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Abstract—TMAH (tetramethyl ammonium hydroxide) originating from etching and photo-developing processes was
treated with Fenton oxidation followed by an activated sludge. Additionally, a Microtox test was performed to address
any potential toxicity of TMAH against mixed cultures of microorganisms in the activated sludge. The Microtox test
revealed that toxicity of TMAH against Photobacterium phosphoreum was highly effective showing 5% of ECs,, but
its toxicity was completely dissipated showing 100% of ECs; being recovered after being treated with Fenton reagents.
BOD; test showed that acclimated cultures to TMAH could readily decompose TMAH in an order of magnitude higher
than that of not-acclimated culture. Feasibility tests showed that TMAH was readily biodegraded after being oxidized
by the Fenton process, while TMAH fed directly into the activated sludge was laggardly decomposed during longer
adaptation period. In the presence of acetic acid, activity of acclimated mixed cultures to TMAH was considerably
reduced by dominant presence of predators competitively utilizing acetic acid.
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INTRODUCTION

TMAH [(CH;).NOH] 1s a chemical which has been used for etch-
mg and photo-developmg m the electromic materials mdustry and
1its application has been recently mereased [Merlos et al., 1995; Thong
et al., 1997; Sato et al,, 1999]. Other than application m electroruc
matenials processing, TMAH has been used for cnitical analysis of
humic substances formmg m-situ methylation [Hatcher and Clif-
ford, 1994]. 1t has also been used for sustamnng a certan level of
moisture m hydrophobic silicone wafers and for solvent extraction
m the Purex process [Uetake et al., 1989; Jeon and Raghavan, 1993].
Its carcinogenic property has not yet been clearly classified by the
National Toxicology Program m the USA. However, it has been
regulated under the Toxic Substance Control Act since 1976 due to
the relatively high toxicity of quatemary ammontum salts. Nonethe-
less, there have not been any attempts given to properly treat TMAH
present n wastewater. In reality, the biological treatment of organic
wastewater receiving TMAH would provoke an operational prob-
lem due to its potential toxicity agamst mixed cultures of microor-
garusms [Qureshi et al., 1980]. Ther activities would also be degen-
erated by muxtures of other rinsed chemical reagents, peroxide and
orgaric/metallic contaminants . the semi-conductor processing
mdustry. It 15 thus postulated that an advanced oxidation treatment
can agreeably treat TMAH so that a biological treatment may suc-
cessfully be implemented. Fenton oxidation has been generally used
to degrade non-biodegradable hugh molecular organic compounds.
Sato et al. reported that polyvinylalechol was oxidized as hugh as
60% by the Fenton, which further degraded up to 90% m the ac-
tivated sludge [Sato et al., 1999]. Bowers revealed that substrate
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uptake rate m treatmg 2,4-dichlorophenol was escalated up to 3.47
mg TOC/gVSS-hr, once 2.4-dichlorophenol (DCP) had been de-
graded by the Fenton [Bowers, 1987]. In addition, 1ts toxicity agamst
microcosm was reduced to one forties. However, low molecular
organic acids and alcohols cannot be efficiently decomposed by
the Fenton axidation solely appled [Condren and Etzel, 1966]. Sed-
lak and Andren found that 1 mole of chlorobenzene was completely
oxidized by 5 moles of H,0O, at pH 3 [Sedlak and Andren, 1991].
In the absence of oxygen molecules, benzene started to produce a
number of daughter compounds, which m tum were progressively
oxidized m the presence of oxygen molecules. Most of the orgarnic
compounds m the reductive form, generally classified mto non-bio-
degrables, were transformed mto biodegradables by the Fenton oxi-
dation. It suggests that the Fenton oxidation can be used as a pre-
treatment process of TMAH for a biological process following.

Photobacterium phosphorewmn has been used for Microtox test
as demonstrated by Curtis et al. and Qureshu et al. [Qureshu et al ,
1980; Curtss et al., 1980]. It can examme biodegradability of un-
known organic compounds flowing mto a biological process [ Y,
1990]. Vibrio fischeri was also used to observe a degree of fluores-
cent dummushing m response to a span of exposure agamnst a poten-
tial toxic chemical [Algae, growth mlubition test, 1984].

