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ABSTRACT

Though formaldehyde (CH,0) is the highly consumed organic chemical reactant in the world, its toxicity to human
being has drawn much attention. CH,O removal is important for in-door air quality improvement. In this article, the
CH,0 removal dynamic process is simulated through pulse discharge method by establishing a zero dimensional
model. Smulation indicates that the H,O vapor additive have achieved CH,O removal by generating OH and H
radicals after electron collision, though H,O concentration ratio should be high for achieving effective removal. The
mixing ratio increments of H,O can accelerate the generation of benign species of CO, rather than CO through the
reactions of OH with HCO radical and CO. The O, additive is more efficient for achieving higher removal efficiency
at lower mixing ratio than that H,O additive. When both H,O and O, are co-mixed with CH,O, there appears
reproduction of CH,O induced by the reaction between H,O molecule and HCO radical, which arises out the
attenuation effect on the CH,O removal process.
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INTRODUCTION

Environmental pollution on air, water or soil anawhatically deteriorating the living conditions lefiman beings
[1-2], and there have many researches on the pollutgnédients treatment methods such as catalyzirgght
temperature, electrochemically oxidizing and so[8#5]. As an important component of the volatile organic
compounds (VOCs), formaldehyde with the chemiaaicstire of CHO or HCHO has been consumed at very large
guantities as essential reactants for producing foemaldehyde resin, melamine resin, phenol fodetayde resin
[6]. Except its widespread utilization in factoridse tCHO has also been vastly applied as key ingredientkd
household furniture, the building materials, théoawbiles, the electrical systems, or even thdlé=xéind clothes
[7]. The CHO gas should assume important responsibility ord#teriorated indoor air qualif]. Reports verify
the toxicity of CHO that the upper respiratory tract or eyes of huimaing can be irritated by trace amount of
CH,0, or injured when more GB inhaled. By ingesting as little as 30 ml, theuioh containing 37% CHD can
induce death of an adJy®]. Recently,Salthammer had reported a worse fact that even the@hh outdoor air has
sometimes reached to the indoor levels, partioularpolluted urban ared40].

In order to remove the GB gas, there have various kinds of treatment mathBab-trickling filters have been
developed and practicdd1-12]. To adsorb the gas molecules, the mesoporous rcamaderial was prepared and
activated by HSO, or NH; [13]. Photo-catalysis process is now recognized asffarieat method to remove
gaseous VOC§14-15], though with the drawback of light attenuationotigh scatter or absorption. Even indoor
plants had been investigated for their OHremoval function§16]. The discharge plasma technique is another
candidate.Saulich et al. had developed a cycled adsorption and dischargeeps, through which the GBI
molecules were firstly adsorbed by halloysite giaswand secondly decomposed into,@9 dischargg17]. In
dielectric barrier discharge (DBD), the gbimolecule is more efficiently removed in nitrogaaditive than in air at
20°C due to the efficient energy transfer fromogegn metastable statgs3]. The electrical discharge technique
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possesses the advantages of high efficiency andctsti Since additive gas can usually improve #maval
process of pollutant gases under optimal mixing disdharging conditiongl9-20], the CHO gas removal kinetics
is simulated through pulse streamer discharge tquahrin this article, and the vapor and oxygen tagklieffect on
CH,0 removal efficiency is focused on.

EXPERIMENTAL SECTION

The additive gases such as vapos@Hor oxygen (@ are mixed with formaldehyde (G8) at the premix gas tube,
and then streamed into the discharge zone, in wiiglh energy electrons are driven by pulse voliage injected
from the electrodes. The discharge energy is hygsited as 147 Td. The @Bl concentration is set as 1000 ppm to
imitate the in-door air condition. Based on thegpdtheses, the electrons collision on OHs ignored due to the
small concentrations. Contrarily, the® or O, concentration is relatively high, and their elentcollision process
should be included.
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Fig. 1 Electron collision dissociative cross sections of H,O and O,. The dissociative ener gy threshold is7 eV for H,0 and 5.58 eV for O,

The electron collision dissociative cross sectioh$,0 and Q are present in Fig. 1. The,® dissociative cross
sections are obviously higher than that gf But the Q molecule is easier to be decomposed by electribision,
due to its lower dissociative energy threshold.

By solving Boltzmann Equation of the collision cross sectidi2d], the dissociative rate coefficients of®lor O,
molecule are calculated in this article as

e +HO—>H+OH+e k=1.30x10° cnts? (1)

e +0,—-0+0+e k= 4.35x10'° cm’s? 2

After collision by high energy electrons, there &av, OH and O radicals generated, which can ppatieiinto the
CH,O removal process. The main reactions and the soreling rate coefficients related to £LHremoval are
analyzed and outlined in TabJ22].

