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ABSTRACT

The selective adsorption of phosphate (P) from wastewater is a promising method for controlling eutroph-
ication in water bodies. In this study, an adsorbent of composite metal oxides (CMOMO) was synthesized
from manganese ore tailings by the process of digestion-oxidation-coprecipitation. CMOMO was char-
acterized using several methods, and its adsorption behaviors for phosphate were investigated. Based
on the results from SEM and BET analysis, CMOMO exhibited a rough surface and a large surface area
(307.21 m?/g). According to the results of EDAX, XRD and XPS, its main constituents were determined to
be amorphous FeOOH, MnO, and AIOOH. The kinetic data were best fit using the Elovich model due to
its complicate composites. The maximal adsorption capacity of P would increase with elevated temper-
atures. Additionally, it was found that the P removal efficiency decreased with an increase of pH (4-10)
or a decrease of ion strength (1-0.01 M). The coexisting anions had little effects on phosphate removal,
implying the specific adsorption of Pby CMOMO. Furthermore, the desorption and reuse results indicated

that this adsorbent could be regenerated using alkali solutions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The enhanced removal of phosphate (P) from wastewater may
become required urgently when it is discharged to freshwater bod-
ies, which are at a risk of eutrophication [1]. Several methods have
been developed for P removal, such as chemical precipitation [2],
biological processes [3,4], adsorption [5], ion exchange [6], and
membrane technologies [7]. Among these available approaches,
chemical precipitation and biological processes are generally not
able to meet the stringent effluent standards, while ion exchange
and membrane technologies need high investment and operation
cost. Comparing with these methods, adsorption process showed
advantages of easily-handle operation, high efficiency and lower
cost. Various adsorbents have been used for P removal, such as zeo-
lite [8], Ca-based materials [9], iron oxides [10], aluminum oxides
[11], etc. In recent years, based on economical and environmental
concerns, considerable attention has been paid to the utilization
of low-cost adsorbents, including agro-industrial and municipal
waste materials [12]. Some of these waste materials were used
directly for P removal from wastewater. Razali et al. [13] studied
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the effectiveness of drinking water treatment sludge in removing
different phosphorus species from aqueous solution, and found the
Al-based sludge had the potential to be used as a raw material for a
wide range of P species removal in simulated P-enriched wastewa-
ter. Wei et al. [14] used acid drainage sludge for the P removal from
secondary effluents of municipal wastewater treatment plants. It
was found that the metal oxides (such as iron (Fe), aluminum
(Al), manganese (Mn), etc.) contained in these low-cost adsorbents
played an important role for their capacity for phosphate removal
[14]. However, the adsorption capacities of these waste materials
were generally limited due to the less active components [13,14].
Moreover, second pollution may be caused due to the complicate
components of these materials. Thus, some researchers have made
efforts to effectively utilize these waste materials for the prepara-
tion of adsorbents with low cost and high adsorption capacity. Gong
et al. [15] prepared a new adsorbent with hydrated lime and blast
furnace slag for phosphorus removal from aqueous solution, and
optimized the preparation conditions for the premium P removal
efficiency. Sibrell etal. [16] prepared an adsorption media from acid
mine drainage sludge for the P removal from agricultural wastew-
ater, which was more safe and had a greater P adsorption capacity
than that of acid mine drainage sludge.

Manganese ore tailings were produced hundreds of thousands
of tons every year in China, due to the exploitation of manganese
ores. It has been reported that the metals contained in the wastes
of abandoned mines may cause serious environmental problems in
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Table 1
Analytical results of certified metal materials in manganese ore tailings.

Metal components Mass percentage (%)

Mn 10.72 + 2.52
Fe 7.70 + 153
Al 1.57 +£0.19
Ca 151 £ 0.35
Mg 1.14 + 036
K 0.81 +0.11
Ni 1.48 + 0.24
Nb 3.24 + 031

nearby groundwater, stream and cultivated lands [17,18]. So these
mine wastes should be disposed of properly to minimize the threat
for the ecology environment. A mineralogical study showed that
this mine waste is composed primarily of Mn, Fe and silicon (Si)
oxides (pyrolusite, hematite, quartz, . . .)[19]. It may be beneficial to
synthesize a material of composite metal oxides from manganese
ore tailings and use it as an adsorbent for removing phosphate,
which provides not only an effective residual management option
for manganese ore tailings, but also an alternative approach for P
removal.

