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bstract

Toxicity from industrial oily wastewater remains a problem even after conventional activated sludge treatment process, because of the persistence
f some toxicant compounds. This work verified the removal efficiency of organic and inorganic pollutants and the effects of evaporation and
ir-stripping techniques on oily wastewater toxicity reduction. In a lab-scale plant, a vacuum evaporation procedure at three different temperatures
nd an air-stripping stage were tested on oily wastewater. Toxicity reduction/removal was observed at each treatment step via Microtox® bioassay.

case study monitoring real scale evaporation was also done in a full-size wastewater treatment plant (WWTP). To implement part of a general

roject of toxicity reduction evaluation, additional investigations took into account the monoethanolamine (MEA), diethanolamine (DEA) and
riethanolamine (TEA) role in toxicity definition after the evaporation phase, both as pure substances and mixtures. Only MEA and TEA appeared
o contribute towards effluent toxicity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There has been a consistent rise in xenobiotic compounds
elease into the aquatic environment in recent decades due to
he rapid increase in wastewater industrial production. Most of
hese substances are suspected to be toxic and carcinogenic, and
enerally have low biodegradability. This fact, combined with
he high organic pollution load in terms of chemical oxygen
emand (COD) and matrix effect [1], makes the purification of
uch wastewater a difficult task [2–4]. In Italy, as in many other

editerranean countries, oily wastewater is a major environ-
ental problem in the coastal zone, where the chemical industry

roduces significant amounts of industrial waste [5].
Control of toxic pollutants is extremely troublesome, time
onsuming and costly, especially in industrial areas where a
arge number of complex effluents are collected, combined and
reated in wastewater treatment plants (WWTPs) [6]. Kahru et
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l. [7] proposed a battery of microbiotests for evaluating wastew-
ter pollution from the oil shale industry, showing that chemical
nalyses can easily miss contaminants with a high toxic impact.
erforming a hazard assessment with an appropriate battery
f toxicity tests can integrate traditional characterisations for
ssessing impacts on the target environment. Oily wastewater
enerated by various industries, frequently occurring in the form
f oil-in-water emulsion, creates a major problem around the
orld [2,8,9]. Oily wastewater is generated by different activ-

ties such as refinery, petrochemical and lubricant production
nits, metal finishing, metal working, textile industry and paper
ills [4,10] and can have a complex composition because it may

ontain mineral, vegetal or synthetic oils, fatty acids, emulsifiers,
orrosion inhibitors and bactericides.

This study tested a method to reduce the impact on the
quatic environment of oily wastewater of industrial origin,
ontaining several organic pollutants with varying biodegrad-
bility characteristics. Oily wastewater emulsion, after the first

tep of breaking by a chemical method, was treated by a
equence of evaporation and air-stripping physical processes,
n order to verify the removal efficiency of organic and inor-
anic pollutants as well as the toxicity reduction performance.

mailto:giovanni.libralato@unive.it
dx.doi.org/10.1016/j.jhazmat.2007.09.042
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Table 1
Some physical and chemical parameters of oily wastewaters after chemical
breaking in the full-scale WWTP near Venice (Italy)

Parameters Range

pH 7.80–11.00
CODtot (mg O2/L) 10,200–40,000
CODsol (mg O2/L) 5300–21,000
TKN (mg N/L) 215–729
N–NH4 (mg/L) 60–300
Norg (mg N/L) 120–450
SS (mg SS/L) 2700–20,000
VSS (mg VSS/L) 500–13,500
Chloride (mg/L) 70–450
N–NO3

− (mg/L) 2–60
S–SO 2− (mg/L) 50–1500
P
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vaporation and air-stripping were tested in a lab-scale plant
acility, while a full-scale WWTP was used as a case study
or the evaporation process. Traditional physical and chemical
haracterizations for raw and treated wastewaters were inte-
rated with Microtox® bioassay results. Furthermore, according
o the toxicity reduction evaluation procedure (TRE) [11], a
iomonitoring screening survey with Vibrio fischeri involved
he control of monoethanolamine (MEA, CAS Number: 75-
4-7), diethanolamine (DEA, CAS Number: 111-42-2) and
riethanolamine (TEA, CAS Number: 102-71-6) roles in tox-
city definition, due to their frequent occurrence as emulsifiers
nd corrosion inhibitors in oily wastewater. They were all mon-
tored as pure substances and as mixtures (MEA and TEA) in
rder to implement part of a general project of toxicity reduction
ssessment.

