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ABSTRACT

A fluidized-bed Fenton reactor was employed and compared with chemical precipitation and
homogeneous Fenton process for the treatment of cyanide-containing wastewater using polypro-
pylene light materials coated with iron oxides as suspended carriers. Under the optimal operating
conditions that the initial pH of 3.0, H,0, concentration of 6 mL/L, Fe*" dosage of 0.24 g/L, carrier
dosage volume of 40%, and aeration flow rate of 0.22 m*h with 80 min of reaction time, chemical
oxygen demand and cyanide were removed by 87.8% and 83.6%, which facilitate a high removal rate
and low level of Ferrous ion consumption. The suspended carriers coated with iron oxides used in this
study display outstanding stability, suggesting that the proposed process can be an effective way for

treatment of cyanide-containing wastewater.
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1. Introduction

Driven by increasing demand, chemical fiber industry
has rapidly progressed in China that lead to large amounts
of wastewater containing cyanide and organic contaminants
were inevitably produced in the chemical fiber production
process during the past few decades [1,2]. Cyanide is reported
acutely toxic to living organisms, exposure to even small
amounts of cyanide can lead to inactivation of the enzyme
cytochrome oxidase, resulting in inhibition of cellular
respiration, manifesting as tumors, nerve damage, or even
death [3]. It has been proven that cyanide enters the environ-
ment mainly through wastewaters originating from indus-
trial activities such as metal plating, steel manufacturing,

* Corresponding author.

production of chemical fertilizers, organic chemicals, coal
coking, oil refining, mining, electronics manufacturing and
photography industries [4,5]. Generally, synergistic anaer-
obic-aerobic methods, alkaline chlorination processes, ion
exchange methods, and activated carbon biological treat-
ments are used for the treatment of cyanide-containing
wastewater. The most common processing methods and their
characteristics are summarized in the following Table 1 [6].
Among these technologies, however, due to the inhib-
itory effect of cyanide on micro-organisms, and the fact
that cyanide tends to strongly bind with metals, thereby
deactivating essential metalloenzymes, as a result it is inef-
fective to degrade cyanide by biological treatment process
[7-9]. Besides, ozone oxidation, extraction, and ion exchange
possess good remove effect but need to pay a huge cost.
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Table 1

Summary of treatment methods of cyanide containing wastewater

Methods Advantages Limitations Applicable Cost
concentration
Alkaline chlorination Less investment and effective Complex process and serious Higher Higher
process treatment equipment corrosion
Chemical complex Simple operation Large amount of precipitation and Higher Low
precipitation waste residue
Ozone oxidation Simple operation without High power consumption Lower High
adding other pollutants
Activated carbon Simple process with low cost High cost of activated carbon Low Lower
and regeneration frequency
Electrolysis Less ground demand High energy consumption High High
Extraction No waste liquid production; Complex operation with high cost High Higher
recoverable metal
Ion exchange Good purification effect, Resin is expensive and complicated =~ Low High
recyclable metal to operate
Wet air oxidation Complete oxidation without Large one-time investment and High High
secondary pollution strict equipment requirements
Biodegradation Strong applicability and better =~ Harsh operating conditions and Low Commonly

water quality

large investment

advanced oxidation processes (AOPs) post biological treat-
ment is preferred as the potential technologies for treating
refractory compounds in wastewater [10]. Although ozone
and wet air oxidation methods reach high levels of cyanide
removal, the cost of investment is too large that restricting
application. Fenton process (using Fenton’s reagent), as a
matured AOP technology, has been proven very effective in
removing various organic contaminants with simple opera-
tion [11]. Fenton’s reagent is a mixture of hydrogen peroxide
and Fe* applied at acidic pH to generate hydroxyl radical
("OH) [12]. Wei et al. [1] have successfully applied Fenton
process as the pretreatment of wastewater from dry-spun
acrylic fiber manufacturing and achieved efficient results.
However, the Fenton process is expensive to operate because
of the large amount of reagent consumed, including Ferrous
ion, hydrogen peroxide, and acid solution [13]. Another
major disadvantage of Fenton’s process is the production of
large volumes of Fe(OH), sludge upon pH neutralization post
treatment. Even after dewatering, this bulky sludge typically
contains up to 80% water [14]. To address this problem, the
volume of Fe(OH), sludge can be reduced using iron oxides
in a fluidized-bed reactor as catalyst for oxidizing organic
contaminants, which can acquire a goal of turning waste into
treasure [15]. The Fe(OH), product from the Fenton process
can be crystallized and grow on the surface of some carriers
in fluidized-bed Fenton systems, which reduces the precip-
itation of Fe(OH), [16]. Early study has been reported and
applied a fluid-bed Fenton system using three different car-
rier substrates (quartz sand, brick particles, and granular acti-
vated carbon) for the treatment of recalcitrant organic silicone
wastewater and acquired satisfactory removal efficiencies of
chemical oxygen demand (COD) and TOC [17].