Therefore, the objective of this study was to explore the fea-
sibility of the composite mental oxides derived from manganese
ore tailings (CMOMO) for P removal. The surface characteristics
research of CMOMO was conducted. The kinetics and isotherm
behaviors of phosphate adsorption by CMOMO were investigated.
The parameters influencing P removal were also studied, including
solution pH and coexisting anions. Additionally, the P desorption
from CMOMO was performed to assess the regeneration feasibility.

2. Experimental
2.1. Materials

The mine tailings used in this study were gotten from a mine of
manganese ores at the city of Hanzhong in Shaanxi Province, China.
The metal compositions were shown in Table 1.

All chemicals were of analytical grade and purchased from Bei-
jing Chemical Co., and all solutions were prepared with deionized
water. Sodium hypochlorite (NaClO) was used for the preparation
the adsorbent. The phosphorus stock solutions were prepared with
sodium dihydrogen phosphate (NaH,PO4). Additionally, sodium
nitrate (NaNO3) was used to fix a constant ion strength (0.01 M
NaNO3) of solutions. Additionally, sodium hydroxide (NaOH) and
hydrochloric acid (HCI) were used to adjust pH of solutions.

2.2. Preparation of adsorbent

The process to prepare the adsorbent from manganese ores
(CMOMO) was similar with the method of MnO, preparation
from Moroccan pyrolusite mine waste [20]. Firstly, manganese
ore tailings were crushed and sieved below the particle size of
0.125 mm, and then put into HCl solution (6 mol/L) in a flask with
the solid/liquid ratio of 90 g/L, mixing at a temperature of 323 K for
12 h. Secondly, the solution was filtered to separate the silica con-
tent, and the filtrate was conditioned at pH = 6 with NaOH solution
(5M). After that, the resulting solution was oxidized completely by
hypochlorite ion (CIO~), and the solution pH was maintained in the
range of 6-8 using HCl and NaOH solutions. Finally, the precipitates
were sampled, washed with distilled water, dried at 378K for 6 h,
crushed and stored for use.

2.3. Batch adsorption experiments

All experiments were conducted at (298 &1 K) on a mechanical
orbit shaker at 130 rpm for 24 h. For kinetics experimental study,
0.5g CMOMO was added into 1000 mL of 5 mg/L or 15 mg/L phos-
phate solution with an ionic strength of 0.01 M NaNOs at pH 6.0.
The samples were taken at different time intervals and filtered with
a 0.45 pm polycarbonate filter membrane.

In the sorption isotherm study, 0.05 g CMOMO was added into
100 mL of phosphate solution with different initial concentrations
from 5 mg/L to 60 mg/L and a same ionic strength of 0.01 M NaNO3
at pH 6.0. Samples were taken after 24 h of contact and filtered with
a 0.45 pm polycarbonate filter membrane.

In order to test the effects of pH and ion strength, 100 mL of
5 mg/L phosphate solutions with varied concentrations of NaNO3
(0.01-1 M) at various initial pH (4.0-10.0) were prepared in 150 mL
conical flasks. The solutions were measured and adjusted accord-
ingly during the experiments by 0.1 M HCl and 0.1 M NaOH.

In the coexisting anions effect experiment, 100 mL of 5 mg/L
phosphate solutions with 4 different anions (chloride ion, car-
bonate, silicate and sulfate) were prepared in conical flasks.
For competitive adsorption of phosphate vs. these coexist-
ing anions, a series of molar ratios of phosphate to chlo-
ride/sulfate/silicate/carbonate (5:1, 1:1, and 1:5) were employed,
and the solution pH and ionic strength were controlled at 6.0 and
0.01 M NaNOs. Other procedures were the same as those in the
above isotherm experiments.

2.4. Analytical methods and characterizations

Total phosphorus (P(tot)) concentrations were determined
using an ICP-OES (SCIEX Perkin Elmer Elan mode 5000, U.S.A.). Prior
to analysis, the aqueous samples were acidified with HNO3 in an
amount of 1%, and stored in acid-washed glassware vessels.

