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Conditions and Mechanisms in Thiocyanate Biodegradation

R.G. COMBARROS, S. COLLADO, A. LACA and M. DIAZ*
Department of Chemical Engineering and Environmental Technology, University of Oviedo, Spain

ABSTRACT: Presence of thiocyanate (SCN-) is a problem of considerable interest in
many industrial wastewaters, where this contaminant often appears accompanied by
secondary sources of carbon, nitrogen and/or sulphur. In order to understand the ef-
fect of these compounds on the biodegradability of SCN-, this work investigates how
the bacterium Pararacoccus thiocyanatus utilises the three elements that form the mol-
ecule of thiocyanate and compare this behaviour with those obtained in presence of
other sources of N, S and C. Result showed that the bacterium was capable of utilizing
thiocyanate as the sole substrate, achieving specific biodegradation rates of approxi-
mate 1.20 mg SCN- (mg cell-h)~" and eliminating initial thiocyanate concentrations up to
5,000 mg L~'. Experimental data were successfully fitted to a Teisser model, assum-
ing the existence of substrate inhibition obtaining values of ., of 0.059 h~', K, of
790 mg L™" and K; of 6,520 mg L' for free mineral medium. Presence of additional
carbon and nitrogen sources implied catabolic repression of the biodegradation of thio-
cyanate. In this case, only concentrations lower than 3,500 mg L~" could be treated, ob-
taining specific degradation rates of around 0.70 mg SCN—(h-mg cell)~!. Tessier model
values showed a higher maximum specific growth rate (0.344 h~'), changing also the
values for affinity and inhibition constants (1,150 mg L' and 1,730 mg L', respectively).

INTRODUCTION

HIOCYANATE is an inorganic compound generated
from a diverse range of natural and industrial sourc-
es. Due to some of its rather unique properties, thiocya-
nate is used in a variety of industrial processes such as
photofinishing, plastics, organic chemicals, pharmaceu-
ticals, fertilizer, herbicide and insecticide production,
dyeing, acrylic fibre production, manufacturing of thio-
urea, metal separation and electroplating. Additional
uses of thiocyanate include soil sterilization and cor-
rosion inhibition [6,7,13]. Because of such wide use,
thiocyanate is found in many industrial wastewaters.
Thiocyanate is stable, non-hydrolysable and non-
volatile and it persists in the environment even in acid
media [6]. Due to a strong protein-binding tendency
and competitive characteristics, thiocyanate is toxic
to many higher organisms even at low concentrations
(LC50 between 50-100 mg L) [1]. It affects the hu-
man central nervous system provoking irritability, ner-
vousness, hallucination, psychosis, mania, delirium
and convulsions. Besides, it inhibits halide transport
to the thyroid glands and affects the stomach enzyme
system, cornea and gills [1,6]. Therefore, thiocyanate

*Author to whom correspondence should be addressed. Tel: 985 10 34 39.
Fax: 985103434. E-mail: mariodiaz@uniovi.es

removal from industrial wastewater and other contami-
nated sites is of great importance and more effective
treatment systems are urgently required.

Several chemical methods, such as clectrochemical
oxidation, hydrogen peroxide oxidation or ozonation
have been proposed for thiocyanate removal and/or de-
toxification [2,10,28]. However, most of these chemi-
cal techniques are either too costly, ineffective or pro-
duce a toxic residue, for example, cyanide, and thus are
not widely used [10].

Biological processes are an alternative method of
treatment without creating or adding new chemicals to
the environment [28]. However, it has been reported
that substrate inhibition begins to appear at thiocyanate
concentrations higher than 20 ppm and complete inhi-
bition occurs at concentrations higher than 1,000 ppm
[14]. A number of chemolithotrophic and chemohet-
erotrophic bacteria isolated from a variety of sources
can utilize thiocyanate as a source of energy and nutri-
ents [6,10]. These include Paracoccus species which
are able to oxidize not only thiocyanate, but also thio-
sulphate, tetrathionate, sulphide and elemental sulphur
[9]. Thiobacilli can also utilize thiocyanate as both a
nitrogen and sulphur source. Arthrobacter utilizes thio-
cyanate as a nitrogen source, even in the presence of
other nitrogen sources (ammonia or nitrate). Pseudo-
monas stutzeri uses thiocyanate as both a sulphur and
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nitrogen source in absence of ammonium ion [10].
Grigor’eva et al. [11] used a co-culture of Pseudomo-
nas putida and Pseudomonas stutzeri to degrade both
cyanide and thiocyanate. Paruchuri et al. [20] used a
bacterial consortium containing Pseudomonas and
Bacillus species to degrade thiocyanate. None of their
single isolates were able to degrade thiocyanate.

In all cases, thiocyanate degradation pathways are
sensitive to the thiocyanate concentration, the physi-
cochemical conditions, and the presence of interfering
and inhibitory compounds [6]. Thus, in addition to nu-
trients and carbon and nitrogen sources, other essen-
tial conditions for successful biological degradation of
cyanide compounds must be taken into account: pH,
temperature, oxygen availability, microbial population
and nutrient availability being the most important [22].

Paracoccus thiocyanatus is a facultative chemoli-
thotrophic thiocyanate-degrading bacterium which was
isolated from activated sludge enriched with thiocya-
nate. This bacterium has been reported as capable of
utilizing thiocyanate as sole energy source [17]. How-
ever, the literature describes no investigation into the
effect that the presence of other carbon and nitrogen
sources have on the degradation process of thiocyanate
by this microorganism. Several authors have proposed
the following process for the utilization of thiocyanate
by Thiobacillus thiocyanooxidans. First, thiocyanate is
hydrolysed to cyanate (OCN") and sulphide, followed
by hydrolysis of cyanate to ammonia and bicarbonate,
and oxidation of sulphide to sulphate [10,15]. In addi-
tion, Kim and Katayama [18] described the hydrolyza-
tion of thiocyanate by 7. thioparus THI115 to ammonia
and carbonyl sulphide, which is subsequently oxidized
to sulphate. Although the biological degradation of
thiocyanate has been extensively studied, only a limit-
ed number of investigations have focused on the effect
of the operating conditions and medium composition
on the thiocyanate biodegradation kinetics, especial-
ly for Paracoccus thiocyanatus. In the present work,
the effects of medium composition, different stirring
speeds and initial inoculum size and growth stage on
the degradation potential of the bacterial culture were
investigated in order to determine the best conditions
for the biodegradation of thiocyanate by Paracoccus
thiocyanatus.

MATERIALS AND METHODS
Media Composition

Growth Medium (GM): 5 g peptone L', 5 g beef

extract L', 5 g yeast extract L™/, 2.5 g NaCI L™, 0.1 g
K,HPO, L™, 0.05 g MgSO,7H,0 L' [16]. GM-agar
medium is composed of GM and 20% of agar.

Mineral Medium (MM): 0.5 g K,HPO, L', 0.3 g
(NH,),SO, L', 0.05 g MgSO,-7H,0 L, 0.01 g
FeCl;-6H,0 L1, 0.01 g CaCl,-2H,0 L™ and 10 mL of
trace element solution L~!. The trace element solution
was composed of 8 mg ZnSO, 7H,0 L', 4 mg H;BO;4
L', 4 mg Na,MoO,-2H,0 L}, 4 mg CuSO,-5H,0 L,
4 mg MnCl,"4H,0 L', 4 mg CoCl, 6H,0 L! [16].
For the experiments carried out with additional carbon
source, glucose (0.1, 0.5, 1, and 3%) and yeast extract
(0.5 and 1%) were added to the MM. Sulphur and ni-
trogen-free medium (FM) was prepared using MgCl,
instead of MgSO, and without (NH,),SO,. In the trace
element solution, ZnSO,-7H,0 and CuSO, 5H,0O
were replaced by ZnCl, and CuCl,-2H,0, respectively.
Thiocyanate degradation tests were started by inocu-
lating bacteria into a flask containing MM or FM and
100-10000 mg L™! of thiocyanate. In all cases, KSCN
(Panreac, 98% purity) was the source of SCN™ in the
medium.

Microbial Strain and Culture Conditions

Paracoccus thiocyanatus (BCCM, Belgian Coordi-
nated Collections of Microorganisms (LMG 24666T))
capable of degrading thiocyanate was used. Bacterial
colonies, which had been grown in the GM-agar me-
dium for 4 days at 30°C, were inoculated into 250 ml
Erlenmeyer flasks containing 50 mL of GM. After in-
cubation at 28°C and 250 rpm, an aliquot was taken
and used as an inoculum for subsequent experiments.
This inoculum was centrifuged at 10,000 g for 10 min
and the supernatant was eliminated so that only bacte-
rial cells were added to the MM to avoid introducing
compounds from the GM. Inocula were taken at dif-
ferent times of cell growth (12—45 hrs), and different
inoculum sizes (5 x 10’-3 x 10® cfu mL™!) were also
tested.

In order to check the effect of acclimatization to
SCN™ before biodegradation, some tests were carried
out by supplementing GM with SCN™ (range between
100-300 mg L™"). Moreover, an intermediate medium
was used to provide a less abrupt transition in compo-
sition between GM and MM, trying to reduce the lag
time. The intermediate medium consisted of either a
10% dilution GM or MM with 0.5% glucose or yeast
extract with thiocyanate. However, no positive effects
were observed, so this acclimatization step was re-
jected. Additionally, MM was also tried as the growth
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medium, but the growth rate was too low to obtain a
suitable inoculum for the following experiments.

Biodegradation Experiments

All thiocyanate biodegradation experiments were
performed in an incubator (New Brunswick Scientific,
Classic Series), with controlled temperature and stir-
ring speed. No attempt was made to maintain a con-
stant pH value. The experiments were performed at
bench scale, in 500 mL Erlenmeyer flasks containing
100 ml of medium. Temperature of all experiments
was maintained at 28°C and different stirring speeds
(150-250 rpm) were tested. Although this temperature
can be considered as scarcely high for WWTP, waste-
waters containing SCN™ are frequently produced in in-
dustrial processes at medium-high temperature such as
production of coke, so this temperature, after cooling
the stream, appears reasonable in an industrial waste-
water treatment. Samples were taken at different times
and immediately analysed.

Analytical Methods

The concentration of thiocyanate was determined
by a colorimetric process and according to the stan-
dard methods. Thiocyanate was estimated using ferric
nitrate at acidic pH at 460 nm. This method has a detec-
tion limit of 0.1 mg L~! [3]. The equipment employed
for the spectrophotometric determinations was a UV/
Vis spectrophotometer (Thermo Scientific, HeAiosy).

