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Abstract: Goethite, a typical iron-containing monomineral in red mud, was synthesized under the simulated Bayer digestion
condition during the alumina production. The effects of dissolved organic compounds including sodium formate, sodium acetate,
sodium oxalate, sodium salicylate and disodium phthalate on the settling performance of goethite slurries were studied. The settling
performance of the slurries was also investigated with the addition of self-made hydroxamated polyacrylamide flocculant (HCPAM).
The adsorption mechanism of dissolved organic compounds on the goethite surfaces was studied by FT-IR and XPS, respectively.
The results show that the addition of organic compounds lowers the settling performance of the slurries and a deterioration in settling
performance is observed in the order of sodium oxalate > sodium salicylate (~ disodium phthalate) > sodium formate > sodium
acetate. Moreover, HCPAM can efficiently eliminate the negative effects of sodium formate, sodium acetate and sodium oxalate on
the settling performance of the goethite slurries, but it can only partially improve the settling performance of the goethite slurries
containing sodium salicylate or disodium phthalate. FT-IR and XPS results show that these organic compounds are chemically

adsorbed on the goethite surface.
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1 Introduction

Bauxite mostly consists of different aluminum
hydrate ores which are gibbsite Al(OH);, boehmite
y-AlOOH and diaspore a-AlOOH. It is accumulated with
a number of impurities, such as the two iron oxides
(goethite and hematite), the clay mineral kaolinite and
small amounts of anatase TiO,. The world’s productions
of bauxite and metallurgical alumina are correspondingly
more than 2x10° and 8x10’ t/a, in which gibbsite,
boehmite and diaspore ores share 62%, 22% and 16%,
respectively [1]. The production of alumina from bauxite
requires an effective solid—liquid separation in gravity
thickeners to generate Bayer liquors containing low
amount of suspended solids.

In general, the bauxite ores contain 0.1%—0.4%
(mass fraction) organic compounds and occasionally as
high as 0.6% [2]. The organic compounds are composed
of a complex mixture of humates, lignin and cellulose [3].
On digestion of this bauxite in the Bayer process,
50%—90% of the organic compounds may be extracted
into the Bayer liquor as dissolved organic compounds.

The dissolved organic compounds may be classified into
three distinct groups [2]: humic acids, freshly extracted
high relative molecular mass material and its initial
degradation products with relative molecular mass
greater than 500 (e.g., fulvic acid); intermediate
degradation products which constitute the building
“blocks” of the large humic molecules (e.g., aromatic
carboxylic acids and phenolic acids); and degradation
products with lower relative molecular mass (sodium
formate, sodium acetate, sodium oxalate and so on).
Dissolved organic compounds build up in the
recirculating process liquor to concentrations determined
by a complex interaction of inputs, outputs and reactions
in a dynamic steady state, and the organic concentrations
range from 0 to 40 g/L [4].

SWINKELS and CHOUZADIJIAN [2], MALITO
and ROBERSON [5], SCHEPERS et al [6] and LU et
al [7-10] proposed that organic compounds dissolved in
the Bayer process resulted in poorer settling performance
of red mud. LU et al [7-10] proposed that the order of
the deterioration in the settling performance is humic
acid (~fulvic acid)> disodium terephthalate > phenol >
sodium oxalate > sodium formate (~sodium acetate). The
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negative effects of some organic compounds including
fulvic or humic acids with the concentration below
1.0 g/L and the others including sodium formate, sodium
acetate, sodium oxalate, phenol or disodium terephthalate
can be mitigated by the addition of flocculants, and the
deterioration of the settling performance of red mud
cannot be apparently eliminated by flocculants when the
concentration of fulvic or humic acid increased to
3.5 g/L. However, the wide variations in the species of
red mud and dissolved organic compounds in Bayer
liquors result in difficulties to identify the main
influencing factors for settling performance of red mud.

Typically, the digestion temperature for gibbsitic
bauxite by the Bayer process is in the range from 135 to
150 °C [11], which leaves behind red mud, containing
predominant amount of hydration grossular, goethite and
a bit of perovskite [12,13]. Generally, red mud with high
content of goethite results in Bayer liquors with higher
content of colloidal goethite and poorer settling
performance [14,15]. Notwithstanding the wide
variations in the species and amounts of dissolved
organic compounds between different Bayer liquors, the
fundamental organic compounds present in Bayer liquors
are aliphatic and aromatic compounds with carboxylic
groups and hydroxyl groups. On the other hand, LIU
et al [16] found that an improvement in clarity of the
supernatant in the goethite slurry using self-made
hydroxamated polyacrylamide flocculant (HCPAM) was
achieved by a chemisorption mechanism.

