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1. Introduction
'
Medical wastewater contains a variety of toxic organic contaminants in a wide

range of concentrations. The toxic chemicals used in hospitals include formalin
solution as 40% formaldehyde and other chemicals such as acetone chloroform, etc.
Previous study indicated that formaldehyde exhibits mutagenic and carcinogenic
effects (Grafstrom et al., 1985). Pollution from formaldehyde can have effects at low
concentrations. Aquatic organisms, for instance, respond negatively to low
concentrations of formaldehyde (Murphy et al.,, 1989). Many attempts have been
investigated to find the proper way to handle this toxic substance. The inhibition
effect of formaldchyde on wastewater treatment efficiency in biological treatment
process was reported (Lu and Hegemann, 1998; Qu and Bhattacharya, 1997). Hickey
et al. (1987) showed that formaldehyde was toxic from 10-100 mg/l in batch systems.
While Sharma et al. (1994) reported that biomass support particles can resist
formaldehyde toxicity up to 375 mg/l in continuous systems. In chemical processes,
sodium sulphite is believed to react with formaldehyde forming sodium formaldehyde
bisulphate, which is non-toxic to microorganisms and is a biodegradable substance
(Lofty and Rashed, 2002). However, investigations on practical ways of treating
formaldehyde wastewater are still limited.

Advance Oxidation Processes (AOPs) have been considered with great interest
as a viable method for organic contaminant removal from water (Andreozzi et al.,
1999). They rely on the formation of reactive and short-lived oxygen containing
intermediates such as hydroxyl radical (OH") and they exploit the high reactive
character of these species. Hydroxyl radicals are a powerful oxidant and a short-lived,
highly reactive and non-selective reagent that is easy to produce. Among these new

technologies, chemical oxidation using ultraviolet radiation (UV) in the presence of
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hydrogen peroxide (H>O,) is a very promising technique. The obtainable hydroxyl
L]

radicals come from the dissociation of H,O; by light from a mercury lamp emitting at

254 nm wavelength. Hydroxyl radicals can oxidize organic compounds (RH)

producing organic radicals (R"), which are highly reactive and can be further oxidized.

The major reactions that occur during UV/H;0; oxidations are as follow (Legrini et

al., 1993):
H,0,+hv — 2 OH" (1)
RH+OH® —» H,O0+R’ )
R*+ 0, —» RO, — further oxidation ?3)
RX+OH® — RX""+ OH (C))
PhX + OH* ——» HOPhX"® 5)

As shown in (Eq. (1)), the hydrogen peroxide is transformed to a hydroxy!
radical by an hydrogen abstraction pathway. This reaction generates organic radicals
and addition of molecular oxygen yields peroxyl radicals (Eq. (2)). This intermediates
initiate thermal (chain) reactions of oxidative degradation (Eq. (3)), leading finally to
carbon dioxide, water and inorganic salts. In addition to hydrogen abstraction,
electron transfers to the hydroxyl radical (Eq. (4)) and electrophilic addition (Eq. (5))
are other reactions of hydroxyl radicals with organic compounds.

The major advantages of this process are commercial availability, thermal
stability, storage on-site, infinite solubility in water and low cost operation, which can
be realized by controlling H20, concentrations (Legrini et al., 1993; Hoigné, 1998).
Therefore, the objective of this paper is to evaluate the applicability of the UV/H,0,
advanced oxidation process to the degradation of formaldehyde used for medical

purposes in various operational parameters such as initial pH, H,O, dosage, and initial



10

11

12

13

14

15

16

17

I8

19

20

21

23

24

25

concentration of formaldehyde. In addition, the mineralization of formaldehyde is also

[}
investigated and reported.

2. Materials and methods
2.1 Reagents

Formaldehyde (40% solution) and hydrogen peroxide (H,0,, 30% solution)
were purchased from Carlo Erba Chemicals. Sodium sulfite, sulfuric acid (96%),
sodium hydroxide were purchased form Merck Chemicals. All chemicals were used

as received. The water used in all experiments was taken from a Milli-Q water

purification system (Millipore}.

2.2 Photoreactor

All experiments were carried out in a batch photoreactor. The photochemical
reactor was purchased from ACE Glass Co. A 10 W low-pressure mercury lamp with
a principal wavelength of 254 nm was used as the light source in all experiments. The
UV lamp was inserted into a double-walled quartz immersion-well located at the
center of the reactor. The UV lamp was kept on during the experiment. Fresh tap
water was flushed through the immersion-well to prevent the lamp from overheating.
The solution was fully stirred with a magnetic stirrer to ensure sufficient mixing. The

reaction temperature was kept constant at 25°C.