Previous studies on carriers have focused on the quartz
and activated carbon, however, the operating cost of this is
considerably higher due to the high density of these carriers.

Herein the study utilized polypropylene light materials as
carriers in the fluidized-bed Fenton process to obtain a highly
efficient system with practical applicability for advanced
treatment of cyanide-containing wastewater from a chem-
ical plant. Multi-group experiments were performed and
compared to establish the optimal conditions and respec-
tive issues relevant to this work. Included in this research,
were the questions of whether iron-oxide can be coated
on the surface of polypropylene light materials stably as
expected, and whether higher removal efficiencies can be
achieved comparing chemical precipitation, and Fenton
oxidation by the iron-oxide-coated suspended carriers in
the heterogeneous catalytic treatment process.

2. Materials and methods
2.1. Wastewater collection

The cyanide-containing wastewater used in this study
was collected from the effluents after pretreatment (sedi-
mentation tank) of wastewater treatment plant (WWTP, A/O
technology) from Jilin Qifeng Chemical Fiber Co. Ltd., (Jilin
Province, China). The wastewater samples were collected
three times within 24 h and were well mixed with equal
volume. The above samples were stored at 4°C under a
refrigerator until sample pretreatment. The main wastewater
characteristics are presented in Table 2.

2.2. Reagents and materials

The analytical reagents of NaOH (5.0 M) and H,SO,
(3.0 M) were purchased from Beijing Chemical Reagent Co.,
Ltd., China. The ferrous sulfate (FeSO,7H,O) and hydro-
gen peroxide (H,0, 30%) were purchased from Beijing

Lanyi Chemical Co., Ltd., China. All chemicals were at least
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Table 2
Characteristics of cyanide-containing wastewater treated after
pretreatment process

Parameter Mean value
pH 5.8

COoD,,, mg/L 605

BOD,, mg/L 9-13
NH,-N, mg/L 63

TN, mg/L 98
Cyanide, mg/L 28

of analytical grade and were used as received without any
further purification treatments.

Two kinds of polypropylene light materials, which were
marked as YL-1 and YL-2 (Fig. 1) with different volume
and specific surface area, were used as suspended carriers
in the Fenton fluidized-bed system. The suspended carri-
ers were purchased from Xizang Sinorichen Environmental
Protection Co. Ltd. (China). The main characteristics of
suspended carriers were presented in Table 3.

2.3. Experimental process design
2.3.1. Chemical precipitation procedure

CN- can combine with various metal ions to form stable
complexes, but most of the complexes are innocuous and
harmless. Therefore, Fe** is often used to generate [Fe(CN)]*
precipitate for the removal of CN~. FeSO,-7H,0 is commonly
used as precipitant because of its inexpensiveness and
applicability. The precipitation process can be described by
the following reactions:

6CN” +Fe? - [Fe(CN) |~ ()

Fe(CN), +2Fe® - Fe,| Fe(CN), | @

Fig. 1. Physical images of YL-1 (a) and YL-2 (b) suspended carriers.

The total reaction formula is:
6CN" +3FeS0, -7H,0 — Fe, | Fe(CN), |4 4380 +2H,0 (3)

It is deduced that the CN~ can form an iron complex with
a coordination number of 6 with both Fe*" and Fe*. Based
on the chemical equation above, when Fe*" and CN- react
to produce iron-blue (Fe,[Fe(CN),],, K, =1x 10?), the mole
ratio between Fe** and CN~(n,,, /1) is 18:7. According to the
cyanide concentration in the wastewater (28 mg/L), the the-
oretical dosage of FeSO,7H,O is 0.116 g/L after calculation.
In this experiment, different pH levels, reaction times, and
dosages of Ferrous sulfate were investigated.