In this work, monocarboxylate (sodium formate and
sodium acetate), dicarboxylate (sodium oxalate), phenol
containing carboxylate groups (sodium salicylate) and
aromatic carboxylate (disodium phthalate) were chosen
as typical dissolved organic compounds in Bayer liquors.
Goethite was synthesized as the typical iron-containing
monomineral in red mud under the digestion condition of
gibbsitic bauxite. The effects of dissolved organic
compounds in Bayer liquors on the settling performance
of the goethite slurries were studied. The settling
performance of the goethite slurries in the presence or
the absence of organic compounds was also investigated
with the addition of HCPAM. The adsorption mechanism
of dissolved organic compounds on the surfaces of
goethite was studied by FT-IR and XPS, respectively.

2 Experimental

2.1 Materials and reagents

Goethite was prepared according to the procedure of
CORNELL and SCHWERTMANN [17], then dried at
60 °C for 24 h and characterized by X-ray powder
diffraction on X-ray diffractometer (XRD, D/max 2500,
Rigaku Corporation, Cu K, radiation, Japan). Industrial
grade aluminum hydroxide (w(Al(OH)3)>99.2%) was

purchased from Zhengzhou Light Metals Institute of
Aluminum Corporation of China. Other reagents were of
analytical grade.

The synthetic goethite (a-FeOOH) was treated by a
simulated Bayer digestion as follows: the simulative
circulating mother liquor was prepared by NaOH and
Al(OH);, with alkali concentration () of 180 g/L and
caustic ratio (¢4, molar ratio of Na,O to AL,Os3) of 1.5.
The synthetic goethite suspension was prepared by
digesting the mixture of 30 g synthetic goethite and
600 mL simulated circulating mother liquor (V=180 g/L,
a~1.50) in an autoclave at 145—150 °C for 60 min. The
suspension was filtered, subsequently washed with 10%
NaOH solution several times, and then dried in a vacuum
oven at 60 °C for 24 h to obtain the dry mud. The main
mineral of the dry mud was characterized by semi-
quantitative analysis of XRD (Fig. 1). The dry mud was
characterized by the surface area wusing nitrogen
(Monosorb Autosorb, Quantachrome Instruments Ltd.,
USA) and the particle size distribution (Mastersizer2000,
Malvern Instruments Ltd., UK), respectively. All the
results are listed in Table 1.
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Fig. 1 XRD pattern of dry mud from synthetic goethite
(JCPDS-PDF of goethite is No. 29-0713)

Table 1 Properties of dry mud from synthetic goethite

Property Value
Surface area/(m* gfl) 1.4
Particle size, d1o/pm 2.224
Particle size, dso/pm 8.367
Particle size, dgo/pm 36.095

Self-made hydroxamated flocculant HCPAM was
prepared by a method described by Ref. [18] (HCPAM,
with the intrinsic viscosity of 737 mL/g, 53% (mole
fraction) hydroxamate groups and 15% (mole fraction)
carboxyl groups, the contents of hydroxamate and
carboxyl groups of HCPAM were measured by elemental
analysis).
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2.2 Settling tests
2.2.1 Preparation of flocculant solution

The flocculant solution of HCPAM was prepared as
a solution of 0.5% (mass fraction) polymer solids in
10 g/ NaOH solution, and further diluted to a 0.1%
flocculant solution with deionized water just before use.
2.2.2 Preparation of goethite slurry for settling tests

Several series of goethite slurries with dissolved
organic compounds for settling tests were prepared as
follows: the simulative circulating mother liquor
(M=240 g/L, o=1.5) was prepared with NaOH and
Al(OH);. 100 mL boiled simulative circulating mother
liquor, 6 g synthetic goethite and suitable amount of
deionized water along with varying amounts of the
organic compound solution were added into a 250 mL
graduated cylinder (d30 mm x 260 mm) to yield 200 mL
suspensions. The addition of each organic compound to
the suspension is based on a series of fixed molar ratios
for carboxylate group of each organic compound to ferric
ion of goethite, for example, the molar ratios for
carboxylate group of each organic compound to ferric
ion of goethite were correspondingly 0.29, 0.23, 0.17,
0.12 and 0.06. The suspensions were stirred at (95+1) °C
to obtain goethite slurries with solid content of 30 g/L
(M=120 g/L, ey=1.5) at different organic concentrations
(g/L), respectively.