Cell concentration in the medium was measured by
spread plate counting on GM-agar medium (4 days of
incubation time at 30°C) or by measuring the optical
density at 660 nm (Shimazdu, UV 1203). Data were
converted to cell dry weight (g L) using the corre-
sponding calibration curves previously obtained.

All experiments were carried out at least by dupli-
cate and samples were analyzed in triplicate. Standard
deviations, SD, obtained in each case are shown in the
figures as vertical lines.

RESULTS AND DISCUSSION
Selection of Inoculum Size and Stirring Speed

The inoculum employed for the thiocyanate biodeg-
radation test was taken from a Paracoccus thiocyana-
tus culture grown in GM. The growth curve obtained
in this medium showed that the length of lag-phase was
around 12 hrs, the stationary phase was reached after

36 hrs with final concentrations of around 8.3 x 10° cfu
mL~!, with the endogenous phase beginning after 66
hrs. The inoculum was taken at the end of the exponen-
tial phase of growth, after 36 hrs.

Firstly, the influence of the size of the inoculum
introduced into the MM containing thiocyanate was
studied. With inoculum sizes of 3 x 108, 9 x 107 and
5 x 107 cfu L™, the thiocyanate was completely re-
moved in 124 hrs, 65 hrs and 60 hrs respectively [Fig-
ure 1(a)]. Thus, the higher the inoculum size, the lower
was the biodegradation rate. This was due in part to the
increase in the induction time (¢,) required for the ac-
climation of the bacteria. A linear relationship between
the induction time and the inoculum size (IS) of the
process was obtained (z; = 2 x 1077 “IS (cfu mL™), r2
=0.985).

The inoculum size has been previously described as
an important factor in degradative processes, higher in-
oculum sizes usually leading to an increase in the rate
of degradation [12]. However, in this work the behav-
iour observed was the opposite, and as seen in Figure
1(b), the smallest inoculum size gave the highest spe-
cific degradation rates, with a maximum value 0f 0.29 g
SCN~ (g cell-h)™!. Zohar et al. [29] have already found
similar behaviour. These authors reported that different
inoculum sizes of Arthrobacter 4Hp produced positive
or negative effects on the degradation rate of p-nitro-
phenol (PNP), depending on the initial concentrations
of PNP. So, at concentrations of 50 mg PNP L, the
increase in inoculum size did not enhance the degrada-
tion rate but with 100 mg PNP L', a larger inoculum
size led to an improvement in the degradation rates.
This phenomenon was attributed to substrate limitation
at 50 mg PNP L!. More recently, Salam and Lakshmi
[21] investigated the biodegradation of lindane using
Rhodotorula sp. and checked the effect of the initial
inoculum size (10-90 mg dry cell weight L") on the
contaminant degradation. The yeast showed a maxi-
mum biomass production and degradation efficiency
with an inoculum of 70 mg dry cell weight L~'. For
an inoculum size of 90 mg L', these authors did not
observe change in the rate of degradation.

Different stirring speeds have been used in previous
studies that have focused on the biodegradation of con-
taminants by Paracoccus species. These values range
from 120 to 250 rpm [5,25]. In this work, two values of
stirring speed were tested to check the effect of agita-
tion on the degradation rate of thiocyanate. The chosen
values were 150 and 250 rpm, at the opposite extremes
of the usual range. The biodegradation rate of the sys-
tem was positively influenced by the stirring speed,
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Figure 1. Thiocyanate degradation (300 mg SCN- L~") by Paracoccus thiocyanatus in mineral medium. (a) and (b) Effect of inoculum size at
250 rpm (® 5 x 107 cfu mL™", A 9 x 107 cfu mL~", ® 3 x 108 cfu mL~") on (a) thiocyanate degradation; and (b) specific degradation rate. (c) and
(d) Effect of stirring speed (inoculum size 5 x 107 cfu mL~") (4150 rpm, — 250 rpm) on (c) thiocyanate degaradation; and (d) specific degradation

rates. In all cases, 28°C and inoculum taken at 36 hours.

since complete removal of thiocyanate was achieved
in 74 hrs at 150 rpm, this being reduced to 60 hrs at
250 rpm [Figure 1(c)]. Higher stirring speed implies
higher dissolved oxygen concentration, which benefits
the biodegradation of SCN™ by P. thiocyanatus, mainly
reducing the induction time of the process and not the
rate of degradation, as is shown in Figure 1(d).

Consequently, 250 rpm and an initial inoculum size
of 5 x 107 cfu mL™' were chosen as optimum condi-
tions for the subsequent experiments. Twenty four hrs
of growth in GM culture was selected as the inoculum
age, which is a commonly used value reported by sev-
eral authors because it corresponds to the middle of the
exponential phase.

Utilization of Carbon, Nitrogen, and Sulphur

In this section, the way carbon, nitrogen and sulphur
from thiocyanate utilized by the bacterial metabolism
was studied.

Utilization of Carbon from Thiocyanate

Initially, thiocyanate biodegradation was studied in
a MM that contained both nitrogen and sulphur mol-
ecules, but not carbon in its composition. The incor-
poration of carbon into the bacterial metabolism from
the thiocyanate molecule was investigated for dif-
ferent thiocyanate concentrations (between 100 and
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10,000 mg L). Figures 2(a) and 2(b) show the bio-
degradation of thiocyanate and cell growth. Thiocya-
nate degradation occurred in two stages, the first where
thiocyanate concentration remained almost constant
due to the acclimatization of P. thiocyanatus to the new
conditions and a second stage where the thiocyanate
concentration decreased at a constant rate. Complete
thiocyanate degradation was achieved after 48, 52, 79,
and 107 hrs with initial concentrations of 500, 1,000,
2,500 and 3,500 mg L' respectively. With initial thio-
cyanate concentrations of 5,000 and 6,000 mg L~! had
not been completely removed at the end of the experi-
ments, 85.5% of the initial amount having been elimi-
nated after 315 hrs and 31% after 336 hrs, respectively.
When the initial concentration was 5,000 mg L', a
constant concentration was observed at the end of the
reaction period. This suggests the possibility of a prod-
uct inhibition mechanism. Considering the pH (6.5)
and the possible mechanisms of thiocyanate degrada-
tion found in the bibliography, it seems likely that the
inhibitory product was NH,". Thus, when the amount
of NH," formed from the degradation of SCN™ is high
enough to cause inhibition [4,27], the biodegradation
rate decreases and the thiocyanate concentration re-
mains invariable with time. If all the nitrogen metabo-
lized was transformed into NH,", the final concentra-
tion of NH," would be higher than 1,000 mg L™! for an
initial thiocyanate concentration of 3,600 mg L', Ac-
cording to Vazquez et al. [27], the kinetics of SCN™bio-
degradation were affected by the presence of ammoni-
um when the concentration of NH,"-N increased from
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49 mg L' to 135 mg NH,"-N L. However, in this
work inhibition by product was not observed for initial
thiocyanate concentrations of 3,500 mg L' or lower.

Finally, for initial concentrations of thiocyanate
higher than 7,000 mg L~!, removal of thiocyanate was
not observed, indicating a mechanism of substrate in-
hibition.

Figure 2(b) shows the evolution of the cell concen-
tration (X) cfu mL! in relation to the initial cell con-
centration (X,) cfu mL~! for each of the initial thiocya-
nate concentrations. A continuous increase in biomass
concentration was observed during the whole time of
the experiment for initial thiocyanate concentrations
lower than 2,500 mg SCN~ L~!. With concentrations
of 3,500 mg SCN~ L', bacterial growth finished after
60 hrs and remained constant at a value of around 3.5
x 108 cfu mL~!. For initial concentrations of 5,000 and
6,000 mg SCN- L' the maximum concentration of
biomass was 4.7 x 10% and 1.4 x 10® cfu mL™" respec-
tively, which then decreased, achieving values below
the initial bacterial concentration.

The effect of the initial concentration of thiocyanate
on the induction time and kinetics of the process is dis-
cussed in more detail in Section 3.2.2.

Utilization of Nitrogen and Sulphur from
Thiocyanate

In MM, nitrogen was present in (NH,),SO, and
sulphur in (NH,),SO,, MgSO,-7H,0 and in trace
solutions as ZnSO, 7H,0, CuSO, 5H,0. In order to

'5 T T
0 100 200

Time (h)
(b)

Figure 2. (a) Thiocyanate biodegradation and (b) growth of Paracoccus thiocyanatus under different initial SCN- concentrations (¢ 500 mg L™,
A 1000 mg L™, ® 2500 mg L7, x 3500 mg L~", — 5000 mg L=, ® 6000 mg L~). In all cases: MM, 28°C, 250 rpm and inoculum size of (2.06 *
1.26) x 107 cfu mL~". Solid lines in (a) denote fitting of thiocyanate biodegradation to a pseudo zero-order kinetics model.
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Figure 3. (a) Thiocyanate biodegradation and (b) growth of Paracoccus thiocyanatus under different initial SCN- concentrations (¢ 500 mg
L~7, A1000 mg L7, m 2500 mg L7, x 3500 mg L', — 5000 mg L~7, ® 6000 mg L~). In all cases: free medium, 28°C, 250 rpm, inoculum age
of 24 hours and inoculum size of (3.74 + 0.47) x 107 cfu mL~". Solid lines in Figure a denote fitting of thiocyanate biodegradation to a pseudo

zero-order kinetics model.

discover whether the bacterium was capable of using
thiocyanate as the sole N and S source, experiments
were carried out using a free-mineral medium (FM)
that contained these elements only in the thiocyanate
molecules.

Again, different initial thiocyanate concentrations
between 500 and 6,000 mg L' were tested (Figure
3). Complete degradation of thiocyanate was achieved
after 40, 48, 72, 84, and 132 hrs for initial concentra-
tions of thiocyanate of 500, 1,000, 2,500, 3,500 and
5,000 mg L~!. Comparing these data with the results
obtained in MM, the times for complete removal of
thiocyanate were reduced when the medium had no
additional sources of S and N, at all the thiocyanate
concentrations used. Complete biodegradation of thio-
cyanate was achieved after 132 hrs in FM with an ini-
tial thiocyanate concentration of 5,000 mg L', where-
as after this time only 53% of initial thiocyanate was
eliminated in MM. Of the thiocyanate initially present,
47% was removed in FM after 224 hrs when the initial
concentration was 6,000 mg L', whereas only 18% of
the thiocyanate was eliminated during this time when
secondary sources of S and N were added.

