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Summary

This work mvestigated whether polychlorinated biphenyl (PCB) removal {rom a highly contaminated soil (7000-
p.p-m.) could be enhanced by manipulating the carbon Lo nitrogen to pbosphorus (C/N/P) ratio, and by nomonie
surfactant addition. A Box--Behnken siaustical experimental design was used to evaluate the combined effect of
surfactant type, surfactant concentration, and C/N/P ratio in a relatively short treatiment period (35 days). The
variable with the greatest ¢ffcct on PCB degradution was the type of surfactant used. Higher PCB removal
clAcicncies (39 60%) were oblained with Tween 80 (comparcd 10 Tergitol NP 10 and Toton X-100). This was
attributed to 1ts lower critical micelle concentration. Higher C/N/P rutios (increased by biphenyl addiuon)
sigmificantly stimulated the soil hetcrotrophic activity without enhancing PCB removal This suggests that aonionic
surfactants have a greater potential to cnhance bioremediation of PCB-comuaminated sojl than cflorts to enhance
the soil heterotrophic activity through nutrient and analoguc substrate additon.

Introduction

Biuremediation holds great promise [or freating soils
contamianuted with PCB-containing oils. Nevertheless,
several variables can affect the feasibility of PCB
brorcmediation. Inorganic macio-nutnients, mainly ni-
trogen and phosphorus, must be present in sufficient
quaatities to satisfy the stoichiometric requirements for
contaminant biodegradation and cell growth. Therefore,
N uand P wre commonly added when the targel contam-
manis represent a rclative cxcess of carbon sources.
Several researchers have found that adjusting the C/N/P
ratio in contaminated environments (rivers, lakes, sed-
iments and soils) can stimulate the degradation of
hydrophobic petroleum hydrocarbons (Dibble & Bartha
1979; Rogers ¢r al 1993). However. the eflect of
manipulating the C/N/P ratio on PCB degradation
has recejved only limited, attention in the literature
(Ylurkness ef al. 1993).

Bioremediation of hydrophobic orgamic compouads,
such as PCBs, can also be limited by a fack of
adequade contact between mucroorpunisms and the
sorbed contaminant. One possible way of enhancing
contaminant bioavailability is the addiuon of syathetic
or microbial surfactants to increase the mterfacial
tension and the phasc partitiomng of orgunic com-

pounds, enhancing their solubility (Aronstein & Alex-
ander 1992 Obcrbremer ef al  1990). Nonionic
surfactants arc commonly used to solubibize hydropbo-
bic compounds since they are less toxic to bacteria
thun 10aic surfuctants (Swisher 1987, Volkenng e al
1995). In generzl, there 1s a certan surfactant concen-
tration (called the critical micelle concenlration -
CMC) above which surfuctanis form micelles (1c.,
uggregates of 10 to 200 molecules). Micelles have an
important effect on the solubilization of hydrophobic
compounds. Many remcdiation studies have dceall
either with their effcct on contaminant desorpuion
and biodegradation (Abdul er al. 1990; Aronstejp ef af
1991; Guba ¢r of 1998; Laha & Luthy 1992) or the
practical problems of application of surfactants to soil
(Van Dyke 1993; Vigon & Rubin 1989). The results of
such studics, however, can be difficull o interpret
because of complex interactions among soil, pollutant,
surfactunt, and microorganisms.

Statistical methods can provide valuable insight into
how cnviroamenta) conditions affect PCB degradation
in complex systems. Such inetbods can also yield
practcal mformation on how lo combine reaction
vanubles to enhance the treatiyent-process: This study
uscd » Box—Behnken factorial cxperimental design (Box
& Behaken 1960) to cvaluate whether aerobic PCB
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degrudauon could be enhanced by manipulating the
carbon/mitrogen/phosphorus (C/N/P) ratio in soil, and
by surfuctant wddition. The type and concentration of
three differcnt nonionke surfactants were cvaluated