The goethite slurry in the absence of organic
compounds was prepared similar to the slurries in the
presence of organic compounds except that organic
compounds were not added to the slurries.

2.2.3 Settling tests

200 mL boiled goethite slurry in the presence or
absence of organic compounds was poured into a 250 mL
graduated cylinder (430 mm x 260 mm) which was
placed into a glass water bath maintained at (95+1) °C.
Then, the slurry was mixed using a hand-operated
plunger for five strokes (a single stoke being considered
as both down and up) to obtain well-mixed slurry.
Timing was started immediately upon stopping mixing,
and the height of the solid—liquid interface was recorded
at a certain interval. The settling rates were calculated by
timing the descent of the mud interface for the first 1 min
and for the first 5 min, respectively. After the settling test
lasted for 30 min, the clarity of the supernatant was
determined by a WGZ-3 turbidimeter (China).

After finishing the settling tests described above,
the settling tests of goethite slurries which were in the
presence of organic compounds at a certain critical
concentration with the lowest settling rate or in the
absence of organic compounds were conducted similar to
the operation described above except that 240 g/t
HCPAM was added to the slurry. The amount of the
flocculant was based on the ratio of mass of flocculant

change to the mass of solids in the slurry (g/t).

2.3 Adsorption mechanism

The technique used for adsorbing sodium formate,
sodium acetate, sodium oxalate, sodium salicylate or
disodium phthalate on the goethite surface was modified
from that developed by JONES et al [19]. 0.25 g
synthetic goethite was placed in an airtight conical flask
with 50 mL of 0.001 mol/L sodium hydroxide solution
and sonicated at 60 °C for 10 h to obtain a suspension,
and the suspension was centrifuged at 4000 r/min for
30 min to separate the supernatant and the solid. The
supernatant was decanted to obtain a fresh,
carbonate-free goethite solid placed in an airtight conical
flask. 50 mL of a certain concentration of organic
compounds in 2 mol/L sodium hydroxide solution was
added to the conical flask with 0.25 g of carbonate-free
goethite solid, and the molar ratio for carboxylate groups
of organic compounds to ferric ion of goethite was 10:1.
After the mixture was sonicated at 60 °C for 10 h and
equilibrated for 24 h, the mixture was centrifuged at
4000 r/min to obtain a solid, and the solid was washed
with deionized water once and dried in a vacuum oven at
60 °C for 24 h. The samples of goethite after the
treatment of sodium formate, sodium acetate, sodium
oxalate, sodium salicylate and disodium phthalate were
obtained.

Goethite before the treatment of organic compounds
(abbreviated as untreated goethite) was prepared in the
same manner except that dissolved organic compounds
were not added to the carbonate-free goethite solid.

The infrared spectra of the samples were measured
by a Nicolet—-6700 FT-IR spectrometer. The samples
were analyzed on X-ray photoelectron spectrometer
(ESCALAB 250XI, Thermo Scientific Co., USA)
utilizing a monochromatic Al K, X-ray at 1486.6 eV. All
measurements were carried out at the pressure below
1x10™® Pa with a flood gun for charge neutralization.
All spectra were charge-referenced so that the
unfunctionalized aliphatic C 1s component occurred at
284.8 eV.

3 Results and discussion

3.1 Settling performance of goethite slurries without

flocculants

Settling tests were conducted on 30 g/L goethite
slurries to illustrate the effects of dissolved organic
compounds (including sodium formate, sodium acetate,
sodium oxalate, sodium salicylate and disodium
phthalate) on the settling performance without
flocculants. The results (presented in Fig. 2 and
Table 2) are generated by altering the organic species and
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Fig. 2 Settlement curves of 30 g/L goethite slurries as function of different concentrations of sodium formate (a), sodium acetate (b),

sodium oxalate (c), sodium salicylate (d) and disodium phthalate (¢)

increasing the concentration of organic compounds in the
goethite slurries.

