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bstract

We studied the pretreatment of concentrated wastewater from triazine manufacturing by coagulation, electrolysis, and internal microelectrolysis.
esults show that coagulation by polyaluminum chloride at dosage of 0.5 g/L could remove up to 17.2% chemical oxygen demand (COD) from the
astewater. Electrolysis using iron electrode achieved 33.2% COD removal at current of 2 A in 180 min, which was attributed to coagulation and
xidation of the organic contaminants in the wastewater by the radicals (OH• and O•) and oxidants (O2, O3, and H2O2) produced in electrochemical
eactions. Internal microelectrolysis using iron chips and granular activated carbon (GAC) showed that up to 60.5% COD could be removed under
he conditions of iron/GAC/wastewater volumetric ratio of 3:2:490, sparge ratio (ratio of air flow rate to volume of wastewater) of 2:490 min-1, and
eaction time of 132 h. COD reduction in internal microelectrolysis was attributed to a combination of chemical and physical processes, mainly

xidation by radicals and oxidants formed in electrochemical reactions, adsorption on, co-precipitation with, and enmeshment in ferrous and ferric
ydroxides resulted from Fe2+ released during anode oxidation. The results suggest that internal microelectrolysis using iron chips and GAC is a
romising, low-cost alternative for pretreating concentrated wastewater from pesticide manufacturing.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Wastewaters from pesticide manufacturing may originate
rom equipment cleaning after batch operation, spills and runoff
uring the synthesis processes. They usually contain toxic organ-
cs and pesticide residues, and pose a threat to the quality of
urface and ground water. Treatment of concentrated wastewater
rom pesticide manufacturing with biological processes is often
ifficult because of microbial toxicity and mass transfer limita-
ions [1]. High-temperature incineration and deep well injection
an be very effective in treating such concentrated wastewaters,

hile other potential technologies such as wet air oxidation, sol-
ent extraction, molten salt combustion, and microwave plasma
estruction can also be applied [2]. However, these treatment

∗ Corresponding author. Tel.: +1 650 723 1478; fax: +1 650 725 3162.
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ethods are costly and the technologies are not readily available
n developing countries.

Traditional treatment technologies such as hydrolysis, bio-
ogical treatment processes, chemical precipitation, chemical
xidation, activated carbon adsorption, resin adsorption, and
team or air stripping, etc. have been proposed and practiced for
he treatment of wastewater from pesticide manufacturing [3].
arious innovative technologies, such as photocatalytic oxida-

ion [4], photoassisted Fenton reaction [5], ultrasonic radiation
6], have also been proposed for treating pesticides in aqueous
olutions at very low concentrations. However, many of these
echnologies suffer the limitations of either being too expen-
ive or not being able to treat concentrated wastewaters from
esticide manufacturing.
For developing countries where there is a significant demand
or agricultural pesticides while there is a lack of sophisticated
astewater treatment technologies, an ideal treatment scheme

or concentrated wastewater from pesticide manufacturing is to

mailto:cheng533@stanford.edu
dx.doi.org/10.1016/j.jhazmat.2006.12.038
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retreat the wastewater by physiochemical processes to remove
ost of the organic contaminants and toxicity before biological

reatment. The pretreatment processes should not only be low
ost, but also robust in performance requiring relatively little
aintenance.
One major wastewater treatment process used in removing

olloids is coagulation, which is considered to encompass all
eactions, mechanisms, and results in the overall process of par-
icle aggregation within a water being treated, including in situ
oagulant formation (where applicable), chemical particle desta-
ilization, and physical interparticle contacts [7]. Mechanisms
f coagulation have been well documented in water treatment
iteratures [7] and are not discussed here. Chemical coagulation
y the use of inorganic coagulants such as alum, magnesium
arbonate, ferrous salt, and clays has been successfully applied
n removing color from dye-containing wastewaters [8–11]. It
as been shown that hydrophobic dye can be more efficiently
emoved by coagulation using alum from wastewater compared
o the hydrophilic counterpart with a high water solubility [9].

recent study showed that both alum and FeCl3 were effective
n pretreatment of bakery wastewater by coagulation, and 55%
f COD and 95 to 100% of suspended solids could be removed
ith coagulant dosage of 90–100 mg/L [12]. Compared to pro-

esses such as chemical oxidation, coagulation has been shown
o be simpler and more cost-effective [9–11,13,14].