Materials and Methods
Soul

A sandy und hghtly acidic (pH 6.3) soil from a lughly
contaminaled site in Mexico City (cu. 7000 mg-PCBs/
kg-so)l} was vsed in this study. The PCB mixture
consising mainly of di-, tri-, tetra-, pents-, hexa- and
heptachloromphenyl was identified os Aroclor 1260. The
soil was homogenized and charactenzed before treal-
menl 1o cstablish ats nutritional status, textural class,
pH, and jon-cxchange and water-holding capucilics
(Jackson 1970). Organic carbon was deterinined by a
Walkley--Black wet combustion method, totul nitrogen
by the Micro-Kjclduhl method (AOAC 1970), and totul
phosphorus by the stannous chloride method (APHA
1974). The mitial C/N/P (mass) ratio, based on the
indigenous carbon, aitrogen and phosphorus content,
was lugh (2700/140/1) reflecting a deficiency of N and P.
Melal content was determined by atomic absorption
spectroscopy following extraction with HNO; and
H,05. Moisture contenl wus udjusted 1o 20%, which
was the miumum value that did not hinder soil
helerotrophic activity (as measured by CO, evolution)
Table | summarizes the soil churacterstics

Experimental design

A Box-Behnken expenmental design (Box & Behnken
1960) wus used to evaluate the effects of the C/N/P ratio
and of the type and concentralion of thre¢ nomonic
surfuctants (Table 2) on CO, evolutiop und PCB te-
woval clliciency. Thus, three independent variubles were
cansidered at three levels.

A lotal of 15 soil microcosias were incubated in sealed
vials lor 35 days at 28 °C. Two controls were also run-
stenilized soil with FlgCly at 2% (w/w), and soil without
addition of sutfuctants or nutrients. The {7 microcosms
were prepared in sealed wvials (125-ml). Each vial
contained 15 g of PCB-contaminated soil (20% mois-
ture conlent) amended with nuurients und one of the
three nomonic surfactants (Tween 80, Tergitol NP 10, or

Table 2. )’mpcrticv of nonjonic surfactunts tested.

NO. 2068 P 3
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Tuble . Contanunated sou churacteristics.

Vilue
Physicual churucteristics
Sand. % 78
Silt % 18
Clay, % 4
Moisture. %% 4.4
Water holding capany. % 40
Chenical chagacrerisues
e 6.3
Ion exchange cupucity, mey/g RM
Orgame matter % 1767
Ocgaue carbon. % 18R
Nitrogen, % 0.098
Phosphorus, % 0.0007
tron, ppm 1700
Magnesium, p.p.m. __ 623
Manganese, p.p.m 95
Copper, p.p-m. 13
Nickel. p.p.m. 8
Sodium, p.p.rm. 1310
Polussium, p.p.m 282
Culcium, ppm 127
Lead, ppm 6]
Cudmiumn, ppm 12
Chromium, p.p.m !
Zing, p.pan 30

* Organic maticr includes PCDs (7.000 me/kg of soil)

Triton X-100) (Tables 3 and 4). The C/N/P ratio was
vanied within a typical range used by other researchers
working with hydrocarbon and PCB biodegradation in
scdiments (Atlas & Burtha [973; Dibble & Bartha 1979;
Harkness ¢f «i. 1993) (Table 4). Nitrogen and phospho-
rus were added as (NHa);80, and K;POa, respoctively,
as necded to achieve C/N/P ratios of 100/10/1 or
120/10/}. Biphenyl was also added to sets 3, 7, 10, and
15 at 48.5 g/kg to increase the (mass) C/N/P ratio 1o
300/13/1. Surfactant type and concentration (Table 3)
were selected bused on positive results reported [or thc
degradation of polycyclic aromatic hydrocarbons (Ab
dul & Ang 1994; Cook 1992). The selec
concentrations fall below their fmCE (Table 2), which
IS & concenlration range that WAs received limited
attention in the PCB [iterature (Klle & Chlou 1989).
According to the Box- Bebnken experimental dcsign
(Montgomery 1991y three mid-level replicates were

eMC,
(vse <ags)

included 10 comsider the experimenial error (w,ﬂ&j‘Muf'O(DS’Y\S

I, 12 and 1

“R Toble [} L-’

