JOURNAL OF
COMPOSITE
MATERIALS

Journal of Composite Materials
45(26) 2811-2816

© The Author(s) 201 |

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0021998311401937
jem.sagepub.com

®SAGE

Article

Red mud/polypropylene composite with
mechanical and thermal properties

Yihe Zhang'?, Anzhen Zhang', Zhichao Zhen', Fengzhu Lv',
Paul K. Chu? and Junhui Ji*

Abstract

Polypropylene (PP) based composites containing 0, 5, 10, 15, 20, 30, and 50 wt% red mud are granulated by twin-screw
extrusion and injection molding. Their mechanical properties such as tensile strength, flexural strength and modulus,
impact strength, and thermal properties are determined. After filling with red mud, the flexural strength and modulus,
thermal deformation temperature, and Vicat softening temperature increase, whereas the impact strength decreases
with increasing red mud contents. The maximum tensile strength is observed from the PP doped with |5 wt% red mud.

Scanning electron microscopy (SEM) is used to investigate the dispersion of red mud in the PP matrix.
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Introduction

Red mud is a by-product arising from caustic leaching
of bauxites during the production of industrial alu-
mina. About 1-2 tons of red mud residues are produced
for each ton of alumina and millions of tons of red mud
have hitherto been accumulated with most of them
being stored or released to the sea with very little reu-
tilization. Storage of red mud in wetlands poses serious
environmental issues due to the high alkalinity leading
to soil alkalization and water pollution. Furthermore,
dry storage can produce dust galore and pollute the
atmosphere, and direct release to the sea contaminates
seawater undermining the fishery industry. Hence,
better clean-up processes are urgently needed' and recy-
cling of red mud has aroused much interest. For
instance, it can be used as building materials™® but
the value added tends to be low. Unsintered brick can
be produced from red mud, fly ash, sand, and other
materials with relatively low emission of gaseous pol-
lutants and energy consumption.* Jute/sisal composites
reinforced with red mud possess favorable chemical,
mechanical, and fire-resistant properties, making them
promising substitutes to timber.> Red mud is rich in Si,
Al, Fe, and Ti and can be used to recover Al, Fe,® Ti,°
and scandium.”® It can also be used as radio-opaque
materials in ceramic processing using phosphate
bonding.'” However, the natural radioactivity poses

problems related to safe utilization of these building
materials."'

Having active anion-absorbing capability, red mud
can be used in water treatment as a coagulant,
adsorbent, or catalyst to remove pollutants'® such
as phenol,"® cadmium,'® phosphate,'>'¢ fluoride,'’
copper,'® arsenic,'” and dyes.*” Red mud has also
been found to remove As, Pb, and Zn efficiently from
acidic mine sites®' and even absorb acidic gases.?? Like
other adsorbents, the adsorption of As(III) and As(V)
on red mud followed Langmuir isotherm.> 2°

Red mud is also used as a reinforcing phase in poly-
meric materials such as polyvinyl chloride (PVC),*
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polyethylene/polypropylene  (PE/PP),>’*® PVC/PE,
PVC/PP, and PVC/PS (PS, polystyrene).”” However,
the red mud affects negatively the tensile and flexural
strength properties.®” In this study, red mud is incorpo-
rated into PP to improve the mechanical and thermal
properties. Our results are positive suggesting an effec-
tive way to recycle red mud and alleviate environment
impact.

Experimental

PP was purchased from SINOPEC Beijing Yanshan
Petrochemical Co., Ltd. The red mud was supplied
without charge by Shandong Weiqiao Pioneering
Group Co., Ltd. The massive red mud was rubbed
and then dried at 140°C, whereas the PP was dried at
80°C before use. The red mud particle size distribution
was measured by a laser particle size analyzer (BT-
9300) with a average size of 4pum. A series of red
mud/PP composites with red mud contents of 0, 5,
10, 15, 20, 30, and 50wt% were prepared. The red
mud and PP mixture were granulated by a twin-srew
extruder (¢35) and the L/D ratio was 40:1. The granules
were dried and injection-molded to standard samples
using an injection-molding machine (HD-90). The sam-
ples were stored at a relative humidity of 50% at 23°C
for 24h Dbefore the mechanical properties were
evaluated.