Thus study was conducted to mvestigate 1f TMAH can be bio-
logically degraded m combmation with Fenton oxidation, and then
to verify toxicity of TMAH against photobacterivim phosphorewm
as a representative microorgarmusm m activated sludge. It was fur-
ther attempted to treat wastewater containing TMAH in the acti-
vated sludge followed by the Fenton oxidation. It was compared to
biological degradation of TMAH 1n an activated sludge process as
a control. Finally, we studied the effect of acetic acid, generally pres-
ent i1 electronic materials mdustry wastewater, on degrading TMAH
if they were present together mn wastewater. It was also tested with
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or without Fenton oxidation.
MATERIALS AND METHODS

1. Chemicals

238 wir% of TMAH (Tokyo Ohka Kogyo) was diluted to a de-
sired concentration for each expermment Fenton’s reagent was pre-
pared m various ratios by using H,O, (Extra pure, Daejung) and
FeSO,-7H,0O (Extra pure, Yakurt). H,SO, (Extra pure, Daejung) and
NaCH (Extra pure, Duksan) were used to adjust pH m the Fenton
oxidation Amonic polyelectrolyte (1e. SA-307, Songwon) was used
as a flocculent to separate suspended solids origmating from the
Fenton oxidation

Biodegradability of TMAH m the presence of argaric compound
was examined by using CH;COOH (99% punty, Duksan). In the
activated sludge, KH,PO, (>9%% purity, Duksan) was solely amend-
ed to provide phosphorus at 5 mg/.
2. Fenton Oxidation

1L of dituted TMAH solution was placed into a 2 L jar. pH was
adjusted ranging from 2 to 6 usmg 1 N H,SO,. Fenton reagent was
added ataratioof 06:1,08:1,1:1,1.2:1,14:1 for H,O, (30
%) to Fe™ (FeSO,-7TH,0, >98%), respectively. The sample was
then mixed at 200rpm and 20 °C for 90 minutes. A sample was
taken every 10 minutes. After the Fenton oxidation was completed,
pH m the sample was rased to 8 by 1 N NaOH so that won salts
were removed as ron hydroxides. At the same time, 3mgL™" of
aronic polyelectrolytes (SA-307) was mixed at 50 rpm for 20 mm-
utes; thereafter sludge subsequently settled for 30 mmutes. TMAH
m the supernatant were consequently analyzed by an electro-spray
mass spectrometer as a mass detector for lugh-performance liquid
chromatography (Model 440, Waters).
3. Degradation of TMAH Employing Activated Sludge in
Combination with Fenton Oxidation

Degradation of TMAH was simultaneously compared between
the activated sludge and pre-Fenton oxidation with the activated
sludge process. A bench scale of activated sludge was made with
Pyrex glass such that the aerator was 5L and settling tank was 2.5L.
Four pieces of diffuser were built on the bottom of the aerator, there-
by filtered air was supplied to sustain 2 mgl,™ of dissolved oxygen
m the reactor [Lee and Hano, 2001]. The reactor was operated for
1 day of HRT (Hydraulic Retention Time) at 20+0.5°C. A high al-
kaline TMAH sample was adjusted to pH 5.5 by addng 1 N H,SO,
and then slowly mereased to pH 7(+0.5) by addmg 0.005 N NaHCO..
Phosphorus concentration in the activated sludge was sustamed at
SmgL™ by supplying 0.2 N KH,PO,. A biological inoculum taken
from an activated sludge at a murucipal wastewater treatment plant
was moculated mto the reactor.
4. Toxicity Test

Employing Microtox TestTM [Micro Mutatox Marnual, 1993]
we performed a toxicity test on bioluminescent bacteria, 1.e., photo-
bacterium phosphoreum. The test was conducted in the same man-
ner as suggested by OECD [Algae, growth mnhibition test, 1984].
The test was conducted on photo- bacteritm phosphorewm. The
bactena frozen at —20 °C was incubated at 1,000 U and then 10 1
was diluted mto a test tube. Bioluminescent intensity was mutially
observed for the dilute sample, and after 15 minutes a degree of its
diminished mntensity was measured. A control was also simulta-
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neously observed. Biolummescent loss was calculated in Eq. (1).
Bioluminescent loss (% A)={(I— I)/I.} <100 0

where I, 1s mitial biolummescent ntensity, I, 13 a biolummescent
mtensity observed after 15 minutes.

The ratio of bioluminescent loss was estimated as given m Eq.
2.

Ratio of bioluminescent loss (y)=% A/(100—% A) 2)

Effective concentration (EC,,, %) was obtamed as y being 1, which
consequently corresponds to 50% of biolummescent loss (% A) for
15 minutes since bacteria was exposed to toxic compounds. Water
quality parameters such as pH, dissolved oxygen, BOD,, alkalmity
and NH;-N were observed as given m Standard Methods [APHA,
1994].