According to the outlined reaction paths and cquoesling rate coefficients, the time-resolved cotegion
evolutions of all the species are modeled in thisla as

dni ©)

ot _Z kjnn; + kaqnpnq
i p.q

In which, the concentration variance i8f specie is derived from its concentration losingcess caused by the

reaction betweeil" andj™ species and the generating process caused byalbgon betweep™ and q" species.
Every reaction is ruled by the rate coefficient&asr k.

558



Xiaojun Wang et al J. Chem. Pharm. Res., 2014, 6(1):557-563

Tab. 1 Main reactions and rate coefficients simulated in thisarticle

R. Reactions k/cm’s? || R. Reactions k / cm®s?
1 CH,0+O—HCO +OH 6.73x10' || 17 CO+O—CO+0  1.43x10F
2 CH;0+O—CO+OH+ H 1.00x18° || 18 CO+OH-CO+H  3.90x10*
3 CH;0 +H—H;+ HCO 7.71x16°' | 19 CO + H-HCO 5.70x10"
4  CH,0+OH-HCO+H0 8.13x10%|| 20 H,O+ H—-H+OH  8.90x10"
5 HCO + O-»CO +OH 5.00x18' || 21 OH+H—H,0 1.55x10*
6 HCO+0O-CO,+H 5.00x10" || 22 OH+H—H,+ O 1.25x10¢
7 HCO+H-CO+H 1.50x10 || 23 H+OH—H,O+H  6.70x10¢
8 HCO + H-»CH,0 2.38x10% || 24 Hy+O—OH+H 3.40%x10¢
9 HCO+H,0—CH;O +OH 5.29x10° || 25 H+0,—H,0+0 1.45x10°

10 HCO +OH-CO + HO 1.69x10° [| 26 H,+O,—»OH+OH  1.43x1G!
11 HCO+HCO-CO+CO+H 3.64x10" || 27 O+ H->OH + O 2.49%x10*
12 HCO+HCO-CH,0+CO 5.00x18'|]28 OH+0-0,+H  1.51x10"

13 HCO+H,—~CH,O+ H 451x10°[| 29 O+ 0-0; 9.95x10%
14 CO;+0-CO+Q 5.22x10%|] 30 H+ O—OH 2.60x10¢
15 CO;+ H—-CO+ OH 1.48x1%" || 31 H,O0+O—-OH+OH 4.83x10"
16 CO + 0O-CO, 1.25x10%

It should be noticed that there have no componetdsed to spatial variance, and time evolutiomdtuded. Such a
model is only related to time, and is zero-dimenaloBy solving the time varying differential eqiaat system, the
CH,0 removal kinetic process can be monitored. Rivage-Kutta algorithm is applied for such purpd=3].

RESULTSAND DISCUSSION

Based on the reaction model,®Hor O, additives are the key factors for @M removal through pulse streamer
discharge. The favorite productions are expecteigbeor easy-captured for further processing. Is #nticle, HO
or H,O/O, additive effect is respectively discussed.

The removal efficiency is defined as

n, —n
”CHZO = % x100% 4)

0

Ny is the initial concentration of G&, andn, is the residual concentration after the simulapeniod. The initial
CH,0 concentration is set as 2.457%16m". The discharge duration is 0§ and the total simulation period is
4us.
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Fig. 2 At different H,O/CHO ratio, (a) time-resolved concentration evolution of CH,0, and (b) the corresponding CH,O removal
efficiency

3.1 Effect of H,0 vapor additive on CH,O removal kinetics

When only HO vapor are mixed, the time-resolved concentragivolutions of CHO are simulated in Fig. 2a,
which decreases at a monotonic trend andG@kmoval has been achieved. When it comes to tke ddditive
effect, the higher the J@ vapor concentration ratio is, the more the,GHnolecules are removed. It should be
noticed that the major removal process is occuaféel 0.qus, which indicates that the radicals produced durin
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discharge have effectively participated into thetHer reactions after discharge. This is due to whé&orm
distribution hypothesis that the spatial drift dfgaseous species are ignored, and they can weticeach other at
unit space during and after discharge.

The removal efficiency is calculated in Fig. 2b. With concentration ratetween HO and CHO heightened, the
removal process is remarkably accelerated. Renadfielency has achieved to 91.47% when th©KCH,O ratio is
750:1. Such removal is mainly decided by the H @rtiradicals decomposed from® as follows.