2.3.2. Traditional Fenton procedure

Fenton oxidation experiments were conducted in 500 mL
batch reactors at 25°C with mechanical stirring for contin-
uous mixing of the reaction system. The pH was adjusted
by 3.0 M H,SSO, solution and 5.0 M NaOH solution. In
a typical experiment, a weighed amount of FeSO,’7H,0
was dissolved in 300 mL of wastewater sample with stir-
ring (120 rpm). Fenton oxidation was then initiated by the
addition of H,O, solution (30%, w/w). On the basis of COD
concentration (605 mg/L), theoretical dosage of H,O, was
calculated to 3.86 mL/L. Then the actual amount of 4 mL/L
was weighed to reduce the personality error. Previous

Table 3
Main characteristics of suspended carriers

Parameter YL-1 carrier YL-2 carrier
Specifications (P x H, mm) 10 x 10 25x9
Specific gravity (g/cm?®) 0.9613 0.9627
Accumulation amount (1 L) 500 110
Effective surface area 850 m?/m® 532 m?m?
Void volume (%) >85 >90

(b)
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studies had proved that traditional Fenton process could
play maximum efficiency in an acid solution (pH = 3) [18,19].
Hence, different Fe* (0.15, 0.3, 0.45, and 0.6 g/L) and H,O,
(2, 4, 6, and 8 mL/L) concentration were tested and analyzed
to obtain optimum parameters under the conditions of pH 3,
and room temperature (25°C).

2.4. Preparation and characterization of iron oxide
coated suspended carrier

The suspended carriers were soaked in H,SO, solution
(pH = 1.0) for 24 h first, then washed with deionized water
until the rinse effluent pH was 7.0 before air drying (48 h at
room temperature). After that, the suspended carriers were
put into the fluidized-bed Fenton reactor, and leached by
solutions consisted of hydrogen peroxide (H,O,, 10 mmol/L,
5 L) and ferrous sulfate (FeSO,-7H,O, 10 mmol/L, 5 L) with
flow velocity of 10 mL/min for 15 d. Upper influent and
lower effluent of solution were used in the leaching process
with a recycling way. Finally, a layer of dense brown precip-
itate was attached on the surface of carriers, which indicated
the suspended carriers coated with iron oxide were prepared
well. Well-prepared suspended carriers were put into the
acidic solution to prepare for future use. More details on the
preparation of the catalytic carrier in the early report [20].

Fig. 2 shows the physical images of suspended carri-
ers after coating. As displayed in the figure, the surface of
the suspended carrier changes from white to brown, which
coated with a dense layer of iron oxide precipitation. More
characterizations of suspended carriers were validated by
examining the surface of carriers before and after coating
by SEM and XRD analysis in follow up.

2.5. Fluidized-bed reactor setup

The experimental reactor operated in this study was
made of plexiglass column with a diameter of 100 mm and a
height of 600 mm which is as shown in Fig. 3. The effective
volume of the reactor is about 3 L. The wastewater was intro-
duced into the bottom of the reactor via peristaltic pump, and
the treated effluent was discharged at the top of the reactor.
An air compressor (China) was used to produce air supply

(a)
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for the reactor. A 50 mm cylindrical micropore titanium plate
placed at the bottom of the reactor was used to generate
macro-bubbles (mean bubble size of about 1 mm). The aer-
ation rate was set at 0.2 m*/h in operation preliminarily. The
suspended carriers were packed above on the layer of glass
drops. At the beginning of the experiment, water sample
was pumped into the reactor. The initial pH was adjusted
to reactor operating at a pH of 3.0. Then, the Fenton reagent
was pumped into the reactor from the bottom side using a
micro-peristaltic pump with a flow rate of 3 mL/h. A stable
pH of 3.0 was maintained in the reactor by adding H,SO, or
NaOH during the process operation. Besides, it is crucial
for catalyst to keep stable catalytic activity and reusability
in catalyzed reactions. Either the poor stability or severe
deactivation will fail in its practical industrial application.
So the recycling performance of these catalytic carriers was
evaluated after four recycling of utilization under the optimal
experimental parameters.