According to studies that focused on thiocyanate
biodegradation, 2,500 mg L' of thiocyanate were
biodegraded in 120 hrs with the co-culture Klebsiella
pneumoniae and Ralstonia sp [6], 3,395 mg SCN~ L!
were removed after 7 days by Thiobacillus thioparus
THI115 [18] and 970 mg SCN- L™ were eliminated
by Thioalkalivibrio thiocyanodenitrificans [24] after

3040 days. Considering these results, our system is
more efficient in terms of the thiocyanate biodegrada-
tion rate, especially when the medium is free of C, N and
S sources. Kwon et al. [19] achieved higher removal
rates by employing Acremonium strictum: up to 7,400
mg L' of thiocyanate was degraded in just 85 hrs.

In Figure 3(b), the bacterial growth observed dur-
ing the biodegradation of thiocyanate in FM is shown.
In all cases, bacterial growth exhibited the same be-
haviour as was observed with MM, since growth ten-
dency and orders of magnitude were similar in both
cases. Substrate inhibition of cell growth occurred
for initial concentrations of thiocyanate higher than
3,500 mg L.

Solid lines in Figures 2(a) and 3(a) denote the theo-
retical evolution of thiocyanate concentration accord-
ing to the proposed kinetic model. In all cases, the data
were successfully fitted to a zero reaction order model
with induction time (Cgey~ =Cgeno — (2 — 1,)). The
obtained values of induction time (¢;) and the kinetic
constant (k) during the fitting of each of the runs are
summarized in Figure 4. Figure 4(a) shows the induc-
tion period obtained for each initial concentration of
thiocyanate (SCN;,") and medium (MM or FM). In
view of the results, the induction times in FM were
always shorter than when biodegradation occurred in
MM. It seems that the absence of other sources of N
and S accelerate the metabolism of the bacteria in order
to utilize thiocyanate as substrate. Figure 4(b) shows
the kinetic constants obtained in each case. When us-
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ing MM, the kinetic constant was at a maximum when
the initial concentration of thiocyanate was 3,500 mg
L' (67 mg (Lh)!). However, the maximum was ob-
tained for an initial concentration of 5,000 mg L' (59
mg (Lh)™") when the biodegradation occurred in FM.
Kinetic constants were higher in MM for the lowest
initial concentrations of thiocyanate, whereas the oppo-
site behaviour was observed for concentrations higher
than 4,000 mg L!. Degradation rates between 1 and
87 mg (Lh)! were reported for the biodegradation of
thiocyanate by specific microorganisms [6,18,19,24]
similar to the degradation rates obtained in this work.
In fact, only Acremonium strictum showed higher re-
moval rates [19].

In Figure 5, the comparison of the specific thio-
cyanate degradation rates in FM and MM for differ-
ent initial SCN- concentrations (500-6,000 mg L)
is shown. It is observed that the specific degradation
rates are higher when no secondary sources of S and N
are present in the medium. This behaviour is observed
in all cases, with the exception of the final hours of
the experiments with initial concentrations of thiocya-
nate higher than 3,500 mg L~'. With initial thiocyanate
concentrations of 500 and 1,000 mg L', a rising trend
of the specific degradation rate was observed. Maxi-
mum values of 0.91 and 1.17 mg SCN~(h-mg cell)™!
were obtained with FM, whereas 0.32 and 0.55 mg
SCN~(h-mg cell)™! were obtained with MM. For high-
er concentrations of thiocyanate, the specific degrada-
tion rates reached a maximum and then decreased. In
all cases, the maximum value of the specific degrada-
tion rates was higher and was reached sooner with FM.
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The specific growth rate (u) was calculated by
means of the following equation:

r= ax =uX (1
dt

where r, is the rate of biomass growth; X is the cell

concentration; p is the specific biomass growth rate

and ¢ is time.

The specific growth rates (u) versus thiocyanate ini-
tial concentrations obtained from batch tests are shown
in Figure 6. As can be seen, p values achieved a maxi-
mum, suggesting that there was inhibition by substrate.
A non-competitive model [Equation (2)], a Teisser
model [Equation (3)] and an Aiba-Edwards model
[Equation (4)] were used for the fitting of substrate-
inhibited growth [26].

-S
‘Ll — ‘umax S (2)
(Kg +S)-(1+Kij
H= Hpyax * (e_S/Ki - e_S/KX) )
-S/K,
f=g 5. oK+ 4)

where ., 1s the maximum specific growth rate; K is
the substrate-affinity constant; and K, is the substrate-
inhibition constant.

The fitting parameters: maximum specific growth
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Figure 4. (a) Induction periods (t) and (b) kinetic constants (k) obtained during the fitting of thiocyanate biodegradation data obtained using

different initial concentrations in mineral or free media (A FM, ® MM).
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rate (h™!) .., substrate-affinity constant, K, (mg L)
and substrate-inhibition constant, K; (mg L) were
obtained and summarized in Table 1. Experimental re-
sults and theoretical data obtained using each of the
models are also compared in Figure 6.
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These three models were fitted to the p values ob-
tained in this work and in view of the results (Figure 6)
the best fits were obtained using the Teisser and Aiba-Ed-
wards models. These models have generally been used
to describe substrate inhibition of the growth of pure mi-
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Figure 5. Specific degradation rate for thiocyanate biodegradation in MM or FM: (a) 500 mg L~"; (b) 1000 mg L~; (c) 2500 mg L~"; (d) 3500
mg L~"; (e) 5000 mg L~; (f) 6000 mg L~" (AFM, m MM). In all cases: 28°C, 250 rpm, FM inoculum size of (3.74 + 0.47) x 107 ¢fu mL~" and MM

inoculum size of (2.06 + 1.26) x 107 c¢fu mL™".
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Figure 6. Specific growth rate of suspended biomass in a thiocyanate solution (500-6000 mg L~"). (¢ Experimental data, — Noncompetitive
model, =+ = - =+ Teisser model, = - - - - Aiba-Edwards model): (a) In MM; (b) In FM. In all cases: 28°C, 250 rom, FM inoculum size of (3.74 +
0.47) x 107 cfu mL=" and MM inoculum size of (2.06 + 1.26) x 107 cfu mL~".

crobial cultures. The magnitude of K, values indicates
the affinity between substrate and microorganism [26].
For the Teisser and Aiba-Edwards models, K in the case
of FM was slightly lower than that obtained with MM,
indicating that the biomass has a higher affinity for the
substrate in the case of mineral medium with no addi-
tional sources of N or S. The inhibition constant X is the
substrate concentration at which p is reduced to 50%
of ., due to substrate inhibition. The magnitude of
this parameter indicates the inhibition tendency and the
degree of toxicity of the substrate towards the micro-
organisms [26]. Comparing the K; values obtained in
MM and FM for the Teisser and Aiba-Edwards mod-
els, it can be concluded that the presence of additional
sources of N and S increases the inhibitory effect of
SCN™ concentration on Paracoccus thiocyanatus.

The following data allow comparison with the ki-
netic parameters obtained for the degradation of thio-
cyanate with other bacteria such as Klebsiella sp [1].
These included p,,,, s, Y, K;, which were evaluated
as 0.62 + 0.05 day!, 85 + 8 mg SCN- L', 0.076 +
0.011 mg dry cell mg™' SCN-, 131 £22 mg SCN- L,
respectively, with the fourth order Runge-Kutta ap-
proximation. Chaudhari and Kodam [6] obtained val-
ues with the Haldane kinetic model of w,,, =0.123 h™!,

K, =484 mg L', K, = 1.876 mg L™! for degradation of
thiocyanate with a co-culture of Klebsiella pneumoni-
ae and Ralstonia sp. This suggested that the bacterial
growth is lower for Paracoccus thiocyanatus than for
the other species, whereas the substrate affinity was
higher. At the same time, Paracoccus thiocyanatus
shown a higher tolerance to elevated concentrations of
thiocyanate than the aforementioned microorganisms.

The yield coefficient ¥ was estimated as ASCN/AX
using the experimental data of the exponential growth
phase. The yield coefficients for experimental degra-
dation data in MM and FM are listed in Table 2. In all
cases, the yield coefficient in FM was lower than in
MM. According to Filonov et al. [8], preference must
be given to microorganisms that produce a lower yield
of biomass per unit of the pollutant degraded. A mini-
mum value of Y 0f 0.060 mg cell mg~! SCN~in MM for
an initial concentration of thiocyanate of 5,920 mg L™
and of 0.45 mg cell mg~! SCN~ with an initial concen-
tration of 6,090 mg L' in FM was achieved.

Presence of Carbon and Nitrogen that is Easily
Assimilable by Bacterium

Influence of additional carbon and nitrogen sources

Table 1. Estimated Values of Parameters for Various Kinetic Models Employed for the Fitting of Experimental Data
Obtained during Thiocyanate Biodegradation by Paracoccus Thiocyanatus.

MM FM

Humax (W) K (mg L) K;(mg L) R? Hmax (h7) K, (mg L) K;(mg L) R?
Noncompetitive 0.178 800 1050 92.9 0.146 1780 1790 99.2
Aiba-Edwards 0.203 1750 2280 99.3 0.094 1300 4980 99.4
Teisser 0.344 1150 1730 99.6 0.059 790 6520 99.4
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Table 2. Yield Coefficients for Thiocyanate
Biodegradation in MM and FM

MM FM
SCN,~ Y SCN,~ Y
(mgL-") (mgcellmg~ SCN-) (mgL-") (mg cellmg~' SCN-)
560 0.141 580 0.077
980 0.103 1040 0.064
2400 0.122 2560 0.064
3340 0.110 3000 0.108
4930 0.071 4660 0.059
5920 0.060 6090 0.045

in the wastewater during the biodegradation of thio-
cyanate by Paracoccus thiocyanatus was also checked
by adding glucose (0.1 and 3%) or yeast extract (0.5
and 1%) to the MM containing thiocyanate. Figure 7
shows the evolution of thiocyanate concentration and
specific degradation rate in MM with additional nitro-
gen and carbon sources. In view of the results (Figure
7a), thiocyanate biodegradation only occurred for the
lowest glucose concentrations, 0.1 and 0.5% (61 and
72 hrs). Therefore, the system was adversely affected
by the presence of glucose, since the higher the glucose
concentrations, the lower was the bacterial growth ob-
tained and the longer the time required for complete
degradation of thiocyanate (data not shown). Further-
more, for glucose concentrations above 1%, there was
neither bacterial growth nor thiocyanate degradation. It
can be concluded that the presence of this substrate has
an adverse effect on the biodegradation of thiocyanate
by P. thiocyanatus. In Figure 7(b) the specific degrada-
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tion rates of thiocyanate produced in MM containing
0.1 and 0.5% glucose is shown. It can be observed that
the lower the proportion of glucose, the higher the deg-
radation rates was.

