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Abstract CuO-Fe,0; composite material with strong
magnetism and a large surface area is prepared by the
co-precipitate method. Its adsorption properties towards
Acid Red B (ARB) and the regeneration by catalytic com-
bustion of organic compounds have been studied. The results
show that the prepared CuO-Fe,O; composite is an excellent
adsorbent for ARB adsorption at acid condition. The pres-
ence of CI™ has no effect on ARB adsorption. But the SO%"
can inhibit ARB adsorption. After being recovered by the
magnetic separation method, the adsorbent can be regener-
ated by catalytic oxidation of absorbate at 300C in air at-
mosphere. The combustion reactions of ARB in the presence
or absence of CuO-Fe,0O; are studied by in situ diffuse reflec-
tion FTIR. The results indicate that, in the presence of
CuO-Fe,03, the degradation temperature is significantly
lowered by the catalysis of CuO-Fe,O3, and ARB can be oxi-
dized completely without volatile organic compound
by-product; in comparison, in the absence of CuO-Fe,O3, the
temperature needed for oxidation of ARB is higher and the
reaction is incomplete with some N-containing harmful
compounds produced. The reusability of CuO-Fe,O3 is also
studied in successive seven adsor ption-regener ation cycles.
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Some organic contaminants, such as dyes, are toxic
and non-biodegradable and cannot be efficiently removed
from water by common biological, physical or chemical
processes. Activated carbon powder can be used to re-
move efficiently those organic contaminants with the ad-
vantages of high adsorption rate and large adsorption ca-
pacity owing to its small particle size, large surface area
and good dispersion in water. But the cost is high because
of difficulties of separation and reuse.

The uses of clays or metal oxides as adsorbents or
catalysts for the removal of pollutants from water have
been the subject of several recent studies™ . In some of
these studies, they are used in the form of powders, which
leads to a larger contacting area with agueous phase and
thus a faster adsorption rate and a higher adsorption ca-
pacity. But their application is also limited by the difficul-
ties of separation and regeneration. Copper oxide and iron
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oxides are conventional catalysts and have shown good
adsorption properties and catalytic oxidation activity to-
wards some organic compounds. It is known that the
composite of copper oxide and iron oxide — CuFe;O, is
magnetic and can be recovered efficiently by the magnetic
separation method. Thus, the use of copper oxide and iron
oxide composite as adsorbent/catalyst for the removal of
organic contaminants may overcome the recovery and
regeneration difficulties in water treatment. However, little
work has been done on this subject in literature at present.
The aim of this work is to evaluate the effectiveness of
powder CuO-Fe,O; composite as adsorbent/catalyst for
the removal of azo dye Acid Red B (ARB), as a model
compound, by adsorption-catalytic combustion. In this
study, powder CuO-Fe,Os; composite with strong magnet-
ism and large surface area is prepared by the co-preci-
pitate method, the properties of adsorption and regenera-
tion have been studied, the reaction mechanism of ARB in
the presence and absence of CuO-Fe,O; composite is also
studied by in situ diffusion reflection FTIR.

1 Experimental

(1) Materids. CuO-Fe,O; was prepared by the co-
precipitation method. 0.03 mol Cu(NOj3), « 3H,0O and 0.06
mol Fe(NO3); » 9H,0 was dissolved in 100 mL of distilled
water. Under vigorous magnetic-stirring the pH was
slowly raised by adding 3 mol/L NaOH solution to around
10 and stirring continued for 30 min, and then stopped.
The suspension was heated to 100°C and kept for 4 h.
After cooling, the pH of solution was adjusted to about 7
by adding 0.2 mol/L HCI. Then the prepared magnetic
adsorbent was repeatedly washed with distilled water. By
magnetic separation, the solid was separated from water,
and then dried at 50°C and 110°C for 8 h respectively.
The dry material was crushed and stored for further tests.
Its specific saturation magnetization (o) of 20.42 emu/g
was determined using a VSM model 155 magnetic meter.
The BET area was measured to be 86 m%g. The average
particle size determined by Mastersizer 2000 (Malvern Co)
is 14.2 um. The XRD pattern revealed the spinel structure
of CuFe,O,.