As shown in Fig. 2 and Table 2, organic compounds
have notable effects on the settling performance of the
goethite slurries. This is accompanied by a remarkable
decrease of the settling rates for the first 1 min and the
first 5 min compared with those in the absence of organic
compounds. The settling rates for the first | min and the
first 5 min of the goethite slurry in the absence of organic
compounds are 0.06 and 0.12 m/h, respectively. In

general, when the concentrations of sodium formate,
sodium acetate and sodium oxalate in the goethite
slurries increase, the settling rate decreases at first, and
then increases. The lowest settling rates for the first
1 min and the first 5 min are respectively 0.03 and
0.042 m/h at 4 g/L of the critical concentration of sodium
formate. At the critical concentration of 5.3 g/L of
sodium acetate, the lowest settling rates for the first
1 min and the first 5 min are 0.03 and 0.066 m/h,
respectively. And the lowest settling rates for the first
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Table 2 Settling rate and supernatant turbidity of 30 g/L
goethite slurries at different concentrations of organic

compounds
Organic _1._ Settling rate/(m-h™") Supernatant
compound PAeL) 1 min 5 min turbidity (NTU)
0.0 006 0.12 651
1.3 0.03 0.12 600
Sodium 27 0.03 0.06 492
formate 40  0.03 0.042 531
53 0.03 0.096 725
67 003 0.06 724
27 003 0.09 731
. 53 0.03 0.066 587
i(;:t‘:g 80 0.3 0.096 620
107 0.03 0.09 568
133 0.03 0.132 645
131 0.03 0.096 725
. 2.62 0 0.018 709
iiji:i: 3.98 0 0.024 409
5.25 0 0.024 412
6.56 0 0.036 642
3.1 0.03 0.132 727
. 6.3 0.03 0.12 663
siﬁf;:‘ze 94 003 0.114 636
1254 0.03 0.096 536
15.68 0 0.054 752
20 0.03 0.102 753
o 40 003 0.078 705
];:tzjiztr: 6.0 0 0.06 728
8.0 0 0.072 685
10.0 0 0.06 697

1 min and the first 5 min are 0 and 0.018 m/h,
respectively at the critical concentration of 2.62 g/L in
the presence of sodium oxalate. As the concentration of
sodium salicylate in the goethite slurries ranged from 3.1
to 15.68 g/L, a gradual decrease of the settling rate
occurred. When the concentration of sodium salicylate
increased to 15.68 g/L, the lowest settling rates for the
first 1 min and the first 5 min are correspondingly 0 and
0.054 m/h, respectively. When the concentration of
disodium phthalate in the goethite slurry ranged from 2
to 10 g/L, the lowest settling rates for the first 1 min and
the first 5 min are respectively 0 and 0.06 m/h at the
critical concentration of 6.0 g/L of disodium phthalate.
The lowest settling rate for the first 1 min decreased to 0
in presence of sodium oxalate, sodium salicylate or
disodium phthalate. Meanwhile, the clarity of the
supernatant in the presence of organic compounds

(especially sodium oxalate, sodium salicylate and
disodium phthalate) is poorer than that in the absence of
organic compounds. These results indicate that the
deterioration in settling performance is observed in the
presence of organic compounds. The order of the
deterioration in settling performance is sodium oxalate >
sodium salicylate (~ disodium phthalate) > sodium
formate >sodium acetate.

3.2 Settling performance of goethite slurries with

HCPAM

Focused on 30 g/L goethite slurries in the presence
of organic compounds at the critical concentration (i.e.,
the lowest settling rate occurred at this critical
concentration of organic compounds without flocculants)
or in the absence of organic compounds, HCPAM at the
dosage of 240 g/t was introduced in order to improve the
settling performance of the slurries. The results are
present in Fig. 3 and Table 3.

As shown in Fig. 3 and Table 3, with the addition of
HCPAM, the settling rates of the goethite slurries in the
presence of sodium formate, sodium acetate and sodium
oxalate are observed to equal or even surpass that in the
absence of organic compounds. The addition of HCPAM
can improve the settling performance of the goethite
slurries in the presence of sodium salicylate or disodium
phthalate. Whereas with the addition of HCPAM to the
slurries, the settling rate of the goethite slurries in the
presence of sodium salicylate or disodium phthalate is
still smaller than that in the absence of organic
compounds. With the addition of HCPAM, the clarity of
the supernatant of goethite slurries in the presence of
organic compounds at a critical concentration or in the
absence of organic compounds is significantly improved.
Therefore, the negative effects of sodium formate,
sodium acetate and sodium oxalate on the settling
performance of the goethite slurries can be efficiently
eliminated by HCPAM, and HCPAM just partially
improves the settling performance of the goethite slurries
in the presence of sodium salicylate or disodium
phthalate.

