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The Green Nano-argillaceous Fe-zeolite catalyst—an Antidote to organic pollutants
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2 ~ Abstract :

With organic pollutants everywhere and the high cost to dispose of them, this study, a
two-stage experiment, aimed first to evaluate the efficiency of zeolite with different metal ions and
then to compare their rates in reacting to the decomposition of organic matter with hydrogen
peroxide as the catalyst. Since zeolite powder can be easily washed away, we tested zeolite with
clay to hold such metal ions as Fe, Co, Ni, Mn, and Zn and finally used the Argillaceous Fe-zeolite
for its superiority on the basis of cost, toxin, activation energy, easy operation, and contamination. A
carbon dioxide sensor and a spectrometer for visible light were used to measure the decomposition
rate of organic matter under controlled temperature and resolution concentrations.

The results of the experiments showed that zeolite achieved excellent effects in decomposing
organic chlorides such as lower alcohols, chloroform, and carbon tetrachloride. When 0.35g of
zeolite and less than 1M of hydrogen peroxide resolution were used the rate of carbon dioxide
production reached 0.34-0.35 ppm/sec (3.1-4.9x10° mol/sec). The decomposition of organic
chloride produced nontoxic Cl and the indigo dye faded after it was decomposed.

Our experiments proved that Argillaceous Fe-zeolite has the following five advantages over
Fenton Reaction. First, it can be reused. Second, it performed well at lower concentrations. Third, it
worked well under weak acid conditions. Fourth, it worked at a lower temperature (20°C). And
finally, there was no need to recycle a large amount of Fe ions. Argillaceous Fe-zeolite was also
found to be superior to TAML, which has the advantage of avoiding contamination but is not
reusable.

The above observation and discussion demonstrate that Argillaceous Fe-zeolite possesses very

significant value in terms of easy application, economy, and environmental protection.
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Catalytic Degradation of Carcinogen Trichloromethane in Drinking Water
I. Abstract

Chlorine is frequently used as a disinfectant in most water supply systems. The
disinfection byproducts such as trichloromethane (TCM) being found carcinogenic in
rodents are a major concern in Southern Taiwan. In the present work, an effective
catalyst has been developed to degrade TCM in the drinking water. An
iron-incorporated zeolite-5A type porous material has, therefore, been synthesized
with sodium aluminate, sodium silicate and ferric nitrate at a molar ratio of 1:2:2 at
373 K for 24 hours under autogenous pressures (~2 atm). Experimentally, the novel
catalyst (Fe-Al-SiO,) has very high reactivity especially in catalytic decomposition of
H,0, and/or indigo dye at 283-295 K. Interestingly, we also found that TCM could be
degraded catalytically on the Fe-Al-SiO; in the presence of H,0, (1M). The activity
of the catalyst was as high as 28.5 ppbTCM/gCat/sec. The catalyst can be
incorporated and fixed on surfaces of argillaceous materials, which provided a very
simple process in catalytic degradation of TCM with few separation problems. To
achieve better applications, we have designed and installed a catalysis-filtrating
device at the faucet head for removal of TCM in household tap water. In this fashion,
many TCM-related cancers possibly caused by drinking water may be reduced.

Il. Introduction :

Chlorine is frequently used as a disinfectant in most water supply systems. The
disinfection byproducts such as trichloromethane (TCM), which is carcinogenic in
rodents, are a major concern around the world because cancers of bladder, lung, colon,
and rectum may be associated with TCM.

Possible Reaction Paths in Formation of TCM in drinking water

Clyg— Clyeg

CIZ(aq) + HZO —> HOCI + H+(aq) + CI_(aq)
HOCI + Organic (humic subtance) — TCMs + Chloroacetic acid

TCM may be degraded in the presence of ozone, Fenton or photocatalysis.
Nevertheless, these methods may be either economically unattractive or not very
feasible in the home tap water system. The present study aimed to develop effective
catalysts for degradation of TCM in drinking water.



I1l. Experimental section :

A.

Study design:

(1) To synthesize novel catalysts (such as iron supported on molecular sieves)

@)
(3)
(4)

B.

1)

To determine the activity of the synthesized catalysts

To study the reaction kinetics for catalytic degradation of TCM

To design a device for catalytic degradation of TCM at the faucet head to
reduce concentrations of TCM in drinking water

Analytical techniques -

Rate equation : Rate = k[S]" Eq(1)
Ea
Arrhenius equation : k = Ae RT Eq(2)
Ea
Ink=InA-—— Eq(3
T q(3)

Rate : composition rate of H,0,
k  :constant
[S] :concentration of H,O,

The decomposition rate of H,O, was calculated by using differences in
voltage and pressure.