Surluctunt Structuic Avg. MW CMC (mgl) HLB Aggmgauon number
Tween 8§ Polyoxyethyleaesorbitan 1300 13 155 59
monvoleule
Terguol NP 10 CHyCHO(CH,CH,0) 5,11 682 16-55 133 100
Titen X100 © 77 7 T CyH19CaHO(CH2CH.0)o «H 625 150 13s 140
HLB - hydrophils-lipophile balanes; CMC - critical mislle conventration, Avg. MW - averuge molesular weight, Aggregasion number —

numir of molecules of surfactant needed to form s micelie.
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Tabic 3. Tactors und levels used in the Box Behnken experimentul
design.

Fuaclors

X xq X
Suelactant Surfuctant C/N/P (mass)
lype dose ratio
(mg/Kg soil}
Lower level (1) Tergitpl NP )0 0,2 120710
Nuse fevel (0) Triton X 100 a2 l()l)'/lﬂv/l
Uppeelevel (1) Tween 80 3 800/13/)

Microcosins were incubated for 35 days at 28 °C,
and the pH temained constant at 6.3. PCB concen-
lrations were measured at the beginming and at the
end of the experiment to calculate removal efficiencies.
COz cvolution was measured daily to quanufy het-
crowraphic activity, The experimental error was calcu.
lated with data from replicate microcosms 11, 12 and
13,

Regression analysis (SAS 6.01) was performed to
characterize CO, evolution and PCB removal cfficiency
us a funcuon of both qualitative variables (i.e., type of
surfuctant) and quantitative variables (.., surfactant
concentration and C/N/P ratin). To facilitate the
regression, the three types of surluctants were assigned
coded values (=1, 0, and +1; Table 3). Following the
Bax Bebhnken (1960) experimental design approach, the
sume (cqually-spaced) coded values wore assigned o
the three tested levels of the quantitative vuriables.
Regression equations were obtained in terms of these
coded values, and the corresponding response surfaces
were plotted with Scienust IM  1.05 Micro Mach

Sullwarce.

Tuhle 4. Jox-Behnken experimental design and resulis,

NO. 2068 P ¢

Carbon dioxide evoluton

Houdspace samples (2 ml) wore taken from the soil
microcosms with a S.ml gas-tight syringe. The CO,
conlent of the samples was determined with « Gow Mag
550 gas chromatograph equipped with a thermal con-
ductivity detector and an Alltech CTRI stainless stoel
column. The operation conditions were: 30 °C aven
temperature, 30 °C njector temperature, and 125 °C
detectoy temperature. Helhum was used as a carricr £as,
and the flow rate was 45 ml/min. Data were processed
with Gow Mag softwure and integrated to obuain the
cumulative CQO, production.

PCBR analysiv and exiracrion

PCB removal was evaluated after 35 days of iacubatjon
This corresponded to the time at which CO, evolution
levelled off. Soil samples (2.5 g) were removed from each
bottle und extracted 1 a Soxhlet system with hexane-
ketone (3:1) during 9-h (Bellar & Lichienber 1982). The
oxtracts  were purilied  through o glass  columa
(1.5 x 30 cm) packed with Flonsil mesh 60-100. The
extracts were eluted with 100 ml of hexane, and 100 ml
were collected and concentrated 1o 25 ml Concentrated
samples (1 pl) were analysed by nmpact electron gas
chromatography/mass spectrometry (GC-MS) using a
Varign Satwin 3 chromatograph with the following
conditions: DB-5 capillury columa (032 x 30 m, 5%
phenyl and 95% methyl silicon), column temperature
90 °C for 3 min, 90-120 °C at 6.7 °C/min, 120-250 °C
al 58 °C/imn, and 280 °C for 15 min. Helium was used
as carrier gas at a flow rate of 15 mlfmin. The