. Background

.1. The TRE approach

A TRE investigation is designed to isolate the source of
ffluent toxicity and determine the effectiveness of various con-
rol options (e.g. technological facility) in reducing toxicity.
n this work, the TRE procedure was applied to oily wastew-
ter treatment in both a lab-scale plant and a full-scale WWTP.
his approach was similar to the USEPA [11] general approach
hich involves three tiers. The first tier involves the collection
f background information on the plant and its past operating
istory. The second tier evaluates remedial actions to optimise
he operation of the facility in order to reduce effluent toxicity.
f these improving actions are successful in reducing toxicity
o acceptable levels, the TRE procedure is complete, if not, it

ust proceed to the third tier that may enable toxicity causes
o be ascertained by a toxicity identification evaluation proce-
ure (TIE). A TIE procedure focusing mainly on ammonia and
thanolamine compounds role in toxicity definition completed
his research.

.2. Wastewater treatment

The range of some physical and chemical parameters, as mea-
ured over a 2-year period in the full-scale WWTP, are reported
n Table 1 to provide a general overview of oil-in-water charac-
eristics.

Various processes are used for oily wastewater separation
nd purification. The first phase consists of a pre-treatment to
eparate oily emulsion from the wastewater (emulsion break-
ng). The traditional methods include chemical and physical
mechanical and thermal) technologies. The chemical method
s primarily based on the neutralisation of detergents and a
hange of the pH of the solution followed by further purifi-
ation for the liquid phase. The physical method is based on
he mechanical phenomenon of gravitational breaking (flotation

r dissolved air flotation), ultra-filtration membrane separation
r micro-filtration, whereas the thermal method mainly focuses
n heating or evaporation processes [1,2,4]. The resulting liq-
id phase, containing residual oil, should be subjected to further

i
d
t
e

4

–PO4
3− (mg/L) 10–70

urfactants (mg/L) 100–3000

reatment in order to achieve the current effluent standard for
he receiving waters (e.g. stripping, activated sludge biological
reatment or carbon adsorption).

. Materials and methods

The lab-scale plant consisted of a vacuum evaporation (roto-
apour) device, which can operate at different temperatures, and
n air-stripping apparatus. The evaporating apparatus was com-
osed of a 1 L Pyrex flask in a thermostatic bath, thermometer,
ooler, 100 mL graduated cylinder for condensate collection, an
il rotative vacuum pump and pressure gauge. The air-stripping
ests were conducted in a 100 mL beaker with an air bubbling
evice (50–70 L/h, T = 50 ◦C and P = 1 atm) in a thermostatic
ath, in order to maintain a constant temperature during the
xperimental runs. The air bubbling device was a ceramic porous
istributor submerged in the 100 mL beaker.

The WWTP, located about 20 km from Venice (Italy), was
hosen to verify the evaporation experimental results at full scale
the stripping column was under construction). The WWTP is
esigned to treat biodegradable organic liquid, oily wastewater,
etal plating waste (bath solution and rinse water), glass factory

ischarge, biological and chemical sludges, textile industry and
rinting wastewaters. The treatment system consists of a primary
reatment plant with physical and chemical batch processing
nits and a secondary biological treatment plant (Fig. 1A). After
n inlet pumping station, the effluent from the collector tank is
rst passed through screens and grit chambers to remove large
nd coarse particles, and then collected in separate tanks accord-
ng to treatability characteristics. After laboratory screening
rocedures, the streams containing only highly biodegradable
ompounds are directly transferred to a double stage activated
ludge sequencing batch reactor (SBR). The streams containing
eavy metals or non-biodegradable organic compounds are fed
o the physical and chemical treatment plant and successively,
ransferred to the SBR. After settling, the SBR effluent is filtered

n a rapid sand filter and an activated carbon column, before its
ischarge into publicly owned treatment works (POTW). Before
ransferring to SBR, in the case of oily wastewater, the efflu-
nt, after a breaking treatment with a chemical method and a
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Fig. 1. Diagram of the WWTP (A) and multiple-effect vacuum evaporatio

ouble step centrifugation process, is accumulated in a 30 m3

ank and conveyed to the advanced technology area where it is
reated in a multiple-effect vacuum evaporation (Fig. 1B) [12].

fter laboratory chemical controls, treated wastewater from the

and and activated carbon filters are transferred to POTW. The
lant capacity is 180,000 tonnes/year of industrial wastewater.
he multiple-effect evaporation unit capacity is 7.5 tonnes/h of

3

p

air-stripping apparatus (B). Sampling points (cross marks, ⊗) are shown.

vaporated waste at 80 ◦C with a maximum of 3000 kg/h of
team.