Yeast extract was also tested as an additional car-
bon and nitrogen source during the biodegradation
of SCN™ by P. thiocyanatus [Figure 7(a)]. Using this
carbon and nitrogen source, high biomass concentra-
tions were achieved, reaching values higher than 10°
cfu mL~!. These results suggest that the additional
nitrogen source was utilized for biomass metabolism
instead of the SCN™. Similar behaviour was observed
by Chaudhari and Kodam [6] with co-culture of Kleb-
siella pneumoniae and Ralstonia sp. On the other hand,
according to Filonov et al. [8], addition of a carbon
source as nutrient during naphthalene degradation by
Pseudomonas putida G7 increases cellular activity,
stimulating the growth of microorganisms capable of
degrading the target compound. However, this same
carbon source can inhibit degradation of some com-
pounds, resulting in diauxic growth. Hence, it is im-
portant to add the optimal quantity of nutrients. It is
a well-known fact that the addition of nutrients below
or above the optimal quantity result in the reduction
or cessation of the degradation. In this case, the best
results were obtained when SCN™~ was the only source
of C, S and N.

Physiological State of Bacteria

The influence of physiological stage of the inocu-
lum in the biodegradation process was also analysed.
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Figure 7. Effect of addition of glucose or yeast extract in thiocyanate degradation by Paracoccus thiocyanatus. (a) Thiocyanate concentration;
and (b) Specific degradation rate. In all cases: mineral medium (300 mg SCN- L), 28°C, 250 rpm, inoculum size 5 x 107 ¢fu mL~" and inoculum
stage of 36 hours (¢ MM, B 0.10% glucose, A 0.5% glucose, ® 1% glucose, * 3% glucose, x 0.5% yeast extract, — 1% yeast extract).
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Figure 8. (a) Growth of Paracoccus thiocyanatus in GM over 2 days. Arrows indicate the time when the inoculum was taken (b) Effect of inocu-
lum stage on thiocyanate degradation by Paracoccus thiocyanatus. Inocula ( [, x [/, ® I/l and A V). In all cases: MM (300 mg SCN- L), 28°C,

250 rpm and inoculum size of 5 x 107 c¢fu mL~".

With this aim, bacterial cells taken at different growth
times in GM [Figure 8(a)] were used to inoculate MM
containing SCN-, using in all cases the same inoculum
size [Figure 8(b)]. When the inoculum was taken ear-
lier, the thiocyanate degradation rate was faster. There-
fore, with the inoculum obtained after 16 hrs of growth
in GM (beginning of the exponential phase) complete
thiocyanate degradation was achieved in just 19 hrs.
However, 32 hrs where necessary if the inoculum was
taken at 24 hrs of growth (middle of the exponential
phase) and 60 hrs if inoculum was taken after the sta-
tionary phase of growth was reached. Silva ef al. [23],
tested the effect of the different physiological states
of the bacterium Pseudomonas fluorescens HK44 in
salicylic acid biodegradation. The percentage of sali-
cylic acid degraded was higher (97%) when cells in the
exponential phase were used, than when the inoculum
corresponded to the stationary state (69%). This can be
explained by the fact that cells in the exponential phase
are already pre-activated and are capable of degrading
their substrates faster than cells in the stationary state.
In this work, it seems that cells are more active in the
beginning hours of the exponential phase of growth.

CONCLUSIONS

The thiocyanate degradation process was influenced
by inoculum size, so that the higher the inoculum size,
the lower was the biodegradation rate. In part, this was
due to the increase in the induction time required for the
acclimation of the bacteria. The degradation time was
reduced from 124 to 60 hrs by reducing the inoculum
size from 3 x 108 to 5 x 107 cfu L~!. The physiological

stage of the inoculum also influenced the degradation
process. In this case, it was found that when the in-
oculum was taken earlier, the thiocyanate degradation
rate was faster. Likewise, the biodegradation rate of the
system was positively influenced by the stirring speed,
since higher stirring speed implies higher dissolved
oxygen concentration that benefits the biodegradation
of SCN™ by P. thiocyanatus, mainly by reducing the
induction time of the process.

The degradation process of thiocyanate was dif-
ferent depending on the composition of the mineral
medium. In the complete mineral medium (MM), P.
thiocyanatus degraded 3,500 mg SCN~ L' in 107 hrs,
whereas at concentrations greater than 5,000 mg L™,
the SCN~ was not completely eliminated. When all
sources of N and S were removed from the mineral
medium (FM) 3,500 mg SCN- L~! was eliminated in
84 hrs and 5,000 mg SCN~ L~ was completely degrad-
ed in 132 h. There were also significant differences in
the specific thiocyanate degradation rates. Thus, the
maximum specific degradation rate in FM was 1.21
mg SCN™(h-mg cell)”! with an initial thiocyanate
concentration of 2,500 mg L', whereas in MM the
maximum specific degradation rate was 0.71 mg SCN~
-(h-mg cell)™! with an initial thiocyanate concentration
of 3,500 mg L!. The induction time when biodegrada-
tion occurred in FM was always smaller in comparison
with the induction time in MM. To improve the degra-
dation process of thiocyanate in real wastewaters, the
presence of the other sources of C, N and S that are
easily assimilated by the bacteria should be avoided. It
was also investigated whether the presence of organic
sources of carbon and nitrogen had an adverse effect
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on the biodegradation of thiocyanate by P. thiocyana-
tus and it was found that their presence led to a reduc-
tion in the degradation rates of the process.

Substrate-inhibited growth models were used for the
fitting of the thiocyanate degradation by P. thiocyana-
tus and the best fits were obtained using the Teisser and
Aiba-Edwards models. K was higher with FM than
with MM, indicating that the biomass has a higher af-
finity for the substrate in the case of mineral medium
with no additional sources of N or S. Comparing the K
values obtained in MM and FM, it can be concluded
that the presence of additional sources of N and S in-
creases the inhibitory effect of SCN™ concentration on
Paracoccus thiocyanatus.
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Toxic Effects of Chronic Sub-Lethal Cu?*, Pb?" and Cd?* on
Antioxidant Enzyme Activities in Various Tissues

of the Blood Cockle, Anadara granosa
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ABSTRACT: Blood cockles, Anadara granosa, live in coastal mudflats under threaten of
low-dose chronic heavy metal exposure. The toxic effects of low dose chronic copper (7.1,
14.2, and 28.4 ug/L), lead (43, 86, and 172 pg/L), and cadmium (55, 110, and 220 ug/L)
exposure on the antioxidant enzyme activities in gill, gonad and digestive gland of A.
granosa were investigated in this study. The activities of superoxide dismutases (SOD),
catalase (CAT) and glutathione peroxidase (GPx) fluctuated with increased copper, lead,
and cadmium exposure time. The heavy metal exposure concentration and duration (7,
14, 21, and 28 days) showed significant effects on the antioxidant enzyme activities in
tested tissues. Moreover, the activities of tested antioxidant enzymes not only varied
among different tissues, but also were dependent on metal species, suggesting the reac-
tive oxygen species (ROS) may be produced through different mechanisms for different
metals in various tissues. Our results indicate that the application of antioxidant enzyme
activities as endpoints in toxicology bioassays for chronic sub-lethal metals must be

done with caution due to their complicated produce mechanisms.

INTRODUCTION

VER the last few decades, large amounts of an-

thropogenic heavy metals have been released into
marine and estuarine environments in China, which
pose a great threat to near-shore aquaculture industry
[1,2]. Blood cockle, also known as blood clam, Anada-
ra granosa, is a traditional aquaculture species that is
widely distributed throughout the Indo-Pacific region
from the eastern coast of South Africa northwards
and eastwards to Southeast Asia, Australian and up to
northern Japan [3]. A series of toxic effects of acute
heavy metal exposure on 4. granosa have been re-
ported [4,5]. It has been shown that acute heavy metal
exposure can lead to histopathological alterations and
subsequent mortality in A. granosa.

In reality, organisms are often under long-term sub-
lethal heavy metal exposure, in which heavy metals
often do not lead to mortality, but show various sub-
lethal toxic effects [6,7]. Previous study showed that
chronic low dose heavy metal exposure can lead to re-
ductions in both filtration rate and gonad development
of A. granosa [8]. Furthermore, compared to that of

*Author to whom correspondence should be addressed.
E-mail: guangxu_liu@zju.edu.cn

control, a significantly increased sex ratios (the num-
ber of male individuals/total number of individuals) of
blood cockle was found under chronic sub-lethal heavy
metal exposure [8]. Though, heavy metals are theoreti-
cally considered to induce the production of reactive
oxygen species (ROS) and may result in significant
damage to cellular constituents and subsequently affect
the activity of antioxidant enzymes such as superoxide
dismutases (SOD), catalase (CAT) and glutathione per-
oxidase (GPx) [9,10]. To our knowledge, there remains
no study on the chronic toxic effects of heavy metals
on antioxidant enzymes in 4. granosa.

In this study, the effects of chronic sub-lethal cop-
per, lead, and cadmium exposure on the antioxidant
enzyme activities in gill, gonad, and digestive glands
of A. granosa were investigated to determine the toxic
effects of heavy metals on bioactive molecules. The re-
sults will contribute to a better understanding of heavy
metal toxicity in mudfiat marine bivalves.

MATERIALS AND METHODS
Blood Cockles and Metal Solutions

Adult blood cockles (shell length, 41.2 + 6.43 mm)
were collected from Yueqing, Wenzhou, China in April
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2010 for antioxidant enzyme bioassay. The blood cock-
les were acclimatized for 7 days in 26 + 3°C flowing
seawater and fed with microalgae Platymonas subcor-
diformis before the experiment.

Experiments were performed using the following
analytical grade salts: Cu(NO;)2:3H,0, Pb(NO), and
Cd(NO;), 4H,0. Stock solutions were prepared in de-
ionized water at concentration (1 M), which was high
enough to prevent weighing errors and salinity change
[11]. Nominal experimental concentrations were cho-
sen on the basis of preliminary trials [4], 7.1, 14.2, and
28.4 ng/L were used as experimental concentration for
Cu?*, 43, 86, and 172 ng/L were used as experimental
concentration for Pb?*, and 55, 110, and 220 pg/L were
used as experimental concentration for Cd?*, respec-
tively.