3.3 Adsorption mechanism of dissolved organic

compounds on goethite surface

The structural changes of goethite before and after
the treatment of organic compounds were investigated by
FT-IR and XPS, respectively.
3.3.1 FT-IR analysis

FT-IR spectra of unadsorbed sodium formate,
sodium oxalate, sodium salicylate and disodium
phthalate are depicted in Fig. 4. FT-IR spectra of goethite
before and after the treatment of sodium formate, sodium
oxalate, sodium salicylate and disodium phthalate are
depicted in Fig. 5.
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Fig. 3 Settlement curves of 30 g/L goethite slurries in presence of organic compounds at critical concentration or in absence of

organic compounds with or without addition of HCPAM

In the FT-IR spectrum of unadsorbed sodium
formate (Fig. 4(a)), the asymmetric (Vasym) and symmetric
(veym) stretches of the carboxylate group in unadsorbed
sodium formate are located at 1598 and 1363 cm ',
respectively. Furthermore, the weak band at 1448 cm ' is
assigned to the C—H bending vibration of sodium
formate.

In the FT-IR spectrum of unadsorbed sodium
oxalate (Fig. 4(b)), the asymmetric (Vasym) and symmetric

(Veym) stretches of the carboxylate group in sodium
oxalate are located at 1641 and 1321 cm™', respectively.
Furthermore, the weak band at 1417 cm™' is assigned to
the d(o—c—o) vibration of sodium oxalate [20].

In the FT-IR spectrum of unadsorbed sodium
salicylate (Fig. 4(c)), the asymmetric (Vuym) and
symmetric (vs,m) stretches of the carboxylate group can
be identified as the bands at 1587 and 1378 cm ',
respectively. The bands at 1623, 1486 and 1469 cm ™' are
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Table 3 Settling rate and supernatant turbidity of 30 g/L
goethite slurries in presence of organic compounds at critical
concentration or in absence of organic compounds with
addition of 240 g/t HCPAM

Settling rate/

Supernatant
Organic compound  p/(g-L ™" (mh ) turbidity
Imin 5min  (NTU)

No organic compounds 0 0.06 0.108 50.5
Sodium formate 4 0.12  0.36 28.2
Sodium acetate 53 0.09 0.102 77.5
Sodium oxalate 2.62 0.03 0.264 47.3
Sodium salicylate 15.68 0 0.096 64.7
Disodium phthalate 6 0.03 0.072 48.8

(aihH\\\\\\‘d//’-—‘H\“n,_ﬁ(/’-“\dr/f"-‘-—-—_
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Fig. 4 FT-IR spectra of sodium formate (a), sodium oxalate (b),
sodium salicylate (c) and disodium phthalate (d)

assigned to the C—C ring stretching modes of benzene.
The band at 1295 cm ™' is assigned to the bending mode
of the phenolic (Ph—O—H) group. The phenolic Ph—O
stretching vibration is represented by the band at
1250 cm ™" in sodium salicylate [21].

In the FT-IR spectrum of unadsorbed disodium
phthalate (Fig. 4(d)), the asymmetric (Vaoym) and
symmetric (Veym) stretches of the carboxylate group can
be identified as the bands at 1563 and 1382 cm ',
respectively. The band corresponding to C=0 stretching
vibration in carboxylate group is located at 1673 cm .
And the C—C ring stretching mode of benzene occurs at
1484 cm ' [22].

The FT-IR spectrum of goethite before the
treatment of organic compounds is depicted in Fig. 5(a).
There are no characteristic vibrational bands in the zone
between 1200 and 1700 cm ', and the bands at 1638 and
1382 cm ' are respectively assigned to the vibration of
adsorbed and constitutional water.

