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Terms

- Benzene, toluene, ethylbenzene, & three isomers
(ortho-, meta-, & para-) of xylene, collectively known as
BTEX, major aromatic components in unleaded
gasoline;

- Chlorinated aliphatic hydrocarbons (CAHs): PCE, TCE,
(1,1-/cis-1,2-/trans-1,2-)DCE, VC,;

- Volatile organic compounds (VOCs).
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Introduction

*BTEX & CAHSs are toxic (volatile and known
carcinogenic) and very commonly found
contaminants in subsurface (soil and groundwater)

=BTEX even at low concentrations can cause damage
to liver and kidney and paralyze central nervous
system

= CAHs used extensively as degreasing and dry
cleaning solvents; especially TCE, suspected
carcinogen and considered toxic to humans, and
among US EPA’s (2005) priority pollutant list
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Introduction

Biological remediation considered not only cost-
effective but also more environmentally sound
approach as indicated by reduced ecotoxicity

Bacteria, most important
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Introduction

= No microbial isolate yet to grow on TCE as sole
carbon and/or energy source

= TCE transformed/co-metabolized through catalysis of
microbial enzymes (e.g., TOM, TOD, ToMO, MMO,
AMO) with presence of substrates (e.g., T, 0-X,
methanol, ammonia)

=When BTEX & CAHs co-exist, interactions
(stimulatory/inhibitory) among them toward
degradation/co-metabolism, results complicated and
contradictory so far, but understanding these
Interactions will be beneficial to the applications of
bioremediation
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Aerobic Co-metabolism
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Introduction

= This anaerobic process for PCE & TCE is often
Incomplete when it does occur, resulting primarily in
the formation of cis-DCE & VC. cis-DCE along with
TCE chosen as representative CAHS;

= Co-contaminated environments generally considered
difficult to remediate due to the mixed nature of
contaminants; when contaminated together (e.qg.,
airport), more beneficial (cf. co-metabolism of CAHs
with gasoline/petroleum hydrocarbons as substrates);

= This study focuses on the optimization of aerobic
bioremoval of BTEX and CAHs in solil

Yancheng Teachers University (22 Oct. 2011) 11 Civil & Environmental Engineering/FST/UM



Research methodology:
Isolation of Microorganisms

Table 1 Indigenous microbial isolate

Isolate Location of the collected sample Medium
1 A construction site nearby a gas station in Fai Chi Kei, Macau SAR Sail

2 A construction site nearby a gas station in Fai Chi Kei, Macau SAR Sail

3 A heavily oil-contaminated site in Xiamen Sail

4 Macau airport wastewater treatment plant Sludge

5 Macau airport wastewater treatment plant Sludge

6 A canal near the New Century Hotel & Casino in Taipa, Macau SAR Sediment
7 A canal near the New Century Hotel & Casino in Taipa, Macau SAR Sediment
8

A canal near the New Century Hotel & Casino in Taipa, Macau SAR Sediment




Methodology: Isolation and cultivation

Pure Culture
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Methodology: analysis

*VVOCs concentrations measured by GC
system (Agilent, 6890N) equipped with FID

ID1 A, (TESTI1\S 185
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m,p-xylene
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TCE o-xylene

]

Fig.1 Gas chromatograms for VOCs (each, 100 ppm)
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Fig.2 Location of the soil sample used in the experiment
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Table 2 Basic soil properties

Parameter Result Method
Organic carbon 2.94 % Wet oxidation
Total nitrogen 1,775.3 mg/kg Kjeldahl method
Bioavailable nitrogen 41.7 mg/kg Extracted using 2N KCl solution
Ammonia-nitrogen 36.6 mg/kg Extracted using 2N KCI solution
Total phosphorus 175.3 mg/kg Spectrophotometry
Olsen phosphorus 1.42 mg/kg Extracted using 0.5M NaHCO, solution
Total potassium 40,042.1 mg/kg Flame photometry
pH 4.96 1:2.5wl/v soil to distilled water ratio
Moisture 1.58% Gravimetrical method
WHC 50.14% Gravimetrical method
Soil texture clay Pipette method
sand: 0.05-2 (mm) 36.32%
silt: 0.002-0.05 (mm) 21.27%
clay: <0.002 (mm) 42.41%
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Experimental Design

Desired concentration of BTEX, cissDCE and TCE

—~ ~

Desired level of water and nutrient

I 20 g of soil (DW)

oM 5mL early stationary phaseinocula
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Pretreatment of soil sample

