
using metal salts. Many studies have been reported, which con-
firm the enhanced phosphate removal of metals loaded biosorbents
[2,12,16,24].

For LBR, apart from the function groups (e.g. —OH) derived from
lignin, it also reported to have —CHO and —COOH, which allows LBR
to be facilely chemical modification. For example, the introduction
of alkoxyamine ligands can afford LBR with anion exchange abili-
ties. Therefore, these unique properties of LBR enable LBR to be a
promising substrate for developing phosphate biosorbents [25-29].

During the last decades, several different metallic oxides includ-
ing Fe(III), La(Ill), Zn(IV), and Ce(III) oxides used as cationic binding
site, have been developed as phosphate adsorbents [14,17,30,31].
Among of these metal oxides, hydrous Zr(IV) oxide has been receiv-
ing lots of in eliminating phosphate because of its high binding
affinity for phosphate and high physicochemical stability over the
whole pH range [32]. Furtherly, our previous studies also demon-
strated that incorporating hydrous zirconium could dramatically
improve phosphate sorption abilities of nano-paricles [32,33].

Herein, in this context, we immobilized zirconium oxide (ZrO,)
to LBR by post-grafting method, which can be used as a novel
biosorbent (LBR-Zr) for removing phosphate ions from water. To
the best of our knowledge, our research is the first report to load zir-
conium on LBR as adsorbent for phosphate removal from aqueous
solution.

In this work, the feasibility of using ZrO,-loading LBR biosor-
bent (LBR-Zr) as an adsorbent for phosphate removal from aqueous
solutions was evaluated in batch experiments. The absorption
isotherms, kinetics involved in the adsorption process were
discussed. Meanwhile, several factors affecting the phosphate
adsorption such as pH value, initiate phosphate concentration,
temperature and the incorporation of foreign anions were also
investigated. In addition, the underlying mechanism for phosphate
adsorption was fully studied by SEM-EDX, FTIR and XPS tech-
nologies. This study could provide a new pathway for phosphate
adsorption based on by-products of the bio-butanol industries (lig-
nocellulosic butanol residue).

2. Materials and methods
2.1. Materials

The lignocellulosic butanol residue (LBR) used in the present
study was a byproduct of a biobutanol industrials supplied by
songyuan bairui bio-polyos Co., Ltd. (China) and used without
further purification. The LBR mainly contained 81.0 wt.% lignin,
11.9 wt.% Holocellulose, 3.9 wt.% Ash and so on [ 18], and the results
are shown in Table 1. Zirconium isopropoxide (Zr(OCsH7)4) solu-
tion in propanol was purchased from Aldrich Chemical Co., Ltd. and
used as received without further purification. All the other chemi-
cal reagents such as KH,POy4, KCl, KNO3, K,SO4, KHCO3, K, CO3, NaF,
NaOH and HCl were of analytical grade and used as obtained.

2.2. Preparation of lignocellulosic butanol residue loading Zr(1V)
(LBR-Zr)

The reaction was carried out in a dry 50mL schlenk flask
equipped with a magnetic stirrer. A 1.0g of LBR was dissolved in
20 mLDMSO with stirring until the reaction mixture became homo-
geneous. The schlenk flask was immersed in a silicone oil bath set
at 110°C. 1.5 mL of 70% zirconium isopropoxide (Zr(OC3H7)4) solu-
tion in propanol was gradually added into the above mixture and
the reaction was run for 3 h with stirring. The resulting product
was finally precipitated with n-hexane, collected and washed suc-
cessively by anhydrous ethanol and deionized water in sequence.
The precipitation was dried under vacuum until a constant weight
was reached, and the resulting material was denoted as LBR-Zr. The
obtained LBR-Zr was stored in a desiccator for further use.

2.3. Adsorption studies

The adsorption experiments were conducted in batch method
at 298 K. Appropriate amount of anhydrous KH,PO4 was dissolved
in distilled water as a phosphate ion stock solution (1000 mgPL~1)
and then further diluted to desired concentration. Each experiment
was conducted at the pH of the stock solution (6.0 +0.2), which was
adjusted to desired value with 0.1 molL~! HCl or 0.1 mol L-! NaOH
solution. At the end of adsorption process, all samples contain-
ing phosphate were filtered through a 0.45-pm membrane filter
and then the concentrations of phosphate ions were determined
by molybdate blue spectrophotometric method. All the sorption
experiments were performed in duplicate, and the experimental
details were given in the related figures and tables. The equilibrium
sorption capacity was calculated from:

(CO - Ce)v
e = —m (1)
where g, (mgg-!) is the equilibrium adsorption amount, Cg
(mgL-1) is the initial phosphate concentration, C, (mgL-1) is the
equilibrium concentration, V(mL) is the solution volume, and m (g)
is the adsorbent mass.