Several studies [19,21] have demonstrated that the
expected frequency shifts occurred when carboxylic
acids or their salts were adsorbed as carboxylates on

inorganic (oxide) surfaces. When the carboxyl groups of
carboxylic acids or their salts are directly involved in the
adsorption, it is possible to identify the structures on the
basis of the carboxylate asymmetric (Viym) and
symmetric  (Vsym) stretches, and their separation
(AV=Vaeym=Vsym). Av(adsorbed) and Av(salt) are the
separations of the symmetric and asymmetric stretches of
the carboxylate groups of the adsorbed carboxylate salt
and the unadsorbed carboxylate salt, respectively. They
can be used to identify the adsorbed structures: when the
value of Av(adsorbed) is smaller than Av(salt), a
bidentate chelating complex (II) is observed (two oxygen
atoms of the carboxylate group form two bonds with
one metal atom on the solid surface). However, when
Av(adsorbed) is greater than Av(salt), a monodentate
mononuclear complex (I) is seen (only one oxygen atom
of the carboxylate group binds with one metal atom on
the solid surface). In binuclear bridging complex (III)
(two oxygen atoms of the carboxylate group bind with
two metal atoms on the solid surface), Av(adsorbed) is
almost equal to Av(salt).

1700 1600 1500 1400 1300 1200
Wavenumber/cm™!
Fig. 5 FT-IR spectra of untreated goethite (a) and goethite after
treatment of sodium formate (b), sodium oxalate (c), sodium
salicylate (d) and disodium phthalate (e)

Figure 6 shows the possible surface complex of
goethite after the treatment of organic compounds.
Sodium formate and sodium oxalate may form surface
complex on goethite surface as complexes (I), (II) and
(ITI). Sodium salicylate may be adsorbed on goethite
surface with a bidentate chelating complex (IV) or a
bidentate bridging complex (V). In the bidentate
chelating complex (IV), one oxygen atom of the
carboxylate group and the oxygen atom of phenolic
group bind with one surface iron atom of goethite.
Whereas, one oxygen atom of the carboxylate group and
the oxygen atom of phenolic group bind with two
adjacent surface iron atoms of goethite to form a
bidentate bridging complex (V). Disodium phthalate may
have the similar adsorption manner in which two oxygen



436 Meng WANG, et al/Trans. Nonferrous Met. Soc. China 27(2017) 429-439

atoms of carboxylate group bind with surface iron atoms
of goethite as a complex (VI) or (VII).
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Fig. 6 Possible surface structures for organic compounds
adsorbed on goethite surface: structures I-III for adsorbed
sodium formate or sodium acetate; structures IV and V for
adsorbed sodium salicylate; structures VI and VII for adsorbed
disodium phthalate

For goethite after the treatment of sodium formate,
spectral bands at 1589 and 1349 cm™' are indicative of
the asymmetric (Vasym) and symmetric (Vgym) stretches of
carboxylate group (Fig. 5(b)), respectively. The
asymmetric (Viym) and symmetric (Veym) stretches of
carboxylate group of adsorbed sodium oxalate are
correspondingly at 1637 and 1323 cm™' (Fig. 5(c)).
Av(salt) values for unadsorbed sodium formate and
sodium oxalate are respectively 235 and 320 cm ™', while
Av(adsorbed) values of adsorbed sodium formate and
sodium oxalate are respectively 240 and 314 cm™'. This
suggests that a bidentate chelating complex (II) (Fig. 6)
may be formed between two oxygen atoms of
carboxylate group in sodium formate or sodium oxalate
and one surface iron atom of goethite.

FT-IR spectrum of goethite after the treatment of
sodium salicylate (Fig. 5(d)) shows that the asymmetric
(Vasym) and symmetric (vgm) stretches frequencies of
carboxylate group of adsorbed sodium salicylate are at
1572 and 1381 cm™', respectively. There is only a slight
decrease in the Aw(adsorbed) value (191 cm™') of
adsorbed sodium salicylate compared with the Av(salt)
value (208 cm™') of unadsorbed sodium salicylate.
Besides, the C—C stretching of benzene ring undergoes
significant shifts upon forming a complex with goethite
surface because the substituent of the benzene ring
affects the charge density and the charge distribution
on the benzene ring. In addition, the absence of the
bending frequency of the Ph— O—H in adsorbed

sodium salicylate indicates the deprotonation and the
coordination of the phenolic group with the surface iron
atom of goethite. This suggests that adsorbed sodium
salicylate may form a binuclear chelating complex (IV)
or a binuclear bridging complex (V) (Fig. 6) on the
goethite surface.