2.6. Analytical methods

The wastewater was analyzed for various parameters
according to standard methods of China [20]. COD was
determined using potassium dichromate titration method
(GB 11914-89, China), TN was determined by alkaline
potassium persulfate oxidation-UV  spectrophotometric
method (GB 11894-89, China), cyanide was performed using
UV spectrophotometry (HJ 484-2009, China), and the pH value
was measured by a Shanghai Leici PHS-3D brand pH-meter.
TOC was determined using a TOC analyzer (TOC-V CPH
Shimadzu, Japan). A MERLIN Compact scanning electron
microscopy (SEM, German) was employed to characterize the
morphological change of suspended carriers, and the com-
position of iron oxide was analyzed using XRD after drying
the samples at 105°C for overnight. The total iron concentra-
tions were determined using atomic absorption spectrometer
(Shimadzu AA6300, Japan). The amount of iron loaded over
the surface of carrier was measured by strong acid immer-
sion dissolution method, which the carrier loaded with iron
was immersed in hydrochloric acid (30%, w/w) to dissolve
completely before the determination of iron concentration
in solution, more details have been summarized in our

(b)

Fig. 2. Surface images of YL-1 (a) and YL-2 (b) suspended carriers after coating.
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Influent

Suspended carriers

Reserved water outlet

Fig. 3. Schematic diagram of fluidized-bed Fenton reactor.

previous study [20]. The percentage of pollutant removal was
calculated by the following expression:

c,-C
%Removal = M %100 4)
C

0
where C and C, are the pollutant concentration (mg/L) at the
initial and f time of reaction.
3. Results and discussion
3.1. Characterization of the iron oxide coated suspended carrier

The SEM analysis was carried out on the suspended
carrier coated with iron oxides. The SEM images of Figs. 4a—
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Fig. 5. Energy dispersive X-ray spectroscopy of Fe-oxides.

were captured by In-Lens detector. In the same test condi-
tions, the SEM images of Figs. 4d—f were captured by ESB
detector. As presented, after coating with iron oxides, a uni-
form film was observed on the surface of suspended carriers.
Large pores existed among iron oxides, which suggested that
iron oxide film on carrier surface was not composed of single
layer but multilayer.

In order to determine the presence of iron oxide
components on the surface of coated carriers, the X-ray
spectroscopy analysis was conducted, and the result reveals
that the iron oxides were mainly composed of Fe, O, and S
elements (Fig. 5). The Fe content was as high as 45.34%, and
47.17% in YL-1 and YL-2 carrier, respectively. In these exper-
iments, it could be deduced that the iron oxides on the carri-
ers were mainly amorphous FeOOH, Fe,O, and Fe (OH), as
the reaction occurred in the presence of hydrogen peroxide
at low pH [21]. Besides, the densities of suspended carriers

W 3 A
(f) x 50,000

Fig. 4. SEM images of suspended carrier coated with iron oxides ((a—c) were detected by InLens detector and (d—f) were detected by

ESB detector).



250

were determined by specific gravity method. According to
the measurement results, the density of the YL-1 and YL-2
carrier was 1.0125 and 1.0218 g/cm? after coating, which
increased by 0.0512 and 0.0591 g/cm?, respectively. Under
mild aeration, the coated carriers can be in fluidization in the
fluidized-bed Fenton process. Compared with other types of
carriers [21], the light density carriers used in this study need
less aeration in running that lead to an energy-saving in the
fluidized-bed Fenton reactor as a result.

The content of coated iron oxides indicates the catalyst
content of suspended carrier. And the adhesion strength
determines the stability of the catalyst. The loads and
intensities of two suspended carriers are presented in Table 4.

It can be concluded from Table 4 that a large amount of
iron oxides were loaded on two kinds of carriers, especially
YL-2 carrier shows strong loading capacity (91.7 mg per
carrier) in cyclic immersion method due to its special
structure. Compared with the loading ability of quartz sands
according to the former research [22], the suspended carriers
used in our study can load more iron oxides. Moreover, the
dissolvability of YL-1 carrier and YL-2 carrier were 3.82%
and 3.79% in acidic solution (pH of 2), 10.24% and 10.71% in
alkaline solution (pH = 12), respectively, that exhibit better
performance of adhesive strength and adaptability.