Antioxidant Enzyme Activity Bioassays

Forty blood cockles were placed in each plastic
tank with total seawater volume of 40 liters. For each
tested metal, four tanks were set up to simulate vari-
ous exposal doses. Three replicates were used for each
experimental concentration and control tests. During
the experiment, the blood cockles were fed with mi-
croalgae P. subcordiformis daily before the change of
seawater and re-adding of corresponding tested met-
als. No dead animals were detected during the whole
experiment. After adult blood cockles were exposed to
various heavy metals for 7, 14, 21, and 28 days, six
live individuals from each tank were dissected on ice
and the gills, gonads, and digestive glands were peeled
off and weighed separately. Twenty milligrams of each
tissue type were homogenated with ice-cold 0.154 M
KCI-50 mM Tris-HCI solution (pH 7.4) using a stan-
dard Teflon tissue homogenizer. After centrifuging at
10,000 g for 5 minutes, the tissue supernatants were
used for antioxidant enzyme activity analysis. All pro-
cedures were conducted at 0—4°C.

Total protein concentrations were determined ac-
cording to Bradford [12]. Estimations of anti-oxidant
enzyme activities were conducted following the meth-
od of Wang [13]. SOD activity was measured through
the inhibition of nitroblue tetrazolium reduction using
spectrophotometer at 550 nm. One SOD activity unit
was defined as the enzyme amount causing 50% in-
hibition in 1 mL reaction solution / mg tissue protein.
CAT activity was measured using a spectrophotomet-
ric assay of hydrogen peroxide at 405 nm. An enzyme
activity unit was defined as the degradation of 1 mol
H,0,/mg tissue protein/second. GPx was analyzed

spectrophotometrically by measuring the decrease of
the enzymatic reaction of glutathione at 412 nm. One
unit of GPx activity was defined as the decrease in the
amount of 1 nmol/L glutathione in the enzymatic re-
action system of 1 mg protein/minute. The activities
of antioxidant enzymes were measured for three rep-
licates of each trial with kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) following the
manufacturer’s instruction with a spectrophotometer
(WFZ UV-2800AH, Unico, Shanghai, China) and ex-
pressed in Unit/mg protein.

Statistics

The relative values of antioxidant enzyme activities
incubated at different heavy metal concentrations were
obtained by dividing their values by that of control tests
[11]. Linear models “Relative activities = a-C + f-T
+ y-C-T + residuals” were constructed for the relative
antioxidant enzyme activities in gills, gonads, and di-
gestive glands under the stress of different tested met-
als. In total, 27 linear models were constructed for all
combinations of three tissues (gill, gonad, and diges-
tive gland), three tested metals (copper, lead, and cad-
mium), and three antioxidant enzymes (SOD, CAT and
GPx). Two-way ANOVAs were then applied to each
linear model to assess the effects of exposure concen-
tration (C), exposure time (7) and their combination
on the relative antioxidant enzyme activities for each
metal. For all analyses, assumptions of normality and
homogeneity of variance were assessed using Levene’s
tests. For the cases that these assumptions were not sat-
isfied by the raw data, data were log-transformed prior
to analysis. All statistics were performed using “R” sta-
tistic packages [14]. A p-value < 0.05 was accepted as
statistically significant for all tests.

RESULTS

As shown in Figures 1-3 and Table 1, the exposure
time had significant influences on the activities of anti-
oxidant enzymes in gills, gonads and digestive glands
of blood cockles in all experimental trials. In general,
the influences of exposure time on antioxidant enzyme
activities fluctuated and did not show a consistent pat-
tern across various tested metals, antioxidant enzymes,
and tissues. When comparing toxic effects of low dose
cadmium on the activities of SOD among various tis-
sues (Figure 3), it was evident that this effect was tis-
sue specific. For instance, when 110 pg/L Cd showed
highest toxicity to gonad at 14 days, it was found to
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Figure 1. Relative activities of SOD, CAT, and GPx in gills, gonads, and digestive glands of A. granosa exposed to copper at different exposure
concentration (7.1, 14.2, and 28.4 ug/L) for 7, 14, 21, and 28 days.

Table 3. Two-way ANOVAs on the Effects of Heavy Metal Exposure Concentration (C) and Time (T) on the Relative
Activities of Antioxidant Enzymes in Gills, Gonads and Digestive Glands (DG) of A. granosa.

p-values from Two-way ANOVAs for

SOD CAT GPx
Metals Factors Gill Gonad DG Gill Gonad DG Gill Gonad DG
C 0.52 <0.01* 0.02* 0.04* <0.01* 0.02* <0.01* <0.01* <0.01*
Cu?* T <0.01* <0.01* 0.04* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
CcT <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
C 0.22 0.17 <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
Pb2* T <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
CcT <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
C 0.43 0.27 0.31 <0.01* <0.01* 0.03* 0.36 0.04* 0.03*
Ccd?* T 0.04* 0.02* 0.04* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*
CcT <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*

Note: *indicates significant at p < 0.05.
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be least toxic to gill and digestive glands. Moreover, it
was showed that the effects of chronic sub-lethal metal
exposure differed among various antioxidant enzymes.
For example, when copper led to an increasing in GPx
activities in gill with the increased exposure time, a re-
versed effect of copper on CAT activities were demon-
strated (Figure 1).

The activities of antioxidant enzymes in various tis-
sues were significantly affected by heavy metal con-
centration in most trials (Table 1). However, an evident
non dose-response relationship between metal concen-
tration and antioxidant enzymes activities were found.
For instance, when exposed to sub-lethal lead for 28
days, it was shown that lead was more toxic at 86 pg/L
than 172 and 43 pg/L for all tested antioxidant en-
zymes and tissues (Figure 2). Furthermore, few cases

SOD

1159)

showed that the metal concentration had no significant
effect on some antioxidant enzymes in specific tissues.
For example, the concentration of cadmium had no
significant influence on the activities of GPx in gills
and digestive glands, or on the SOD activities in all
three tested tissues (Figure 3). Both copper and lead
concentration did not affect the activities of SOD in
gills (Figure 1). Activities of SOD in gonads were also
not affected by lead concentration (Figure 2).

DISCUSSIONS

It is well known that both organic and inorganic con-
taminations can induce oxidative stress by producing
ROS such as hydrogen peroxide and superoxide anion.
SOD, CAT, and GPx are cytosolic enzymes found in
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Figure 2. Relative activities of SOD, CAT, and GPx in gills, gonads, and digestive glands of A. granosa exposed to lead at different exposure

concentration (43, 86, and 172 ug/L) for 7, 14, 21, and 28 days.
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Figure 3. Relative activities of SOD, CAT, and GPx in gills, gonads, and digestive glands of A. granosa exposed to cadmium at different expo-

sure concentration (65, 110, and 220 ug/L) for 7, 14, 21, and 28 days.

nearly all living organisms exposed to oxygen, and
function to protect the biological system against ROS
[15]. SOD catalyzes the dismutation of superoxide into
oxygen and hydrogen peroxide; CAT and GPx subse-
quently catalyze the decomposition of free hydrogen
peroxide to water and oxygen. GPx also reduces lipid
hydroperoxides to their corresponding alcohols. There-
fore, theoretically exposure to environmental contami-
nations, such as heavy metals, can be evaluated by an-
tioxidant enzyme activities [16—19].

However, as shown in the present study, several fac-
tors can influence the effects of copper, lead, and cad-
mium on the antioxidant enzyme activities and has to
be taken into consideration when applying antioxidant
enzyme activities as heavy metal contamination bio-
indicators.

Firstly, the activities of antioxidant enzymes in
various tissues responded differently to heavy metal
exposure, which suggests different pathways of ROS
reproduction for different tissues. This result is in ac-
cordance with those from other species. Cantu-Medel-
lin et al. [20] found that SOD activity varied among
muscle, gonads and digestive glands in the black
chocolate clam Megapitaria squalida. Similar results
showed that activities of SOD, CAT, and GPx differed
between gills and digestive glands in Ruditapes de-
cussates [21] and between gills and mantle tissue in
Bathymodiolus azoricus [16]. This difference detected
in the present study and reported in previous researches
may due to the intrinsic differences among various tis-
sues. For instance, in comparison to gonad and diges-
tive glands, gills are used by filter feeder bivalves for
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feeding and breathing, which leads to a direct contact
with environmental variations such as metal contami-
nations and therefore are shown to be different in its
antioxidant system response.

Secondly, exposure time had a significant effect on
the activities of antioxidant enzymes, which have been
overlooked in most heavy metal toxicological studies
to date. Due to application of fixed exposure time in
most previous researches, only few studies have been
able to show the effect of exposure time of heavy met-
als on antioxidant enzymes activities. It has been shown
that the activities of SOD, CAT, and GPx of R. decus-
sates exposed to copper (0.5, 2.5 and 25 pg/L) varied
with exposure times (1, 3, 7, 14, 21, 28 days) and that
the oxygen metabolism imbalance was only induced in
the first week of exposure [22]. Similar temporal varia-
tions in antioxidant enzyme activities were also found
in B. azoricus at an even larger seasonal scale [16].

Thirdly, the response of antioxidant enzyme activity
was dependent on metal species, which suggests that
metal-induced ROS production occurring through dif-
ferent mechanisms. Copper is essential metal, and is
necessary for organisms to form many enzymes, such
as Cu/Zn-SOD [23]. Therefore, at low concentrations,
copper may have a protective effect by forming Cu/Zn-
SOD. In contrast, lead and cadmium are non-essential
metals with no recognized biological functions and
therefore can be extremely toxic even at low concen-
trations.

Lastly, unlike the acute effects of metals on the mor-
tality, in which the endpoints were normally shown to
be dose dependent, the effects of chronic sub-lethal
metals on the activities of antioxidant enzymes can
not be simply derived from the dose-response relation-
ship. The non-existence of dose-response relationship
found in the present study is partially due to the fact
that low dose metal exposure may fail to elicit detect-
able enzyme activity responses in short exposure time.
More importantly, the results obtained were combined
effects of antioxidant enzyme activity inducing and an-
tioxidant enzyme system damage caused by accumu-
lated metals.