Micvocosm Fuctor CO; evolution Overall PCB removel
X %3 (doac) I Observed Predicted Observed Predicted
(type) (mg/kg) (C/N/®) (ug/e) (ugfe) (%) k0

| Tergito! NP 10 0.2 100/10/1 K3 25 I 15

2 Tergtol NP 10 2 100/10/1 2.0 2.4 Kh] 30

3 Torgitol NP j0 2 KOD/13/1 62 161 19 19
4 Tergitol NP 10 3 100/10/1 23 12 4) 47

s Tween 80 0.2 100/10/1 22 13 SR 57

6 Tween 80 2 120/10/1 6.4 0.2 60 57

7 Twecn 80 2 KOU/IS/I 7 184 39 42

3 Tween 80 3 10071071 7.2 6.4 59 59

Y Triton X-100 0.2 JZ()/[O/[ P.7 06 ND -

10 Triton X-100 0.2 H00/13/1 154 5.1 50 a6
I Triton X-100 2 100/10/1 22 22 2 25
12 Triton X100 2 lDO/IO/l 20 22 29 25
13 Trton X-100 2 10071041 2 2.2 n pal
14 Triton X-100 3 120/10/1 2.2 29 ND =

5 Triton X-100 3 R00/13/1 13.3 144 I 7
16 Sterile control 0 2700/13/1 0ns - 7

i7 No-treulment ¢} 270011311 11 - 7

conlrol

NI - nol derenuined

Note: Allsels were incubated for 35 duys at 26 °C, pH = 6.3, 20% moisture, Nitrogen ancd phospliorus wosc added w all microcesms snendod
with surluctants, but not te cantrols. Bipheny! also was udded to microcosms 3, 7, 10, and S o adjust the C/N/P rato 1o 800/13/1.
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temperature of the injector was 250 °C, and the detector
wus an clectromultiplier. Mass range corresponded from
60 to 500 m/e, bused on the fragmentation propertics of
the tested PCBs.

PCBs were identificd on the basis of theit fragimen-
tation peaks in the GC-MS libracy. Ideatification was
validated by comparison of retention times using Ar-
oclor 1260 4s & stundard. PCB remova) in viable
trcatmenls was detenmined after normalization of chro-
Mmatogram peik aress for nondegraduble congencers with
those from control sumples (Mondello 1989). Residual
concentrations of these congeners were relatively con-
stunt regardless of treatment. For ¢aumple, the coeffi-
clent of variation for residual concentrations of 2.2
33, 5,6-hoxuchlonbiphenyl was only 0.142%. This
indicates that experimenta! and statistical proccdures
were precise and reproducible.

Results

A stabistica] analysis of the Box-Behnken cxpenmental
design shows that higher C/N/P ratios had a positive
significant effect on CO; cvolulion, as reflected by the
positive coefficient and low p-valuc for factor xi
(Table 5). The type of surfactunt used also had a
statistically  significant  effect on  CO, evolution
(p < 0.05). The wested surfactant concentrations, how-
over, did not have a stadsucally significant cflcet.
Thecefoce, the response surface for the cupulative CO,
evolution was plotted 4s a function of only the C/N/P
ratio and surfactant type (Figure 1). After 35 days of
incubabion, the mghest CO, evolution (18.7 ug-CO,/g-
501l) occurred with a C/N/P ratio of 800/)3/1 and Tween
80 (Tuble 4, nicrocosm 7). The relutively high CO,
cvolution observed in this microcosm, as well as 1 all
other microcosms prepared with the same C/N/P ratio,
wellects that byphenyl addiuon significantly stimulated
the heleratrophye activity. For reference, CO; cvolution
was 0.50 pg COa/g-so1l mn the potsoned control, snd
FUE g COy/g-soll in he no-treatment contro),
Following 35 days of incubution, chromatographic
ahalysis showed u vignificant decrease in PCB concen-