.1. Effluent treatment
.1.1. Evaporation
In the lab-scale plant, oily emulsion followed a two-step

rocess: a vacuum evaporation process (EP) and stripping
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Fig. 2. Lab-scale plant experimental procedure. EP = evaporation process;
SP = stripping process; P, C, E = physical, chemical and ecotoxicological anal-
y
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Bulich’s [15] modified classification was adopted to compare
toxicity reduction trends during each treatment process (EP and
SP) in both the lab- and full-scale WWTP. The Bulich modified
score consists of six integer values from 1 to 6, indicating TU50

Table 2
Bulich modified score with TU50 ranges [15]

Bulich modified score TU50 range

1 TU50 < 1.00
2 1.00 ≤ TU50 ≤ 3.13
3 3.13 < TU50 ≤ 10.00
ses; F1–F5 = samples after evaporation; F1s–F5s = samples after evaporation
nd stripping.

rocess (SP). After every EP and SP, COD, total ammonia
itrogen (N–NH4), pH and toxicity were determined. The oily
astewaters for the lab-scale plant were sampled from the real
WTP.
The experimental procedure of the lab-scale plant is shown

n Fig. 2. The EP consisted of evaporating 75 mL from 250 mL
f oily wastewater at three different temperatures and relative
ressures (50 ◦C and 11 kPa, 70 ◦C and 31 kPa, and 80 ◦C and
8 kPa), and collecting the condensate samples. At the end of
ach EP, 75 mL of fresh oily wastewater was added to the remain-
ng solution to reconstitute the initial volume of 250 mL. This
peration was repeated four times in order to reach a steady state
n the condensate sample parameters and simulate the behaviour
f the full-scale plant after continuous feed. A preliminary sur-
ey had indicated that the steady state for pH, DO and ammonia
alues could be reached after the fifth collected condensate frac-
ion. The sample collection resulted in five sub-samples (F1, F2,
3, F4 and F5) for each evaporation temperature. In the lab-
cale plant, the condensed wastewater was stripped after every
P.

In the full-scale WWTP, oily wastewater was evaporated
n the multiple-effect evaporator from 80 to 50 ◦C (WWTP1,

WTP2, WWTP3, WWTP4 and WWTP5). The evaporator
as a triple effect one with backward feed. Three boilers
ere arranged in series, each operating at a lower pressure

han the preceding one. Operating conditions were: 80 ◦C and
8 kPa for the first effect, 65 ◦C and 25 kPa for the second
ne, and 50 ◦C and 11 kPa for the last one as mentioned
bove.

.1.2. Stripping
Air-stripping is the process involving the mass transfer of

olatile contaminants from wastewater to air. Oily emulsion
amples, after evaporation and condensation, were basified till
H 11 before air-stripping at 50 ◦C in the lab-scale plant. Sam-
les were basified in order to transform ionised ammonia into
nionised ammonia, facilitating its removal by the stripping pro-
edure. The air-stripping working temperature was similar to the

perating condition that will be adopted in the full-scale WWTP
lant under construction. Five sub-samples (F1s, F2s, F3s, F4s
nd F5s) were collected.

4
5
6

us Materials 153 (2008) 928–936 931

.2. Physical and chemical analyses

COD and CODsol (soluble COD, after filtering at 0.45 �m)
ere determined according to 5130 procedure [13], BOD

ccording to 5120/A procedure [13], N–NH4 according to
030/C procedure [13], suspended solids (SS) and volatile sus-
ended solids (VSS) according to 2090 procedure [13] and total
jeldahl nitrogen (TKN) according to 5030 procedure [13].
H was measured with pHmeter HI 9025 Microcomputer from
ANNA Instrument®. The concentration of unionised ammo-
ia was calculated as a function of temperature and pH. MEA,
EA and TEA were determined by ion chromatograph sys-

em (Dionex DX500 with CSRS-I in the external water mode
uppressor, column CS-14 ID 4 mm, length 25 cm) as all other
nions (chloride, nitrite, nitrate, sulphate and phosphate).