CONCLUSIONS

This study clearly demonstrated that the antioxidant
enzyme activities of 4. granosa are sensitive to chron-
ic sub-lethal heavy metal exposure. However, caution
should be exercised when using antioxidant enzyme
activity as the endpoint for chronic eco-toxicological
bio-assays due to the complicated responses related to

tissue types, metal species, and exposure times. Infor-
mation obtained in the present study contributes to the
understanding of heavy metal toxicity in coastal inver-
tebrates.
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Effects of Fly Ash Content on Properties of
Cement Paste Backfilling

TINGYE QI, GUORUI FENG™, YUJIANG ZHANG, JUN GUO and YUXIA GUO

ABSTRACT: Fly ash has been considered as an ideal raw material component of ce-
ment paste backfilling (CPB) due to its good pozzolanic activity. In this study, the ef-
fects of fly ash content (340-420 kg/m?3) on the compressive strength, resistivity and
microscopic characteristics of CPB were investigated. The results indicated that at the
early curing age, the resistivity decreased with increasing fly ash content, while the com-
pressive strength did not vary significantly; at the curing times of 7 d, 14 d and 28 d, the
compressive strength exhibited an increasing trend because of the higher content of
reaction products and the compaction of pore structure, and the resistivity also increased
due to the decreased ionic concentrations of pore solution and the greater resistance to
transporting current through the pore network system. Apparently, there existed a linear
relationship between the compressive strength and the resistivity of CPB samples.

College of Mineral Engineering, Taiyuan University of Technology, NO. 79, Yinze Western Street, Taiyuan 030024, Shanxi Province, China

INTRODUCTION

EMENT PASTE BACKFILLING (CPB) for coal min-
C ing backfilling is an engineering mixture of milled
gangues, fly ash, hydraulic binder and water. Each
component of CPB plays a significant role in its rheo-
logical and mechanical performance (i.e., transporta-
tion, placement, strength and stability) [1,2]. Cemented
paste backfill is a technique to control the overlying
hard rock in modern underground mines. Besides, it
can also be used to exploit the coal below buildings,
railways and water bodies, which achieves the effec-
tive extraction of coal resources. From this aspect,
CPB can reduce landfill area requirements and prevent
environmental pollution [3].

Fly ash is a dust waste discharged from existing
coal-fired power plants, and its quantity has reached
over 300 million tons per year in China [4]. Fly ash
particles can accelerate the cement hydration kinetics
by heterogeneous nucleation and surface absorption
effects [5,6]. Moreover, fly ash exhibits a pozzolanic
activity, and soluble Al,O; and SiO, can participate
in the pozzolanic reaction to generate calcium silicate
hydrate and calcium aluminate hydrate [7]. Hence, fly
ash has an intermediate cementitious potential [8]. Fur-
thermore, it is resistant to sulfate attack and can reduce
strength deterioration to some extent, which improves

*Author to whom correspondence should be addressed. E-mail: fguorui@163.com;
Tel: +86 0351 6010177; Fax: +86 0351 6018040)

the long-term performance of cement based samples
[9].

Based on the above properties, fly ash can be mixed
with cement as a helpful additive to prepare concrete
and CPB [10,11]. Senapati and Mishra [12] found that
the addition of bottom ash fractions to fly ash slurry at
a given solid concentration had a beneficial effect on
reducing the pumping power requirement. Yao and Sun
[13] showed the compressive strength attained to a sta-
ble level when fly ash content reached a certain value
within the range from 20% to 70% at early curing time.
Katz and Kovler [14] reported that the increasing mass
of water and fly ash content could give rise to a concern
of a high bleeding rate for slurry. However, few studies
focus on the effects of fly ash content on the micro-
characteristics and resistivity of CPB.

Several researchers also pay attention to the rela-
tionship between compressive strength and resistivity
of concrete. Wei et al. [15] made several samples with
different cements, and measured their resistivity at 24
h, as well as the compressive strength at 28 d. They
found that there existed a linear relationship between
the two couple of values and concluded that the com-
pressive strength and resistivity mainly depended on
the pore structure and micro-morphology of products,
which were influenced by hydration. Liibeck et al. [16]
used White Portland cement, ground granulated blast-
furnace slag and Na,SO, to make different samples
with three water-to-binder ratios, and discovered that
the resistivity and compressive strength with the same
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binder followed a nearly linear relationship owing to
the compactness of the structure irrespective of the
concrete saturation degree, together with the pore solu-
tion conductivity which imposed the influence on the
resistivity [17]. Ferreira and Jalali [18] observed a lin-
ear relationship between electrical resistivity and com-
pressive strength for the concrete samples prepared by
an ordinary Portland cement and a fly ash cement, be-
cause the variation of compressive strength and electri-
cal resistivity depended on the pore structure and the
sample geometry change caused by cement hydration.
Ramezanianpour et al. [19] prepared 57 concrete mix-
tures by Portland cement with some supplementary ma-
terials including Tuff, Pumice, rice husk ash, metaka-
olin and Silica fume. Interestingly, the compressive
strength and resistivity of concrete mixtures prepared
with different cementitious materials presented no
sensible correlation, because the interfacial transition
zone (ITZ) only affected the compressive strength but
had no obvious influence on the resistivity of concrete,
whereas the chemical composition of the pore solution
played an important role in resistivity but had little ef-
fect on the compressive strength of concrete. Regretta-
bly, there have been few studies so far on the relation-
ship between resistivity and compressive strength of
CPB with different fly ash contents.

Fly ash content has a significant effect on the perfor-
mances of CPB, namely the resistivity of CPB is sub-
jected to the main ionic concentrations of pore solution
and the pore structure, and the compressive strength is
also influenced by porosity and micro-morphology of
products. For these reasons, this paper focuses on the
change of microstructure, resistivity and compressive
strength associated with the variation of fly ash con-
tent, and builds the relationship between compressive
strength and resistivity of CPB samples at different
curing times.

MATERIALS AND METHODS
Materials
Coal gangue

The coal gangue samples were obtained from Xin-
yang Colliery, which were discharged during coal min-
ing and washing processes. The samples were mechan-
ically crushed and then categorized into two groups
of aggregates based on particle size, i.e., fine gangue
(0—5 mm) and coarse gangue (5—15 mm). The fineness
modulus p ofthe fine gangue (0—5 mm) was 3.02. Table 1

lists the physical properties of the gangue samples. A
Thermo Fisher Scientific Thermo ICAP 6300 induc-
tively coupled plasma optical emission spectrometer
(ICP-OES) was used to determine the chemical com-
positions of the gangue samples (Table 1).

Fly Ash

The fly ash samples were obtained from the power
plant of Xingyang Colliery. The physical properties
of the fly ash samples were analyzed according to the
Technical Specification for Fly Ash Used in Concrete
and Mortar (JGJ28-86). An ICP-OES was used to ana-
lyze the chemical compositions of the fly ash samples
(Table 1).

Cement and Water

Ordinary Portland cement (42.5 grade) was used in
this study. Table 1 lists the chemical composition and
the physical properties of the cement (provided by the
manufacturer). The initial and final setting times were
165 min and 231 min, respectively. The compressive
strengths were 18.4 MPa (3-d curing time) and 46.4
MPa (28-d curing time), respectively. The water source
was tap water.

Sample Preparation and Test Methods
Sample Preparation
The raw materials used in the present study were or-

dinary Portland cement, coal gangue, fly ash and water.
The CPB samples were divided into five groups based

Table 1. Chemical Composition and Physical
Properties of the Various Materials.

Major Element Cement (%) Fly Ash (%) Gangue (%)

Sio, 22.27 52.42 28.46
Al,O4 5.59 32.48 16.11
Fe,O4 3.47 3.62 10.86
CaO 65.90 3.05 7.15
MgO 0.81 1.01 3.50
TiO, 1.26 0.80
Specific gravity (g/cm3) 3.1 2.2 2.0
Specific surface (m?/kg) 349 415 499
Fineness (> 45 ym)/% 5 42.54 53.78
Moisture content/% — 0.56 8.0
Lose on ignition/% 2 3.8 —

Notes: SiO, was first burned at 800°C to remove organic matter and then measured
in a NaOH solution at 650°C. All other oxides were subject to sealed digestion in
HF+HNO, at 185°C.



Effects of Fly Ash Content on Properties of Cement Paste Backfilling 135

on different fly ash contents (M1 — M5). In these five
groups, the fly ash content in each group was 340 kg/m?
(M1), 360 kg/m? (M2), 380 kg/m? (M3), 400 kg/m?
(M4) and 420 kg/m? (M5), respectively. In order to en-
sure that the mass concentration for each group was the
same (80 %), the water content was set as 370 kg/m?
(M1), 375 kg/m? (M2), 380 kg/m? (M3), 385 kg/m?
(M4) and 390 kg/m? (M5), respectively.

The raw materials were mixed according to the de-
signed mix proportions and then mechanically stirred.
Subsequently, the slurry was transferred into 70 mm
x 70 mm x 70 mm testing moulds. After casting, the
specimens were cured in a curing room for perfor-
mance testing (temperature: 20 = 2°C; humidity: 80%).

Microscopic Test

After curing for 7 d, 14 d and 28 d, the interior of the
specimens was removed and immersed in anhydrous
ethanol for 24 h. At the next stage, the pastes were ov-
en-dried for 48 h at 40°C in order to avoid microstruc-
ture changes caused by intense oven drying at 105°C.
The slurry particles were subjected to porosity test us-
ing mercury intrusion porosimetry (MIP) by a CE Pas-
cal 140/240 porosimeter. A field emission transmission
electron microscopy (FETEM) unit (JSM-7001F) was
used for the microscopic observation of the slurry par-
ticles cured for 28 d.

Solution pH Value and lon Concentration Test

After curing for 7 d, 14 d and 28 d, the processed
slurry particles were ground into powder, and then im-
mersed in deionised water [20]. The ratio of water to
solid mass was 100:1. The solution was stirred using
a magnetic stirrer for 10 min. To prevent the reaction
between the particles and water, the solution was fil-
tered and the concentrations of major ions in the filtrate
were immediately measured using ICP-AES. The pH
value was analyzed by a BPH-220 Meter. The testing
temperature of the solution was 20 = 1°C. Although the
measured pH of suspension solution was not the true
pH value of the pore solution, it was relevant to the true
one and could reflect the alkalinity and ionic concen-
tration changes of pore solution. The above procedure
was used in all mixtures in the test and the obtained
results were compared [21-23].

Resistivity and Compressive Strength

A Wenner dipole array was used to determine the

resistivity of the specimens cured for 3 d, 7 d, 14 d and
28 d, respectively. The test voltage was 5 V. To reduce
the effect of contact resistance on testing stability , sil-
ver papers were used as electrodes, and a piece of cot-
ton cloth that was pre-immersed in a saturated copper
sulphate solution was placed between the silver paper
and the specimen.

After resistivity test, the compressive strength test
was conducted using a computer-controlled mechani-
cal press with a load capacity of 1000 kN and a pressure
speed of 6.75 kN per minute according to GB50081.
All the experiments were carried out in triplicate.