For goethite after the treatment of disodium
phthalate, the bands at 1556 and 1400 cm ' are
correspondingly the asymmetric (Viym) and symmetric
(Vsym) stretches of carboxylate group of adsorbed
disodium phthalate. There is a slight decrease of
Av(adsorbed) value (156 cm™') of adsorbed disodium
phthalate compared with the Av(salt) value (181 cm™") of
unadsorbed disodium phthalate. And the band
corresponding to the C=—O stretching vibration in
carboxylate group located at 1673 cm™' disappears after
adsorption (Fig. 5(e)). The results indicate that the
adsorbed disodium phthalate may form a binuclear
chelating complex (VI) or a binuclear bridging complex
(VII) (Fig. 6) involving two carboxylate groups on the
goethite surface.

3.3.2 XPS analysis

Figure 7 shows the binding energies and full widths
at half maximum (FWHM) of Fe 2p of goethite before
and after the treatment of dissolved organic compounds.
As shown in Fig. 7, in comparison with the untreated
goethite, the binding energies of Fe 2ps;, for goethite
after the treatment of sodium formate, sodium oxalate,
sodium salicylate and disodium phthalate were
correspondingly decreased by 1.1, 1.3, 0.5 and 0.5 eV,
and those of Fe 2p,,, were correspondingly decreased by
0.9, 0.7, 0.3 and 0.3 eV, respectively. The change of
chemical shift can be explained by the atomic potential
model [23]. The atomic potential model assumes that the
atomic core potential varies linearly with the valence
charge of atoms, and the oxidation of one atom results
in the increase of the atomic binding energy of the inner

720 725 730 735 740
Binding energy/eV

705 710 715

Fig. 7 XPS spectra of untreated goethite (a) and goethite after
treatment of sodium formate (b), sodium oxalate (c), sodium
salicylate (d) and disodium phthalate (e)
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electron, whereas the reduction of one atom results in the
decrease of the atomic binding energy of the inner
electron. This indicates that partial reduction of surface
iron atoms after the treatment of organic compounds may
happen due to the coordination of Fe(Ill) of goethite
surfaces with oxygen atoms of organic compounds.

Figure 6 presents the possible surface complex of
goethite after the treatment of organic compounds. This
indicates that the adsorbed iron atoms on the goethite
surfaces can partially accept electron clouds from oxygen
atom. The electronic charge densities of the adsorbed
iron atoms with bidentate chelating complexes (II), (IV)
and (VI) would have been higher than those in a
monodentate mononuclear complex (I) or bidentate
bridging complexes (III), (V) and (VII). According to the
above mentioned relationship between the change of the
binding energies and electronic charge densities of
adsorbed atoms on solid surfaces, the decrease of the
binding energy of Fe 2p spectra in XPS for goethite after
the treatment of organic compounds with bidentate
chelating complexes (II), (IV) and (VI) would have been
more apparent than that with a monodentate
mononuclear complex (I) or bidentate bridging complex
1), (V) and (VII). In fact, it can be noted that a
corresponding decrease in the binding energies of
Fe 2p;, and Fe 2py, of goethite after the treatment of
sodium formate (by 1.1 and 0.8 eV, respectively) or
sodium oxalate (by 1.3 and 0.7 eV, respectively) was
observed compared with the untreated goethite, while the
corresponding decrease values of 0.5 and 0.3 eV in the
binding energies of Fe 2p;, and Fe 2p, ), of goethite after
the treatment of sodium salicylate or disodium phthalate
were observed in comparison with the untreated goethite.
This shows that the decrease of Fe 2p binding energies
for goethite after the treatment of sodium formate or
sodium oxalate is almost two times larger than that of
goethite after the treatment of sodium salicylate or
sodium phthalate. Therefore, all the results indicate that
adsorbed sodium formate or sodium oxalate may form a
bidentate chelating complex (II) on the goethite surface
after the treatment of sodium formate or sodium oxalate.
And the adsorbed sodium salicylate or disodium
phthalate may correspondingly form a bidentate bridging
complex (V) or (VII) on the goethite surface.

On the other hand, FWHM of the peaks of Fe 2p for
goethite after the treatment of organic compounds is
slightly smaller than that of untreated goethite, which
also indicates that the partial reduction of the iron atoms
may occur on the goethite surface. This opinion is also
supported by TORU and PETER [24]: FWHM was
inversely proportional to the lifetime of ion state
remaining  after  photoemission, the electronic
configuration of Fe*" was 3d® whilst that of Fe** was 3d’,
and Fe*" would have a longer lifetime than Fe*', and then

FWHM of Fe(Il) 2p peaks was expected to be slightly
smaller than that of Fe(II) 2p peaks. This proved that
chemisorptions of organic compounds on the goethite
surface in a bidentate chelating complex took place.

