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ABSTRACT

Phosphate removal from pickling milling wastewater of high-phosphate hematite mineral by
in-situ self-formed dynamic membrane reactor (DMR) developed with raw and activated red
mud (RM-raw and RM-a) was studied in this paper. The results indicated that RM dosage, veloc-
ity gradient of the mixer (G value), reaction time (f), and pH were main effects on phosphate
removal. The pH of the actual mineral processing wastewater is 2.50~2.53 while the phosphate
concentration is 98.85 mg/1. After the treatment, the removal rate of phosphorus with RM-raw
and RM-a can reach 94.33% and 99.72%, respectively, with the dosage of 23.00 g/l and 20.00 g/1,
respectively. Correspondly, effluent pH was respectively 8.12 and 3.06, and both turbidity could
reach the effluent requirement. Brush cleaning was a very effective cleaning method, and
the membrane flux of DMR could be restored. Also, it demonstrated that acid reuse from the
phosphate-contained acidic wastewater from wastewater produced in high-phosphate hema-
tite pickling process could be achieved by in-situ self-formed dynamic membrane technology.
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wastewater; Phosphate removal; Red mud

1. Introduction

Iron ore is important strategic mineral resource, with
the acceleration of world economic integration in the 21st
century, the demand for iron ore resources is growing,
thus the environmental problems caused by mine waste-
water will be more serious and the pollution will become
a global issue which increasingly draws attention of the
humankind, especially in China [1]. The acid pickling mill-
ing wastewater from hematite mineral processing studied
in current work was produced in iron ore mineral pro-
cessing technology with high phosphate concentration.
In recent decades, a large quantity of acidic wastewater
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containing phosphate discharged directly into environ-
ment has caused serious water pollution [2,3].

In order to respond to the demand for lowering the
emission of the wastewater into the environment, many
technologies for phosphate removing have been devel-
oped. The current technologies include physical chemi-
cal methods, photochemistry methods and biological
methods [4-9]. Adsorption as the most widely used
physical chemical methods is suited to treat inorganic
phosphate acid wastewater [10,11]. In recent years,
considerable attention have been paid to improve the
performance of the adsorbents widely used are nature
material, waste residue and active alumina as well as its
modified material, porous material and synthetic adsor-
bent. Red mud (RM) is a waste by-product during the
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alkaline leaching of bauxite in the Bayer process, which
causes serious environmental problems due to its high
alkalinity and large amount [12]. RM has been used to
remove fluoride, hexavalent chromium, dyes, chlo-
rophenols, phosphate, Cu*, Zn*, Ni** and Cd* from
aqueous solution owing to its high content of alumi-
num, iron, and calcium [13-18]. While the direct use of
raw RM as adsorbent without activation for wastewater
treatment is not appropriate because of the high dosage
and alkalinity.

Dynamic membrane reactor is a kind of high and
innovative sewage treatment technology. The dynamic
membrane technology for wastewater treatment has
gained great attention in recent years owing to its cost-
effective membrane module, reduced energy consump-
tion and high effluent quality [19,20]. The efficient
entrapment function is achieved by making use of the
contamination layer on the surface of the membrane.
The dynamic membrane formed on the relatively large-
pore mesh increases the intrinsic membrane retention
capacity, leading to a high solid-liquid separation
effciency and a high filtration flux [21-28].

In this study, the in-situ self-formed dynamic mem-
brane reactor used to treat the acid pickling milling
wastewater of high-phosphate hematite mineral was
developed with the activated RM, aiming to achieve the
comprehensive reuse of the wastewater on-line with a
low pH value and ultra-high phosphate removal.

2. Materials and methods
2.1. Materials

The acid wastewater tested in the experiment was
taken from Enshi Chaoyang Iron Ore, Hubei province,
China. The total phosphorus concentration (TP) (exis-
tence form PO,>*— P) was 98.85 mg/I, the pH value was
2.53, and the turbidity was 600~800 NTU. The mem-
brane component of the dynamic membrane reactor was
ceramic membrane (DR-50, Pingxiang, Jiangxi province,
China).