Tolle 5. Regression analysis of (0, cvolution (g COy/pesoil).
accordiug to the Box -Behnken cxperimental desigh,

Term Coeflicient 1 value Significance Jevel
( value)
Intereept 2R 3.078 0.0275
%) (type) 1.5 3474 G017
x; (dose) 0.44 1.042 0.3582
« (C/N/P) 0.49 14.928 0.000]
x5 1.10 1.800 01347
X055 -0.39 ~1).642 0.5491
X%, -0.7$ -t 0.2757
o | 84 287 0.0349
x -0.65 -(.028 3510
x} 6,74 10.525 0.0001

NO. 2068 P 5

N.G. Rojas-Avelizapa et al

s
o
-1.0
5
0.0
Surfactant type
CINIP ralio 1,0

Figure I Surface response of CO; evolution in PCB-¢ontuminated soil
u5 & function of surlactant wpe and C/N/P ratio. The mdependent
variables are qualitative; thus, their axes were coded ucoording to the
Box-Behnken expenimentl design (Table 3). Surfuclunt type code
*=1" corresponds to Tergilo] NP 10, “0" to Triton X-100, gnd "1t
Tween 80. C/N/P rulio code “~1" corresponds o 120/10/1, 70" to 1y
1071, and “1" fo 100/ 6/0.125

tration n treated nucrocosms Umdentified hydrocac-
bons of high molecular weight were also degraded. All
of the tested variables had a statistically significant cfleet
on PCB removal, although sutfactant type had a more
significant ¢flect (i, much lower p value) (Table 6)
The highes! FCB removal cflicicncics wore obtained with
Tween 80. For cxample, for 0.2 mg/kg Tween 80 und «
C/N/P ralio equal te 100/10/1, remova) efficiencies werc
aboul 56% lor dichlorohiphenyls, 70% for trichlorobi-
phenyls, 33% [or tetruchlorobiphcayls, 54% for pont-
achlorabiphenyls, 56% for hexachlorobiphenyls, and
55% for heptachlorobiphenyls (Figure 2). This repre-
sents an overall (weighted-average) removal of S7%
(Tuble 4, microcosm 5). Increasing the surfactant con-
centration towards the CMC generally had a positive
effcct on PCB removal cfliciency, as shown by the
positive cocllicient for factor x; (Table 6). This enhance-
ment was more pronounced for Tergitol NP10 thun for
Tween 80 or Triton X-100 (Table 4). In general, nutrient
addition (lower C/N/P rulios) also increased the PCB
removal efficiency, as shown by the negative coctlivient
for factor xy (Table 6)

Tuhle 6. Regression unulysis of PCR removal efficiency (%), uccording
to the Box-Behpken experimantal design.

Term Cocfficient T value Significance level
(p value)
fotercept pARYE 9.078 0.0003
Xy {type) 1342 7,064 0.0009
%3 (dose) - 344 - -3143 0 o -00256
x5 (CYN/P) 708 ~2.874 @.0948
£ .14 21416 0.0189
E: 851 2709 00423
X1 -7.67 -2.856 0.0356
©yxy -27.82 -5978 0.001v

K= 09%63; Rad) ) = 0.9617; Coefficient of vurution ~ 2.91%

RE=0.9628; R¥(adj) - 09107, Coefficient of varialion = 15.¢7%.
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Ligure 2. PCB wemoval Teom contaminated soil. Microcosms were
incubitted for 3§ days st 28 °C, pH 6.3, und 20% moisture content.
The depicted treatment was with 0.2 mg/kg of Tween K0, and u C/N/P
raliv of 100710/,

Discussion

Longer contact times beiween PCBs and soil generally
increase the fraction of PCBs adsorbed in the micro-
nores and decreasc the bioavailable fraction (Coates &
Elzerman 1986; Harmsen 1993: Witrowsk er al. 1988)
Thus, conlaminated soil from old sites is often much
more difficult to bioremediate than soil spiked with
PCBs in laubaratory studics. Nevertheless, this study
shows that a relatively low dose of aomonic surfactant
(c.g., Twoen 80 at 0.2 mg/ke) can enhance PCB brore-
mediation mn a relatively short period (35 days) vt a low
moisture conlent (20%), even for contaminated soil
{rom an old sit¢.