Acid Red B was purchased from Beijing Chemicals
Co (Beijing, China) and used without further purification.

Its structureis:
SOSNa Q
‘e N==N O SO;Na
OH

Deionized water was used throughout this studly.
(ii) Methods. For al adsorption experiments, the
suspension containing 0.200 g adsorbent and varying
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amount of ARB was shaken on an orbit shaker at 140

r/min. The temperature was controlled at 25°C by air bath.

The pH was adjusted by addition of HClI or NaOH. The
adsorption time was 2 h. The concentration of ARB was
determined by spectrophotometer (U-3010, Hitachi Co) at
516 nm or by TOC anayzer (Phoenix 8000, Tekmar
Dohrmann Co, USA) after 0.45 um membrane filtration.

For the experiments of effect of pH on adsorption, 50
mL, 100 mg/L ARB solution was used. Adsorption iso-
therm was conducted using the completely mixed batch
reactor bottle-point method, and the solution pH was at
4.0. For the test of influence of inorganic anions on ARB
removal efficiency, 100 mg/L ARB solutions containing
0.0010, 0.010 and 0.10 mol/L NaCl or Na,SO, were used,
respectively.

After adsorption, the adsorbent was recovered by the
magnetic separation method with a permanent magnet of
40 mm diameter and 10 mm thickness, made with
Nd-Fe-B (2300 Gauss).

The regeneration of CuO-Fe,O; via thermal degrada-
tion of adsorbate was carried out with the following pro-
cesses. After magnetic separation, the collected adsorbent
loaded with ARB was dried at 100°C, then placed into a
muffle furnace and heated at 300°C for 30 min, the air
was let in at a flow of 100 mL/min. After reaction, the
regenerated CuO-Fe,O; was washed with 10 mL NaOH
solution of pH 8—9 for further tests.

Diffuse reflection IR spectra of the combustion of
ARB and ARB adsorbed on CuO-Fe,O; was determined
by a Nicolet 670 FTIR spectrophotometer, equipped with
a controlled-temperature and environment diffuse reflec-
tance in situ chamber and a liquid nitrogen-cooled Hg-
CdTe detector. The air was et in at aflow of 100 mL/min.

2 Resultsand discussion

( 1) Effectiveness of ARB adsorption by CuO-Fe,0;

(1) ARB removal efficiency at various pH. The effect
of solution pH on adsorption varies significantly with
different adsorbent or adsorbate. Fig. 1 shows the removal
of ARB by CuO-Fe,O; at various pH. 50 mL ARB
solution at the initial dye concentration of 100 mg/L was
used. It indicates that the removal efficiency is strongly
dependent on pH. Acidic condition is favorable for the re-
moval of ARB, especialy at pH<5, the removal efficiency
of ARB is very high. At pH >5, the effectiveness of re-
moval for ARB decreases drastically with the pH in-
creaseing.

In the reaction of adsorption, the charges of adsorb-
ent and adsorbate played an important role. Heterocharge
of adsorbent and adsorbate is in favor of adsorbing reac-
tion. From the literature value pKai =1 for the —SOzH

value of 11.4 for the naphthalene —OH

of Orange 11!, an azo dye with the similar structure to

ARB, it could be deduced that at the pH range studied,

group and pK,
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Fig. 1. Effect of pH on removal efficiency. 50 mL ARB solution, initial
concentration 100 mg/L, pH 4.8; 0.100 g CuO-Fe;0s.

most of ARB existed as HA?, the fraction of other forms
was at negligible level. Thus, it was mainly controlled by
the charges of adsorbent surface when interactions be-
tween ARB and adsorbent varied with the pH of solution.
At lower pH more protons were available to protonate
oxides surface of adsorbents, thereby increased electro-
static attractions between negatively charged dye mole-
cules and positively charged oxides surface of adsorbents,
which was in favor of adsorption reaction. While at higher
pH, the adsorbent surface decreased in positive charges or
even negative charges, which did not favor the adsorption.
So adsorption of ARB by CuO-Fe,O3 should be performed
at acid conditions which is in accordance with the pH of
actual dye wastewater.