Recently, electrochemical methods have attracted significant
ttention for treating recalcitrant toxic wastes [15–19]. The toxic
rganic contaminants are usually destroyed by oxidants such as
l2, ClO2, O3, OH•, O•, ClOH•, H2O2, etc. that produced from
nodic oxidation during the electrolysis [15,17–19]. The detailed
lectrochemical reactions taking place during the electrolysis of
brine solution are complicated and not entirely known. Accord-

ng to Comninellis [16], the electrochemical oxidation of organic
atter dissolved in aqueous solutions proceeds in two steps. The
rst step is the anodic discharge of water, forming hydroxyl rad-

cals that are adsorbed on the active sites of the electrode surface
M[]):

2O + M[] → M[OH−] + H+ + e− (1)

The absorbed hydroxyl radicals then oxidize the organic mat-
er:

+ M[OH−] → M[] + RO + H+ + e− (2)

here RO represents the oxidized organic matter that can be
urther oxidized by the hydroxyl radicals formed from the con-
inuous anodic discharge of water. The radicals, OH•, O•, and
lOH•, have very short half-lives due to their high oxidation
otential and they either convert to other oxidants (such as Cl2,
2, ClO2, O3, and H2O2) or oxidize organic contaminants (direct
xidation) [20]. The primary (Cl2, O2) and secondary (ClO2, O3,
nd H2O2) oxidants produced from the destruction of radicals
ave reasonably long half-lives and diffuse into the area away

rom the electrode, thus continuing the oxidation process (indi-
ect oxidation) [21]. It is expected that organic contaminants
annot be fully oxidized to carbon dioxide and water by these
xidants, as in the case of direct oxidation by radicals, which
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nly occurs in an area around the electrode. Such anodic oxida-
ion methods have been successfully utilized in treating olive oil
astewater [19], domestic sewage [22], landfill leachate [23,24],

annery wastes [20], and textile wastes [25].
When the anode is made of iron or aluminum, corrosion of the

node during electrolysis also releases active coagulant precur-
ors (Fe2+ or Al3+) into of the contaminated solution [26,27]. The
n situ production of coagulating ions involves three successive
tages [28]: (i) formation of coagulants by electrolytic oxidation
f the sacrificial electrode; (ii) destabilization of the contami-
ants, particulate suspension, and breaking of emulsions; and
iii) aggregation of the destabilized phases to form floc. Stud-
es have shown that organic contaminants in wastewater could
e effectively removed by such electrocoagulation treatment
29–35], with processes such as adsorption and co-precipitation
lso contributed to the overall contaminant removal.

Internal microelectrolysis is believed to operate on the princi-
les very similar to the above electrochemical methods with the
xception that the electrons are supplied from the galvanic cor-
osion of many micro-scale sacrificial anodes instead of external
ower supply. For example, when a mixture of iron chips and
ranular activated carbon (GAC) particles is in contact with
astewater (electrolyte solution), numerous microscopic gal-
anic cells are formed between the particles of iron and carbon.
he half-cell reactions can be represented as:

node (oxidation) : 2Fe → 2Fe2+ + 4e− (3)

Cathode (reduction):

cidic 4H+ + 4e− → 2H2↑ (4)

eutral to alkaline O2 + 2H2O + 4e− → 4OH− (5)

These half cell reactions occur at microscopic scales, but
imultaneous occurrences of these reactions on the surfaces of
large number of iron chips and GAC particles can result in

ignificant electron flows in the system. Coagulation in the treat-
ent system is brought by the ferrous and ferric hydroxides

ormed from oxidation and precipitation of Fe2+ released from
he anodes:

e2+ oxidation : 4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O(6)

Precipitation:

e2+ + 2OH− → Fe(OH)2↓ (7)

e3+ + 3H2O → Fe(OH)3↓ + 3H+ (8)

It is believed that organic contaminants can be oxidized by
adicals and oxidants produced during internal microelectrol-
sis. Furthermore, organic contaminants can also be removed
hrough adsorption on, co-precipitation with, and enmeshment
n the ferrous and ferric hydroxide floc. Additionally, GAC can
lso adsorb some of the organic contaminants, especially those
ydrophobic ones [36]. Internal microelectrolysis method has

een used in decolorization of bleaching alkali extraction efflu-
nt of chemical pulp [37], and in removing color and COD
rom wastewaters discharged by pharmaceutical, dye-printing,
aper-making, and chitin-production plants [38–40].
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Table 1
Comparison of the wastewater quality before and after pretreatment by coagulation, electrolysis, and internal microelectrolysis