The melt flow index (MFI) of the composites was
determined by a melt flow rate measurer (uPXRZ)
according to GB/T3682-2000. The tests were conducted
under standard test conditions (2.16kg, 230°C). The
tensile and flexural properties were investigated using
an electronic tensile machine (DXLL-1000). The tensile
property was determined from dumbbell-shaped speci-
mens according to GB/T1040-1992 at a cross-head
speed of 5Smm/min. At least five samples were tested
for each set of conditions to determine the average
values. The flexural specimens were prepared to the
required size of 80 x 10 x 4mm® as stipulated in the
GB/T9341-2000 protocol. The tests were carried out
at a loading rate of 2mm/min and stopped to record
the values when the deformation quantity of the sample
was 6 mm.

The impact strength was studied using a XJJ-50
impact machine according to GB/T1043-93, and Izod
impact experiments were conducted on a XJU impact
machine as specified by GB/T1843-1993. The thermal
deformation and Vicat softening points were deter-
mined according to GB/T1634-79 and GB/T1633-79
using a XRW-300 machine. The tests were stopped
when the deformation quantity was —1.000 mm for
thermal deformation and —0.350 mm for Vicat soften-
ing point. The morphology of the red mud and frac-
tured surface on the specimens after tensile tests was

examined by a scanning electron microscope (Hitachi
S-450, Japan) at an accelerating potential of 25kV after
a thin gold layer was sputter-coated onto each sample
to circumvent sample charging.

Results and discussion

The fluidity which is related to how well the red mud is
dispersed in the PP matrix is measured by the MFI.
Figure 1 shows the influence of the red mud contents
on the MFI of the composites under standard testing
conditions. The MFI decreases sharply with increasing
red mud concentration and so proper processing con-
ditions are needed, especially for high red mud
contents.

The relationship between the tensile strength and red
mud content in the composites in Figure 2 shows that
the tensile strength increases when the red mud

Figure 1. Effects of red mud contents on the MFI of the red
mud/PP composites.

Figure 2. Effects of red mud contents on the tensile strength
and modulus of the red mud/PP composites.
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Figure 3. SEM photographs of red mud particles and red mud/PP composites with different red mud contents: (a) pure red mud,
(b) 10wt% red mud/PP, (c) 20 wt% red mud/PP, and (d) 30 wt% red mud/PP.

concentration increases from 0 to 15wt%, but in a
red mud content of above 20 wt%, the tensile strength
drastically decreases. The tensile strength reaches a
maximum value of 21.82 MPa which is about 4.75%
higher than that of pure PP (20.83 MPa) when the red
mud concentration is 15wt%. Although the tensile
strength decreased with the increase of red mud con-
tent, the tensile modulus increased as a result of the
higher rigidity of red mud particles.

The average size of the red mud particles is about
4 um. Moreover, it is observed from Figure 3(a) that the
size distribution is heterogencous and there are particles

as large as 50 pm. It is because red mud has a tendency
to agglomerate even under low humidity. As shown in
Figure 3(b), red mud is better dispersed in the matrix
showing little agglomeration when the concentration is
10wt%. Figure 3(c) indicates that in spite of more
agglomeration at a concentration of 20 wt%, the tensile
strength is still much higher than that of the polymer
matrix. However, further raising the red mud content
to 30 wt% results in excessive agglomeration, poor dis-
persion, and consequently reduced the tensile strength,
as shown in Figure 3(d). Hence, introduction of fine red
mud particles at a relatively small concentration
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Figure 4. Effects of red mud contents on the flexural strength
and flexural modulus of the red mud/PP composites.

effectively improves the tensile strength and the red
mud content should not be larger than 20 wt%, other-
wise calls for proper compatibilization.

Figure 4 shows incorporation of red mud changes
the flexural properties of the composites. Both the flex-
ural strength and modulus increase with higher red
mud contents. The flexural strength reaches
33.96 MPa at 50 wt% and it is 61.7% higher than that
of PP. At the same time, the flexural modulus is
1504 MPa and 95.8% higher than that of pure PP.
The rigidity of red mud plays a key role in the flexural
properties. Although agglomeration becomes more
prevalent at high red mud concentrations (Figure 3),
the flexural properties of the red mud/PP composites
are improved obviously.