The raw red mud (RM-raw) was obtained from
Shandong Aluminium Industry Corporation, Shandong
province, China. The particle size was averaged 20 mesh.
The preparation of the activated RM (RM-a) was mainly
described as follows: Firstly, the raw RM was washed
and air dried, then pretreated at 800°C for 2 h and trans-
ferred into the glass reactor with HCl (the concentration
was 0.5~1 mol/1) at 40 g~60 g (raw RM)/1(HCl) stirring
for 1 h with water bathing. Then, the suspended liquids
were fully precipitated, and the prepared products were
washed, dried, and sieved through a 60 mesh sieve,
sealed and preserved. Much preliminary work has been
done to illustrate that the RM sieved through 60 mesh

sieve was appropriate for the experiment. The phos-
phate was not fully adsorbed when the particle size is
bigger, while the precipitation after the treatment was
not sufficient when the size is a little smaller.

2.2. Testing
2.2.1. Batch testing

Acid pickling milling wastewater from high-
phosphate hematite mineral processing (600 ml) was
added into two stirrers respectively, then dephospho-
rization agents (RM-raw and RM-a) were put into
the stirrers, respectively, and stirred with the velocity
gradient 63.6. The phosphate concentration and pH
value of supernate was measured after settling 4 h.

2.2.2. Dynamic membrane reactor

The test equipment of the dynamic membrane reac-
tor was in-situ membrane dynamic separation system
formed of DR-50 ceramic membrane, miraco bubble
aerate system and mixed liquor. Intermittent inflow
was employed when the dynamic membrane reactor
was running, a given amount of dephosphorization
agent was added into the coagulation reactor containing
actual mineral wastewater, effluent flowed through the
dynamic membrane reactor under the condition of aera-
tion after a certain time of coagulation. The flow chart
of the technology in the experiment was shown Fig. 1.

2.3. Analysis methods

The phosphate was measured using the ammonium
molybdate spectrophotometric method with a ultraviolet
spectrophotometer (DR 4000/ U, HACH company, USA).
A pH meter (PHS-3C, Shanghai LeiCi instrument plant,
China) was used to measure the pH of the solutions. The
specific surface area of RM was determined by the BET
nitrogen gas sorption method using a full automaticity
specificsurfaceareaanalyser (Gemini2360, Micromeritics,
USA). The compositions and the phases of raw and
activated RM were measured with the full spectrum
of direct reading inductively coupled plasma emission
spectrometer(Optima 4300 DV, Perkin Elmer Ltd., USA)
and X-ray diffractometer (D/MAX-RB, RIGAKU Corpo-
ration, Japan). The SEM micrograph of RM was deter-
mined using a analytical transmission electron (TEM)
(H-600 STEM/EDX PV9100, HITACH]I, Japan).

Dynamic

Raw Coagulation
—>
membrane reactor

Effluent
wastewater reactor

Fig. 1. Flow chart of technology in the experiment.
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All the chemicals and reagents used in this study
were of analytical grade. All glassware and sample
bottles were soaked in diluted HCI solution for 12 h,
washed and then rinsed three times with deionized
water. Deionized water was used for the preparation
of solutions. All experiments were conducted in dupli-
cate and the average values were used for data analysis.
Each water quality was tested according to Water and
Wastewater Monitoring and Analysis Methods (4th edi-
tion, Chinese).

3. Results and discussion
3.1. The characteristics of the dephosphorization agents

The components of RM-raw and RM-a are listed in
Table 1. RM-raw consists of a heterogeneous mixture of
several minerals, and some metal oxide or metal hydrox-
ide plays an important role in the process of phosphate
removing, while some inorganic minerals and metal ions
(such as Na*, K*, etc.) and other impurities in the compo-
nents have a negative effect on phosphate removal [29].
In addition, the electrostatic repulsion with phosphate
radical ion in solution would be brought about because
of the existence of superficial hydroxyl which often pos-
sess electronegativity, consequently results in lower RM
adsorption capacity.