.3. Ecotoxicological analyses

Samples toxicity was determined according to the reduction
f bioluminescence in Vibrio fischeri via Microtox® Model 500
est System. Reagents and supplies were obtained from Micro-
ics Corporation (Carlsbad, California, US). Diluent solution
2% saline) and osmotic adjustment solution (22% saline) were
lso bought ready to use from Microbics Corporation. The
anufacturer’s protocol (Basic Test) was followed according

o Microbics [14]. This protocol allows measurement of light
utputs of Microtox® reagents relative to those of a fresh bac-
eria control at three exposure times (5, 15 and 30 min, to check
he potential role of contact time in toxicity definition) to serial
ilutions of samples. The endpoint consists of determining the
evel of light loss as a consequence of bacteria exposure to the
oxic samples. Data were reduced to EC50, as the effective
oncentration of a test sample that induces a 50% decrease of
ight output after 5-min contact time for wastewater and after
-, 15-, and 30-min contact time for pure substances and their
ixtures (MEA, DEA and TEA). The values were obtained

y linear regression between wastewater concentration (as
ercentage) and the fraction of light loss to light remaining
Γ ) in a logarithmic scale (EC50 is the sample concentration
orresponding to Γ = 1) with 95% confidence limits. The data
xpressed as EC50 were also transformed into toxicity units,
U50 (TU50 = 100/EC50), to reveal the direct relationship
etween toxic effects and measurement system used [8].
10.00 < TU50 ≤ 31.25
31.25 < TU50 ≤ 100.00
100.00 < TU50
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evels rise in increasing order; TU50 ranges are reported in
able 2.

. Results and discussion

.1. Physical and chemical parameters evaluation

The evaporation process in the lab-scale plant considered
n oily wastewater characterised by COD = 14,760 mg O2/L,
–NH4 = 1190 mg/L, pH 8.2 and TU50 = 70.00. MEA, DEA and
EA concentrations were not determined in the oily wastewater

or the lab-scale plant, because their presence was not at first
uspected.

The results for evaporated and condensated samples (F1–F5)
re shown in Fig. 3 and summarized as removal efficiencies in
ables 3 and 4. In the condensate samples, pH values remained
onstant between 9.00 and 9.50. COD trend (Fig. 3A) showed
hat the vapour phase COD decreased less rapidly after F2, until
steady state was reached after F4, when just the organic volatile
ompounds of each fraction fed to the lab-scale plant (75 mL)
ere transferred to the vapour phase. Comparison between the

amples obtained at the three temperatures showed that the F1
ractions (from the initial 250 mL of COD oily emulsion) had
onsiderably different COD values. This was perhaps caused
y the experimental temperature as its increase corresponded
o a higher transfer of organic volatile compounds from liquid
o vapour phase. The fractions at T = 70 ◦C maintained higher
OD, ammonia and TU50 values than at T = 50 ◦C. A COD

ncrease was observed in T = 80 ◦C samples only for F1. This
ight suggest that at T = 80 ◦C most volatile compounds were

ransferred to the vapour phase during the F1 evaporation step.
n samples F3, F4 and F5, the removal efficiency of the evap-
ration phase could be influenced not only by the evaporation
emperature, but also by the evaporation pressure and vapour
ressure of volatile compounds.

The best performance for ammonia (Fig. 3B) was always
ound at T = 50 ◦C. At T = 80 ◦C, ammonia was considerably
emoved from F1 to F2.

There were no big difference in TU50 removal efficiency
Fig. 3C) at F1 for T = 70 ◦C and T = 80 ◦C. From F2 to F5,

= 80 ◦C performed better than T = 50 ◦C and T = 70 ◦C. The

atter generally showed the worst removal efficiency, similar to
hat at T = 50 ◦C for F4. F1 and F5 data are not available for
= 50 ◦C.

d
l
f

able 3
OD removal (%) due to the evaporation process (EP), stripping process (S
OD = 14,760 mg O2/L, after chemical breaking

ractions 50 ◦C 70 ◦C

EP SP EP + SP EP

57.2 93.2 97.1 30.3
87.0 89.6 98.6 76.3
91.7 84.4 98.7 85.4
92.8 79.4 98.5 87.9
93.4 80.6 98.7 89.5
= 80 ◦C) for the samples (F1–F5) of oily wastewater after chemical breaking
ith COD = 14,760 mg O2/L, N–NH4 = 1190 mg/L, pH 8.2 and TU50 = 70.00.
Increasing efficiency in COD, ammonia and TU50 removal
ue to operational temperatures and pressures was estab-
ished as follows, respectively: 70 ◦C < 50 ◦C < 80 ◦C (for
ractions F4-F5), 70 ◦C < 80 ◦C < 50 ◦C (for fractions F4-F5) and