The adsorption kinetic experiments for LBR-Zr were carried out
at 298K, and initial concentrations were 5, 10 and 20mgPL~!
with pH 6.0 + 0.2 respectively. After a specific time interval, about
1.0-2.0mL aliquots were withdrawn from the suspensions for
the analysis of phosphate concentrations. The study of the pH
(2-8) dependency of phosphate onto LBR-Zr was carried out with
40mgL-! initial phosphate concentration at 298 K. The effect of
temperature was studied by using 20 mg L~! initial phosphate con-
centration at three temperatures (298, 318 and 338 K). The effect
of foreign anions (Cl-, NO3~, F~, SO42~, CO32~ and HCO3~) with
concentrations of 300 mgL-! separately was also investigated at
298 K under a fixed initial concentration of 40mgL-! phosphate
solutions, and initial solution pH of 6.0 +0.2.

2.4. Adsorbent characterization

2.4.1. X-ray photoelectron spectroscopy (XPS) analysis

The chemical composition of LBR, LBR-Zr and LBR-Zr-P (after
phosphate adsorption) samples were carried out to investigate
using a PHI 5000 Versa Probe XPS spectrometer (ESCALAB 250 US
Thermo Electron Co.), and the experimental data were fitted with
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Fig. 1. FTIR (a) and XPS (b), XRD (c¢) and TGA (d) spectra of LBR and LBR-Zr, respectively.
Table 2
Structure properties of the absorbent.
Sample Appearance Zr0O, content?(%) Sper (M2 g~ 1) Vp (cm3g1)
LBR Dark brown powder - 16.38 0.042
LBR-Zr Black powder 6.969% 76.38 0.167

2 Determined by XPS.

XPSPEAK41 and Origin 7.5 for analysis. The C1s peak at 284.6 eV
was used as a standard for the calibration of binding energy value.
The characteristic X-rays focus on C, O, Zr and P in this study.

2.4.2. Fourier transform infrared (FTIR) analysis

The FTIR spectra of LBR, LBR-Zr and LBR-Zr-P (after phosphate
adsorption) samples are recorded using a Model Perkin Elmer 1100
series operating in the region of 4000-400 cm ~! using KBr pellet
technique.

2.4.3. X-ray diffractomer (XRD) analysis

XRD spectra of the LBR and LBR-Zr samples were obtained from
a Rigaku D/max-RA power diffraction-meter using Cu K« radiation
in the 20 range of 10-60° at 5° min~—!.

2.4.4. Scanning electron microscopy (SEM) examination with
energy-dispersive-X-ray spectroscopy (EDX) analysis

The surface morphology of LBR, LBR-Zr and LBR-Zr-P (after phos-
phate adsorption) samples were performed to investigate using a
Hitachi S-4800 field emission scanning electron microscope (SEM)
with a Bruker Energy Dispersive X-ray spectroscopy (EDX) detec-

tor. Prior to testing for SEM, each sample was sputter-coated with
gold.

2.4.5. Thermogravimetric analysis (TGA)

TGA curves of the LBR and LBR-Zr samples were recorded onaTA
SDT Q600 apparatus ranging from 30 to 800 °C with a temperature
change of 10°Cmin~! under a nitrogen flow rate of 150 mLmin~".

3. Results and discussion
3.1. The characterizations and properties of LBR

The utilization of LBR in this work was taken the “catch all” path-
way to use as the raw material without purification, which was
different from our previous studies of origin material BBL [25-29].
The characterization of LBR was reported by Zhang et al. [18], and
the main results are shown in Table 1. The LBR mainly contained
81.0 wt.% lignin, 11.9 wt.% holocellulose, 3.9 wt.% ash and so on, and
showed a high hydroxyl content of 20.9wt.% (including 3.3 wt.%
phenolic-hydroxyl and 17.6 wt.% aliphatic-hydroxyl). These data
constituted a key point in this work because the surface of hydroxyl
groups in LBR would be functionalized [34].
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Fig. 2. Phosphate adsorption isotherms of LBR-Zr at 25°C, 45°C and 65°C and LBR at 25°C (a) and the equilibrium constants and isotherm parameters obtained from
experimental data nonlinear fitting for LBR-Zr at 25°C (b), at 45°C (c) and at 65 °C (d). (Adsorption conditions: adsorbent dosage=0.625gL~!, pH=6.0+ 0.2, equilibrium

time=48h.)

Table 3

Adsorption equilibrium constants obtained from Langmuir, Freundlich and Temkin isotherms in the adsorption of Phosphate onto LBR-Zr.