RESULTS AND DISCUSSION

1. Optimal Fenton Oxidation of TMAH

Optimal condition for effectively decomposing TMAH was ob-
tamed with regard to each varymg pH, dosage of Fenton reagent,
ratio of Fenton reagent (Fe* to I,0,) and reaction time, respec-
tively. For thus purpose, the concentrations of BOD; and residual
H,0, have been observed since each parameter was varied. Deter-
mining optimal pH, 1,000mgL™ of TMAH was mixed with 1,000
mgL™ of Fe** to 1,000mgL™" of H,0, at 200 rpm for 1 hr while
pH was varied from 2 to 6. Fig. 1A shows that the lowest leve] of
residual H,O, was observed at pH 3 with the highest BOD; value.
PH 3 was then preferably selected to maximally decomnpose the given
concentration of TMAH.

To determine optimal dosage of Fenton reagent, 1: 1 for Fe* :
H,0, was each prepared between 200 and 1,000 mg/Z, whuch was
each mixed at 200 rpm for 1 hr with 1,000 mg/7 of TMAH at pH 3.
Fig. 1B shows that the optimal dosage of the reagent was found at
400 mgL™ such that BOD; was at the highest value observed for
the lowest extent of residual H,O,.

In the followmg, optimal reaction time for Fenton oxidation was
assessed as 1,000 mgL™" of TMAH at pH 3 was mixed at 200 rpm
with 400mgL™" of Fe* and 400 mgL.™ of H,O,. The sample was
obtamed at every 10mun. As shown m Fig. 1C, H,0, was com-
pletely consumed for the first 30 mm. BOD; showed that TMAH
completely transformed mto biodegradables after 70mm. Conse-
quently, 1t suggested that the Fenton reaction should be satisfacto-
nily accomplished after 70 min.

The ratio of Fenton reagent 1s also one of mmportant parameters
efficiently performing the Fenton oxidation The ratio of Fe*™ - H,O,
was varymgly mvestigated at 200 rpm for 70 mm with 1,000 mgL™
of TMAH at pH 3.0. The concentration of Fe** was varied ranging
from 300 to 700 mgL™ over 500 mgL.™ of H,O,. As shown in Fig,
1D, residual concentration of H,O, decreased as the ratio of the re-
agent increased. Concentration of BOD; culmmated at the ratio of
3:1. Consequently, the ratio of 3: 1 was obtamed as an optimal
ratio of Fenton reaction efficiently implemented.

2. Toxicity Test

EC,, was comparatively obtained for 300 and 700 mgL™ of
TMAH, respectively, after they were oxidized by the Fenton reagent
at the ratio of 3: 1 for Fe” : H,O,; thus Fe¥ concentration ranged
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Fig. 2. EC 50 (%) according to varying concentrations of Fenton
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from 50 to 1,100mgL™". As shown in Fig, 2, EC;, was extremely
low at 10% and 5% for 300 and 700mgL™" of TMAH, respectively,
for the Fenton oxidation not employed. However, it started to re-
cover up to 100% after the Fenton reagent was miroduced at 300
mgL™ of Fe*. Fenton oxidation may help in reducing the degree
of toxic influence on microorganisms in the activated sludge.
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Fig. 3. Comparison of BOD; observed between unacclimated and
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BOD..
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BOD; for TMAH ranging from 10 to 1,000 mgl.™ was compar-
atively observed to address its toxicity agamst two kinds of moc-
ula, 1e., acclimated and not-acclimated. As shown m Fig. 3, con-
centrations of TMAH m acclimated culture were readily convert-
1ble to BOD:;. It showed a much higher correlation factor of 0.9
compared to 0.79 obtained from BOD; for not-acchimated mocula.

Korean J. Chem. Eng.(Vol. 19, No. 3)
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Fig. 4. Biological degradation of TMAH in activated sludge for
consecutively increasing the concentration of TMAH from
300 (at start) to S00 (at 28 day) and finally to 700 mg/! (at
48 day): A. BOD;; B. NH,'; @ Influent concentration; O
Effluent concentration.