P) and their combination (EP + SP) for an oily wastewater with initial

80 ◦C

SP EP + SP EP SP EP + SP

96.1 96.8 11.3 92.8 93.7
88.5 97.2 90.1 67.8 96.8
82.9 97.4 90.9 63.1 96.7
83.7 98.0 93.8 65.2 97.8
77.2 97.6 95.8 54.8 98.1
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Table 4
TU50 reduction (%) due to the evaporation process (EP), stripping process (SP) and their combination (EP + SP) for an oily wastewater with initial TU50 = 70.00
(TU50 = 100/EC50), after chemical breaking

Fractions 50 ◦C 70 ◦C 80 ◦C

EP SP EP + SP EP SP EP + SP EP SP EP + SP

1 – – – 48.4 86.6 93.1 47.1 85.2 92.2
2 70.1 74.5 92.4 48.4 88.2 93.9 70.2 86.5 95.9
3 69.2 86.1 95.7 61.5 86.9 94.9 84.0 74.1 95.8
4 71.6 82.0 94.9 71.4 85.4 95.8 76.4 83.0 96.0
5

(

7
m
9

m

F
e
o
a
C

r

– – – 73.1

–) Not available.

0 ◦C < 50 ◦C < 80 ◦C (for fractions F3-F4), reaching a maxi-

um COD removal of > 95%, maximum ammonia removal of

2% and maximum TU50 removal of > 84%.
The air-stripping process results are shown in Fig. 4 and sum-

arized as removal efficiencies in Tables 3 and 4, where the

ig. 4. (A) COD (mg O2/L), (B) N–NH4 (mg/L) and (C) TU50 trends after
vaporation and air-stripping at T = 50 ◦C according to samples (F1s–F5s)
btained at different evaporation temperatures ((�) T = 50 ◦C, (�) T = 70 ◦C
nd (�) T = 80 ◦C) of oily wastewater after chemical breaking with
OD = 14,760 mg O2/L, N–NH4 = 1190 mg/L, pH 8.2 and TU50 = 70.00.
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84.2 95.9 84.1 78.0 96.5

emoval efficiency of the coupled evaporation and air-stripping
rocesses is also given.

The air-stripping treatment produced a large reduction in
–NH4 concentration and a noteworthy decrease in COD lev-

ls, indicating that oily emulsion condensates were characterised
ostly by organic volatile compounds. Further treatments are

vailable for the released gaseous contaminants, such as liquid
bsorption or thermal oxidation. Residual COD concentrations
or F4s-F5s had a range of values between 200 and 350 mg O2/L,
o coupled evaporation and stripping processes could have

potentially high COD removal efficiency. Reduction per-
ormance in terms of TU50 was always above 90% for all
ondensate fractions. Coupled evaporation and stripping pro-
esses could significantly reduce COD and TU50 by more than
7% (at all temperatures) and 95% (at 70 ◦C and 80 ◦C, while for
he fourth fraction to a maximum of 95% at 50 ◦C), respectively.

The results from the full-scale WWTP are reported in Table 5,
ith further data on biodegradability (BOD5 and BOD20), theo-

etical oxygen demand (ThOD) and ions concentrations. These
alues refer to a monitoring survey at the plant when the
ultiple-effect vacuum evaporation was fed in different peri-