Figure 5 shows that the Izod impact strength of the
composites decreases with increasing red mud contents.
Similar to the Izod impact strength, the Charpy impact
strength diminishes with red mud contents as well. The
results indicate that introduction of red mud negatively
affects the impact properties. The low interaction
between the PP matrix and red mud fillers is one of
the key factors influencing the impact properties. The
reason why the introduction of red mud into PP
degrades the impact properties of the composites is
that the two phases are joined by weak van der Waals
force. The decrease of tensile and impact strengths has
shown worse interface and dispersion at higher loading,
which result in the decrease of the stressed area, making
the tensile and impact strength decrease. While on the
bending stress, the rigid red mud particles are useful to
support the matrix, hampering its movement, makes
the flexural strength increase. Nonetheless, to reap the
overall benefits, the red mud concentration should be
low, at which compromise in the impact properties is
well compensated for by enhancement in other
properties.

Figure 5. Effects of red mud contents on the lzod impact
strength and Charpy impact strength of the red mud/PP
composites.

Figure 6. Effects of red mud contents on the Vicat softening
point temperature of the red mud/PP composites.

Figure 6 shows that the Vicat softening point tem-
perature of the composites increases slightly with red
mud content and it is 3.4°C higher than that of PP
when the red mud concentration is 30 wt%. But there
is a step variation observed when only a 5wt% of red
mud is added to the PP and further addition does not
seem to be equally effective in producing changes on the
Vicat point. As shown in Figure 7, the thermal defor-
mation temperature is also improved evidently by
incorporating red mud. It is about 26.3°C higher at a
red mud concentration of 30 wt%. The introduction of
high-melting point red mud particles plays an impor-
tant role in supporting the molecular chains in the
matrix when the samples start to soften. The underpin-
ning capability increases at high red mud concentra-
tions and so the temperature of Vicat softening point
and thermal deformation increase. This improves the
thermal stability and usable temperature range of the
materials.
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Figure 7. Effects of red mud contents on the thermal
deformation temperature of the red mud/PP composites.

Conclusion

In this article, a series of PP-based composites contain-
ing different red mud contents are prepared. The
mechanical and thermal properties of red-mud/PP com-
posites are investigated. Addition of red mud to PP
improves the tensile strength, flexural characteristics,
and thermal properties of the composites. The tensile
strength reaches a maximum value at a red mud con-
centration of 15wt%, but the impact property degrades
with increasing red mud contents. Red mud/PP com-
posites with better overall mechanical and thermal
properties can be achieved at relatively lower red mud
contents. This suggests an effective way to recycle red
mud and alleviate environmental impact.

Acknowledgments

This study is jointly supported by the Open Foundation of
National Laboratory of Mineral Materials of China
University of Geosciences (grant numbers 519002310062
08A004, 08A006, and 08A003), the Special fund of co-con-
struction of Beijing Education Committee, and City
University of Hong Kong Strategic Research Grant (SRG)
no. 70080009.

References

1. Xenidis A, Harokopou AD, Mylona E and Brofas G.
Modifying alumina red mud to support a revegetation
cover. J Miner Met Mater Soc 2005; 57(2): 42—46.

2. Fernandez C, Garcia P, delCampo JJ, Ayala J and Blanco
F. Use of red mud in construction materials. In: Technical
Sessions at the 125th TMS Annual Meeting-Light Metals
99-106, Anaheim, CA, 4-8 Febraury, 1996.

3. Liu WC, Yang JK and Xiao B. Application of bayer red
mud for iron recovery and building material production
from alumsilicate residues. J Hazard Mater 2009; 161(1):
474-478.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Agatzini

. Yang JK and Xiao B. Development of unsintered con-

struction materials from red mud wastes produced in the
sintering alumina process. Constr Build Mater 2008; 22:
2299-2307.

. Mohini SR, Morchhale K, Asokan P and Prasad BK.

Plant fiber-industrial waste reinforced polymer compos-
ites as a potential wood substitute material. J Compos
Mater 2008; 42: 367-382.

LS, Oustadakis P, Tsakiridis PE and
Markopoulos CJ. Titanium leaching from red mud by
diluted sulfuric acid at atmospheric pressure. J Hazard
Mater 2008; 157(2-3): 579-586.

. Zhou HL, Li DY, Tian YJ and Chen YF. Extraction

of scandium from red mud by modified activated
carbon and kinetics study. Rare Met 2008; 27(3):
223-227.

. Li X-B, Xiao W and Liu W. Recovery of alumina and

ferric oxide from bayer red mud rich in iron by reduction
sintering. Trans Nonferrous Met Soc China 2009; 19:
1342-1347.