A CO; sensor was used to detect the concentration of CO, generated from
the degradation of the organic compounds. The reaction rate was
calculated with these detected values.

A pH sensor was used to measure the variation of the pH values in the
reaction.

Fig. 1 The detection system Fig. 2 The conical flask

and the CO, detector



Experimental Setup

Synthesis of catalyst (Fe-Al-SiO5)

lon was incorporated in zeolite-5A
at 373 K for 24 hours
A|203'Nazo:Nazsi03:Fe(N03)3

=1:2:2

Decomposition of catalyst

Fe-Al-SiO,: argil = 1:1
|
v v

Activity tests Characterization analysis

Catalytic decomposition of H;0, SEM, XRD and EDS
I |

v

Kinetic studies

Catalytic degradation of indigo and TCM

C. Experiment 1: Comparing catalyst made through ion exchange and
hydrothermal synthesis

(1) lonexchange: The catalyst was added into a solution of 0.6M ferric
nitrate for 8 hours. After filtration, the catalyst was calcined at 373 K for
2.5 hours.

(2) Hydrothermal synthesis: Ferric nitrate was added directly, with sodium
hydroxide used to adjust the alkalinity, to undergo hydrothermal synthesis
for 4, 8, 12 and 24 hours.

(3) The system that used to compare the activity of the catalysts synthesized
with ion exchange and hydrothermal synthesis: 0.05 g of each catalyst
and 4 ml of water are mixed in injector A. The catalyst was then mixed
with H,0; in injector B. As the voltage was recorded every 10 seconds.



Fe-Al-SiOz+H,0, 4" Pressure Sensor || ~ Operational
Amplifier

Determination of |ge—— potentiometer
Pressure

H,0,, = H,0+1/20,, Eq(4)
P = IDOZ + |:>H20(vapor) + I:)Hzoz(vapor) EQ(S)

total
Fig. 3 Reaction system for decomposition of H,0, and determination of production
rate of O,

D. Experiment 2: Images and chemical structure of the catalyst were
determined by SEM (Scanning Electron Microscopy), XRD
(X-Ray Diffraction) and EDS (Energy Dispersive
Spectrometer)

(1) The XRD patterns of the catalysts and other forms of iron were

determined. (see Fig. 13)
(2) The catalysts calcined at 623 and 873 K were determined by SEM.
(3) The catalyst calcined at 623 K was determined by EDS.

E. Experiment 3: Making the args//aceous catalyst: Deposition of catalyst
(Fe-Al-SiOy) onto argil, at which the catalyst would not
dissolve in water.

(1) The catalyst (Fe-Al-SiO,) was mixed with the same weight of the dry clay,
kneaded with water, shaped in mold, dried in the shade, and calcined at
250-800°C. Fe,03 and dried clay is also prepared.

(2) The catalysts (Fe-A1-SiO;) were suspended in 0.2M of H,O, to determine
the possible dissolution.



Fig. 4 Fe,Os- argil and argillaceous  Fig. 5 The reaction of H,O, with Fe,Os-argil
catalyst (Fe-Al1-SiO,) and argillaceous catalyst (Fe-A1-SiOy)

Fig. 6 The catalyst mold

F.

(1)

(2)

(3)

(4)

(5)

Experiment 4: Decomposition rate of H,O, and activation energy at

different temperatures and concentrations
The decomposition system shown in Fig. 3 was put in a through-flow
cooler, set at designed temperatures. The three way was connected to an
operational amplifier and a voltmeter. Time was recorded as soon as the
voltage reading was 20 millivolts.
Determination of reaction order: The concentration of H,O, was varied to
determine the catalytic production rate of O..
Activation Energy: The temperature was varied to determine the catalytic
production rate of O,.
Degradation of indigo: 0.05¢g of indigo, 50 ml of H,0,, 100 ml of H,0,
and 1.67 g of catalyst (Fe-A1-SiO,) were fixed in the apparatus shown in
Fig. 2. The reactor temperature was set at 283 K. The reacting system in
Fig. 1 was used to determine the production rate of CO..
The control group of the degradation of indigo: 0.05 g of indigo, 50 ml of
H,0,, 100 ml of H,O were mixed in apparatus. At 283 K, the reaction
was conducted for one week.



Fe-Al-SiOx+H:0; gy CO, Sensor A’I Data Studio

+ indigo/TCM
CO; sensor
Magnetic stirrer + Determination of |g— Computer
SmL TCM +50mL CO, Pressure
H,0,+100mL

Fig. 7 Determination of degradation of Indigo and/or TCM

G. Experiment 5: Degradation of TCM

The degradation of TCM in a solution containing:
5 ml of TCM, 50 ml of H,0,, 100 ml of H,0, and 1.67 g of Fe-A1-SiO, was
determined at 283K to reduce experimental error caused by the evaporation of
TCM.