The composition and property of raw and activated
RM were given in Table 1. The composition of the acti-
vated RM (RM-a) was different from the raw sample.
The main compositions were turned to ferric hydroxide
and aluminum hydroxide, and some soluble salts were
removed (Fig. 2). Besides, the alkalinity of RM reduced
greatly after activation treatment. The pH of raw RM
was 10.19 (solid/liquid ratio 1:20, dissolved in distilled
water), and the pH of RM-a was decremented to 4.38; The
BET surface area of the RM-a indicated that the activation
treatment increased the surface area of the RM, the mois-
ture in the RM-raw was reduced in the process of roasting,
the membrane clung to the surface of the RM-raw, which
impeded phosphate removing, was washed away in acid
activated process, and interior pores were dredged at the
same time. Scanning electron microscope (SEM) pictures
were listed in Fig. 3. The RM-raw was relatively smooth
and flat, and the RM-a showed many new cavities and
coarsened exterior, probably due to the removing of some
acid-soluble salts and water inside the RM.

b

@ b

Fig. 3. SEM photographs of RM-raw and RM-a (a: RM-raw,
b: RM-a).

3.2. The effect of operating parameters

Much preliminary work has been done to optimize
the experimental conditions. The result of the batch
research indicated that the main effects on the treat-
ment of the acid wastewater were the dosage of dephos-
phorization agent, velocity gradient (G value), reaction

Table 1
Composition and property of RM-raw and RM-a (wt.%)
Na,O ALO, SiO, CaO TiO, Fe,O, MgO ZnO pH SBET (m?*/g)
RM-raw 15.06 25.96 23.23 2.39 1.73 28.69 0.16 0.63 10.19 14.76
RM-a 1215 27.63 23.69 2.01 2.53 30.18 0.15 0.42 4.38 23.39
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time, pH and so on. During the preliminary treatment
of the actual mineral processing wastewater with pH
2.50~2.53, the turbidity 600~800NTU, and phosphate
concentration 98.85 mg/1, the optimum reaction time of
RM-raw and RM-a was 60 min and 45 min, respectively,
and the optimum velocity gradient (G value) of both the
RM-raw and RM-a was 63.6.

3.2.1. Effect of the dosage of RM on the phosphate removing

The effect of the dosage of RM on the removing of
phosphate was shown in Fig. 4. From Fig. 4, the opti-
mum dosage of RM-raw was 23 g/1, the corresponding
phosphate removal was 92.47%. When the dosage of
RM-raw was less than 23 g/1, the phosphate uptaking
increased with the increasing of the dosage of the RM-
raw. While abnormal phenomenon appeared when dos-
age was less than 3.5 g/I, that was because phosphate
was adopted by RM to form flocculent precipitate which
could not be adequately deposited, and the liquid-solid
was not fully separated, resulting in a lower phosphate
removal. The phosphate removal gradually declined
with the increase of the dosage when it was higher than
23 g/1, which may be due to the impact of the increased
alkalinity. For the RM-a, colloidal phenomena did not
appear and the liquid-solid was separated quickly. The
phosphate removal reached 99.65 when the dosage of
RM-a was 20 g /1.

3.2.2. Effect of reaction time on the phosphate remouval

Fig. 5 showed the phosphate removal with reaction
time 15 min, 30 min, 45 min, 60 min, 75 min and 90 min.
As seen from Fig. 5, the RM-raw and RM-a had the
similar phosphate removing trend, while the phosphate
removal of RM-a was higher than that of the RM-raw. The
phosphate removal achieved the peak value at 60 min for
RM-raw, and at 45 min for the RM-a. RM-a could reach
higher phosphate removal in a shorter reaction time.
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Fig. 4. Effect of dosage of the RMs on the phosphate removal.
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Fig. 5. Effect of the reaction time on the phosphate removal.

3.2.3. Effect of the dosage of RM on the effluent pH

The effect of the dosage of RM on the effluent pH was
shown in Fig. 6. Both the effluent pH were increased by
varying degrees with the increase of the dosage of RM,
while the influence of RM-a was much less. As seen from
Fig. 6, when the dosage of RM (RM-raw and RM-a) were
23 g/1, the effluent pH was 8.02 and 3.09 respectively. It
is thus clear that the effluent pH was much lower after
being treated by RM-a, which was more conducive to
deal with the acidic wastewater, and it is useful for the
reuse of the acidic wastewater to maintain the low pH
value.