RESULTS AND DISCUSSION

Effects of Fine Gangue Content on Microstructure
of CPB

The pore solution of CPB mainly contains Na*, K*,
Ca?*, Mg?", AI**, Fe**, Si**, SO,>-, AI(OH),~, H;Si0,,
OH- and [FeO,(OH)]?>", which originated from the
gangue, the dissolution of the fly ash and the hydroly-
sis between the hydration and the pozzolanic reaction
products [24]. The hydration and pozzolanic reactions
occur among the minerals in CPB, and the hydration
products include portlandite (Ca(OH),), hydrated cal-
cium silicate (C—S—H) gel, and AFt (ettringite, etc.) or
AFm (monosulphate, etc.) phases. Then, active Si*',
A" and Fe*" ions in gangue and fly ash react with
Ca(OH), to produce AFt or AFm phases [25].

Table 2 lists the variations of 7 major ion concen-
trations and pH value in the pore solution after differ-
ent curing times. As can be seen, after curing for 7 d
and 14 d, the concentrations of Si*", Fe3", A", Ca?",
Na™, K" and pH value decrease with increasing fly ash
content, due to the hydration and pozzolanic reactions
in CPB. Meanwhile, the reaction contact arca between
Ca(OH), and fly ash grain increases, and consumptions
of Ca*", OH", AI**, Si** and Fe** ions in the pore so-
lution also increase. At 28 d, Fe*", K', Na™ and Ca2*
decrease while AI*" and Si*' increase, because the
pozzolanic reaction levels off and the specific surface
separates out more soluble AlI** and Si*" as they dis-
solve in the pore solution. The variation trend of alkali
(Ca%*, Na*, K¥) ion concentrations is consistent with
the measured pH value. It can be calculated that the
overall iron concentrations decrease with increasing fly
ash content, and that the high Ca?" concentration in the
solution is a major influencing factor on the properties
of the pore solution.

CPB like concrete is a kind of porous material with



136 T. Ql, G. FENG, Y. ZHANG, J. GUO and Y. GUO

Table 2. Concentrations of Major lons and pH in the Pore Solution at 7d, 14d and 28d.

Fly Ash Element (mg/L)
Content
(kg/m?3) Al Fe Si Ca Na K Mg pH
340 5.786 0.529 1.38 86.5 217 3.18 0.153 9.45
360 5.519 0.49 1.46 77.6 2.18 2.41 0.09 9.27
7d 380 5.475 0.466 1.15 74.3 2.16 2.60 0.194 9.23
400 5.28 0.447 1.02 721 2.05 23 0.285 9.25
420 5.158 0.387 0.955 63.7 1.96 2.29 0.124 9.19
340 6.966 0.518 0.617 82.5 2.25 2.15 0.254 8.92
360 6.788 0.49 0.56 78.2 2.27 2.41 0.239 8.87
14d 380 6.495 0.458 0.518 741 1.98 3.05 0.175 8.74
400 6.353 0.465 0.487 72.6 2.06 2.86 0.284 8.71
420 5.73 0.364 0.257 60.8 2.26 2.47 0.219 8.68
340 7.516 0.447 0.288 72.0 2.46 3.46 0.324 8.35
360 7.484 0.412 0.369 71.6 2.38 2.87 0.318 8.4
21d 380 7.813 0.342 0.406 67.6 2.28 2.82 0.349 8.20
400 8.177 0.438 0.475 64.6 2.34 2.88 0.417 8.23
420 10.165 0.387 0.502 62.5 217 2.68 0.467 8.16

complex pore system. It can be regarded as a mixture
of gangue, fly ash particles and products distributed in
paste matrix. There are different-size pores including
capillary pores, small gel pores and so on in the po-
sition of CPB, and four size ranges of pore distribu-
tion can be defined as large capillary pores (> 100 nm),
middle capillary pores (50—-100 nm), meso-pores (4.5—
50 nm) and gel micropores (< 4.5 nm) [26]. The pore
network systems of CPB may be considered as a net-
work of large spaces (large and middle capillary pores)
interconnected by narrow channels (smaller capillary
or gel pore) [27]. The MIP results show that the poros-
ity decreases with the increase of fly ash dosage, and
that the porosity development closely relates to the re-
action degree in CPB [28].

Fly ash plays double roles during the pore structure
development and hydration process. The bigger pore
space among the gangues is filled with more fly ash,
which means a higher reaction degree. Meanwhile, this
phenomenon also has a close relation with the pack-
ing pattern of hydration products. Figure 1 indicates
that increasing fly ash content can result in the change
of pore size distribution in CPB. At 7 d, the peak of
the pore size distribution curve appears at the pore size
of 1,000 nm, and the large capillary pores and large
chambers take over a large proportion of space. With
the fly ash content increasing from 340 to 400 kg/m?,
the peak value gradually drops [Figure 1(a)]. At 28 d,
the peak of the pore size distribution curve appears at
the pore sizes of 10-100 nm and 1,000 nm, indicating
that the pore structure has changed and that the content

of middle capillary pores increases at the later age. Be-
sides, due to the reaction products filling in large pores,
the peak value of 1,000 nm pore size also drops with
the increase of fly ash dosage.

The critical pore diameter can be described as the
most frequent diameter that permits the maximum per-
colation of pore solution in the interconnected pore
network of CPB [29,30]. This parameter controls the
transport properties of CPB. Figure 1(b) shows that
as fly ash content increases, the critical diameter also
increases. For pore size distribution measurement, the
MIP results are sensitive to percolation properties of
the pore network, which in turn affects flow character-
istics of pore solution in the pore network. According
to the variations of pore structure and critical diameter,
the higher the fly ash dosage is, the weaker the flow
characteristics of CPB are.

Figure 2 shows the morphology of hydration and
pozzolanic reaction products in the CPB samples at
different fly ash dosages after 28 d. The microstruc-
ture of the samples confirms the formation of vari-
ous phases such as C—S—H, AFt and gangue particles,
and the continuous structure formed by outgrowth
can interconnect the reacted grains. At the fly ash
content of 340 kg/m® in CPB [Figure 2(a)], typical
hydration and pozzolanic reaction products such as
C—S—H appear in the sample, together with short acic-
ular and needle like crystals. At the fly ash dosage of
420 kg/m? [Figure 2(c)], the microstructure of CPB be-
comes denser with distinct formation of needle like and
floccus like crystals. The densification of microstruc-
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ture at 420 kg/m? fly ash content indicates the higher
degree of pozzolanic reaction, which may be responsi-
ble for the significantly increased strength. The higher
degree of pozzolanic reaction means more soluble Si**
and AI*" ions release from the fly ash particles, which
can continually react with Ca(OH), from cement hy-
dration in CPB.

Effects of Fly Ash Content on Compressive
Strength and Resistivity of CPB

As shown in Figure 3, at 3 d, the compressive
strength of CPB varies between 1 and 2 MPa with
increasing fly ash content, and the lower CaO in fly
ash and gangue results in a slow reaction rate at early
curing times [31,32]. At 7 d, 14 d and 28 d, however,
the compressive strength of CPB increases with the in-

crease of fly ash content, and the maximum values are
respectively 3.57 MPa, 5.8 MPa and 7.8 MPa at 420
kg/m? fly ash content. In contrast, Changir [33] assert-
ed that 0.7 MPa and 1 MPa at 28 d were regarded by
mine operators as the threshold for the self-supporting
stopes adjacent to ore extraction. The results of MIP
and SEM tests show that increasing fly ash content can
not only increase the amount of C—S—H gel and AFt
phase due to the higher hydration and pozzolanic re-
action degree, but also decrease the content of large
capillary pores. As a result, the compressive strength
of CPB presents an obvious increment.

The resistivity of the gangue is measured to be 1 x
107 Q-m, which is far greater than that of the measured
CPB. Therefore, the solution in the pores of CPB is the
primary contributor to the conductivity. In other words,
the resistivity of CPB depends on its pore structure, ion
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Figure 2. Morphology of minerals in CPB at: (a) 340 kg/m3; (b) 380 kg/m3; and (c) 420 kg/m? fly ash content.

concentration and the mobility of ions in the pore solu-
tion [34]. Figure 4 shows a resistivity decrease with in-
creasing fly ash content at 3 d. In this case, the amount
of ions dissolved in the pore solution increases, which
improves the capacity of transporting current and thus
leads to a lower resistivity. It is noted that the influ-
ence of pore structure on resistivity at 3 d is negligible.
This can be attributed to two reasons: Firstly, the pore
network is better connected on account of the lower
degree of hydration reaction, so that the connectivity of
pore network is less blocked up by hydration products;
Secondly, the high degree of saturation of CPB results
in the filling of pore structure with conductive pore so-
lution. After curing for 7 d, 14 d and 28 d, the higher
fly ash dosage leads to a higher resistivity. This phe-

nomenon can be attributed to the denser microstructure
and the lower ionic conductivity of the pore solution.
The decrease of total concentration of main irons in the
pore solution leads to a lower migration rate and reduc-
es the capability of transporting current. Additionally,
an excess of fly ash decreases the porosity of CPB and
weakens the flow characteristics of the pore structure
in CPB at later ages, which may also be responsible for
the decreased resistivity of CPB.

Relationship Between Compressive Strength and
Resistivity

Figure 5 shows the relationship between compres-
sive strength and resistivity at 3 d, 7 d, 14 d and 28 d.



Compressive strength (MPa)

S = N W A LN N0 OO

Effects of Fly Ash Content on Properties of Cement Paste Backfilling

‘-0- Curing 3 days =#- Curing 7 days —#— Curing 14 days -8~ Curing 28 days ‘

A

-

1

I
2 4

I
P 4

1

I
4

1

b 4
T

320

340

360

380
Fly ash content (kg/m?)

400

420

Figure 3. Compressive strength of CPB at 340-420kg/m? fly ash content.

The resistivity increases with increasing compressive
strength at 3 d [Equation (1)], 7 d [Equation (2)], 14
d [Eqquation (3)] and 28 d [Equation (4)]. In the cur-
rent study, the least squares regression method is used
to analyze the resistivity and compressive strength re-
sults. It is found that there is a linear relationship with
a high correlation coefficient between compressive
strength and resistivity of the CPB samples in the fly
ash dosage range from 340 to 420 kg/m? at different
curing times. The regression equations at different cur-
ing times and the general expression can be given as
Equations (1-4) and Equation (5), respectively.