The surface area was measured by the BET method using the
Micrometritics ASAP 2000 surface area analyzer (U.S.A.). The sam-
ples were analyzed using a scanning electron microscope (SEM)
with an EDAX KEVEX level 4 (Hitachi S-3500N, Japan). Before the
analysis, the samples were sputtering coated (Quorum Polaron
SC7620 Mini-sputter Coater) with gold/palladium (45s) in order
to reduce the charging effect in the microscope. An acid digestion
method [21] was applied to measure amounts of metal elements
in manganese ore tailings. X-ray diffraction analysis was carried
out on a D/Max-3A diffractometer (Japan) using Ni-filtered cop-
per Ka1 radiation. The treated samples were grounded to a fine
powder using a mortar and pestle before analysis. The samples
for zeta-potential analysis were investigated without filtration at
room temperature with a Zetasizer 3000HSA (Malvern Instruments
Ltd, UK). X-ray photoelectron spectroscopy (XPS) data were col-
lected on an ESCA-lab-220i-XL spectrometer (Shimadzu, Japan)
with monochromatic Al Ka radiation (1486.4 eV).

2.5. Desorption and reuse studies

To evaluate phosphate desorption from the CMOMO, the resid-
ual solids retained on the filter membrane were collected and dried
after the filtration of the suspension from adsorption tests. 0.05g
phosphate-loaded CMOMO was added into each 150 mL flask con-
taining 100 mL solution with different concentrations of NaOH (0,
0.001, 0.01, 0.1, and 0.5M). NaNO3 was added to adjust the ionic
strength of the solution to 0.01 M. The flask was then shaken at
130rpm for 24 h at 298 + 1 K. The suspension solution was filtered
and analyzed for desorbed phosphate in a similar way as described
previously. The amount of desorbed phosphate was determined
as the ratio of the desorbed P over the total P adsorbed by the
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adsorbent. After the regeneration process, the samples were col-
lected, washed with deionized water and freeze-dried for reuse.

2.6. Theory

In order to investigate the potential rate-controlling step of the
P adsorption process, the kinetics data were fitted to the five mod-
els, which were respectively presented as follows in Eqgs. (1)-(5)
[22-25]:

qe = qe(1 — e ¥y pseudo-first-order model (1)
é = q_te + kzlqg pseudo-second-order model (2)
qr = /lgln t+ %ln(aﬂ) Elovich model 3)
In q; = In(kqe) + %lnt Power model (4)
qr = kigt®> + C  intra-particle diffusion model (5)

where t is the contact time of adsorption experiment (h); ge (mg/g)
and q: (mg/g) are respectively the adsorption capacity at equilib-
rium and at any time t; ky (1/h), k; (g/mgh), « (mg/gh), B (g/mg), k,
mand k;; (mg/g h%5) are the rate constants for these models, respec-
tively. Based on the R? results, the kinetics of phosphate adsorption
on CMOMO can be satisfactorily described by either Power model
or Elovich model.

To provide quantitative information for isotherms, these data
were respectively fitted by Langmuir and Freundlich isotherm
models [26,27]:

ge = KrC)/™  Freundlich model (6)
_ qmbCe .
Ge =11 pe Langmuir model (7)

where C, is the P concentration in the solution (mg/L), g. is the P
concentrations in the solid adsorbent (mg/g), g is the maximum
adsorption capacity (mg/g), K is a constant related to the adsorp-
tion capacity (mg!=1/" L1/"/g), bis a constant related to the energy of
adsorption (L/g), n is a constant related to the energy of adsorption.

To further evaluate the thermodynamic feasibility of the process
and to study the nature of the adsorption process, the thermo-
dynamic constants, standard free energy change (AG), enthalpy
change (AH), and entropy change (AS) were calculated using the
following equations [28],

AG=AH-T AS (8)
AH AS
an:—ﬁ-i-T 9)

where T (K) is the temperature, R is an universal gas constant
(8.314]/molK), and K is the equilibrium constant related to the
Langmuir constant (b) which can be determined according to fol-
lowing equation,

K =bx55.5 (10)
where the value of 55.5 corresponds to the molar concentration of
the solvent (water) [29].

3. Results and discussion

3.1. Characterizations

Fig. 1 presents the morphology and surface elements distribu-
tion of the CMOMO examined by SEM/EDAX. It can be seen that
the adsorbent particles were aggregated with many small parti-
cles (Fig. 1a), resulting in a rough surface and a porous structure.
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Fig. 1. SEM-EDAX results of CMOMO.