Decreasing the C/N/P ratio by nutrical addition
¢nhanced PCB removal. This corroborates the prevailing
nobion thul adding nuirients can enhance bioremcdia-
tion. Nevertheless, other researchers have found that
pelroleum hydrocarbon biodegradation could be hin-
dered by nulnent addiion. Apparently, N and P
addition can have detrimental cffects on biorepediation
il it inhibits microorganisms that were adapted Lo the
oligotrophic soil environment (Morgan & Watkinson
1992) or if jt stimulatcs the degradation of carbon
compounds other thaa the turget pollutants {(Entry ef ul.
1993). Tlus suggests that putnient addition should be
considered for biostimulation gpproaches only when in-
digenous nutrient levels are stoichiometrically limiting.

Higher C/N/P ratios corresponded to higher hetero-
trophic activity of the soil, as indicated by higher CO;
cevolution (Figure 1) This is consistent with the para-
chgm that, when environmental carbon/nutrient ratios
are higher than those found in micrabial biomass, CO;
cvolution may increase as a lower percentuge of the
metabolized carbon js mcorporated into cell materia
(Amudor & Jones 1993; Bosatta & Berebse 1984).

Biphenyl, which has been used previously as @
prmary substrate to stimulate (acrobic) PCB cometab-
olism (Kohler #/ «f 1988), stimulated CO, cvolution
(Table 4, microcosms 3, 7, 10, and 135). Biphenyl
addiuon, however, decreased the PCB removal effici-
ency, as observed in ticatinents with 2 mg/ke of either
Triton X-100 (microcosms 3) or Tween 80 (nucrocosm

NO. 2068 P 6
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7). This reflects that a higher hoterotrophic activity docs
not necessarily cortespond 10 enhanced degradation ol
the largel pollutants. Whether the decrease in PCB
removal efficiency resulting from biphenyl addition was
due to metubohc or population shifts, compctitive
inhibiion, or exacerbation of the oxygen demand, was
not determined.

Differences in cflicacy of the tested surfactants cun be
cxplained, in past, by differences in their corresponding
CMCs (Table 2). The CMC for nonionic surfuctants
increases with the cthylenc oxide content and it is
inversely related to the cfliciency of solubilization of (he
hydrophobic malerial (Irkin ef al. 1989; Lurson & Maki
1982). The lugher PCB rcmoval with Tween 80
(polyoxyethylene sorbitun monooleate) is consistent
with the lower CMC for this surfactant (13 mg/l)
relative to Tiiton X-100 (150 mg/l) and Tergitol NP 10
(37-55 mg/l). The lested surfactant concentrations (1-
16 mg/! in solution) were considerably lower than the
CMCs for Triton X-100 and Tergitol NP 10, but not [or
Tween 80. This suggests that Tween 80 enhanced PCB
solubilization (and thus, biodegradation) to a gieater
cxtent then the other surfactants under the teslcd
conditons. Tncidenially, Tween 80 was shown in supa-
rate experiments to support the growth of mixed
cultures (dsta not shown), Thus, the possibility that
surfactant addston could have also affected the number
and activity of PCB doegraders cunnot be excluded

Conclusion

PCB bioavailabilily raust be considered to comprehend
the cffcet of adding nutrients or anulogue substrates on
bioremediation. This work suggests that adding non-
tonic surfactunts has a greater potential to enhance PCB
degradation than manipulating the C/N/P ratio. Never-
theless, treatubility studies are recommended 1o avoid
detrimenta] effects associated with microbial toxicty
and reduced hioavailabihty of PCBs partitioning inlo
the surlaclanl phase if relatively high surfactant con-
cenlranons are used,
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