(2) Adsorption isotherm. Adsorption capacity at dif-
ferent agueous equilibrium concentration can be illus-
trated by the adsorption isotherm. Fig. 2 shows the ad-
sorption isotherm of ARB on CuO-Fe,O; at pH 4.0 and
25C.

q./mg.g"!

0 20 40 60 80 100 120 140 160
C,/mg-L!

Fig. 2. Adsorption isotherm of ARB on CuO-Fe;Os at pH 4.0.

Langmuir and Freundlich adsorption models were
used to describe the sorption data.

Langmuir equation: g.= qmbCe/(1+bCe)

Freundlich equation: g.= kC",
where g, (Mg dye/g adsorbent) is the amount of dye ad-
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sorbed per gram of adsorbent at equilibrium; g, (mg dye/g
adsorbent) is the maximum adsorption capacity; C. (mg/L)
is the equilibrium concentration of dyein solution.

The correlation coefficient R?=0.99 for Langmuir

model and RZ= 0.95 for Freundlich model indicated that

Langmuir model was more appropriate than that of
Freundlich model. The calculated maximum adsorption
capacity g, of ARB on CuO-Fe,O; at pH 4.0is74.1 mg/g.

(3) Effect of inorganic anions on ARB adsorption.
Inorganic salts are often present in effluent and they may

affect adsorption in some case. Cl” and SO3  are com-
moly co-existing anions as well as dyes in wastewater.
The effect of CI© and SO; on ARB remova by

CuO-Fe,O5 adsorbent is shown in Table 1. It can be seen
that there was no effect on ARB removal in the presence
of Cl™ at the concentration range of 0—0.1 mol » L™ CI".

But the effect of SO3~ on the removal of ARB was very

significant. In the presence of SO;  at 0.0010 mol * L,
the removal of ARB dropped from 96% to about 85%; at
concentration of 0.010 mol « L™ SO3%, the removal of
ARB dropped to 32.5%, and that at the concentration of
0.10 mol/L SOf{, the removal of ARB dropped to about
18%.

Table1 Effect of inorganic anions on ARB adsorption®

Anion Concentration of anion/mol * L™ ARB removal (%)
0.0010 95.8
(o 0.010 96.1
0.10 95.2
0.0010 85.2
SOy 0.010 325
0.10 18.1

a) CuO-Fe,03: 0.200 g; ARB solution: 100 mg/L, 50 mL; pH=4.

The results of this test indicate the competition of
sof; with ARB for active site on CuO-Fe,O; that did not
exist between CI™ and ARB. This could be attributed to the
chemisorption of ARB on CuO-Fe,O; via —SO; of the
dye through the formation of complex with the adsorbent
surface as studied by FTIR later. SO3™ has the similar

structureto — SO; , thusit could also have chemisorption
on CuO-Fe,0O; and decreased ARB adsorption.

(4) FTIR spectrafor ARB adsorption on CuO-Fe,Os.
The FTIR spectra of ARB, adsorbed ARB on CuO-Fe,03
and initial CuO-Fe,05 are shown in Fig. 3. The peaks at
1603 and 1501 cm™ are assigned to aromatic C=C
stretching vibration™, while the weak peak at 1463 cm™
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corresponds to —N=N— bond stretching vibration, and
the peaks at 1207, 1436 cm™ are assigned to —C-O—
bond stretching vibration and —OH deformation, respec-
tively. The —SO; asymmetric vibration is shown at
1277 em™ and its symmetric overlaps with —C-O—
bond stretching vibration at about 1200 cm ™., It can be
seen that peaks of adsorbed ARB on CuO-Fe,O; were
similar to those of ARB except for the peaks at 1436 cm ™
(—OH) and 1277 cm™ (—SOj3 ) that almost disappeared
after adsorption, and the peak at 1200 cm™ also changed
obvioudly. This suggests the participation of both —
C-OH and —SO; groups in bond formation with the

adsorbent surface and confirms the chemisorption of ARB
on CuO-Fe,0s.