IV. Results and discussion :

A. Experiment 1 : To ensure a well dispersed active catalyst can be synthesized

200- y = 115x
S R’ =0.9989
o
2
% 100+
o
o(\l
O+ .

00 05 10 15 20
Differential output voltage (V)

Fig. 8 Calibration Curve (O, v.sV) atT=298



Vg X
o, = (760 R x T) <(AV)

Ny, : Yield of O, (mol)

V.. Reactor Volume

S : Slope of Calibration Curve (see Fig 1)
A V:Voltage Difference

R:0.082

T : Temperature (K)

3.8x107° x115
n, = AV
0: (760>< 0.082 x 298)( )

= 2.3x10” (AV)

1.57 yFe-AI-Sio2 = 5.8800x Fe-Al-SiO
Vewso, = 1.3636X

Ve, o = 0.1083x

y5A zeollte_ O OOOOX

= 0.0000x

-
o
1

yBlank Argil

o
(6]
2

0, (10°mol)

o
o

time (sec)

Fig. 9 The decomposition rate of H,O, profile of some catalysts

i

Fig. 10 The sintered catalysts

(1)  The iron-incorporated catalyst (Fe-Al-SiO,) synthesized by the direct
hydrothermal method has a uniform color and size while that made by
ion exchange turned out to be uneven sizes and varied colors.

(2)  The catalytic rate varies with the time of hydrothermal synthesis.

(3)  The iron-incorporated catalyst (Fe-Al-SiO,) made by ion exchange has



less reaction rate than that by Fe,Os.
(4)  FeSO4 powder can be dissolved in water and its reaction rate was less
than that of iron-incorporated catalyst (Fe-Al-SiO,) by 25%.

B. Experiment 2: Characterization of the Catalysts

1)

Fig. 11 SEM images of the catalyst (Fe-Al-SiO;) calcined at (A) 623
and (B) 873 K for 2.5 hours

)

SiAl__SilFe

162 0.77

155 092

A 165  0.90

3&&;123821‘.13 C?xsor::i.SFSieV (Ssdsj ! 151 082

Fig. 12 EDS of the catalyst (Fe-Al-SiOy)

(3)
| Fe;0y
] " Fe,0;
I
1 __Fe
e Mt *Fe—AI—SiOg

10 20 30 40 50 &0 70 30
28

Fig. 13 Chemical structure of the catalyst (Fe-Al-SiO,)



(4)

(®)

(6)

The catalyst (Fe-Al-SiO,) calcined at 623 K possesses rod-like shapes with
diameters of 150-200 nm. Calcined at higher temperatures (>873 K), the
catalyst may be sintered.

The molar ratios of Si/Al and Si/Fe at four select areas determined by EDS
suggest that iron is evenly dispersed in the catalyst (Fe-Al-SiO,).

The chemical structure of the catalyst determined by XRD clearly
indicates that iron is incorporated in the framework of the catalyst
(Al-Si0O,). As expected, the reactivity of the catalyst (Fe-Al-SiO;) is much
greater than Fenton (FeSO,) and Fe,O3 by 4.13 and 58.8 times,
respectively.

C. Experiment 3:

(D

(2)

(3)

(4

6))

As shown in Fig. 10, argil or Fe(NO3)s-incorporated argil may be sintered
to solid at 1073 K, the color of the catalyst turns out to be dark red.

The Fe(NOgs)s-incorporated argil has a yellowish brown color and is visible
to the naked eye (Fe(NOs)s: argil =1: 1).

The argillaceous catalyst (Fe-Al-SiO) that calcined at 623 - 873 K can
catalytically decompose H,0,.

The Fe-incorporated argillaceous catalyst may be sintered at T>873 K,
which has little catalytic activity.

Argil or the Fe(NOs)sz-incorporated argil may be sintered at 623-873 K but
calved in H,O, (0.2M), as shown in Fig 14.

Fig. 14 Fe(NOg3)s-incorporated argil calved in H,0; (0.2M)



D. Experiment 4: Activity Test- Catalytic Decomposition of H,O,

‘1.0
y=1.1705x - 0.0209
124 R=0.9871
& ]
b
]
=-1.4-
L
g
(=4
£-1.61
EX

1.4 1.2 1.0 0.8
In [H,O,] (M)

Fig. 15 First-order reaction for Catalytic decomposition of H,O; on
Fe-Al-SiO,, at 283 K

40
ik y=-5.8846x + 14.517
2 — O /

L8 R™ = 0.9641
~ .50+
= Fa = slopex8.314

554 =5884.6x8314

=4892 (kJ /mol)
-6.0 v v .
3. 3.2 33 34 3.9

1000 / T (K)

Fig. 16 Activation energy (Ea) for catalytic decomposition of H,O, on Fe-Al-
SiOy, at 303-318 K

The activation energy for the catalytic decomposition of H,O; is 48.92 kJ/mol.