Temperature (K) Langmuir isotherm constans

Freundlich isotherm constans Temkin isotherm constants

b(Lmg') Qm (mgg) R? Kr n R? A B R?
LBR-Zr 298 0.64 717 0.8995 2.6414 291 0.9442 2.5673 1.5766 0.9445
318 4.51 8.42 0.9054 5.2688 5.32 0.9932 5.5705 1.1941 0.9800
338 2.13 11.78 0.9790 6.2336 4.16 0.9510 6.8135 1.8921 0.9599

3.2. Structure characterization analysis of LBR-Zr

Some physiochemical properties of LBR-Zr are presented in
Table 2. The resulting adsorbent LBR-Zr was present as black pow-
der. The specific surface areas determined on the basis of the
BET results were 16.38 m2 g~! and 76.38 m2 g~! for LBR and LBR-
Zr, respectively, indicating an increased surface area with ZrO,
functionalization. The total pore volume of LBR-Zr increased from
0.042cm3g~! to 0.167cm3g~! compared to LBR, reflecting that
pores had taken shape on the surface of LBR. The loading content
of ZrO, was 6.96% in mass. The immobilization of zirconium onto
LBR surface can be verified by using various techniques as followed,
including FTIR, XPS, XRD, and TGA.

FTIR spectra of LBR and the LBR-Zr are presented in Fig. 1a.
In the spectrum of LBR, the absorption peaks at 1651, 1500 and
1410 cm~! were associated with the vibration of aromatic in lignin.
It was found that a new band peak at 956 cm~! was appeared in
the spectrum of LBR-Zr, which confirmed the incorporation of zir-
conium(IV) into the lattice framework [35,36]. Meanwhile, it was
worth noting that the peak at 1700 cm~! attributed to the carbonyl
groups of LBR disappeared when zirconium(IV) loading LBR, likely

because that the carbonyl groups of LBR were coordinate with zirco-
nium(IV) to form a chelate [37], which was in good consistence with
our pervious study [32]. The results signified that zirconium(IV)
was successfully loaded onto LBR.

To further illustrate the covalent functionalization, the X-ray
photoelectron spectroscopy (XPS) was performed on LBR and LBR-
Zr samples. The survey XPS spectra of the samples are presented in
Fig. 1b. It was found that LBR-Zr exhibited Zr3d and Zr3p peaks in
addition to C1s and O1s peaks, suggesting the presence of ZrO, on
the surface of LBR, which was similar to the reported values in the
literature [38].

The X-ray diffraction curves of LBR and LBR-Zr are shown in
Fig. 1c. It was worth noting that a new wide diffraction peak
appeared around 30° [39,40] was visible in addition to the diffrac-
tion peaks of LBR, due to the deposition of amorphous ZrO, on the
LBR surface. It should be pointed out that the sorption of phosphate
maybe mainly derived from the amorphous LBR-Zr [41].

TGA curves (Fig. 1d) showed that about 16% of the total weight of
LBR-Zr was due to the removal of adsorbed water. It was observed
that an obvious weight loss was recorded at a temperature of 450 °C,
which corresponded to the LBR. When the temperature was higher
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Table 4
The phosphate adsorption capacity of LBR-Zr in comparison with various biosorbents.
Absorbent Phosphate adsorption capacity (mgPg=') Refs.
LBR (UM)? 1.92 This study
Macrophyte (UM) 0.286 Wang et al. [46]
Giant reed (UM) 0.836 Xu et al. [47]
Sugarcane bagasse (UM) 1.10 Zhang et al. [48]
Okara (UM) 0.8 Nguyen et al. [12]
Date palm fibers (UM) 435 Riahi et al. [49]
LBR-Zr (M)" 8.75 This study
Fe loaded okara (M) 4,785 Nguyen et al. [12]
Fe loaded aspen wood fiber (M) 4.30 Eberhardt et al. [14]
Zn activated coir pith carbon (M) 5.10 Namasivayam and Sangeetha [17]
Iron hydroxide eggshell(M) 14.49 Mezenner and Bensmaili [15]
Zr loaded orange waste gels(M) 57 Biswas et al. [1]
Zr loaded apple peels(M) 20.35 Mallampati and Valiyaveettil [11]
Orange waste (loaded with La, Ce, Fe) (M) 13.94 Biswas et al. [31]

2 UM: unmodified biosorbent.
b M: modified biosorbent.

than 600 °C, a constant weight of 58.8% was observed correspond-
ing to ZrO, in the LBR-Zr. These results indicated that the lower
weight loss of LBR-Zr was due to the high content of ZrO, which
was thermally stable.