Indictor Before pretreatment Coagulationa Electrolysisb Internal microelectrolysisc

Suspended solids Visible Invisible Invisible Invisible
Odor Strongly pungent Weakly pungent Weakly pungent Weakly pungent
Color Dark red Light brown Light brown Light brown
COD (mg/L) 97,850 81,000 65,400 38,630
COD removal (%) 17.2 33.2 60.5
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a Measured after pretreatment with 0.5 g/L PAC, mixed at 340 rpm for 1 min,
b Measured after being electrolyzed at 2 A for 180 min.
c Measured after for 132 h at iron/GAC/wastewater volumetric ratio of 3:2:49

Because of the concomitant occurrences of many physical
nd chemical processes in internal microelectrolysis, many fac-
ors may affect its treatment performance. Prior studies indicate
hat the treatment efficiency of internal microelectrolysis is
nfluenced mainly by solution pH, reaction time, and aeration
37–40]. Under acidic conditions, both Fe2+ and Fe3+ are diffi-
ult to precipitate, while Fe(OH)6

3− may form under alkaline
H, which interferes with coagulation. A pH range of 6–8 has
een found to be optimal for Fe3+ precipitation in chemical coag-
lation and electrocoagulation [41,42]. Aeration can potentially
ccelerate oxidation of organic contaminants by supplying more
xygen to the treatment system. Meanwhile, this also acceler-
tes the oxidation of Fe2+ to Fe3+, which is less soluble and a
etter coagulant [42].

This study investigated the pretreatment of concentrated
astewater from triazine manufacturing using coagulation, elec-

rolysis, and internal microelectrolysis. We first studied COD
emoval from the wastewater by coagulation and electroly-
is, then by internal microelectrolysis under different ratios of
ron chips and GAC. The results provide valuable information
or practical applications of internal microelectrolysis, whose
otential usage is high owing to its low cost and operational
implicity, for pretreating high COD wastewaters.

. Materials and methods

The wastewater used in this study was obtained from a pes-
icide manufacturing plant in Zhangjiakou, Hebei Province,
hina. Triazines were synthesized in this plant from raw mate-

ials including benzoyl chloride, methanol, dimethyl benzenes,
ethyl benzene, hydrazine hydrate, ethyl acetate, sulfuric acid,

nd sodium chloride. The wastewater contained triazines, the
aw chemicals, and the reaction intermediates and by-products
ormed during pesticide synthesis. It had a dark red color and
strong pungent odor (Table 1). It also had a pH of around

.3 and a high level of turbidity. COD of the wastewater was
7,850 mg/L, and most of the organic contaminants were aro-
atics, which are generally not amenable to biodegradation.
Coagulation was conducted using the experimental setup

howing in Fig. 1a. Wastewater and poly-aluminum chloride
PAC) were added in 1000 mL of wastewater contained in a

eaker. The wastewater was mixed at 340 rpm for 1 min, then at
50 rpm for 10 min (these conditions had been experimentally
etermined to be optimum). Coagulant dosage and settling time
ere varied to study their effect on COD removal.

t
i
m
v

at 150 rpm for 10 min, followed by 85 min settling.

air sparge ratio of 2:490 min-1.

The electrolysis experiments were conducted in an electrol-
sis apparatus shown in Fig. 1b. Three pairs of 15 cm × 22 cm
ron plates were used as electrodes and were partially immersed
n 3 L of wastewater contained in a 40 × 28 × 25 cm3 electroly-
is vessel. The power was supplied by a HY1711-2 potentiostat
Yaguang Electronics, PR China), and electrolysis pretreatment
as conducted at currents of 0.5 and 2.0 A in two separate

xperiments.
Internal microelectrolysis was conducted in the apparatus

hown in Fig. 1c. The reaction column had a diameter of 25 cm,
nd an effective length (for liquid holding) of 101 cm. Iron chips
1.2–12 mm in length and 0.4–3.0 mm in width) were obtained
s scrap metal from a metal machining shop and were degreased
n a 10% hot alkali solution. They were then soaked in a diluted
2%) sulfuric acid solution to remove surface rusts, and finally
leaned by deionized water. The GAC used had a mean parti-
le diameter of 1.5 mm with specific surface area >800 m2/g.
he bulk densities of the iron chips and GAC were 7.78 and
.48 g/cm3, respectively. Out of convenience, the amounts of
ron chips, GAC, and wastewater were all expressed in the unit
f volume. The reaction column was filled with 49 L of wastew-
ter. Iron chips (100–300 cm3) and GAC (100–200 cm3) were
rst mixed together and then added into the reaction column.
ir at a constant rate of 0.2 L/min was sparged into the bot-