2.3 Experimental procedure
In each experiment, 0.33 M of formaldehyde and variable concentrations of
hydrogen peroxide were transferred to a photochemical reactor. Then the lamp was

tumed on to initiate the reaction. During irradiation, the solution was agitated at a
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constant rate. The solution samples were taken for analysis at set ti'me intervals. The
samples were immediately analyzed to avoid further reaction. Enzyme catalase was
also added to each sample to decompose hydrogen peroxide residue, preventing
hydrogen peroxide from reacting with organic substrates during the analysis. The
standard iodometric method was used to determine the hydrogen peroxide residual
concentrations. The concentrations of formaldehyde residue were determined by gas
chromatography equipped with a flame ionization detector (GC-17A Shimadzu with
AT™.Aquawax glass capillary column 30 m. x 0.25 mm. x 0.25 pm film thickness).
Initial and treated TOC were analyzed with a Shimadzu 700 TOC ANALYZER 0-1
Analytical. The bioluminescence tests were conducted using DrLange LUMIStox 300
photometer; reagents and Vibrio fisheri luminescent bacteria were supplied by Dr.
Lange, GmbH (Dusseldorf, Germany). Solvent extracts were tested according to DIN

38412 and intemational standard ISO DIS11348,

3. Results and discussion
3.1 Effect of UV radiation in the presence of H>O;

The primary analysis of formaldehyde degradation was carried out under the
following conditions: (i) volatilization, (ii) UV irradiation only, (iii) hydrogen
peroxide without UV radiation, and (iv) UV radiation plus hydrogen peroxide. The
results are shown in Fig. 1. There was no observable loss of formaldehyde using the
volatilization pathway. For the formaldehyde solution with UV application only, 43%
formaldehyde degradation was observed. With hydrogen peroxide in the absence of
UV, 38% of formaldehyde was reduced from the initial concentration. The results
indicate a remarkable decrease of formaldehyde concentrations when the sample was

irradiated by UV in the presence of H;O,. The decomposition of formaldehyde was
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complete within 300 min of irradiation. This loss can be related to' the production of
hydroxyl radicals, which formn a powerful oxidizing agent. The pH measurement at
the end of the UV/H,O, process showed that the solution became slightly acidic and
decreased from 3.0 to 2.0 and remained constant after 120 min of irradiation. This
result can be explained in that formaldehyde was oxidized into its reaction byproduct,

formic acid, which is refractory to hydroxyl radical oxidation (Murphy et al., 1989).

The behavior of formaldehyde degradation by UV/H,0O; as shown in Fig. 1 may be

interpreted quantitatively by the following simplified kinetic model.

-*OH + [CH;OJo — [CH,0-"OH] (6)

[CH;0-°OH] + "OH — final products (7

In Eq. (6), [CH,O- "OH ] represents the intermediate from the reaction between

formaldehyde and hydroxyl radical. The corresponding kinetic equations for H>O,,

CH,0 and *OH are:
-d[H,0,)/dt = D, (8)
-d[CH,0]/d¢ = k;[CH,O][ “OH] (9)
-d["OH]/d¢ = ki [CH;0][ "OH] + k[CH,O- “OH ][ *OH]-2&1, (10)

In Eq. (8), & is the quantum yield of the photochemical dissociation of H,0,, I, is the

radiation intensity absorbed by H,0;. From Eq. (10), the concentration of *OH can be

calculated as:
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[*OH] = 201, (1)
ki [CH,0] + k[CH,0- *OH | '

In the beginning stages of the process, the initial concentration of formaldehyde can

be written as:
[CH,0]p = [CHO]+[CH,0- "OH] (12)

The following relationship is obtained by substituting Eqs. (11} and (12) in Eq. (9):

-d[CH,0] = k201, [CH;0] (13)
dr (ki-k2)[CH01+ £2[CH20]o

The difference between k) and 4 is supposed to be negligible (k1= k2), hence it can be

written as:

kx{CH;0]o >> (k1-k2)[CH,0]

As the apparent reaction rate constant, k,p is related to &y and &> and it can be written

as follows (Behnajady et al., 2004):

kap = k128 Iofr1202 (14)
k2[CH20]

or more simply:

-d[CH,0)/dt = kop[CH;0] (15)

This relationship corresponds to a first order reaction. Eqs. (14) and (15) also indicate

that k,p is a function of H>O; concentration. The apparent reaction rate constants, Kap,