3.3. Performance of dynamic ceramic membrane
3.3.1. Analysis of dynamic membrane reactor

The mineral processing wastewater was treated by
RM-a—in-situ dynamic membrane reactor (DMR) com-
bined technology, and the dynamic membrane reactor
was in-situ self-formed DMR developed with RM-a. The
mixed liquor in the stirrer after stirring flowed through
the ceramic membrane components under the continu-
ous aeration with a velocity of 0.5 m?/h, and the settled

—o— RBM-raw —#— RM-a

Effluent pH

0 5 10 15 20 25
Dosage of RM (g)

o

Fig. 6. Effect of the dosage of the RMs on the effluent pH.



Z. Yiet al. / Desalination and Water Treatment 37 (2012) 77-83 81

hydraulic head used as the pressure of filtration mem-
brane in the DMR was 40 cm. The test was under the
condition of the constant pressure of filtration mem-
brane and intermittent operation.

A certain dosage of RM-raw and RM-a were added
into the coagulation reactor according to the optimized
conditions of the batch test respectively, and the effluent
flowed through the DMR under the condition of aera-
tion after a certain time of stir. The effluent turbidity of
DMR was shown in Table 2, the variation of effluent
pH and the effect of phosphate removal by DMR was
shown in Fig. 7 and Fig. 8, respectively. The turbidity
removal efficiency of the DMR was satisfactory, both
the effluent turbidity was reduced below 5 NTU after
30 min when the influent turbidity was 380 NTU, after-
wards, the effluent turbidity tended to be stable. Both
the effluent pH was increased by small margins with the
running time increased, while the ascensional range of
the RM-a—dynamic membrane reactor was less.

As seen from Fig. 8, the phosphate removal of the
RM-raw and RM-a—DMR was only 79.8% and 86.1%
respectively for the first 15 min, it could be explained
that the dynamic membrane have not been completely
formed, the liquid-solid was not fully separated, the
phosphate removal could reach 94.33% and 99.72%
respectively in 120 min, and the removal percentage
was constant after that time. The removing efficiency
of the phosphate was better through the treatment of
DMR, that was because the polluted layer (filter cake

Table 2
Variation of effluent turbidity of DMR
T/min 0 15 30 60 90 120 180
RM-  Turbidity 380 286 456 176 176 1.59 1.30
raw  (NTU)
RM-a Turbidity 380 169 433 172 1.69 158 129
(NTU)
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Fig. 7. Variation of effluent pH of DMR.
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Fig. 8. Effect of phosphate removal by DMR.

and gel layer) on the surface of the carrier could react
with the phosphate in the wastewater, and the efficient
removing of phosphate could be further achieved by the
action of adsorption and interception. It is thus clear that
the RM-a—DMR had efficient phosphate removal rate,
strong solid-liquid separating performance and lower
effluent acidity. The on-line circulation and entirely
reuse of the acidic wastewater could be achieved by the
combination technique of RM-a and the DMR.

3.3.2. Analysis of membrane fouling

The membrane flux was counted according to the
reaction time of DMR for analysing the membrane foul-
ing condition, and the membrane fouling was investi-
gated by studying the change of the membrane flux.
The variation curve of the DMR was shown in Fig. 9.
The membrane flux was attenuated more rapidly from
6251/m?h to 510 1/m*h in an early stage before a steady
value was reached, and since then the membrane flux
was maintained at about 500 1/m?h. At this moment, the
gel layer had essentially formed, and the self-formed
dynamic membrane emerged primarily.
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Fig. 9. Variation curve of the membrane flux.
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Fig. 10. Variation curve of the membrane flux after brush
cleaning.

The membrane flux depression scope was steady for
along time, and the flux was not reduced until 30 h later.
This could be the result of the aeration of membrane
matrix, great shearing force and flow velocity through
membrane was formed, and the settled sludge on the
surface of membrane was deposited to the bottom of the
reactor, so the filter cake was maintained at a stable level
of relatively thin and effectively slowed down the rate of
membrane fouling.

The membrane fouling of dynamic membrane was
inevitable in the process of treatment, a certain degree of
membrane fouling was beneficial for wastewater treat-
ment, but when the membrane was heavily polluted,
and the flux was decreased to influence the predefined
processing requirements, the membrane was needed to
clean timely to restore the water flux.