EDAX results showed that the adsorbent mainly contained the
elements of O, Fe, Mn, Al and Ca, indicating the composition of
mixed metal oxides. Chemical composition analysis revealed that
Fe and Mn oxides were the dominant components of the adsor-
bent. In addition, the material had a high BET specific surface area
of 307.21 m?/g.

X-ray diffraction pattern of prepared CMOMO is illustrated in
Fig. 2. The adsorbent showed an amorphous pattern with a peak
present at 37.3°, which is typical of the synthetic birnessite phase
3-MnO [30].

As both the element of Fe and Mn commonly have various
valence states (mainly Fe(II) & Fe(III), Mn(Il) & Mn(IV)), XPS analysis
tests were performed to investigate the species distribution of Fe
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Fig. 2. XRD spectra of CMOMO.
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Fig. 3. XPS spectra of CMOMO: (a) Fe2p, and (b) Mn2p.

and Mn oxides in CMOMO. It is shown in Fig. 3 that the XPS spec-
tra of Fe2p,), & Fe2p3; and Mn2p,;; & Mn2psj; within CMOMO
had the binding energies of 724.9eV & 711.04eV and 653.9eV &
641.9 eV, respectively. Fe2ps, binding energies of 711.0-711.6 eV
were reported to be characteristic of Fe(Ill) species [31], infer-
ring that Fe(Ill) dominated the oxidation state of Fe oxide within
CMOMO. According to the research of Nesbitt et al. [32], the species
of Mn oxide was determined to be Mn(IV). Thus, Fe and Mn in
the synthesized adsorbent were in the oxidation states +(III) and
+(IV), respectively. It could be concluded that CMOMO was mainly
comprised with amorphous Fe(IlI), Mn(IV) and Al(III) oxides.

3.2. Kinetics

Fig. 4 shows the adsorption kinetics of P onto CMOMO at two
different initial P concentrations. It can be seen that a large pro-
portion of P was adsorbed in the first 3 h. The prolonged contact
time of 21h increased the adsorption capacity (q;) values of P
by 11.1% and 24.1% at the initial P concentrations of 5mg/L and
15 mg/L, respectively. The adsorption process could be divided into
two distinctive sections (t <3 h and t > 3 h), which was confirmed by
Fig. S1. It is indicted that the adsorption process was a chemisorp-
tion one, which was reported to be composed of two stages, fast and
slow [33,34]. Comparing with other P removal adsorbents, such as
goethite [35], the fast adsorption stage in our study was relatively
longer, suggesting a slower penetration of the adsorbate into the
adsorbent. It was reported [36] that the most important factors
determining a slow penetration in the adsorption system are the
high heterogeneity of the adsorbent and the strong non-ideality of
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Fig. 4. Kinetics of P adsorption by CMOMO. Symbols indicate experimental data;
dash lines represent the pseudo-first-order model; dot lines refer to the pseudo-
second-order model; dash dot lines refer to the Elovich model; solid lines refer to the
Power model (experimental conditions: initial P=5mg/L or 15 mg/L, pH=6.0+0.1,
adsorbent dosage=0.5g/L).

the adsorbate. Thus, the slow penetration of P could be attributed
to the high heterogeneity of CMOMO.

Table S1 presents parameters of 3 kinetics models for the P
adsorption onto CMOMO. This high applicability of the Elovich
model for the present kinetic data is generally in agreement with
previous studies about the phosphate adsorption on soil miner-
als and iron oxide tailings [37,38]. This model has been proven to
be suitable for highly heterogeneous systems—the common point
of these adsorbents. Due to the composite constituents, CMOMO
might exhibit different activation energies for chemisorption on
the surface. Additionally, the decrease of o value with the increase
of initial P concentrations suggested the more favorable adsorption
of P at low concentrations. On the other side, the fitting of Power
model was also rather good, which came to the similar results with
previous studies [38]. Rudzinski et al. [36] stated that Power model
is likely to be valid in the case of moderately heterogeneous sur-
faces, and proposed that there might be a hybrid between Elovich
model and Power model, leading the satisfactory correlation of
kinetics data with both of them.