All the results showed that organic compounds were
chemically adsorbed on the goethite surface. This
accounts for the notable effects of organic compounds on
the settling performance of the goethite slurries.

The goethite slurries in the presence of sodium
salicylate or disodium phthalate own poorer settling
performance than those in the presence of sodium
formate or sodium acetate, which might be due to the
stronger hydrophobicity of sodium salicylate or disodium
phthalate than that of sodium formate or sodium acetate.
The octanol-water partition coefficient (Kow) is a
coefficient representing the ratio of the solubility of an
organic compound in octanol to its solubility in water,
and is generally used as a relative indicator of the
tendency of an organic compound to adsorb to soil [25].
The higher the Koy is, the more the non-polar and the
more likely to adsorb on soil the organic compound is.
Kow values for salicylic acid and phthalic acid are 10*%
and 10°7, respectively, which are higher than those for
formic acid (10°°**) and acetic acid (1 ). This means
that the adsorption of sodium salicylate or disodium
phthalate on the goethite surface increases the
hydrophobicity of the goethite surface and causes the
goethite particles easier to float at the air—water interface.
This accounts for the lower settling rate and poorer
clarity of the supernatant in the presence of sodium
salicylate or disodium phthalate than that in the presence
of sodium formate or sodium acetate. The presence of
additional carboxylate groups enhances the adsorption of
sodium oxalate on the goethite surface [26], and lower
solubility of sodium oxalate makes it easier to precipitate
as a fine needle shaped crystals [1]. Hence, the
cataclastic fine grain of these fragile crystals further
reduces the settling rate and results in the worst settling
performance [5].

Furthermore, due to the difference in
hydrophobicity of organic compounds, the hydrophilicity
of HCPAM may weaken its adsorption on the goethite
surface in the presence of sodium salicylate or disodium
phthalate compared with that in the presence of sodium
formate or sodium acetate. On the other hand, MANASH
et al [27] studied the adsorption of benzoate and
salicylate onto the natural hematite surfaces, and found
that unlike benzoate, salicylate was not only chemically
adsorbed at one-surface iron site but also covered around
three or more surface iron sites of the hematite surface.
The FT-IR and XPS analyses show that sodium formate,
sodium acetate or sodium oxalate may just adsorb at one-
surface iron site of the goethite surface, and sodium
salicylate or disodium phthalate may chemically adsorb
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0
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at two-surface iron sites of the goethite surface. This
indicates less amount of active iron sites on the goethite
surface, which makes HCPAM more difficult to be
adsorbed on the goethite surface in the presence of
sodium salicylate or disodium phthalate than in the
presence of sodium formate, sodium acetate or sodium
oxalate. Thus, HCPAM can efficiently eliminate the
negative effects of sodium formate, sodium acetate or
sodium oxalate on the settling performance of the
goethite slurries, but only partial improvement in settling
performance of the goethite slurries in the presence of
sodium salicylate or disodium phthalate can be achieved
by HCPAM.

4 Conclusions

1) The deterioration in settling performance of the
goethite slurries in the presence of dissolved organic
compounds occurred compared with that in the absence
of organic compounds. The order of the deterioration in
settling performance of the slurries is sodium oxalate >
sodium salicylate (~disodium phthalate) > sodium
formate >sodium acetate.

2) HCPAM can efficiently eliminate the negative
effects of sodium formate, sodium acetate or sodium
oxalate on the settling performance of the goethite slurry.
But only partial improvement in settling performance of
the goethite slurries in the presence of sodium salicylate
or disodium phthalate can be achieved by HCPAM.

3) The analyses of FT-IR and XPS show that the
dissolved organic compounds are chemically adsorbed
on the goethite surface. A bidentate chelating complex
(II) may be formed between oxygen atoms of
carboxylate group of sodium formate, sodium acetate or
sodium oxalate and one-surface iron atom of goethite. A
bidentate bridging complex (V), in which one oxygen
atom of the carboxylate group and the oxygen atom of
the phenolic group of adsorbed sodium salicylate bind
with two-adjacent surface iron atoms, may be formed.
And the formation of a bidentate bridging complex (VII)
between two carboxylate groups of disodium phthalate
and two adjacent surface iron atoms of goethite may take
place.
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