3.2+ 1605 1049
1504 1180
1461

3.0
2.8F
2.6f

Absorbance
[\
(=)

3000 2000
Wavenumber/cm™

Fig. 3. FTIR spectrafor ARB adsorption on CuO-Fe;O;. 8, CuO-Fe;0Os;
b, ARB; ¢, ARB adsorbed on CuO-Fe,0s.

(i1) Catalytic combustion of ARB and regeneration
of CuO-Fe,0Os

(1) The reusability of CuO-Fe,Oz regenerated by
catalytic combustion of organic compounds. Seven ad-
sorption-combustion cycles were carried out to evaluate
the reusability of CuO-Fe,O3 as adsorbent/catalyst for the
removal of ARB. Fig. 4 shows the removal efficiency of
ARB during the seven cycles, for 50 mL ARB solution of
initial concentration 100 mg + L™ at pH 4. CuO-Fe,O,
was washed after each combustion using a NaOH solution
of pH 8—9 for the removal of nitrate or sulfate formed in
the oxidation reaction. The results demonstrated that the
removal efficiency only decreased dlightly after the first
cycle, and then it reached a stable state in the following
cycles. These experiments demonstrated that CuO-Fe,O3
as adsorbent/catalyst could be used repeatedly over many
cycles.

(2) Cataytic combustion of ARB on CuO-Fe,0s. In
order to obtain insights into the reaction process, combus-
tion of ARB in the presence or absence of CuO-Fe,O; was
studied by means of in situ DRIFT spectroscopy. In the
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Fig. 4. Theremoval efficiency of ARB during seven cycles, for 50 mL
ARB solution of initial concentration 100 mg « L™ at pH 4.0.

test, 10 mg ARB (by itself diluted by KBr or adsorbed on
CuO-Fe,03) were placed into the in situ reactor, and the
air was let in at a flow of 100 mL/min. The infrared spec-
tra of the combustion at different temperatures are shown
in Figs. 5 and 6.

Fig. 5 shows the combustion reaction of ARB at
150°C, 200°C and 250°C in the presence of CuO-Fe;0s.
It can be seen that at 150°C, the spectra already changed
evidently: the peak at 1048 cm™ and the peaks between
1100—1250 cm™ (—SO; and —C-OH) decreased
obviously, and the peak at 1461 cm™ (—N=N—)
decreased dlightly. A new peak at 1581 cm™ (R—NO)
appeared. The peaks (1605 and 1504 cm ™) corresponding
to aromatic ring vibrations showed no change at 150°C.
This indicated that the oxidation of sulfonic group
(—SO;3 ) was the main reaction for ARB on CuO-Fe,O; at

150°C, and the azo bond also reacted slowly, while
aromatic ring was stable at this temperature. At 200°C, the
change in spectra was more drastic: The peaks between

1100—1250 cm™* (—SO; and —C—O0) and 1461 cm™*

(—N=N—) disappeared or were very weak, while the
peak at 1581 cm™ (R—NO) increased rapidly and a new
peak at 1551 cm™ (—NO,) appeared. This indicated that
the rapid oxidation of —N=N— to nitro-compounds and
the further oxidation of —SO; and —C-OH had taken
place. At 250°C, the peaks between 1100—1250 cm™
(—S0; and —C-0) and 1463 cm™ (—N=N—) amost
disappeared and the peak at 1551 cm™ (—NO,) increased
rapidly. And the nitrate peak at 1330 cm* appeared. These
results indicated that the reactions of ARB in the presence
of CuO-Fe,Os; below 250°C were mainly of the oxidation
of —SO;, —C-OH and —N=N—.