ds with five oily wastewaters after chemical breaking. Table 5
hows the presence of high concentrations of soluble organic
arbon (50–80%), suspended solids, N–NH4 and organic N in
he oily wastewater before EP. Multiple-effect vacuum evap-
ration obtained a high removal efficiency of dissolved salts
>98%) and suspended solids (>99%). The residual concentra-
ions in the condensate samples revealed the presence of liquid
rop entrainment phenomena in the WWTP unlike the lab-scale
lant. Organic carbon was reduced via the vapour phase to a
ondensate with a COD range of 1170–1940 mg O2/L (86–94%
f COD removal efficiency). There were still considerable con-
entrations of N-TKN as both ammonia and organic N. This
ould suggest the presence of non-volatile organic substances as
ell as volatile ones in the condensates, due to entrainment phe-
omena. The ratio BOD20/COD (0.70–0.83) suggested that this
ind of oily wastewater was biodegradable and similar to munic-
pal wastewater (BOD20/COD = 0.6–0.9). This is supported by
he BOD5/COD ratio (0.37–0.65), which indicated considerable
oncentrations of rapidly biodegradable compounds [16].
The full-scale WWTP removal/reduction efficiency, reported
n Table 6, seemed to confirm the lab-scale plant results, in par-
icular for COD removal (90% average value) and TU50 (54%
verage value). The removal of ammonia was less efficient, with
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Table 6
Removal of COD (%), N–NH4 and TU50 after evaporation in the full-scale
WWTP

Samples % Removal after evaporation

COD N–NH4 TU50

WWTP1 89.4 43.9 25.1
WWTP2 86.4 13.3 58.4
WWTP3 87.5 42.9 –
WWTP4 91.2 33.3 67.8
W

(

a
c
t
p
t
a
T
w
T
M
a
T
t
T

t
t
i
s
v
s
e
t
r
P

4

w
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o
n
c
n
(
t
n
f
i
[
c
s
o

WTP5 93.9 57.7 66.5

–) Not available.

n average value of 38%. It is evident that the condensates
ontain N-based organic compounds revealed by the concen-
rations of organic nitrogen in the condensate samples. The
resence of entrainment phenomena in the full-scale evapora-
ion plant suggested to hypothesise the presence of MEA, DEA
nd TEA despite of their relatively low volatile properties [17].
herefore, after the evaporation phase, the WWTP condensates
ere also characterised for the presence of MEA, DEA and
EA (Table 5). While no DEA concentration was detected,
EA (41–82 mg/L) and TEA (115–714 mg/L) were found in

ll wastewater samples. The contribution of MEA and TEA as
hOD in the COD definition appeared to be significant, some-

imes more than 90% (ThOD(MEA) = 2.49 mg O2/ mg MEA;
hDO(TEA) = 2.04 mg O2/ mg TEA) [18].

In Table 7, TU50s after EP and SP are expressed according
o Bulich’s [15] modified score for both the lab-scale plant and
he full-scale WWTP. In the former, there was a general decreas-
ng trend in wastewater fractions after EP and further SP. TU50
cores showed a general decrease from 5 to 3 or 2, with the lower
alue being measured at T = 80 ◦C. In the WWTP, the TU50 of all
amples was reduced from 5 to 4 after EP (T = 50–80 ◦C). A gen-
ral decreasing toxicity trend was verified in both cases. After
he above-mentioned evaporation and stripping procedures, the
esulting treated oily wastewater might be discharged into the
OTW without compromising the plant performance.

.2. Toxicity reduction evaluation

For toxicity reduction evaluation, some experimental runs
ere done in a previous phase on air-stripped oily emulsion

ondensate samples (20 ◦C for 2 h at pH 7) to ascertain the role
f ammonia in toxicity definition. Table 8 lists the COD, ammo-
ia concentrations and TU50 values. After SP, the ammonia
oncentration in samples was reduced by one order of mag-
itude for both ionised and unionised ammonia, while TU50
5-min exposure time) did not. There was a low reduction in
oxicity effects (average 14%), suggesting that ammonia did
ot strongly affect sample toxicity. The Vibrio fischeri EC50
or ammonia as N–NH4

+ is 3600 mg/L [19] and as N–NH3
s 2.00 mg/L [20], or 1.49 mg/L according to Qureshi et al.

19]. Therefore, ammonia contribution to wastewater toxicity
ould therefore be ignored for both evaporated and air-stripped
amples. Further investigations were done via Microtox® in
rder to determine the EC50 of MEA, DEA and TEA as pure
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Table 7
Toxicity data scores from oily wastewater after chemical breaking (W1–W5), from fractions obtained in the lab-scale plant (T = 50, 70 and 80 ◦C) and full-scale
WWTP (WWTP1-WWTP5) before and after EP (T = 50–80 ◦C), according to [15] modified

Initial wastewater Pilot plant WWTP

50 ◦C 70 ◦C 80 ◦C Samples Before EP After EP

Samples EP SP EP SP EP SP

W1 5 – – 5 3 5 3 WWTP1 5 4
W2 5 4 3 5 3 4 2 WWTP2 5 4
W3 5 4 2 4 3 4 2 WWTP3 – 4
W4 5 4 3 4 2 4 2 WWTP4 5 4
W5 5 – – 4 2 4 2 WWTP5 5 4

EP = evaporation process (F1–F5); SP = stripping process (F1s–F5s); – = not available.