As a first-order reaction, the reaction can be expressed as:
48.92

Rate =5.59x10 % RT [H,0,]

10



E. Experiment 5: Catalytic Degradation of Indigo

=
D

y =6.7515x% .
R°=0.9643

=
N

CO, Yield Rate, (ppmsec)
o
@

0.4

0.0 . . . ; ;

0.00 0.04 0.08 0.12 0.16 0.20
[HO,] (M)

Fig. 17 Catalytic Degradation of Indigo

5

)

T

] T
3 PV

Fig. 18 The degradation of indigo dye for 20 min

(1)  From Fig. 17, we can infer that the Fe-incorporated catalyst (Fe-Al-SiO,)
is able to catalyze the heterogeneous reaction of degrading indigo.
Meanwhile, according to the rate equation (Rate=kx[H,0,]"), the
reaction is a first-order reaction.

11



F.  Experiment 6: Catalytic Degradation of TCM

(D

(2)

N W S

CO, Yield Rate, (ppnvsec)
=

y = 18.549x -
R*>=0.9165

0 g . . . .
0.00 0.04 0.08 0.12 0.16 0.20

[HO,] (M)

Fig. 19 Catalytic Degradation of TCM

Fig. 20 Left: Study Group; Right: Control Group

Fig. 19 shows that the relationship between TCM degradation and
concentration of H,O; is a first-order reaction (n=1). The multiplicative
inverse of the concentration of H,O, shows the equation that
Rate=kx[H,0,]", in which k equals 18.549 ppm/sec/M H,0,

CHCIl,+ H,0, — CO, + 3HCI

In Fig. 20 the silver chloride precipitate showed that the degradation of
TCM yields chlorine ions in the left, while the control group in the right
shows little precipitate. (see Fig. 20)

Since 1.67 g of argillaceous catalyst (Fe-Al-SiO,) was used, the rate of
CO;, production per gram of catalyst in degradation of TCM is

18549 ppm =11.1(ppm/sec/ MH,0,) .

1.67

The yield of CO, was recorded to determine the degradation rate of indigo

and/or TCM. Stoichiometrically, the molar ratio of TCM to CO, is 1: 1. In the
presence of 0.04-0.2 M of H,0,, degradations of indigo and TCM turned out to

12



be first-order reactions. The TCM degradation rate (28.5 ppb TCM / gCat / sec)
can be determined. The catalyst is very effective in the catalytic degradation of
TCM.

_ kxMx Vg, x10°ppb
Degradation rate of TCM =
RxTxmxV

(solution)
_18.549x119.45%0.1x10°

0.082x283.15x1.67x 200
=28.5(ppbTCM / gCat / sec)

K: Rata Constant

M: TCM Molecular Weight
V (g :Gas Volume

R: Universal Gas Constant
T: Temperature (K)

m: Catalyst Mass

V (solution): Solution Volume

V. Conclusions

(1) The novel catalyst (Fe-Al-SiO,) synthesized with sodium aluminate,
sodium silicate and ferric nitrate at a molar ratio of 1:2:2 can be
incorporated on surfaces of argillaceous materials. It turns out to be a very
simple process in catalytic degradations with little separation problems.
We found that the mixture of Fe-zeolite and argil could be sintered at a
temperature range, rather than the normal range from 800 ‘C to 1000 C,
but from 300 ‘C to 400 C.

(2) The novel catalyst (Fe-Al-SiO,) has very high activity, especially in
catalytic decomposition of H,0O, at 283 K.

(3) The structure of indigo dye is complicated to hardly degrade. However, the
catalytic degradation of indigo dye is a first-order reaction. Therefore, we
think the catalyst may be used to degrade other organic pollutants.

(4) TCM could be degraded catalytically on the catalyst (Fe-Al-SiO2) in the
presence of H202 (1M). The activity of the catalyst was as high as 28.5
ppbTCM / gCat /sec.

13



VI. Future Applications

The catalyst can be incorporated into argillaceous materials and installed at the
faucet head. With air going through the device, the catalyst can be activated to reduce
the concentration of TCM in drinking water. In this fashion, risk from TCM-derived
cancers can be reduced by using the new catalytic device.

Air intake

Filter Porous catalyst (Fe-Al-SiO2)/ Argil

Reduced concentration of TCM in drinking water

Fig 21: Design a device for catalytic degradation (oxidation) of TCM at the faucet
head.
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