3.2. Parameters optimization of chemical precipitation process

On the basis of calculation of Eq. (3), various quantities
of Fe* (1-3 times the stoichiometric amount) were added to
the reactor under the same conditions (stirring for 40 min,
pH 6) to verify the optimum operating parameters in the
actual process. The results obtained are shown in Fig. 6.

As indicated in Fig. 6, an increase in ferrous ion dosage
corresponds to an increase in the removal rate of cyanide.
Maximum removal efficiency of approximately 75% occurred
when the ratio of actual dosage to the predicted value was 1.9
or more. At the beginning of the reaction, the Fe,[Fe(CN)]
precipitate was generated from the reaction between CN-
and Fe™. Later, it was further converted into Fe [Fe(CN),],
following contact with air. On the contrary, the addition of
ferrous sulfate would lead to coagulation and sedimentation
process. As a result, the generated flocs sank to the bottom
by wrapping colloids and suspended substances to achieve

Table 4
Loads and intensities of two suspended carriers

Parameter YL-1 carrier YL-2 carrier

Load iron content 30.46 91.72
(mg/each carrier)

Dissolvability in acidic solution 1.16 3.48
(mg/each carrier)

Adhesive strength in acidic 3.82 3.79
solution (%)

Dissolvability in alkaline solution ~ 3.12 9.82
(mg/each carrier)

Adhesive strength in alkaline 10.24 10.71

solution (%)
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Fig. 6. Effect of FeSO,-7H,O dosage on cyanide removal (stirring
time: 40 min, pH 6).

the goal of reducing COD in wastewater. However, excessive
ferrous dosage would lead to an increase of COD due to the
reducibility of ferrous ions. Therefore, batch experiments
were conducted and simulated to further study the effect of
pH and stirring time under optimum conditions (0.22 g/L
of Fe? dosage for initial cyanide concentration of 28 mg/L).
The results (Fig. 7) show that the cyanide removal was opti-
mized when the pH and stirring time were 5.0-6.5, and
33-40 min, respectively. An increase in stirring time could
accelerate the precipitation reaction due to more contact with
the air. When the pH exceeded 6.5, the cyanide removal effect
dropped sharply, which could be expounded in the following
chemical formula:

Fe,[Fe(CN) ], +120H > ke(OH), 4+ 3[re(cn) ] 5

The decline in cyanide removal at higher pH could
be ascribed to the increase of OH-, which caused the

8.0
75
7.0
6.5
6.0
55
5.0

4.5

4.0
10 15 20 25 30 35

Stirring time (min)

40
Removal
efficiencies (%)

Fig. 7. Effect of pH and stirring time on cyanide removal (Fe*
dosage: 0.22 g/L, initial cyanide concentration of 28 mg/L).
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refractory precipitation to be decomposed into the soluble
[Fe(CN),]* resulting in a rise of cyanide concentration. Thus,
Fe?" dosage of 0.22 g/L and stirring time of 40 min at pH 6
were the optimum conditions in the chemical precipitation
operation causing the cyanide concentration to be lowered
to 7.28 mg/L.

3.3. Parameters optimization of Fenton process

The solution pH was adjusted to 3.0 by adding H,SO,,
and the ferrous (FeSO,7H,0) solution was added after the
pHreading was stabilized. The reaction began when the H O,
solution was added. According to the results of chemical pre-
cipitation test and the theoretical dosage of H,O, calculated
by COD content, different dosage of Fe* (0.15-0.6 g/L) and
H,O, (2-8 mL/L) was investigated and stimulated in another
batch experiments. The cyanide and COD removal effect is
shown in Fig. 8.

From the above simulation diagrams, the Fe** and H,O,
dosage played an important role on the COD (Fig. 8a) and
cyanide (Fig. 8b) removal efficiencies. Comparing with the
chemical precipitation, the Fenton process is superior in
the elimination of cyanide and COD as their removal rates
increased by 12% and 23%, respectively, which attributed to
the Fe* catalyzing H,0, to generate *OH radicals. Cyanide
removal increased as the H,O, concentration increased from
2 to 6 mL/L, and then changed insignificantly when the
H,O, concentration was further increased to 8 mL/L. The
reaction mechanism of the Fenton process is described by the
following formula:

Fe’ +H,0, > Fe’ + *OH + OH" (6)

When the content of Fe? in the solution is low, the
decomposition rate of H,O, slows correspondingly, resulting
in less *OH radical generation. Furthermore, it was deduced
from the three-dimensional contour figure above, the
optimal conditions for the Fenton process were pH 3, H,0,
concentration of 6 mL/L, and Fe?" dosage of 0.48 g/L at room
temperature (23°C £ 3°C).