3.3. Isotherm

Fig. 5 illustrates the adsorption capacities of P onto CMOMO
at various temperatures. It is clear that the elevated temperatures
favored the P adsorption by CMOMO. Adsorption isotherm provides
an insight on the adsorptive performances of different adsorbents
towards phosphate.

Table S2 illustrates the parameters of Langmuir and Freundlich
isotherms for the P adsorption onto CMOMO. The R? values indi-
cated that the Freundlich model fitted the data better than the
Langmuir model. This can be also attributed to the heterogeneity of
the adsorbent surface, because the Freundlich isotherm describes
the adsorption by the adsorbent which has a heterogeneous surface
with adsorption sites that have different energies of adsorption.
Compared to most of the other low-cost adsorbents, CMOMO
exhibited a greater capacity for P adsorption at ambient temper-
atures (Table 2). In addition, the increasing values of q,; or K with
temperatures increasing inferred that the adsorption process was
endothermic in nature.

It was found that the AG value decreased from -7.93 to
—9.34KkJ/mol when the temperature varied from 298 to 318K in
this study, inferring the increase in spontaneity of the reactions. The
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Fig. 5. Adsorption isotherms of P onto CMOMO at various temperatures. Symbols
indicate experimental data; dash lines represent the Langmuir model; solid lines
refer to the Freundlich model (experimental conditions: adsorbent dosage =0.5g/L,
pH=6.0£0.1, equilibrium time =24 h, T=298 K, 308 and 318 K).

Table 2
Comparison of maximum phosphate adsorption capacity (gn, ) of CMOMO with some
other low-cost materials.

Materials qm (Mg/g) pH References
CMOMO 26.3 6 Present study
Acid mine drainage sludge 32.0 7 [14]

Iron oxide tailings 8.2 6.6 [38]

Ferric sludge 25.5 5.5 [39]
Aluminum-based water 23.0 7 [40]

treatment residual
Blast furnace slag 18.9 7 [41]
Fly ash 20.2 9 [42]

negative AG values and positive AS value (70.3]J/mol K) indicated
the spontaneous nature of the adsorption process. The positive AH
value (5.32 kJ/mol) confirmed that the P adsorption in our study is
an endothermic process.

3.4. Effects of pH and coexisting anions

Fig. 6 demonstrates the effects of solution pH and ion strength
on the P adsorption by CMOMO. It can be seen that the P adsorption
efficiency decreased with a solution pH increase, and the trend was
similar with some other adsorbents used for P removal [14,43]. It
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Fig. 6. Effects of pH and ion strength on the adsorption of P by CMOMO (experimen-
tal conditions: initial P=5 mg/L, adsorbent dosage = 0.5 g/L, equilibrium time =24 h).
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Fig. 7. Effects of coexisting anions on phosphate removal by CMOMO (exper-
imental conditions: at fixed initial phosphate concentration=>5mg/L, adsorbent
dose=0.5g/L, pH=6.0+0.1, agitation speed=130rpm, T=298K, equilibrium
time=24h).

was found by Nemeth et al. [44] that P adsorption on adsorbents
is determined by the surface charge and the protonation state of
P in the bulk solution. At the pH range of 2-10, the P species are
mainly HPO42~ and H,P0,4~ [45]. The iso-electric point (pHgp) of
virgin CMOMO was 5.4 (Fig. S2), so the hydrated surface of CMOMO
was protonated at pH > 5.4, exhibiting a net negative charge. Thus,
the electrostatic repulsion between negatively charged adsorbents
and P anions came into play and increased with the pH increase.
In addition, the inhibition of P adsorption could also be ascribed to
the competition between hydroxyl ions (OH~) and the phosphate
ions on the adsorbent surface [46]. The adsorption of P anions on
the negatively charged surface of CMOMO under higher pH con-
ditions was proposed to be driven mainly by specific adsorptions
[47] and might depend on the initial concentrations of P in the solu-
tion. A shift to lower pHjgp of CMOMO after P adsorption (Fig. S2)
consolidated that a specific adsorption rather other a pure electric
interaction played an important role in the P adsorption.