= Prior to use, 20 g of soil (dry weight) was added into
the serum bottles, covered with aluminum foil, and
autoclaved for 1 h (121°C, 103.5 KPa) on three
consecutive days to eliminate viable microorganisms;

= The soil pH was adjusted by adding NaOH (2 N)
solution. Five milliliters of early stationary phase
Inocula (with the incubation period of 72 h at 25°C and
150 rpm) with OD (600 nm) of 0.437=+0.018 was
transferred as microorganism source;

= All the treatments were carried out in triplicate, and
each bottle was monitored twice.
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Results & Discussion

A four-factor central composite design (CCD) was employed
to study the effect of pH, temperature, moisture and
concentration of CAHs on the removal efficiency of VOCs.

Table 3 Experimental ranges and levels of independent variables for experiments

Range and levels

Factors -2 -1 0 +1 42
pH 6 7 8 9 10
Temperature (°C) 15 20 25 30 35
Moisture (% of water holding capacity) 2 70 90 110 130 150
Concentration of CAH (ppm) P 0 25 5 75 10

350.14%, PThe growth substrate concentration is 400 ppm.
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Table 4 Central composite design in experimental runs & biodegradation efficiencies.

Ban | X, X, X, %, benzere | tohwene | ettylbenmere | cis-DCE | TCE | mpaorlene | o-orlene
1 107 | -L20h | S-S0 -2 5) ) 3T 4473 398 1182 213 | 192 143
2 1| -L2m | =190y | =125 | 935 270 733 247 283 | 254 125
3 100 Em | -1 -Li2S) ) 202 331 L] 181 135 | 294 264
4 I | 130 | -LR0) | -1250 | 776 271 04 144 185 | 124 L
5 1070 ) -L200 | 11300 ) -1G2 50| 2eS 57 242 217 223 | 342 272
6 Irs | -L2dn | 1150 -1z 5y 274 40 TE 127 200 | 105 T3
7 o I n A N 0 U R Ty - 855 704 153 164 | 225 1489
2 1% | 10300 ) L1230y | -125% | 857 240 645 18 51 |02 0

9 107 -L20h | -1R0 | L7 s | eRd T4 738 151 225 | 478 447
10 |16 | -L200 | -10900 | L7 &) | 922 Jad Tia 200 255 | 437 373
11|10 | L2 | -1=m | 175 | 08 54 93 ia 30 |38 17
12109 | 130 | -8 1075 | 221 422 377 35 80 | 74 42
13|17 | -L200 | 101300 | 17 5) | 967 oe3 251 Sd 221 | 155 73
14 |1/ | -12m | 10530 | 1075 | 979 953 732 151 125 | 128 35
15 | -7 ) L3 | 101300 | L7 5) | 234 264 ] 93 153 | 433 327
L& | 1% | 130 | 1130 | 1075 | 264 272 (= 71 3a |74 34
17| -2 | 025y o010y | o0 137 274 3589 102 205 | 354 3135
128 | 20100 | 0025y | 01100 | O 281 228 718 a3 115 | 121 5B
19 | 0@ | -Z15) | 001100 | 003 87 Tl 244 270 371 | 522 485
200 | 0cs) | 20350 | 01107 | 00E a1 192 2la 56 92 | 176 149
2l jofg | QES) -0 0% 252 285 T4 103 102 | 254 185
22 008 | 0&25) | 201500 | 003) LA LA Jid 18/ 213 | 435 355
23|08 | 002sy | o1l | -2m | 974 o553 Q0= - - 428 361
24 |0 | OEs) | 0010 | 2010y | 947 944 224 158 140 | 191 1A
25 |08 | 0C2sy | 01100 | O0E 974 a3 Q03 141 125 | 394 2459
26 |0 | O0CS) | 001100 | 0c%) | 974 283 | 903 141 125 | 324 243
27 o | Ocdsy | 0010y | 0ca o4 oe3 Q0= 141 125 | 394 2459
28 |08 | 0C2sy | o110 | ocm o4 oe3 Q0= 141 125 | 324 249
29 0 | OCESs) 0010y | ocs) a7 953 Q03 141 125 | 394 249
30 o | OcS) | 001100 00 | 974 983 | 903 141 125 | 324 243
The wahies in tale were iznored torrard the model anabrsis cwang to the comparatively high differences bebareen the
predicted and actial vabies,

-which means the rssmg data due to the origmal concentrations of both 2d-DCE and TCE m B 25 e O