&

COD removal efficdencies (%)

Ferrous lon dosage (g/L) oy 2

Hydrogen peroxide dosage {mbL)

3.4. Results and optimization of fluidized-bed Fenton process

The aeration flow rate, pH, carrier dosage volume, Fe*,
and H,O, dosage were the key factors for fluidized-bed
procedure [23]. In order to systematically verify the practi-
cal application of the suspended carrier and the operation
effect of the fluidized-bed Fenton system, batch tests were
prepared and carried out. The following experiments were
conducted to evaluate the cyanide removal efficiencies which
included: (a) fluidized-bed Fenton without suspended car-
riers; (b) fluidized-bed Fenton with YL-1 carrier, without
coating iron oxides, (c) fluidized-bed Fenton with YL-2 car-
rier, without coating iron oxides, (d) fluidized-bed Fenton
with YL-1 carrier coating iron oxides, (e) fluidized-bed Fenton
with YL-2 carrier coating iron oxides. The experiments were
conducted at the following optimal conditions (Table 5).

The cyanide removal efficiencies of five experiments are
presented in Fig. 9. It can be seen clearly that the distinction
in different reaction systems was obvious. The process “b
and ¢” have the worst effect, instead, process “a, d and e”
have obtained good removal effect. As a catalyst, iron oxide
is an important factor that can achieve more rapid degra-
dation of organic compounds in Fenton process [24]. After
120 min of reaction time, the fluidized bed Fenton with
suspended carriers without coating iron oxides and conven-
tional Fenton process were able to degraded about 45%, and
60% of cyanide with 0.48 g/L of ferrous iron dosage, while
process “d and e” achieved 83% of degradation ratio with
half amount of ferrous iron. This comparison shows clearly
that the cyanide removal efficiencies with suspended carri-
ers coated with iron oxides were significantly higher than
other Fenton processes, suggested that iron oxides coated on
the suspended carriers had a good catalytic oxidation effect
on the degradation of cyanide. Furthermore, the removal
obtained from process “e” was higher than process “d” that
could be attributed to the YL-2 carrier has larger specific
surface area and more iron oxide that lead to a higher cata-
lytic oxidation and degradation ability. Thus, the system of
fluidized-bed Fenton with YL-2 carrier coating iron oxides
and 80 min of reaction time were selected as the optimal
system in the following experiments.

S

Removal efficiencies (%)

40,
0.6

02 5
3

Ferrous ion (g/L) 0 2 Hydrogen peroxide (mifL)

Fig. 8. Simulation study on removal efficiency of COD (a) and cyanide (b) by ferrous ion and hydrogen peroxide dosage (dosage of
Fe*: 0.15-0.6 g/L, H,0,: 2-8 mL/L, pH of 3, initial COD and cyanide concentration was 605, 28 mg/L, respectively).
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Table 5
Conditions for different systems

J. Tang et al. / Desalination and Water Treatment 158 (2019) 245-255

Process No. Reaction conditions
pH H,0, Carrier Fe*(g/L) Aeration flow
(mL/L) volume rate (m%/h)
Fluidized-bed Fenton without A 3 6 - 0.48 0.2
suspended carriers
Fluidized-bed Fenton with YL-1 B 3 6 40% 0.24 0.2
carrier, without coating iron oxides
Fluidized-bed Fenton with YL-2 C 3 6 40% 0.24 0.2
carrier, without coating iron oxides
Fluidized-bed Fenton with YL-1 D 3 6 40% 0.24 0.2
carrier coating iron oxides
Fluidized-bed Fenton with YL-2 E 3 6 40% 0.24 0.2

carrier coating iron oxides

90

o @ =~ o]
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w B
o o
1

—B4— Process a
—e— Process b

104 —— Process ¢
—I0— Process d
0 —— Process e
T T T T T T T Y T T T T T T T x T
0 15 30 45 60 75 a0 105 120
Time (min)

Fig. 9. Cyanide removal efficiencies in different systems.