Brushing was employed as the membrane cleaning
method in the experiment, considering that the inor-
ganic ceramic membrane was featured with easy clean-
ing, structural stability, good stability, high mechanical
robustness and long operating life. Fig. 10 showed the
recovered membrane flux of the dynamic membrane
by brush cleaning. The membrane flux was recovered
to 600 1/m?h, and the dynamic membrane was formed
again in shorter time. The result showed that the mem-
brane flux of the dynamic membrane could be basically
restored by brush cleaning, which was a very effective
cleaning method in the experiment.

4. Conclusions

Some conclusions of the study were listed as follows:

(1) The characteristics of the red mud were changed
after the activation method: the surface area
increased, the adsorption capacity improved, and
the alkalinity was reduced obviously. The optimum
dosage of RM-raw and RM-a was 23 g/l and 20 g/1,

respectively, the corresponding phosphate removal
was 92.47% and 99.66%, respectively, and the efflu-
ent pH value was 8.02 and 2.98, respectively.

(2) The in-situ self-formed dynamic membrane reac-
tor was featured by efficient interception function,
better solid-liquid separating effect, short treatment
cycle and easy cleaning, and the efficient removing of
phosphate could be further achieved by the action of
adsorption and interception. The phosphate removal
of the RM-raw and RM-a—DMR could reach 94.33%
and 99.72% respectively, the corresponding effluent
pH was 8.12 and 3.06 respectively.

(3) The membrane flux of the dynamic membrane could
be basically restored by brush cleaning, a very effec-
tive cleaning method in the experiment. The on-line
circulation and entirely reuse of the acidic wastewa-
ter could be achieved by the combination technique
of RM-a and the DMR.

Acknowledgements

This work was supported by National Nature Sci-
ence Foundation of China (No. 50808172, 30870221,
50909091), Distinguished Young Scientist Fund of Hubei
Province, China (No. 2010CDA093) and Major Science
and Technology Program for Water Pollution Con-
trol and Treatment of China 11th Five-Year Plan (No.
2009ZX07106-002-004).

References

[1] H.Q. Tang, Z.C. Guo and Z.L. Zhao, Phosphorus removal of
high phosphorus iron ore by gas-based reduction and melt
separation, J. Iron. Steel Res. Int., 17(9) (2010) 1-6.

[2] B. Grzmil and J. Wronkowski, Removal of phosphates and
fluorides from industrial wastewater, Desalination, 189 (2006)
261-268.

[3] J.B.Xiongand Q. Mahmood, Adsorptive removal of phosphate
from aqueous media by peat, Desalination, 259(1-3) (2010)
59-64.

[4] L.L. Blackall, G. Crocetti, A.M. Saunders and PL. Bond, A
review and update of the microbiology of enhanced biological
phosphorus removal in wastewater treatment plants, Antonie
Van Leeuwenhoek Int. J. Gen. Mol. Microbiol., 81 (2002) 681-
691.

[5] E.Yildiz, Phosphate removal from water by fly ash using cross-
flow microfiltration, Sep. Purif. Technol., 35 (2004) 241-252.

[6] VK. Gupta, R. Jain and S. Varshney, Electrochemical removal
of the hazardous dye Reactofix Red 3 BFN from industrial
effluents, J. Colloid Interface Sci., 312 (2007) 292-296.

[7] R. Ganigué, H. Lépez, M.D. Balaguer and J. Colprim, Partial
ammonium oxidation to nitrite of high ammonium content
urban landfill leachates, Water Res., 41 (2007) 3317-3326.

[8] S. Srivastava and A.K. Srivastava, Biological phosphate
removal by model based fed-batch cultivation of Acineto-
bacter calcoaceticus, Biochem. Eng. J., 40(2) (2008) 227-232.

[9] VXK. Gupta, A. Mittal, R. Jain, M. Mathur and S. Sikarwar, Pho-
tochemical degradation of hazardous dye-safaranin-T using
TiO, catalyst, J. Colloid Interface Sci., 309 (2007) 460-465.



[10]

[11]

[12]

(13]

[14]

[15]

16]

[17]

(18]

(19]

[20]

Z. Yiet al. / Desalination and Water Treatment 37 (2012) 77-83

M. Ozacar, Adsorption of phosphate from aqueous solution
onto alunite, Chemosphere, 51(4) (2003) 321-327.

L.A. Rodrigues, M.L. Caetano and P.D. Silva, Thermodynamic
and kinetic investigations of phosphate adsorption onto
hydrous niobium oxide prepared by homogeneous solution
method, Desalination, 263(1-3) (2010) 29-35.