3.3. Adsorption isotherm

Adsorption isotherm studies were conducted to determine the
feasibility of an adsorption treatment. Some well-known mathe-
matical descriptions that has been used to fit to the experimental
data and assess the isotherm performance, which included the
Freundlich, Langmuir, Temkin, Redlich-Paterson and Sips sorption
isotherms [42]. In this study, Freundlich, Langmuir, and Temkin
models were chosen to determine the adsorption equilibrium
between the adsorbent and phosphate ions.

The Langmuir adsorption isotherm was suitable for one molec-
ular layer adsorption onto the surface of adsorbent. This isotherm
equation was expressed as below [43], with ge as the amount
adsorbed at equilibrium (mgg-!), Ce as the equilibrium solu-
tion concentration (mgL-1), b as the Langmuir adsorption model
(Lmg~'), and Qg as the maximum adsorption capacity (mgg~1).

. QobC,
9e=17hc,

Freundlich model was usually applicable to describe the models
of multilayer absorption onto a heterogeneous surface. The Fre-
undlich isotherm was given below as following [44]. Where Kr and
n are the Freundlich constants. Kg and n are indicators of adsorption
capacity and adsorption intensity, respectively.

(2)

ge = KeCJ/™ 3)

The Temkin model has been developed to describe the
chemisorption, which can be expressed as following [45]. Where
A and B are the Temkin constants.

Ge = A+ BInCe (4)

Phosphate adsorption isotherms onto LBR-Zr were conducted at
298,318 and 338 K and pH=6.0+0.2 (Fig. 2a). The fitted constants
for the Langmuir, Freundlich and Temkin isotherm models along
with regression coefficients (R?) were complied in Table 3. The R?
achieved at 318K for Langmuir, Freundlich, Temkin models were
0.9054, 0.9932, and 0.9800, respectively (Fig. 2c). Results showed
that phosphate adsorption to LBR-Zr could be both well described
by Freundlich and Temkin modes compared with Langmuir mode
judged from the correlation coefficients, suggesting the adsorption
process occurred heterogeneously through chemical interactions
[30]. It was also clearly seen that LBR-Zr had significantly high

Table 5
Thermodynamic parameters estimated for the phosphate adsorption on LBR-Zr at
different temperatures (298, 318 and 338 K).

Temperature (K) Thermodynamic parameters

AG° (kJmol-1) AH° (kjmol-1) AS° (Kjmol~1 K1)
298 —3.268 49.658 0.178
318 —6.820 49.658 0.178
338 -10.372 49.658 0.178

uptake capacity for phosphate (8.75 mgP g~1), while pure LBR with-
out loading zirconium exhibited negligible phosphate adsorption
(1.92mgPg-1) under the same condition. LBR-Zr was 4.56 times
efficient as raw LBR in eliminating phosphate. This confirmed that
loading of zirconium was an efficient method in enhancing the
phosphate sequestering ability of LBR.

As shown in Table 4, the phosphate adsorption capacity of the
unmodified LBR at 1.92 mgPg~! of biosorbent was high compared
to some unmodified biosorbent in the literatures: e.g.0.286 mg P g~
for macrophyte, 0.836mgPg~! for giant reed, 1.10mgPg~! for
sugarcane bagasse, 0.8 mgPg~! for okara; the phosphate adsorp-
tion capacity of the LBR-Zr (modified) at 8.75mgPg-! is high
compared to some modified biosorbent: e.g. 4.785mgPg-! for Fe
loaded aspen wood fiber, 4.30mgPg~! for Fe loaded aspen wood
fiber, 5.1 mgPg-! for Zn activated coir pith carbon. But LBR-Zr
was not high compared with the rest literature data. Although
the biosorbent obtained from this study was the limited adsorp-
tion capacity of phosphate, the LBR was still recommended for
developing biosorbent of phosphate because of its advantage of
being abundant, cost-effectiveness, sustainable and environment
friendly benign material [12].

3.4. Effect of temperature and adsorption thermodynamics

Toinvestigate the effect of temperature on the adsorption capac-
ity (ge) of phosphate onto LBR-Zr, the experiments were carried
out at 298, 318, and 338K, respectively. The results are listed in
Table 5, showing that an increase in adsorption capacity of phos-
phate withincreasing the temperature from 298 Kto 318 Krevealed
an endothermic process, which was similar to previous results
[50,51]. The rise in uptake capacity at higher temperature was due
to promoting the collision frequency between the sorbent and the
solute which led to an increase the adsorption of phosphate on
the surface of LBR-Zr [52]. Similar trend was seen for phosphate
removal using iron hydroxide-eggshell waste [15].

To better understand whether the process of phosphate adsorp-
tion in LBR-Zr was spontaneous or not, the thermodynamics of
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Table 6

Comparison of kinetic parameters for the adsorption of phosphate onto the LBR-Zr with different phosphate initial concentrations (5, 10 and 20mgPL-1).