Thus indicates that TMAH can be readily degraded m the activated
sludge process once microcosm has acclimated to TMAH.
3. Activated Sludge

At first, 300mgL™ of TMAH was acclimated for 7 days and then
continued to meubate for 22 days (Fig. 4A-B). Fig. 4A 1llustrates
that there was found no sigrificant reduction on BOD; for the first
22 days while ammorufication ncreased (Fig. 4B). After 22 days
of meubation, TMAH concentration mereased up to 500 mg/l BOD;
was unvaryingly removed up to 68%, while mtnfication was imti-
ated at 47 days (Fig. 4B). Finally, TMAH concentration mcreased
to 700 mg/l at 48 days of mcubation.

As shownin Fig. 4A, the level of BOD, had mereased to approx-
mmately 800 mgL™ at 58 days since it was initially observed at 400
mgl™" for 48 days. It was continued to be escalated up to 870 mg//,
which mdicates that microorgarisms were still bemg processed o
acclimation. Acclimation was eventually completed at 61 days of
mncubation. At that tme, BOD; was removed as high as 98%. Nitri-
fication had been mitially occurring at 47 days of mcubation; there-
after the concentration of NH;-N was negligibly observed at 53
days of mcubation.

4. Activated Sludge Accommodating Fenton Oxidation

Activated sludge experiment was conducted in the same man-
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Fig. 5. Biological degradation of TMAH in activated sludge after
the Fenton oxidation implemented by 3 : 1 of Fe¢' : H,0,
at 1,000 mg/ of Fe *: A. BOD;; B. NH,”; @ Influent con-
centration; () Effluent concentration.

ner as previously performed As shown m Fig. 5A, there was no
retardation found for activated sludge. Nevertheless, BOD, m the
mfluent had mereased until the 42th day of mecubation. It simply
means that 1t still takes a specific duration for microorgamsms to
completely acclimate oxidized products of TMAH even though no
adaptation period 1 necessarily required. Fig. 5B shows that mitrifi-
cation was hitherto started from 30 days of mcubation as 70 to 90
mgL™ of NH{-N decreased to less than 40mg/] of NH;-N. Sub-
sequently, at 45 days of incubation, the concentration of NH;-N
was reduced down to as low as 10 mgL™".

In general, the wastewater originatmg from the semi-conductor
mdustry includes acetic acid solution other than TMAH. In this re-
gard, the mfluence of acetic acid on decomposition of TMAH was
tested 500 mgL™" of acetic acid was added in the activated sludge
1n the presence of 500 mg/! of TMAH. It was also tested after Fen-
ton oxidation had been mplemented The Fenton oxidation was
performed at pH 3.0 for 70 min with 3 - 1 ratio of Fe™ - H,O, for
500 mgL™" of Fe*. Fig. 6A shows that BOD;, was efficiently re-
moved as high as 97%, but, from 40 days of mcubation, BOD, n
effluent steeply increased due to the occurrence of filamentous bac-
tenia such as Microthrix, Nocardia, Glaucoma and Uronema. In the
meantime, the concentration of NH; in effluent gradually increased
for the duration of the test (Fig. 6B). It simply means that acetic
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Fig. 6. Effects of coincident presence of 500 mg/! of acetic acid on
biological degradation of 500 mg/ of TMAH in activated
sludge: A. BOD;; B. NH;; @ Influent concentration; O
Effluent concentration.

acid m the presence of TMAH could competitively be degraded
by microcosms. It also suppressed the degree of mitrification How-
ever, after Fenton axadation was mplemented, less than 2 mg/7 BOD;
m effluent was observed for the whole test duration as shown n
Fig. 7.

Generally, the types of microorgamsms observed i the activated
sludge followed by Fenton oxidation were different from activated
sludge solely apphed without the Fenton oxidation Aoefosoma hem-
prechi, Aspidisca, Lepadella and Vorticella were predominantly ob-
served m the activated sludge combmed with the Fenton oxidation.
In the meantime, NH; had declined to 12 mg/7 since it was mitially
observed at 24 mg/I. It smply mdicates that mutrification had been
accomplished up to 50%.

CONCLUSIONS

EC;, showed that microorgamsms could cope with the oxidized
products ongmating from the Fenton oxidation of TMAH. Tt 1s un-
likely that they were vulnerably inactivated by contacting with con-
centrations of TMAH untreated by the Fenton oxidation.