At 300°C (as shown in Fig. 6), the peaks between
1500—1600 cm™ (C=C, and —NO,) decreased drasti-
caly, and the peaks at 1338 cm™ (NOj ), 2321—2370
cm™ (CO,) appeared rapidly at the same time, which con-
firmed that the fast oxidation of aryl and —NO, to CO,
and nitrate had taken place, respectively. After 10 min,
only the peak at 1338 cm™ (NO;3 ) was obvious. This in-
dicated the complete oxidation of ARB. And no volatile
organic compound detected by MS on line during the re-
action also demonstrated the complete oxidation of ARB
in the presence of CuO-Fe0s. It isasoindicated in Fig. 6
that the surface of CuO-Fe,Os; after regeneration was
similar to that of the initial one except nitrate left. While
nitrate could be washed out or dissolved during the next
adsorption cycle, thus having no effect on the adsorp-
tion-regeneration performance. This was consistent with
the test results as stated previoudly.

From these results, a reaction scheme for ARB
combustion on CuO-Fe,O; at different temperatures is
given:

- 1048 ARB/CuFe,0,20°C
1.4F 1581 1330 1213 150°C 1 min
12 1330 “17961 150°C 10 min
2+ 1
1639
8 o 01504 1408132 200°C 1 min
g 1461 200°C 10 min
2 0.8t . 250°C 1 min
)
< N ” weeeare™ 350°C 10 min
0.6k M A .
|
04F 'M‘
7 AL
02k
1600 1200 1200 1000
Wavenumber/cm™

Fig. 5. FTIR spectrafor ARB/ CuO-Fe,O; combustion at 150°C, 200°C and 250°C.
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Fig. 6. FTIR spectrafor ARB/CuO-Fe,O3; combustion at 300°C

(iii) The catalysis of CuO-Fe,Os;in ARB combustion.

For comparing the oxidation processes of ARB under dif-
ferent conditions, the reaction of ARB in the absence of
CuO-Fe,05 was also studied. Fig. 7 shows the changes of
IR spectra for ARB oxidation in air atmosphere in the ab-
sence of CuO-Fe,Os. In the absence of CuO-Fe,0Os, the IR
spectra show no obvious change at the temperature below
3007C, except for the disappearing of the peak at 1640
cm™ (H,0). This indi cates that ARB was stable at this
temperature.

When the temperature rose to 500°C, the spectra

REPORTS

_ 0]
-OH, -SO; —= H,0. S0, :

200—250C_ [O]

N=N— —— R—NO,, R—NO and NO; ;

[O] _
-Ar, R—NO,,—— R—NO, CO,, H,0 ,NO;

changed drastically: The peaks between 1100—1250 cm™*
(—S0; and —C-0) and 1461 cm™* (—N=N—) disap-
peared rapidly, while the stretching vibration C=C at 1504
and 1605 cm™ also decreased respectively. Simultane-
ously, some new peaks appeared at 1111 cm™ (SO3),
1361 cm™ (—NO,) and 1581 cm™ (—NO)!"®. The peak
a 2166 cm™ (—C=N or —N=C=0)® and the peaks
between 2319—2372 cm™ (CO,) appeared at the same
time. While the aromatic ring vibration at 1504 cm™* de-
creased rapidly at first, and then slowly 10 min later.
These indicated the fast oxidation of ARB with the pro-
duction of CO,, R-NO,, R—-NO, R—C=N and R-N=C=0.
But the aromatic ring was not completely oxidized. After
40 min, the peaks at 1361 cm™ (—NO,) and 1207 cm™ (C
—O) disappeared, the peak at 2166 cm™* (—C=N or —
N=C=0) and the peaks between 1500—1600 cm™ (C=C)
decreased, but did not disappear. Even at 600°C and after
being reacted for 20 min, the peaks between 1500—1600
cm™* still remained. The results indicated that at 500°C all
groups of ARB molecules were oxidized, but the oxidation
was not compl ete.