Initial concentration (mgPL™1)

First-order kinetic equation

Second-order kinetic equation

Experimental qe (mgPg!)

qe (mgPg1) ki(min~1) R? ge (mgPg™") kz (gmg~! min-1) °R?
5 1.98 0.0069 0.837 434 0.0283 0.999 443
10 3.84 0.0092 0.948 6.45 0.0112 0.999 6.42
20 5.05 0.0069 0.941 8.62 0.0075 0.999 8.90

2 R? =coefficient of determination.

phosphate adsorption were also investigated. The thermodynamic
parameters, viz., standard free energy change (AG®), entropy (AS®)
and enthalpy (AH°) were calculated by the experimental data
obtained at different temperatures (298, 318 and 338K) using
Equations (5)-(7). The equations were used as expressed in the
following. Where Ky is the distribution coefficient of the adsor-
bent, which is computed by the ratio of the equilibrium (ge)
to equilibrium (Ce) [45,51,52]; R is the universal gas constant
(8.314Jmol~1K-1); T is the temperature (K); the AS° represents
the entropy (kj mol-1K-1) and AH° denotes enthalpy (k] mol-1),
respectively.

AG’ = —RTIn K4 (5)

AG’ = AH’ —TAS’ (6)
AS°  AH’

InKg= %~ (7)

According to Equations (5)-(7), the AS° and AH° values were
determined from slope and intercept of the linear plot of Inkqy vs.
1/T (K~1) (Fig. 3a). The plot showed good linearity with a high cor-
relation coefficient (R2=0.981). The thermodynamics parameters
are presented in Table 5. The negative value of AG° indicated that
the adsorption in this case was exergonic process. Meanwhile, the
values of AG° decreased from —3.268 k] mol~! to —10.372 k] mol~!
in the temperature range of 298-338K (Fig. 3b), suggesting the
adsorption was more efficient at a higher temperature. The value
of AH° (49.658 k] mol~1) was positive in the process of phosphate
adsorption on LBR-Zr verified that there was the endothermic
nature of this adsorption reaction. The positive entropy change AS°
value (0.178 kJ mol~! K1) implied the enhanced randomness and
an increased in the degrees of freedom at the solid-liquid interface
during adsorption through the removal of the phosphate on the
active site of the adsorbent [53].

3.5. Adsorption kinetics

The kinetic of adsorption is one of the most important factors
in assessing adsorbent efficiency. A series of experiments had been

carried out to study the kinetics for the absorption of phosphate
by LBR-Zr. Phosphate removal by LBR-Zr as a function of contact
time with different initial concentrations (5mgPL-1, 10mgPL"!
and 20mgPL-!) are shown in Fig. 4a, the phosphate adsorption
process with the initial concentration of 5mgP L~ was similar to
that of 10 and 20 mg PL-. It was clearly seen that, a higher uptake
of phosphate capacity increased with an increase in initial phos-
phate concentration, and a longer equilibrium time reached. The
phosphate amount was found to be 4.43, 6.45 and 8.62mgPg1!,
respectively, and meanwhile the reached equilibrium at about 250,
489 and 712 min, respectively.

To elucidate the absorption process, the pseudo-first-order
and pseudo-second-order kinetic models were applied to fit
experimental data obtained from batch experiments. The pseudo-
first-order model is mathematically equivalent to a mass action
rate equation for adsorption kinetics, while the pseudo-second-
order model assumes that the rate-limiting step is chemisorption
of phosphate ions onto adsorbent binding sites. In this study, the
kinetic data were both fitted by the pseudo-first-order and pseudo-
second-order models. The kinetic equations can be expressed as the
following Equations (8) and (9) [54,55]. Where q; is the adsorbed
amount (mgg-1) at time t (min), qe is the adsorbed amount in
equilibrium (mgg-1), k; and k, are the equilibrium rate con-
stant of pseudo-first-order model and pseudo-second-order model
(gmg~' min~1), respectively.

Pseudo- first-order model:

kit

log(qe — qt) =log qe — 3303 (8)
Pseudo-second-order model:
t 1 t
i + — 9
. k2Ge? Qe ®)

The linearized forms of pseudo-first-order and pseudo-second-
order models are showed in Fig. 4b and c, respectively. As shown
in Fig. 4b, it was found that a significant deviation of the equilib-
rium adsorption amounts (q. ) obtained from fitting results from the
experimental data was observed, indicating that pseudo-first-order
kinetic model didn’t agree with the present adsorption process.