om of the column through ceramic air diffusers, which led to
sparge ratio (ratio of air flow rate to volume of wastewater)

f 2:490 min-1. Air sparging also helped to keep the iron chips
nd GAC particles in the reaction column constantly mixed. The
mounts of iron chips and GAC were varied in different sets of
xperiments to study their influence on system performance. To
tudy the effect of wastewater pH on COD removal, pH of the
astewater was adjusted to 8.5, 5.5, 4.5, 3.5, 2.5, and 2.0 by

dding diluted sodium hydroxide or sulfuric acid solutions. The
esidual COD in the wastewater was then measured after being
reated under the conditions of Viron/VGAC/Vwastewater = 3:2:490
nd 132 h reaction time.

Samples of the wastewater taken after coagulation were
et still to allow complete settling of the floc before analysis.
astewater samples from electrolysis and internal microelec-

rolysis were set in air to allow conversion of Fe2+ to Fe(OH)3
nd complete precipitation of the hydroxides. Supernatant of

he water samples was diluted by 500 to 1000 times with deion-
zed water, and the residual COD was determined by K2Cr2O7

ethod [43]. Duplicate samples were taken with the mean
alue reported here. Reproducibility of COD measurements
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Fig. 1. Experimental setups (not to scale): (a) coagu

etermined by analyzing the same sample five times indicates
eviations from the average were <5%.

. Results and discussion

.1. Coagulation

Fig. 2 shows that COD levels in the wastewater varied
ignificantly with different settling time and PAC dosage. A

lear solution with a pink color resulted from the turbid,
ark red wastewater after coagulation. Organic contaminants
n the wastewater were probably removed through an array
f processes such as adsorption, electrostatic interactions, co-

d

t
w

; (b) electrolysis; and (c) internal microelectrolysis.

recipitation, and enmeshment in the floc. These processes are
ffected by many factors, such as the stability and size of the floc
ormed. Despite the lack of a clear trend, the results indicate that
igher PAC dosage and longer settling times did not improve
OD removal. At 0.5 g/L PAC, which is the most economical
oagulant dosage studied, residual COD stayed at 81,000 mg/L
nder all settling times. We also found that high flocculation
ixing rates (>150 rpm) and long flocculation times (>15 min)

ad negative effect on COD removal (data not shown), probably

ue to breaking of floc by intensive and extended mixing [7].

Overall, the coagulation experiments suggest that 17.2% of
he COD in the wastewater could be removed by coagulating
ith PAC at 0.5 g/L. This is much lower than the 55% COD
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internal microelectrolysis were very slow due to lack of exter-
nal electricity supply. The half-cell reactions occurred initially
ig. 2. Residual COD level in the wastewater influenced by coagulant dosage
nd settling time during coagulation pretreatment. After PAC addition, the
astewater was mixed at 340 rpm for 1 min, then at 150 rpm for 10 min.

emoval achieved by coagulation using alum and FeCl3 as coag-
lants for bakery wastewater under optimum conditions [12].
ossible explanations are the triazine manufacturing wastewa-

er was more difficult to treat and the operating conditions were
ot optimized here.

.2. Electrolysis

Fig. 3 shows the residual COD level in the wastewater during
lectrolysis at currents of 0.5 and 2.0 A. Significant variations
n COD level were observed during electrolysis at 0.5 A, and
he reasons were not clear. In contrast, under the higher cur-
ent of 2 A, COD decreased gradually with time and reached
5,400 mg/L at 180 min. The wastewater turned greenish dur-
ng treatment with the accumulation of greenish precipitate
Fe(OH)2), which gradually darkened and turned to brown
olor (Fe(OH)3). After complete settling of the precipitate, the
astewater became a clear, pink solution, similar to that after

oagulation. These results indicate that coagulation by ferrous
nd ferric hydroxides (formed from the constantly released Fe2+

uring electrolysis) played an important role in the observed
OD removal.
Because the wastewater contained salts at relatively high
evels, violent reactions occurred during electrolysis. Volatile
rganic contaminants with pungent smell were produced dur-