Statistical analysis

= Multiple regression coefficients were determined to
guadratic polynomial models for the response
variables studied. The experimental results of
response surface methodology (RSM) were fitted via
the response surface regression procedure, using the
following second order polynomial equation:

Y :,80+Z:8ixi +Z:8ijxixj +Z:8iixi2
i i i
Generalized polynomial model:
Yi=Bo+ BiX+ BoXo+ BXg+ B X+ BrXi?+ BopXo? + BaaX

+ 1844><42 + 1812X1X2 + 1813X1X3 + 1814X1X4 + 1823X2X3 + 1824X2X4
+ 1834X3X4
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Reduced response surface models

The data were subjected analysis of variance (ANOVA).
The significances of the model equation and the equation
parameters for each response variable were assessed by
F-ratio at a probability (p) of 0.05 and 0.10, respectively.

Table 5 One-way ANOVA for RSM parameters fitted to polynomial equation

Sourceof variation benzene

ethylbenzene cis-DCE

F-value 18.76
Probability > F <0.0001
R2* 0.8988
CV (%) 16.17
Adi-R? 0.8509
Pre-R? 0.6857

TCE m,p-xylene  o-xylene
33.43 5.03 3.87
<0.0001 0.0070 0.0141

1741 46.51 57.73

0.8821
0.8341

* multiple correlation coefficient
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Table 6 Reduced response surface model equations

Response variables Polynomial equations

benzene 98.01292 + 12.90686X , - 16.45294X., + 17.25672X, -
2.29757X,, - 9.79368X X, + 7.85651X X, - 6.80293X X, -
12.69636X 2 - 11.94269X 2

toluene 97.10361 + 12.51437X , - 14.56037X., + 12.67881X, -
0.45032X , - 11.3554X X , + 7.27520X X, - 8.06196X X , -
10.13153X 2 - 10.04923X 2

ethylbenzene 86.78920 + 5.99899X, - 12.38052X,, + 10.84520X, -
0.89973X, - 7.88298X X, - 5.51466X,X,, - 10.05898X 2 -
9.04572X ,2

cis-DCE 15.28669 - 0.30882X, - 4.09630X, - 1.82766X , -

2.36165X X, - 1.14219X 2

TCE 14.19812 -1.67208X , - 6.92365X , + 0.75117X, -
1.34401X , - 4.71566X X, + 2.34899X 2
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Fig.3 Contour surface plot for bioremoval of benzene
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Contour surface plots
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Fig.5 Contour surface plot for bioremoval of ethylbenzene
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Fig.6 Contour surface plot for bioremoval of cis-DCE & TCE

Yancheng Teachers University (22 Oct. 2011) 27 Civil & Environmental Engineering/FST/UM



M0 —

10—

98 —

83 —

78 —

55 —

Predicted

54—

Predicted
Predicted

28 —|

31 —

9 |

# 52 75

a
ethylbenzene Actual

Predicted
Predicted

2
cis-DCE TCE

Fig.7 Diagnostics plot of predicted versus actual for VOCs bioremoval

Yancheng Teachers University (22 Oct. 2011) 28

Civil & Environmental Engineering/FST/UM




] S-BTEX (CAHs)

a :
1 001 d S-BTEX
o T [ S-Individual compound (CAHs)
& . bb abh == S-Individual compound
= 0 1‘ [ NS-BTEX (CAHzs)
w80 1 : ‘ B NS-without microbes inoculated
2 u F
: ;
& ] H
2 H
=604 :
] u
D u
— u
3 u
B E
< 40 .
i - ]
- :
= :
= 1|
A 204 g55 -
| 1H b
ggf . C i
HEI D i
S H| =
o L_EHIENL il
Benzene Toluene  Ethylbenzene mp-xylene o-xvlene
a BTEX

Fig.8a Biodegradation non-sterile/sterile soil spiked simultaneously & individually
with BTEX with or without the presence of cis-DCE and TCE
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Fig.8b Biodegradation non-sterile/sterile soil spiked simultaneoudly & individually
with BTEX with or without the presence of cis-DCE and TCE
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Conclusions

= The overall optimal condition for the biodegradation
predicted to be at the combined levels of pH 8-10,
temperature 15-20°C, soil moisture 110-150% of WHC,
and concentrations of cis-DCE and TCE 10 ppm each.

= The RSM found useful to study the operating
variables and their interactions with BTEX, cis-DCE,
and TCE biodegradation in a statistically significant
manner.

= The presence of toluene enhanced the bioremoval of
other compounds.
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