. Kr E, Cengeloglu Y and Ersoz M. Influence of chelating

agents on the recovery of AI(IIl), Fe(Ill), Ti(IV) and
Na(I) from red mud by cation exchange membranes.
Sep Sci Technol 2006; 41(5): 961-977.

Amritphale SS, Anshul A, Chandra N and
Ramakrishnan N. A novel process for making radi-
opaque materials using bauxite-red mud. J Eur Ceram
Soc 2007; 27: 1945-1951.

Jobbagya V, Somlaib J, Kovacsc J, Szeiler G and
Kovacsb T. Dependence of radon emanation of red
mud bauxite processing wastes on heat treatment.
J Hazard Mater 2009; 172: 1258-1263.

Wang SB, Ang HM and Tade MO. Novel applications of
red mud as coagulant, adsorbent and catalyst for envi-
ronmentally benign processes. Chemosphere 2008; 72:
1621-1635.

Tor A, Cengeloglu Y, Aydin ME and Ersoz M. Removal
of phenol from aqueous phase by using neutralized red
mud. J Colloid Interf Sci 2006; 300: 498-503.

Zhu CL, Luan ZK, Wang YQ and Shan XD. Removal of
cadmium from aqueous solutions by adsorption on gran-
ular red mud (GRM). Sep Purif Technol 2007; 57:
161-169.

Huang WW, Wang SB and Zhu ZH. Phosphate removal
from wastewater using red mud. J Hazard Mater 2008;
158: 35-42.

Yue QY, Zhao YQ and Li Q. Research on the character-
istics of red mud granular adsorbents for phosphate
removal. J Hazard Mater 2010; 176: 741-748.

Tor A, Danaoglua N, Arslanb G and Cengeloglub Y.
Removal of fluoride from water by using granular red
mud: batch and column studies. J Hazard Mater 2009;
164: 271-278.

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

Li YR, Wang J, Luan ZK and Liang Z. Arsenic removal
from aqueous solution using ferrous based red mud
sludge. J Hazard Mater 2010; 177(1-3): 131-137.


http://jcm.sagepub.com/

2816

Journal of Composite Materials 45(26)

20.

21.

22.

23.

24.

25.

Da Silva EB, Alves MCM and da Motta M. Study on the
use of red mud for removal of dyes from textile effluents.
Qumi Nova 2008; 31(5): 985-989.

Bertocchi AF, Marcello G, Roberto P and Antonio Z.
Red mud and fly ash for remediation of mine sites con-
taminated with As, Cd, Cu, Pb and Zn. J Hazard Mater
2006; B134: 112-119.

Yamada K, Fukunaga T and Harato T. SO, removal
from waste-gas by red mud slurry laboratory test and
selection of absorber. Soc Chem Eng Japan 1982; §(1):
25-31.

Guo HM, Doris S and Zolt B. Removal of arsenic
from aqueous solution by natural siderite and hematite.
Appl Geochem 2007; 22: 1039-1051.

Altundogan HS, Altundogan S, Tuemen F and Bildik M.
Arsenic removal from aqueous solutions by adsorption
on red mud. Waste Manage 2000; 20: 761-767.

Zheng H, Han LJ, Ma HW, Zheng Y, Zhang HM, Liu
DH, et al. Adsorption characteristics of ammonium ion
by zeolite 13X. J Hazard Mater 2008; 158: 577-584.

26.

27.

28.

29.

30.

Tian YJ and Li HW. Mechanism of light resistance and
heat aging resistance for red mud-PVC composite plas-
tics. Acad Sin 1984; 29: 798-801.

Chand N and Hashmi SAR. Mechanical and rheoelogical
characteristics of polypropylene/polyethylene red mud
composites. Res Ind 1995; 40(3): 193-202.

Chand N and Hashmi SAR. High stress wear studies on
addition of polycarbonate in red mud filled ssotactic
polypropylene. Indian J Eng Mater Sci 1998; 5(5):
324-328.

Jale Y, Azhar U, Kazuo I and Yusaku S. The catalytic
effect of red mud on the degradation of poly(vinyl chlo-
ride) containing polymer mixture into fuel oil. Polym
Degrad Stab 2001; 73: 335-346.

Akinci A, Akbulu H and Yimaz F. Mechanical properties
of cost-effective polypropylene composites filled with red-
mud particles. Polym Polym Compos 2008; 16(7):
439-446.


http://jcm.sagepub.com/