3.4.1. Effect of carrier dosage and aeration flow rate

In order to further verify the optimal values of these
parameters, single-factor experiments were carried out
by adjusting the solution pH to 3.0 under the initial H,O,
concentration of 6 mL/L, Fe*" dosage of 0.24 g/L. Different
aeration flow rate (0.1-0.3 m?/h) and YL-2 carrier dosage
volume (25%-55%) on cyanide removal efficiencies were added
and investigated in this fluidized-bed Fenton reactor. Fig. 10
shows that during the early stage of the reaction, the cyanide
removal efficiencies increased considerably with the addition
rate of suspended carriers since the fact that an increase of
carrier dosage volume led to the coated iron oxides on the
carriers offered excess of Fe?, and shifted the chemical equi-
librium that resulted in an accelerated reaction and greater
generation of *OH radicals [25]. Whereas the carrier dosage
volume exceeded 45%, the cyanide degradation increased
slightly that might be ascribed to the excessive carrier
volume had led to some secondary reactions to reduce the
main reaction rate as well as the cyanide removal efficiencies
[24,26]. Thus, removal of 83.6% was observed at the optimum

Aeration flow rate (m*/h)

25 30 35 40 45 50
Carrier dosage volume (%)

% Removal
efficiencies (%)

Fig. 10. Effect of different YL-2 carrier dosage volume and aera-
tion flow rate on the removal of cyanide.

parameters of carrier dosage volume 40% + 3% and aeration
flow rate 0.22 + 0.04 m*/h with 80 min of reaction time.

3.4.2. Effect of Fe** dosage and H,0, concentration

Fig. 11 shows the effect of Fe* and H,O, concentration
on the removal efficiency of cyanide-containing wastewater.
As expected, the cyanide removal efficiencies in the
fluidized-bed Fenton process increased as the Fe* concen-
tration was increased. Similarly, the degradation of cyanide
increased as the H,O, concentration increased from 4 mL/L
to 8 mL/L, and then changed insignificantly when the H,0,
concentration was further increased to 10 mL/L. Generally,
the H,O, concentration is directly related to the amount
of hydroxyl radicals produced in the Fenton process. The
degradation rate of cyanide and organic compounds usually
rise with increasing concentration of H,0, until a critical
value is reached. However, when the concentration is higher
than the critical value, the degradation rate usually decreases
with higher H,0, concentration for the H,O, acting then as a
radical scavenger effectively changing the more reactive ‘OH
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Fig. 11. Effect of different Fe** dosage and H,O, concentration on cyanide removal (pH of 3, carrier dosage volume of 40%, and aera-

tion flow rate of 0.22 m%/h).

to the less reactive hydroperoxyl radicals (HO;) (Egs. (7) and
(8)) [27]. This verifies that the Fe** and H,0, dosage of 0.24 g/L

and 6.0 mL/L was the optimum parameters during this
process.

H,0, + ‘OH - HO; +H,0 @)

HO; +'OH-»H,0+0, T )]

3.5. Recycling performance and kinetics

The recycling performance of the cyanide and COD
removal efficiencies were evaluated during the four recycling
of utilization under the above optimal experimental
conditions, the experiment result is shown in Fig. 12.

After circulated four times, the YL-2 carrier coated iron
oxides still kept high degradation efficiencies of 72% and
74.3% for cyanide and COD, respectively. Compared with

the initial 83.6%, cyanide removal efficiency only decreased
about 12%, as well as COD. After 5 h of repeated use, the
loaded iron content only decreased slightly that from 91.72 to
75.6 mg of mean value each carrier, which indicated that YL-2
carrier coated iron oxides had a certain stability and could be
used in the fluidized bed repeatedly.

Further, the rate constants (k) of cyanide removal for the
four uses of the catalytic carrier were summarized in Table 6.
All cyanide values for the pseudo-second-order reaction rate
constant (k) were calculated from the linear regression of the
pseudo-second-order kinetic model with related coefficients
exceeding 0.93, which was higher than the zero-order and
pseudo-first-order model, meant that the reaction could be
predicted by this kinetic equation.