E. Zong et al. / Applied Surface Science 387 (2016) 419-430 425

“
12 : : - 5mgPL_1 | 1 ' =™ 5mgPL"
(@) ® 10 mgPL1 ) ® 10mgPL"
Vv 20mgPL @ 20mgPL’
10 4
o v V v v
> 8V e
> |7 S o
e (] ~ T 7
E t{gae®® o © > 2
o o R?=0.941
= =
4 == o=
m= R®=0.837
R®=0.948
2
' ' ' | ; 0 500
0 500 ) 1000 ) 1500 2000 Time (min)
Time (min)
= 5mgPL" 5
o T T T
3504 (o) e 10mgPL" R%=0.999 (d)
4 20mgPL" - o -
300+ 4
2 1= 1
250 R"=0.999
o / —
‘© 200 ~ 3
£ R®=0.999 :’
o i
o 150 -t
) E &1 1
S 100 =
g ] < .
+ 50 M 5mgPL
14 — pseudo-first-order model
0+ —— pseudo-second-order model
-50 T T T T T T 0 T * T T '
0 400 800 1200 1600 2000 2400 0 500 1000 1500 2000
Time (min) Time (min)
7 T T T 10 T T T
(e) -, o (f)
6 - -
® 84 i
5
o
o 4 o 61 T
o o
o =2}
o 31 é 4 4
£ "
~ o
< 24 4
c ® 10mgPL" 2; @ 20mgPL”’
1 —— pseudo-first-order model i —— pseudo-first-order model
—— pseudo-second-order model — pseudo-second-order model
0 T T T 0 T T T
0 500 1000 1500 2000 0 500 1000 1500 2000

Time (min)

Time (min)

Fig. 4. Effect of contact time and initial concentration on the adsorption amount of phosphate onto LBR-Zr (a), pseudo-first-order (b) and pseudo-second-order (c) plots
linear plots for the removal of phosphate at different initial concentrations, and kinetic curves of phosphate adsorption on LBR-Zr at different initial phosphate concentrations

5mgPg! (d), 10mgPg (e)and 20mgPg! (f).

On the other hand, as shown in Fig. 4c, the results were given
a very good correlation with pseudo-second-order equation and
linear fittings for t/q; versus t at all concentration levels of 5, 10
and 20mgPL-!, and the regression coefficients (R? values) for
the linear plots were all higher than 0.99 for all these studies
(Fig. 4d-f). The kinetic parameters for two models are summa-
rized in Table 6. The higher R? values confirmed that the absorption
data were well represented by second-order model and thus sup-
ported the assumption behind the model that the sorption was
due to chemisorption [54]. Besides, at initial concentrations of 5,
10 and 20mgPL-!, the rate constants (k,) corresponding to the
removal rate of phosphate were calculated to be 0.0283, 0.0112

and 0.0075 gmg~! min~!, respectively, which indicated the more
favorable adsorption at low concentrations [32]. It was worth
pointing out that the calculated ge values obtained from fitting
results were nearly close to the experimental data. The results
from phosphate adsorption kinetics experiments fitted with the
pseudo-second-order equation indicated a chemisorption process
involving valence forces through the coordination or exchange
of electrons between the adsorbent and phosphate [30,32,56,57].
Several publications about the kinetics of phosphate adsorption
on adsorbents had been reported better correlations for pseudo-
second order mode [10,24,58].
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3.6. Effect of pH value

The effect of pH value is important for the adsorption of
phosphate (P) ions solution onto the LBR-Zr since the uptake of
phosphate ions on the surface of the solid particles of adsorbent is
often affected by pH values [7,59]. The results are listed in Fig. 5. It
was clearly seen that an increased phosphate adsorption capacity
from 4.4 to 36.38 mg P g~ ! with the solution pH decreased from 8.02
to 2.02. Evidently, the binding of phosphate anions was most effi-
cientin acidic medium. This phenomenon was explained by the fact
that at high pH values, the surface of LBR-Zr formed more negatively
charged because of OH~ ions, resulting in a strong competition
for the binding sites with phosphate anions. On the contrast, low
pH enhanced the adsorption of phosphate due to the electrostatic
interactions [12]. It is known that the three pK; values of phosphate
are 2.2,7.2 and 12.4 respectively according to the water chemistry,
and phosphate predominantly species existed in anionic forms of
HPO42~ or H,PO4~ over the tested pH range. The speciation in
solution of the LBR-Zr played an important role in the phosphate
adsorption. The main solution species were changed from HPO42~
to H,PO4~ when pH was decreased, and the H,PO4~ was rather
partial to ligand adsorption [60].