The sole application of activated sludge could degrade TMAH
efficiently, but it needed to have more time to acclimate, whereas
the activated sludge receiving the Fenton oxidized compounds can
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Fig. 7. Effects of coincident presence of 500 mg/Z of acetic acid on
biological degradation of 500 mg// of TMAH after the
Fenton oxidation implemented at 1 : 1 of Fe* : H,O, at
500 mg/i: A. BOD;; B. NH,'; @ Influent concentration; O
Effluent concentration.

shorten the adaptation period. In other words, the products origr-
nating from the Fenton reaction mmmediately started to decompose
without observable adaptation span. Nitrification was retardedly
occurring from degradation of TMAH at 47 days of incubation n
activated sludge solely implemented, but it was more shortened to
30 days of incubation after Fenton oxidation was mutiated.

It was also suggested that Fenton oxidation be previously mmple-
mented to decompose TMAH mn the presence of acetic acid Other-
wise, degradation of TMAH and mitnfication were deteriorated even
though acetic acid can be readily biodegraded.

ACKNOWLEDGEMENT

This work was partly supported by the RRC program, the MOST
and the KOSEF.

REFERENCES

Algae, growth inhibition test. In: OECD Guideline for Testing of Chem-
icals, 201 (1984).

APHA, AWWA, WEF. In: Standard Methods, 20th Ed. (1994).

Bowers, A. R., “Evaluating Chemical Oxidation of Toxic Industrial

Korean J. Chem. Eng.(Vol. 19, No. 3)



450 C.G. Kimetal.

Wastewater?” In: 60th Annual Conference of Water Pollution Con-
trol Federation. Oct. 4-7, 1987, Philadelphia, PA (1987).

Condren, A.J. and Etzgel, 1. E., “Waste Treatment by Free Radical Oxi-
dation. Great Lakes Research Divisiony” Univ. of Michigan, Michi-
gan, USA, 380 (1966).

Curtis, C, Lima, A, Lozano, S. J. and Veith, G. D., “An Evaluationof a
Bacterial Bioluminescence Bioassay as a Method for Acute Toxic-
ity of Organic Chemical to Fish)’ In: Proceedings of the Fifth Annual
Symposium on Aquatic Toxicology. ASTM Publication No. 766
(1980).

Hatcher, P G. and Clifford, D. J., “Flash Pyrolysis and in-situ Methyla-
fion of Humic Acids from Soil)” Organic Geochemistry, 21, 10
(1994).

Jeon, J. S. and Raghavan, S., “Wettability and Cleaning of Silicone Wa-
fers in TMAH-Based Solutions” Univ. of Arizona, Tcuson, USA,
268 (1993).

Lee, M. G. and Hano, T, “Effects of Hourly Load Variation on Treat-
ment Charactenistics in Anaerobic-Aerobic Activated Sludge Pro-
cess)’ Korean J. Chem. Eng., 18, 178 (2001).

Merlos, A, Cabruja, E. and Esteve, J., “New Technology for Easy and
Fully IC-Compatible Fabrication of Backside-Contacted ISFETS
Sensors and Actuators B: Chemical, 24, 228 (1995).

Micro Mutatox Manual, Microbics Corporation: Carlsbad, CA, USA,

May, 2002

137 (1993).

Qureshi, A. A, Flood, K. W, Thomson, S. R, Janhurst, S. M., Inniss,
C. S. and Rokosh, D. A, “Comparison of a Luminescent Bacterial
Test with Other Bioassays for Determining Toxicity of Pure Com-
pounds and Complex Effluents” In: Proceeding of the Fifth Annual
Symposium on Aquatic Toxicology. ASTM Publication No. 766
(1980).

Sato, K., Shikida, M. and Yamamoto, M., “Amisotropic Etching Rates
of Single-Crystal Silicone for TMAH Water Solution as a Function
of Crystallographic Orientation)” Sexsors and Actuators, A: Physi-
cal, 73,131 (1999).

Sedlak, D. L. and Andren, A. W., “Oxidation of Chlorobenzene with
Fenton’s Reagent)’ Environ Sci. Technol., 25, 777 (1991).

Thong, J. T. L., Chot, W. K. and Chong, C. W., “TMAH Etching of Sil-
icone and the Interaction of Etching Parameters;” Sersors and Actu-
ators A: Physical, 63, 243 (1997).

Uetake, N, Kawammura, F and Yusa, H, “Altemative Solvent Wash Pro-
cess Using TMAH Solution as Salt-Free Wash Reagent J. Nuclear
Sci. Technol 26, 270 (1989).

Yim, Y. T, “Biological Wastewater Treatment Employing Photobacte-
rium Phosphoreum Cultures]” PhD Thesis, Dongkuk Univ., Korea,
178 (1990).