E. Lopez, B. Soto, M. Arias, A. Nunez, D. Rubinos and T. Barral,
Adsorbent properties of RM and its use for wastewater treat-
ment, Water Res., 32(1998) 1314-1322.

A. Tor, N. Danaoglu, G. Arslan and Y. Cengeloglu, Removal
of fluoride from water by using granular red mud: Batch and
column studies, J. Hazard. Mater., 164(1) (2009) 271-278.

VXK. Gupta, M. Gupta and S. Sharma, Process development for
the removal of lead and chromium from aqueous solutions
using red mud—an aluminium industry waste, Water Res.,
35 (5) (2001) 1125-1134.

S. Wang, Y. Boyjoo, A. Choueib and Z.H. Zhu, Removal of dyes
from aqueous solution using fly ash and RM, Water Res., 39
(2005) 129-138.

VK. Gupta, I. Ali and V.K. Saini, Removal of chlorophenols
from wastewater using red mud: an aluminum industry
waste, Environ. Sci. Technol., 38(2004) 4012-4018.

Y. Zhang, S.B. Xia, J. Luo and Y.M. Zhang, Phosphate removing
performance of acid pickling milling wastewater from high-
phosphate hematite mineral processing by activated red Mud,
Desalin. Water Treat., 20(1-3) (2010) 203-208.

H. Nadaroglu, E. Kalkan and N. Demir, Removal of copper
from aqueous solution using red mud, Desalination, 251(1-3)
(2010) 90-95.

H.Q. Chu, DW. Cao, B.Z. Dong and Z.M. Qiang, Bio-diatomite
dynamic membrane reactor for micro-polluted surface water
treatment, Water Res., 44(5) (2010) 1573-1579.

YJ. Zhao, Y. Tan, E.S. Wong, A.G. Fane and N.P. Xu, Formation
of dynamic membranes for oily water separation by crossflow
filtration, Sep. Purif. Technol., 44(3) (2005) 212-220.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

83

X.H. Zhou, H.C. Shi, Q. Cai, M. He and Y.X. Wu, Function of
self-forming dynamic membrane and biokinetic parameters’
determination by microelectrode, Water Res., 42(10-11) (2008)
2369-2376.

N. Engelhardt, W. Firk and W. Warnken, Integration of mem-
brane filtration into the activated sludge process in municipal
wastewater treatment, Water Sci. Technol., 38(4-5) (1998) 429—
436.

M.J.M.M. Noor, FER. Ahmadun, T.A. Mohamed, S.A. Muyibi,
M.B. Pescod, Performance of flexible membrane using kaolin
dynamic membrane in treating domestic wastewater, Desali-
nation, 147(1-3) (2002) 263-268.

M. Altman, R. Semiat and D. Hasson, Removal of organic fou-
lants from feed waters by dynamic membranes, Desalination,
125(1-3) (1999) 65-75.

M.T. Pessoa de Amorim and I.LR.A. Ramos, Control of irrevers-
ible fouling by application of dynamic membranes, Desalina-
tion, 192(1-3) (2006) 63—67.

MS. Ye, H. Zhang, QQ. Wei, HF. Lei, FL. Yang and
X.W. Zhang, Study on the suitable thickness of a PAC-precoated
dynamic membrane coupled with a bioreactor for municipal
wastewater treatment, Desalination, 194(1-3) (2006) 108-120.
M.JM.M. Noor, ER. Ahmadun, T.A. Mohamed, S.A. Muyibi
and M.B. Pescod, Performance of flexible membrane using
kaolin dynamic membrane in treating domestic wastewater,
Desalination, 147(2) (2002) 263-268.

G. Galjaard, P. Buijs, E. Beerendonk, F. Schoonenberg and
J.C. Schippers, Pre-coating (EPCE®) UF membranes for direct
treatment of surface water, Desalination, 139(3) (2001) 305-316.
CJ. Liu, Y.Z. Li, ZK. Luan, ZY. Chen, Z.G. Zhang and Z.P. Jia,
Adsorption removal of phosphate from aqueous solution by
active red mud, J. Environ. Sci., 19 (2007) 1166-1170.