3.7. Effect of coexisting anions

It was known that the real wastewater contained several differ-
ent kinds of anions that may hinder phosphate adsorption. Thus,
the effect of foreign anions on the adsorption capacity containing a
range of competing anions (at a concentration of 300 mgL-1) was
investigated. Six typical anions were chosen to investigate the com-
petition effects on phosphate adsorption (Fig. 6). It was found that
the phosphate adsorption capacity of LBR-Zr was decreased by 8%,
15%, 21%, 20%, 2% and 4% after the addition of coexisting anions
Cl~, SO4%~, CO32-, HCO32-, NO3~ and F~, respectively. The results
exhibited that the incorporation of foreign anions had little effect
on phosphate adsorption. It was worth notable that the CO32~ anion
had the largest influence on the phosphate adsorption capacity
among the six anions, which could result from both the compet-
itive adsorption of the anions and the increased of pH induced [60].
It was evident that LBR-Zr should not be applied for remediating
phosphate from wastewater with high levels of CO32~ anions, and
this finding was in harmony with previous studies [1,30,61].

12 T T T T T T

7720 mg L
10{ EEE300mglL” -

Phsophate uptake (mgP g”)
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Fig. 6. Effect of foreign anions on adsorption capacity (initial phosphate concen-
tration: 40mgPL-'; LBR-Zr dose: 0.5gL~'; orbital shaking rate: 120; temperature:
298 K and contact time: 24 h).

3.8. Analysis of adsorption mechanism of phosphate on LBR-Zr

It was worth pointing that, according to the literatures reported
by Biswas et al. [1,31], the adsorption mechanism of phosphate
on metal based biosorbents were maybe ligand exchange, which
happened between phosphate ions and OH™ ions in the solution.
To better understand adsorption mechanism of phosphate on LBR-
Zr, the structure of raw (LBR-Zr) and treated adsorbents (LBR-Zr-P)
were studied using various methods such as SEM-EDX, FTIR, and
XPS technologies.

3.8.1. SEM-EDX analysis

The investigations of surface morphology of LBR, LBR-Zr and
LBR-Zr-P were performed by SEM. The results are shown in Fig. 7.
It was found that a lot of anomaly pores could be observed in
the surface of the LBR-Zr (Fig. 7b), suggesting that LBR-Zr had
higher specific surface area confirmed by the BET results, which
was in favor of large adsorption capacity. It was also obviously
observed that average pore size became smaller after adsorption in
Fig. 7c, and meanwhile a number of thin lamellas formed a stack-
ing structure decreased the size of the intra-particle voids [56]. This
indicated that phosphate was adsorbed onto the surface of LBR-Zr
and formed a layer of phosphate substance [62,63]. Fig. 8a—c shows
the energy dispersive X-ray (EDX) analysis spectrum of LBR, LBR-Zr
and LBR-Zr-P. In comparison with LBR-Zr, there were obvious con-
tents of Zr(IV) in the EDX spectrum of LBR-Zr and phosphate in that
of LBR-Zr after adsorption.

3.8.2. FTIR spectra analysis

To demonstrate the accomplishment of phosphate adsorbed
on LBR-Zr, the FTIR spectra of LBR-Zr before and after phosphate
adsorption (LBR-Zr-P) were studied and presented in Fig. 9. In
the FTIR spectrum of LBR-Zr-P, it could be seen that the peak at
965 cm~! assigned to LBR-Zr-OH bands disappeared completely
after adsorption compared with LBR-Zr. In addition, there was a
broad peak located at 3417 cm~!, which could be attributed to
the adsorbed water molecule and the surface hydroxyl groups of
LBR. After the phosphate adsorption, the peak of LBR-Zr-P slightly
weakened. These results indicated that the replacement of hydroxyl
groups and water molecule occurred during the phosphate adsorp-
tion process [64]. Meanwhile, an intensive peak appeared at
1026 cm~! characteristic of the bending vibration of adsorbed
H,PO4~ in the spectrum of the phosphate absorbed LBR-Zr, indi-
cating that surface hydroxyl groups were replaced by phosphate
[58,64]. Besides, two weak shoulder peaks appeared at 1127 cm~!
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Fig. 7. The SEM images of LBR (a), LBR-Zr before adsorption (b) and LBR-Zr after adsorption (c).
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Fig. 8. The EDX of LBR (a), LBR-Zr before adsorption (b) and LBR-Zr after adsorption (c).
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Fig. 9. FTIR spectra of LBR-Zr before and after phosphate adsorption.

and 601 cm~!, which were assigned to the variation of P-O bands
[10,24,41]. It was evident that the surface hydroxyl groups of the
adsorbent played an important role in the phosphate adsorption
process.