From the changes of the peaks at 2166, 1581 and
1361 cm* that increased at first and decreased at later, it
can be deduced that the amount of the corresponding

1581

1200
20t 300 1504 1049
1435
1.8 2316 1605 \143 61
1.6F y
14 v
g 2 [\
o
g 00 d
=
0.8 |
0.6 —1
0.4} | —
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0.0 7 el ,
2500 2000 1500 1000
Wavenumber/cm™

Fig. 7. FTIR spectrafor ARB combustion at different temperature.

Chinese Science Bulletin  Vol. 48 No.21 November

2003

2315



REPORTS

N-containing compounds R—C=N, R-NO and R-NO, also
increased at first and then decreased instead of accumula-
tion. But it is noted that there was no nitrate peak (1300—
1400 cm™) appeared. Thisimplied the volatilization of the
N-containing compounds mentioned above or their de-
composition to other productsinstead of producing nitrate.
SO;Na
O Heating 300 'C
OG N=N— )-SONa ;
OH

500°C

600°C

By comparing Fig. 7 with Figs. 5 and 6, the differ-
ence of the reactions of ARB under both conditions was
clearly shown: firstly, the temperature needed for reaction
was different. A higher temperature (500°C) was needed in
the absence of CuO-Fe,O; for ARB oxidation compared
with that of in the presence of CuO-Fe,O; (150°C).
Secondly, the intermediate and the final products are also
different. In the absence of CuO-Fe,O;, the strongest peak
in IR spectrawas at 1581cm™ in the range of 1500—1600
cm™ during the reaction, no nitrate but sulfate peak ap-
peared. The combustion was not complete even at 600°C,
and some volatile N-containing organic compounds were
generated. Comparatively, in the presence of CuO-Fe,0s,
the strongest peak was at 1550 cm™ in the range of 1500
—1600 cm™ during the reaction. Obvious nitrate peak
appeared instead of sulfate peak. No organic compound
was found in the volatile products and on the adsorbent
after combustion, which indicated the complete oxidation
of ARB.

It can be concluded from the experiments for the
combustion of ARB in the presence or absence of
CuO-Fe,05 that the CuO-Fe,O; composite has excellent
catalytic activity towards ARB combustion. It not only
lowered the temperature required for reaction but also
achieved the complete oxidation of ARB to CO,, H,O and
nitrate.

3 Conclusions

Firstly, the prepared magnetic CuO-Fe,O; powder is
proven to possess excellent adsorptive properties towards
azo dye ARB. Chemisorption is of the main adsorption

mechanism through the participation of — SO; and

—C-OH group of ARB in bond formation with the ad-
sorbent surface. After adsorption, it can be conveniently
recovered by magnetic separation technol ogy.

Secondly, the CuO-Fe,O; adsorbent can be regener-
ated by complete combustion of the adsorbed dye. The
properties of CuO-Fe,O3; were stable during seven adsorp-
tion-combustion cycles.

Thirdly, the CuO-Fe,O; powder has high catalytic
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The volatile N-containing compounds such as nitrile and
amines were indeed detected by MS during the combus-
tion.

From this study, a reaction scheme for ARB combus-
tion in the absence of CuO-Fe,O; at different temperatures
can be given:

No reaction occurred;

[O]

-OH, -SO; , =N=N— and —Ar —— R—C=N, R—NH,, R—-N=C=0,

. S0 CO,. H,0:

R—C=N, R—N=C=0 —— CO,, HO, and volatile organic compounds

activity towards ARB combustion. The oxidation reaction
is complete and could be carried out at relatively low
temperature with no organic product emitted to atmos-
phere or deposited on the CuO-Fe,O; surface after ARB
combustion.
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