CH,0O +H—H, + HCO k=7.71x10" cnvs? (5)

CH,0 +OH—-HCO+H,0 k=8.13x10" cnrs® (6)

In order to clarify the main removal paths durimgl after discharge, the time-resolved concentragimiutions of
OH and H radicals are present in Fig. 3.
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Fig. 3 At different H,O/CH,O ratio, (a) time-resolved concentration evolution of OH and (b) H radicals

There has more OH radicals been generated andrpedsafter discharge in Fig. 3a. For the H raditadhas been
consumed out during discharge. Such evolutionscatdi that the H and OH radicals have decided theOCH
removal kinetics during discharge, and the OH &y@dl the essential role for the @Hremoval after discharge.
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Fig. 4 At different H,O/CHO ratio, (a) time-resolved concentration evolution of CO,, and (b) time-resolved concentration evolution of
CO

Since the CKHD is an organic VOC compound with its chemical e including C elements, it is important to
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monitor the transformation of C in the final protlans. Simulation presents that most of the C elgma CHO
molecules have transformed into £@ther than CO, as present in Fig. 4.

During the simulation period ofu$, the CQ concentration is varied with monotone increasirendis. And its
concentration is heightened when mor®thdded. Contrarily, the CO concentration jg¢ & decreased when®l
concentration heightened. G@ the major final production.

When it comes to the generation kinetics, the C@rentration evolution presents a first increashrentdecreasing
trend. During discharge, CO has been generatechetuimulated. Even more CO molecules have been geddu
than CQ at discharge duration time of Q@& The C elements in GB molecules are first transformed into CO
during discharge. For Gproduction, except the CO oxidization by @ O, there has another more important
routine. The generated HCO radicals ruled by Equahi and 6 can react with OH to generate CO duairdjafter
discharge. And the CO molecule is further transtmrmto CQ through the reaction with OH. Such processes are
the key factors for COgeneration after discharge, and shown as follows.

HCO +OH-CO + HO  k=1.69x10' cn’s* (7)

CO+OH—CO,+H k=3.90x10" cns™ (8)

3.2 Effect of O, and H,O co-additive on CH,0 removal kinetics
The oxygen and ¥ vapor are usually mixed together in ordinary gaseenvironment. Then one question is put
forward how the two components influence each otifezn both gases are added into,OH

In Fig. 5, without HO mixing, the Q can achieve effective GB removal at lower ratio than that of® additive.
At H,O/O,/CH,0 ratio of 0:16:1, the removal efficiency becom&s7%. The O radicals decomposed fromate
more efficient for CHO removal.

oF H,0:CH,0=
ol 01
2 2 -4=51

0 10 20 30 40 5 60 :1
Oz:CHZO ratio /a.u.

Fig. 5 At different O,/CH,0 mixing ratio, the CH,O removal efficiency achieved without or with small portion of H,O vapor additive

But the CHO removal efficiency is obviously affected by®vapor co-additive, though the concentration rafio
H,O/CH,O is very small as 5:1. The removal effect of @ CHO has been greatly attenuated in Fig. 5. There
should have more Omolecules to participate into the removal reactiom order to achieve the same removal
efficiency. Such attenuation is ascribed to thesrsal reaction caused by® for reproducing the Ci0 from CHO
radicals ruled by

HCO+H,0—CH,0 +OH k=5.29x10'" cni’s™* 9)

According to Equation 9, more,B8 vapor additive would induce the aggravating ai#gion on CHO removal
kinetics, as shown in Fig. 6.
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Fig. 6 At different O,/CH,0 mixing condition, the CH,O removal efficiency achieved under different ratio of H,O vapor co-additive

When more HO added, for example at the, ®{CH,O ratio of 20:1, the maximal removal efficiency Hasen
greatly attenuated and decreased to 81.17%. Wjibrveoncentration further heightened, the remoffadiency at
low O, concentration ratio has been improved. The higherH,O concentration ratio is, the higher the removal
efficiency at lower @ ratio becomes. H and OH radicals decomposed fro@ have played more and more
important roles for CLD removal. Under KO/CH,O ratio of 300:1, the removal efficiency has becdB8e9% at
O,/CH,0 ratio of 20:1, though it is also slightly lowéran that without 5D additive of 99.9%.

CONCLUSION

CH,O removal dynamic process is simulated in thisclrtithrough pulse streamer discharge method. After
establishing a zero dimensional reaction modelQHgO removal process is monitored. Results indicadé tthe H
and OH decomposed from,8 have played important roles for @b removal, though the J@ concentration is
relatively high for achieving effective removal.dhier additive ratio of D can adjust the reactions for generating
more benign species of GODH radicals have decided the most part of, @éneration through the reactions with
HCO radical and CO. The (additive is more efficient for achieving highemmaval effect at lower mixing ratio
than that HO additive. When kKD is co-mixed with @ attenuation on C}D removal kinetic are induced by
reproducing CHO through the reaction between HCO radical ap@ kholecule.

The formaldehyde (C}D) removal treatment through pulse discharge metlsodmportant for air quality
improvement, and there should have further invatitg on its kinetics in order to obtain optimasaharging
conditions for practical utilization.
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