On the other hand, P adsorption exhibited little ionic strength
dependence below pH 5, whereas the P removal efficiency
increased with an ion strength increase above pH 5. Inner-sphere
complex is a complex-formation where ligands replace water
molecules from the inner coordination sphere, and form bonds
directly to the metal ion. In contrast, outer-sphere complex is
another complex-formation in which the ligand is situated with no
bonds forming directly to the metal ion [24]. It was founded [48]
that ions forming inner-sphere complexes show an increase or no
variation in the adsorption capacity with increasing ionic strength.
In contrast, ions forming outer-sphere surface complexes exhibit
decreasing the adsorption capacity with increasing solution ionic
strength, which was formed mainly by electrostatic interactions
and contain more than one water molecule between the adsorbate
and the adsorbent functional groups. Therefore, the results sug-
gested the inner-sphere mechanism was mainly involved in the
process of P adsorption in our study.

Coexisting anions are generally present in the wastewater,
which could interfere in the uptake of phosphate by adsorbent
through competitive adsorption. Fig. 7 presents the effects of chlo-
ride ion, sulfate, silicate, and carbonate on the removal phosphate
by CMOMO. It is shown that these anions have no significant
influence on the phosphate adsorption. With the molar ratio of
phosphate/silicate decreasing from 5:1 to 1:5, the P removal effi-
ciency only decreased from 95.7% to 93.5%. The interferences of the
other anions were even smaller. The results were in accordance
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with the previous study of Zhang et al. [43], who found the neg-
ligible effects of coexisting anions on the phosphate removal by
Fe-Mn binary oxide (FMBO) and attributed it to the high adsorp-
tion selectivity of FMBO. Thus, in our study, it is inferred that the
adsorption of P was performed mainly through the mechanism of
specific adsorption rather than that of ion exchange.

3.5. Desorption and regeneration

In the present study, different concentrations of NaOH solution
were used to investigate the desorption process of the phosphate-
loaded CMOMO. It is clearly presented in Fig. 8 that the amounts of
phosphate desorption increased with the increase of alkalinity. The
phosphate desorption percentages were determined to be 0.05%,
26.03%, 78.87%, 90.78% and 94.97%, when the concentrations of
NaOH solution were 0 M, 0.001 M, 0.01 M, 0.1 M and 0.5 M, respec-
tively. A desorption of only 0.6% was obtained when the extracting
solution was 0.01 M NaNOs3 solution without NaOH adding. How-
ever, more than 93% of adsorbed phosphate was desorbed into the
solution when the concentration of NaOH increased to 0.1 M. The
furtherincrease in the NaOH concentration (up to 0.5 M) did not sig-
nificantly enhance the desorption of phosphate. It is indicated that
the bonding between the active sites and the adsorbed phosphate
was breakable, and the phosphate anions adsorbed onto CMOMO
could be exchanged by OH~ at high pH conditions. That is to say,
CMOMO has a potential to be used as a renewable adsorbent. In
order to testify the regeneration method of CMOMO, 3 cycles of
consecutive regenerations were performed using 0.1 M NaOH as

the eluent. Fig. 8b shows that atinitial P =5 mg/L, the P removal effi-
ciency decreased from 99.2% to 96.5%, 92.2% and 80.4% after three
regeneration cycles, respectively. There was an obvious decrease of
Premoval after the third regeneration. The adsorption loss might be
due to the extraction of effective constituents (Al oxides)in CMOMO
and the incomplete P desorption using alkali solutions as an eluent,
especially forinner Pcomplexes [49]. Nevertheless, the regenerated
CMOMO was still cost-effective for P removal and the adsorbent can
be used repeatedly at least for twice.

In the further study, pelletizing or coating methods will be
used for the granulation of this adsorbent, which will be employed
in dynamic column experiments for removing P from practical
wastewater.

4. Conclusions

A new adsorbent was synthesized from man-

ganese ore tailings for P removal using the process of
digestion-oxidation-coprecipitation. It had an amorphous
structure and a large BET area of 307.21m?/g, with the pHigp
value of 5.4. The kinetics data for P adsorption were best fitted
by Elovich model due to the complicate composites of CMOMO.
The maximum adsorption capacity for phosphate increased with
an increase of temperature. Additionally, phosphate removal
efficiency decreased with an increase of pH (4-10) or a decrease
of ion strength (1-0.01 M). The marginal effects of the coexisting
anions on phosphate removal suggested the specific adsorption
of P by CMOMO. Furthermore, the P adsorption by CMOMO was
reversible using NaOH solution as an eluent.
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