3.6. Mechanism discussion

During the fluidized-bed Fenton process, both cya-
nide and COD showed obvious degradation trend that
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Fig. 12. Evaluation of recycling performance of YL-2 carrier coating iron oxides on cyanide (a) and COD (b) removal (initial pH: 3.0,
H,O, initial concentration: 6 mL/L, Fe*" dosage: 0.24 g /L, aeration flow rate: 0.22 m*h and carrier dosage volume: 40%).
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Table 6

Cyanide degradation kinetic model and parameters
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Number of Zero-order

carrier usage kinetic model

Pseudo-first-order

kinetic model

Pseudo-second-order

kinetic model

Rate constant R? Rate constant R? Rate constant R?

(L mg™ min™) (L mg™ min™) (L mg™ min™)
1 0.1081 0.8360 0.0130 0.9413 0.0019 0.9884
2 0.1205 0.8407 0.0131 0.9331 0.0011 0.9695
3 0.1404 0.8991 0.0136 0.9581 0.0014 0.9316
4 0.1360 0.8210 0.0116 0.9108 0.0012 0.9715

Chemical precipitation and

Heterogeneous fluidized-bed Fenton process

homogeneous Fenton process

Catalytic carriers B0,

S
@ w -

Fe't M

Catalytic carriers

[ron Oxides: M

/

T
HO
Cij Catalytic carriers
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o

Products

Pollutants (COD and Cyanide)

Fig. 13. Schematic diagram of reaction mechanism.

attributed to complex reaction mechanisms include:
(a) chemical precipitation (Fe*/CN-); (b) homogeneous
Fenton (H,O,/Fe*), (c) fluidized-bed crystallization, and
(d) reductive dissolution of iron oxides. Experimental results
in this paper have proved that the cyanide elimination by
chemical precipitation, homogeneous Fenton, and fluid-
ized-bed Fenton process is rising gradually. However, the
constant and stable COD degradation indicated that the
reaction was dominated by oxidation (*OH) that occurred
both in fluidized-bed and homogeneous Fenton process.
Cyanide degradation in Fenton fluidized bed system is a
complex process, which can be divided into the following
steps [21,27,28]:

¢ homogeneous *OH production from Fe* and HZOZ,
e conversion of Fe* to Fe*, and slower conversion of Fe*
back to Fe*;

e reaction of CN-, COD, and *OH.

Additional reactions in fluidized-bed Fenton process are
heterogeneous reactions, brought about by the presence of
YL-2 suspended carrier are as follows:

e TFe’ crystallization in iron oxide forms initiated by the
carrier;

¢ production of *OH from H,O, catalyzed via iron oxides;

e iron oxides dissolved into Fe*" again.

The mechanism of the above process is shown in Fig. 13.
The multiple reaction processes of cyanide and COD removal
include direct chemical precipitation, Fenton oxidation and
fluidized bed crystallization. The H,O, mainly decomposes
into HO; and H* ions initially, then the iron oxide (expressed
in M in the figure) attached on the surface of the carrier
reacts with H,O, to generate M* ions and hydroxyl radicals
(*OH) further generating H,O and *‘HO, under the function
of H,O,. Lastly, the H,O, can be reacted with *O; and *HO,,
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respectively, to produce large amounts of *OH ions for
degrading cyanide and organic pollutants effectively.

4. Conclusions

In this study, the polypropylene light materials coating
iron oxide as suspended carrier was successfully prepared
and characterized to carry out in the fluidized-bed Fenton
process for the treatment of cyanide-containing wastewa-
ters. Compared with the chemical precipitation process, the
homogeneous Fenton process under the optimal operating
parameters, batch experimental results suggested that the
assembled fluidized Fenton system exhibited a higher perfor-
mance on cyanide and COD degradation, which consumes less
Fe?" ions and has higher removal efficiencies and sustainability.
The optimum parameters of the experiment are the initial
solution pH of 3, Fe** dosage of 0.24 g/L, HO, concentra-
tion of 6.0 mL/L, aeration flow rate of 0.22 m®h, and carrier
dosage volume of 40%. After 80 min of reaction, the removal
efficiencies of cyanide and COD reached 83.6% and 87.8%,
respectively. The oxidized durability of polypropylene light
materials coating iron oxide indicated considerable stability
for long-term removal of cyanide-containing wastewater. This
means that the technique can be employed as a cost-effective
method for the degradation of pollutants, without the end-of-
pipe discharge of iron sludge into the environment.
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