ig. 3. Residual COD level in the wastewater as a function of reaction time
nder currents of 0.5 and 2.0 A during electrolysis pretreatment.
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ng the electrolysis, probably due to cleavage of relatively
arge molecules in the electrolytic treatment processes. Oxi-
ation of the organic contaminants by the radicals (OH•
nd O•) and oxidants (O2, O3, and H2O2) produced from
lectrolysis could also be responsible for COD reduction
16,21,25]. Overall, COD removal during electrolysis is postu-
ated to be achieved through a combination of electrocoagulation
nd anodic oxidation of the organic contaminants in the
astewater.
After electrolysis at 2.0 A for 180 min, 33.2% COD was

emoved from the wastewater, almost twice that of coagula-
ion (17.2%). Ferric iron is a good coagulant [7] and has been
uccessfully used in COD removal [11,12]. The higher COD
emoval of electrolysis compared to coagulation was probably
ecause the dosage (37 mmol/L at 2.0 A for 180 min) of coagu-
ants (Fe2+ and Fe3+) produced from electrolysis is much larger
han that (3.7 mmol/L Al3+) used in coagulation, besides the
ontribution from direct and indirect oxidation of the organic
ontaminants.

.3. Internal microelectrolysis

Fig. 4 shows COD removal from the wastewater
s a function of reaction time under the conditions
f: Viron/VGAC/Vwastewater = 1:1:490, 2:2:490, 2.5:2:490, and
:2:490. Overall, residual COD in the wastewater exhibited
imilar patterns despite the significant variability. Appearance
f brownish floc (precipitate) and gradual reduction in color
f the wastewater during the treatment were observed. Little
OD removal occurred before ∼62 h, and the relatively small
mounts of organic contaminants removed during the early
tage were due to adsorption on GAC and volatilization of
he relatively volatile organic contaminants, such as methanol,
rought by air sparging. After that, COD dropped rapidly with
ime and reached the level of 45,300 to 64,500 mg/L at 75 h.
ompared to electrolysis, rates of electrochemical reactions in
t microscopic corroding surfaces, which progressed with time
44].

ig. 4. Residual COD level in the wastewater as a function of reaction time
nder R = Viron/VGAC/Vwastewater = 1:1:490, 2:2:490, 2.5:2:490, and 3:2:490 dur-
ng internal microelectrolysis pretreatment.
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Once the electrochemical processes occurred at significant
ates, oxidation of the organic contaminants by the radicals (OH•
nd O•) and oxidants (O2, O3, and H2O2) could be respon-
ible for COD reduction, similar to the case of electrolysis
16,21,25]. Furthermore, the continuous precipitation of ferrous
nd ferric hydroxides could also remove organic contaminants
rom the wastewater through adsorption, co-precipitation, and
nmeshment. In particular, organic contaminants with carboxyl
unctional groups (e.g., benzoic acid) were expected to bind
trongly to ferrous and ferric hydroxides. Increases in residual
OD in the wastewater were observed between 75 and 85 h.
his rebound in COD level was probably caused by releasing
f organic contaminants associated with breaking of the floc by
ir sparging, as was observed in coagulation with high floccula-
ion mixing rates and long flocculation times. Another possible
xplanation was back diffusion of organic contaminants associ-
ted with the hydroxide floc. Over time, organic contaminants,
articularly those with high water solubilities, swept in the floc
tarted to back diffuse into the solution phase. Back diffusion of
ye materials trapped in alum sludge into the aqueous phase has
een observed during coagulation of textile dye wastewater by
lum, and addition of fresh alum was necessary to control this
roblem [9].

As the treatment time increased, more organic contami-
ants were oxidized by the radicals (OH• and O•) and oxidants
O2, O3, and H2O2) produced in the electrochemical reactions
nd more Fe2+ coagulant was produced. Consequently, appar-
nt increases in COD removal occurred again between 85 and
132 h. Over longer reaction time, formation of ferrous and

erric hydroxide coatings on the iron chip surfaces started to
lock electron transfer between iron and the wastewater and
aused deactivation of iron surfaces. This gradually reduced
he occurrence of electrochemical reactions and the produc-
ion of Fe2+. COD level started to rebound in the treatment
ystem due to lack of sufficient production of fresh hydrox-
de floc to capture the organic contaminants released from
oc breaking and back diffusion. These observations indicate

hat organic contaminants removed by coagulation can re-
istribute back into the wastewater, and long reaction time is
ot necessarily better for COD removal in the batch treatment
ystem.