Table 8
Ionised and unionised ammonia role in TU50 definition for four oily wastewater samples after chemical breaking

Sample 1 Sample 2 Sample 3 Sample 4

BS AS BS AS BS AS BS AS

N–NH4
+ (mg/L) 214 30 136 16 96 10 79 8

N–NH3 (mg/L) 0.71 0.09 0.45 0.05 0.32 0.03 0.26 0.02
TU50 35.7 29.3 29.8 24.6 27.1 24.1 22.2 20.0
COD (mg O2/L) 7600 7400 2600 2530 1890 1520 1630 1480

COD values are also reported. BS = before air-stripping and AS = after air-stripping.

Table 9
Microtox® EC50 (mg/L) and relative 95% confidence limits for pure substances (MEA, DEA and TEA) and MEA–TEA mixture (1:6)

Time Pure substance Mixture

MEA DEA TEA MEA TEA

5 26.37 (23.24–29.93) 122.13 (116.74–127.76) 547.44 (504.00–594.63) 38.99 (25.18–60.37) 233.95 (151.09–362.16)
15 23.52 (19.51–28.36) 111.17 (106.80–115.72) 504.78 (475.63–535.73) 44.54 (27.17–73.02) 267.25 (163.03–438.10)
30 21.50 (18.60–24.86) 95.51 (90.63–100.66) 425.09 (399.08–452.80) 44.51 (28.40–69.74) 267.06 (170.42–418.45)

T

s
(
t
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c
p
i
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a
t
t
p
t
i
p
t
d
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5

w
m
a
e
C
A
o
a
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o
w
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v

ime of exposure is expressed in minutes.

ubstances and for MEA and TEA as a mixture (1:6 ratio)
Table 9). EC50 data showed an increasing toxicity from TEA
o DEA and to MEA (TEA < DEA < MEA), suggesting a possi-
le toxicity dependence on molecules steric bulk. In general, the
EA, DEA and TEA toxicity slightly decreased with increasing

ontact times (from 5 to 30 min exposure time). The com-
arison between MEA/TU50 and TEA/TU50 showed that an
ncrease in MEA and TEA concentrations corresponded to
n increased toxicity in wastewater samples and a potentially
reater problem for the POTW into which the oily wastew-
ter is discharged. MEA showed to be about 20 times more
oxic than TEA, while in the mixture, MEA toxicity seemed
o be reduced by the presence of TEA and vice versa. The
ure substances and MEA and TEA mixture EC50s revealed
hat they could be responsible for part of the toxicity aris-
ng from the studied oily wastewater samples, while the other

art might be due to other toxic volatile compounds. Residual
oxicities could be tackled by considering further chemical oxi-
ation processes, such as O3, O3/H2O2 and Fe2/H2O2 or similar
16].

a
t
t
r

. Conclusions

This study investigated a procedure for the treatment of oily
astewater posing a serious problem for the aquatic environ-
ent. The procedure consisting of a sequence of evaporation

nd air-stripping processes was tested in a lab-scale plant. The
vaporation procedure was also validated in a full-scale WWTP.
OD, ammonia and TU50 (via Microtox®) were monitored.
fter a chemical breaking procedure, oily wastewater was evap-
rated at three different temperatures (T = 50, 70 and 80 ◦C)
nd the condensate phases successively stripped at 50 ◦C. The
aboratory results showed a considerable removal efficiency of
rganic compounds (>97% for COD) and ammonia, plus note-
orthy reductions in wastewater toxicity (>95% for TU50). The

ull-scale WWTP confirmed the performance of multiple-effect
acuum evaporation (T = 50–80 ◦C) in improving oily wastew-

ter quality for both organic and inorganic compounds. Despite
he variability of the COD values (12,550–22,000 mg O2/L),
he removal efficiency remained high, as verified in the labo-
atory. At the same time, TU50 values after evaporation showed
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o be comparable with the lab-scale plant results. In addition,
he TRE/TIE approach via Microtox® excluded any role of
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uggesting that toxicity effects could be partly due to MEA and
EA concentrations. This research also supported the role of
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