3.8.3. XPS spectra analysis

To gain further insights in the phosphate adsorption on LBR-
Zr, the XPS of LBR-Zr without and with phosphate adsorption
were also analyzed, respectively. From the typical XPS spectra as
shown in Fig. 10a, a new peak at the binding energy of approx-
imately 133.6eV appeared after phosphate loaded on LBR-Zr,
corresponding to phosphate group [45]. This provided the evidence
of phosphate adsorbed on the surface of the LBR-Zr. Zr3d spectra
of the LBR-Zr, before and after adsorption, are displayed in Fig. 10b
and c. It was found that chemical environmental of Zr3d changed
and shifted to a higher binding energy by about 0.3 eV. That was,
hydroxyl groups of LBR-Zr were partially substituted by phosphate

anion and the new zirconium species (Zr-O-P) was formed after
absorption [62]. A higher electronegativity value of element P(2.19)
compared to that of element H (2.1) lead to the lower the neg-
ative charge density of Zr in Zr-O-P, which in turn raised binding
energy of Zr3d in LBR-Zr after phosphate adsorption. This suggested
that phosphate had been chemically adsorbed on the surface of the
LBR-Zr [32,33,65,66].

Furthermore, according to the binding energy of different oxy-
gen species, the O 1s XPS spectra of LBR-Zr before and after
phosphate adsorption were divided into three peaks, including
oxide oxygen (0%), hydroxyl group (—OH) and adsorbed water
(H20)[64,67].1t was found that the O 1s spectra and oxygen species
percentage of LBR-Zr-P were different from those of LBR-Zr. The
percentage of —OH was about 43.74% for LBR-Zr before the phos-
phate adsorption (Fig. 11a), while Fig. 11b demonstrated that the
percentage of —OH reduced to about 25.51% after the phosphate
adsorption, which further suggested that hydroxyl groups existed
on the surface of LBR-Zr participated in the phosphate adsorption.
Thus, the XPS analysis further confirmed that the surface hydroxyl
groups played a key role in the phosphate adsorption, which was
consistent with the results of above FTIR studies.

Based on the above experimental and technologies analyses,
the adsorption mechanism of phosphate on LBR-Zr was proposed
as shown in Fig. 12. The phosphate was firstly transferred from
aqueous solution to the active sites of the LBR-Zr, and phos-
phate ions may then further exchange with hydroxyl groups asring
from Zr(OH),2* species, which caused the release of OH~ to aque-
ous solution. The formation of proposed adsorption mechanism
was further evidenced by monitoring the aqueous solution pH
change during the phosphate adsorption process (as shown in
Fig. 5 (inserted)). It was clearly found that the final pH value was
increased to 4.82 when the initial pH value was 4.02. But the final pH
was not changed much. This was maybe because that the content
of ZrO, load in LBR was low, and meanwhile, the adsorbent dosage
was arelatively small amount as well (0.5 g L-1). As aresult, the con-
centration of the release of OH™ to aqueous solution ought to be low
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which could not cause the change of the aqueous solution pH much
[24]. Herein, the increase of pH value could be due to the release of
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Fig. 12. Possible reactive adsorption mechanism of phosphate ions onto the LBR-Zr.

OH~ when the ligand-exchange reaction between hydroxyl groups
asring from adsorbent species and phosphate species occurred. This
was a silimar ligand exchange mechanism which had been sepcu-
lated in some other literatures [68,69]. In additional, FTIR and XPS
analysis confirmed that the surface hydroxyl groups were replaced
by the adsorbed phosphate. Therefore, it could be speculated that
the main mechanisms of phosphate adsorption on LBR-Zr should
be controlled by ligand exchange (chemic sorption).

4. Conclusions

In this present study, a novel LBR-Zr biosorbent was prepared
by the post-grafting method followed by ZrO, functionaliza-
tion, which has been proved to be promising for the removal of
phosphate. Characterization results confirmed that ZrO, was suc-
cessfully loaded on the surface of LBR via covalence bonding. LBR-Zr
exhibited enhanced phosphate adsorption as compared with LBR.
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The thermodynamic analysis indicated that phosphate sorption to
LBR-Zr increased with increasing temperature from 298 to 338K,
suggesting the spontaneous and endothermic nature of sorption
process. Absorption process could be well described by Freundlich
and Temkin modes. The kinetic study showed a good compliance
with the pseudo-second-order equation. The phosphate removal
decreased remarkably as the solution pH increased. Coexisting
anions study exhibited that the incorporation of CO32~ anion had
the largest influence on the phosphate adsorption capacity among
the six anions (Cl~, SO42-, CO32~, HCO32~, NO3~, F~ and CO32-).
The FTIR and XPS spectra analysis indicated that —OH groups played
an important role in the adsorption. The LBR-Zr had a potential to
be employed as a biosorbent in removal of phosphate from aque-
ous solutions. This study could provide a new strategy to develop a
novel biosorbent for phosphate elimination based on by-products
of the bio-butanol industries (lignocellulosic butanol residue).
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