The fact that residual COD did not exhibit a clear trend
nder different iron/GAC/wastewater ratios suggests that COD
emoval by internal microelectrolysis is robust against variations
n the amounts of iron chips and GAC present in the system. We
lso found that the COD removal was barely affected by pH (data
ot shown). This was expected because the presence of excess
ron chips in the microelectrolysis system gradually reacted with

+ and brought the pH to the neutral range, which is optimal
or Fe3+ precipitation [41,42]. These results indicate that inter-
al microelectrolysis is robust and can handle wastewater with
wide range of pH. It should be noted that removal of organic

ontaminants (and their degradation products) that are volatile to

emi-volatile (i.e., with relatively high Henry’s Law constants)
ould also be caused by volatilization during the constant air
parging, although its contribution is difficult to estimate at this
oint.

t
c
m
c
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.4. Applicability of internal microelectrolysis for
retreating concentrated wastewaters

The above results indicate that coagulation, electrolysis,
nd internal microelectrolysis could all be used for pretreat-
ng the wastewater from triazine manufacturing (Table 1).
ifferent operating conditions were required for each of

hese pretreatment, and their performances also varied. Under
he conditions studied, coagulation could remove 17.2%
OD from the wastewater at 0.5 g/L PAC. COD removal
f 33.2% could be achieved by electrolysis at 2.0 A for
80 min. Up to 60.5% of the COD in the wastewater was
emoved after internal microelectrolysis pretreatment for 132 h
t iron/GAC/wastewater volumetric ratio of 3:2:490 and air
parge ratio of 2:490 min-1. Significant reduction in the resid-
al concentrations of the odor- and color-causing contaminants,
nd suspended solids was also achieved in all these pretreatment
rocesses.

Results of this study suggest that internal microelectrol-
sis is an effective and economic pretreatment method for
econtaminating highly concentrated wastewater from pesticide
anufacturing. Because only iron chips are consumed in the

retreatment process and little external power is required (for
ir sparging), internal microelectrolysis pretreatment is low-
ost and effective. It does not require chemical coagulant or
igh power consumption, as in the cases of coagulation and
lectrolysis, respectively. COD removal by internal microelec-
rolysis is also robust against variations of wastewater pH and
he amounts of iron chips and GAC present. On the other
and, COD removal is relatively sensitive to reaction time
ue to releases of organic contaminants by floc breaking and
ack diffusion with development of hydroxide coatings on the
ron chip surfaces. The deactivation problem can be solved
y periodical rinsing of the iron/GAC mixture with a weak
cid solution to dissolve the precipitated hydroxides. Oxida-
ion by radicals and oxidants can break up the ring structure
f aromatics, rendering the oxidized products more biodegrad-
ble. Significant increases in BOD/COD ratios of wastewater
fter internal microelectrolysis treatment has been reported
38]. Improvement in biodegradability of the wastewater after
nternal microelectrolysis pretreatment was also observed in
ur preliminary biological treatment experiments (data not
hown). Therefore, it is expected that the pretreated wastew-
ter will be able to be further treated using conventional
iological treatment processes. Internal microelectrolysis can
e used as a pretreatment step that complements biological
reatment in dealing with concentrated toxic organic wastew-
ters.

. Conclusion

Wastewater discharged from pesticide manufacturing usually
ontains a range of toxic organic chemicals at high concentra-

ions and has poor biodegradability. Coagulation and electrolysis
ould only remove less than 35% of the COD for the triazine
anufacturing wastewater under the conditions studied here. In

ontrast, 60.5% COD removal occurred in internal microelec-
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rolysis pretreatment after 132 h under the operating conditions
f iron/GAC/wastewater volumetric ratio of 3:2:490, air sparge
atio of 2:490 min-1. The organic contaminants were removed by
combination of electrochemical and physical processes includ-

ng oxidation, adsorption, co-precipitation, and enmeshment,
nd the residual organic contaminants were more amenable to
iological treatment. Quality of the pretreated wastewater in
erms of suspended solid, color, and odor was also significantly
mproved after the pretreatment. The results suggest that inter-
al microelectrolysis using a mixture of iron chips and GAC is a
romising pretreatment method for such hazardous wastewater.
or a manufacturing plant capable of producing 200 t of triazine
er year, concentrated manufacturing wastewater is produced
s a rate of 3.7 m3/day. Therefore, an internal microelectrolysis
eactor of 20.4 m3 will be able to pretreat the wastewater with
residence time of 132 h. This low-cost pretreatment method is
nvironmentally friendly and does not form new toxic wastes.
t is expected that internal microelectrolysis can also be applied
n pretreating other types of industrial wastewater containing
oncentrated organic contaminants.
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