Y =0.0374x—2.0397 R>=0.8754 (at3 days) (1)

Y =0.0187x+1.1691 R*=0.8616 (at 7days) (2)

440
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Y =0.0075x +3.6468 R?=0.7433 (at 14 days) (3)

Y =0.0075x+2.8777 R*=0.8118 (at 28 days) (4)

Y =ax+b (general expression)

)

where Y is the standard compressive strength of CPB at
different curing times, MPa; x is the electrical resistiv-
ity of CPB at different curing times, Q * m; and a and
b are the linear equation parameters, which depend on
the contents of cement and fly ash, as well as the cur-
ing time. To obtain more practical values for a and b,
a wider range of CPB properties should be provided
based on more tests in further study. Accordingly, these
linear models can be used to estimate the compressive

strength of CPB samples using the resistivity data.
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Figure 4. Resistivity of CPB at 340—-420 kg/m? fly ash content.
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Figure 5. Relationship between compressive strength and resistivity for CPB samples produced from 340-420 kg/m° fly ash dosages at:

(a) 3d; (b) 7d; (c) 14 d; and (d) 28 d.

It is noticed that the relationship between resistivi-
ty and compressive strength is approximately linear for
the same binder with different fly ash contents at 3 d, 7
d, 14 d and 28 d, since both of them directly depend on
the pore structure and the micro-morphology of prod-
ucts. In addition, the resistivity is also influenced by
the ionic concentration of the pore solution and the de-
gree of CPB saturation. To sum up, these properties are
affected by hydration and pozzolanic reactions.

CONCLUSIONS

Based on the results of current investigation, some
conclusions can be drawn as follows:

1. At curing times of 7 d, 14 d and 28 d, the compres-
sive strength of CPB increases with increasing fly
ash content, which can be attributed to the higher
content of pozzolanic products and the lower con-
tent of large pores.

2. At curing times of 7 d, 14 d and 28 d, the resis-

tivity of CPB increases with increasing fly ash con-
tent, which can be attributed to the decreased ionic
concentrations of the pore solution and the lower
transporting current of the pore network system.

3. The compressive strength values are correlated
with the resistivity values of CPB samples for
different fly ash dosages at a certain curing time,
and the linear relationship between compressive
strength and resistivity can be established. These
findings suggest that resistivity test is a practical
and less time-consuming method that can be used
to determine the microstructure and compressive
strength of CPB samples.
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ABSTRACT: In this paper, hydrothermal hot-pressing solidification of coal fly ash has
been done by mixing with different contents of calcium hydroxide and distilled water for
45 min at the condition of 7 MPa and 200°C. The strength of solidified specimens can
reach the highest value of more than 63 MPa with 20% calcium hydroxide and 20%
distilled water. During strength development, tobermorite may have a larger effect than
CSH, and the immobilization of the solidified specimens for heavy metals can be also
attributed to the new phases formed in the solidified bodies with different heavy metals.
The results showed that Zn and Cd were to be fixed more readily than Cu and Pb.

INTRODUCTION

YDROTHERMAL HOT-PRESSING (HHP) is a new

technology of synthesizing materials under con-
tinued external mechanical forces [1], which has been
widely applied in curing solid wastes and synthesizing
new functional materials. Since ion product constant
of water under hydrothermal conditions is much larger
than that under normal pressure and temperature. The
reaction rate at hydrothermal conditions would be
significantly increased, and the diagenetic process of
cumulates can accordingly be accomplished in a short
time. Yamasaki et al. [2,3] found that the high-level
radioactive waste could be successfully fixed by boro-
silicate glass under hydrothermal conditions. Further-
more, HHP solidified specimens of shell powder with
a certain amount of organics usually present beauti-
ful appearance like natural marble and can be used as
building decoration materials [4,5].

Coal fly ash (CFA) contains a large amount of amor-
phous phase and its main components are SiO, and
Al,O; [6]. In the process of hydrothermal synthesis
[7], Ca(OH), can react with SiO, and Al,O; in coal
fly ash to form the hydrated calcium silicate with high
strength and water hardness. Meanwhile, hydrothermal
synthesis is carried out at low temperatures, so that the

*Author to whom correspondence should be addressed.
E-mail: cfangqin@sxu.edu.cn; Tel/Fax: +86-351-7018813; Postal address: No. 92
road, Taiyuan, Shanxi, China, 030006

energy consumption during this process is only about
one sixth of the preparation process of ceramic materi-
als [8]. Therefore, it is reasonable to prepare an eco-
friendly material with high strength and water hardness
by HHP synthesis using coal fly ash and calcium hy-
droxide.

In this paper, solidified specimens with high strength
and stability made by the low-calcium coal fly ash
were investigated by HHP synthesis. Then, the fixing
efficiency of HHP material of CFA-Ca(OH), for heavy
metals was evaluated through toxicity characteristic
leaching procedure analysis.

EXPERIMENTAL
Materials

Coal fly ash, obtained from a power plant in Taiyuan
(52.5% Si0,, 31.2% Al,05 and 1.9% CaO), was used
as the raw material in this work. The calcium hydrox-
ide, trihydrate copper nitrate, zinc nitrate hexahydrate,
cadmium nitrate tetrahydrate, lead nitrate and glacial
acetic acid used in this work were all analytical pure
reagents.

Hydrothermal Hot-pressing Solidification Method
The coal fly ash and calcium hydroxide were mixed

at the different mass ratios. Distilled water at a certain
ratio was added into the mixed starting material. Then
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it was mixed sufficiently in a mortar. Next the mixture
was put into a cylindrical chamber of the autoclave for
HHP apparatus (Tohoku University), as shown in our
previous work [9]. After that, the specimen was heated
at a constant rate up to 200°C, and kept for 45 min at
7 MPa. After solidifying, the solidified samples were
dried at 50-80°C for a day.

Methods for Solidification and Leaching of
Heavy Metals

Dissolved nitrate solution of heavy metals was add-
ed into the distilled water, which generated reaction so-
lution with metal ion concentration of 0.5 mass %. The
solid materials were mixed with the solution and then
solidified in the HHP apparatus under optimal hydro-
thermal conditions. The sample was dried at 50—-80°C
for a day. The contents of heavy metals in the resul-
tant samples were: Sample A (Cu®* 0.5%), Sample B
(Zn** 0.5%), Sample C (Cd*" 0.5%), Sample D (Pb**
0.5%), Sample E (Cu®* 0.5%, Zn 0.5%, Cd*" 0.5%,
Pb?* 0.5%), Sample F (no heavy metal added).

Leaching tests was done in accordance with the US
EPA toxicity characteristic leaching procedure (TCLP)
[10]. In addition, it should be pointed out that the
horizontal shock method was used in TCLP leaching;
and in order to maximize the leaching concentration
of heavy metals, the horizontal shock method was re-
placed by the reverse method in this paper. Specimens
were pressed and ground into particles, and their diam-
eter were < 9.5 mm. Then, 2g ground particles were
put into glacial CH;COOH at the ratio of 20:1 (liquid:
solid). The mixtures were shaken in the homogeneous
reactor (JBJX-8, Jianbang, China) at a speed of 30 rpm
for 18 h. After settling for 30 min, the leachate was
filtered by membrane filter of 0.45 um. The filtrate was
used to determine heavy metal concentration.

Analysis Methods

The dried samples were used to measure the com-
pressive strength by a pressure-measuring instru-
ment (TYA-2000, China). Their characteristics were
analyzed by the X-ray powder diffraction instrument
(XRD, D2, Bruker, Germany), the fourier transform
infrared spectrometer (FTIR, Waltham, MA, USA)
and the field emission scanning electron microscope
(SEM, S-4800, Hitachi, Japan). The heavy metals
leached from the samples A~F were analyzed by the
atomic absorption spectrometer (TAS-990, Puxi, Chi-
na).

RESULTS AND DISCUSSION

Influence of the Water Content on the Compressive
Strength of Samples

Dissolution and precipitation are usually considered
as the main process in hydrothermal reaction [11]. Wa-
ter can contribute to full wetting and package of raw
materials, which is conductive to solution crystalliza-
tion of raw material particles [12].

In the content range of 0-25%, the influence of dis-
tilled water was investigated. With increase of distilled
water content, the compressive strength increased
initially and finally reached the highest value, which
could be specialized as: 22.1 MPa (5% water), 34.7
MPa (10% water), 51.5 MPa (15% water), 63.8 MPa
(20% water) and 64.8 MPa (25% water).

Besides, the alkali environment formed by water
and Ca(OH), reduced the polymerization of network
polymer of Si—-O-Al, and promoted the fracture of
T-O (T=Al or Si) bonds in fly ash surface. The unsatu-
rated bond could react with Ca(OH), to generate CSH
gel, which enhanced compressive strength of solidified
specimens. It was found that when the distilled water
content was more than 25%, the compressive strength
increased slightly, and most water bled out in the solid-
ification process. As a result, the distilled water content
was set as 20% in the following experiments.

Influence of Ca(OH), Addition on Specimen
Properties

As the open literatures indicate [13—15], tobermorite
and CSH gel have a significant influence on compres-
sive strength development. There is low concentration
of Ca in the raw ash, and addition calcium hydrox-
ide may promote the pozzolanic reaction of Ca’" and
the active SiO,/Al,O; in fly ash. Thus, the generated
productions were CSH gel and tobermorite with high
strength and water hardness.

The influence of Ca(OH), addition on the compres-
sive strength was investigated at 200°C and 7 MPa.
The compressive strength of samples increased dra-
matically from 18.5 MPa (no Ca(OH),) to 63.8 MPa
(20% Ca(OH),), and then decreased to 55.5 MPa
(30% Ca(OH),) and 54.8 MPa (40% Ca(OH),). This
indicated that a large amount of tobermorite or CSH
gel formed readily in the coal fly ash mixed with 20%
Ca(OH),.

The mineral transformation was investigated by
XRD (Figure 1). The major mineral matters in raw
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Figure 1. XRD patterns of solidified specimens with different
Ca(OH), contents.

coal ash were identified as mullite and quartz, which
transformed to tobermorite gradually during Ca(OH),
content of 0~40%. When the concentration of Ca(OH),
was 40%, the content of tobermorite reached the maxi-
mum value; however, excessive Ca(OH), had an ad-
verse influence on the hydrothermal reaction.

Figure 2 showed FTIR patterns of samples with dif-
ferent Ca(OH), contents. The band at about 970 cm™!
was consistent with the stretching vibration of Si—O
in tetrahedral structure, which was corresponding to
the chemical progress that coal fly ash reacted with
Ca(OH), to generate CSH or tobermorite [16]. The
peak at about 3643 cm™! was due to O—H bonds vibra-
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Figure 2. FTIR patterns of solidified specimens with different
Ca(OH), contents.

tion. And the band tended to become more intense with
increasing Ca(OH), content. In addition, at around
1430, 875 and 713 cm™!, three bands corresponding to
CO,? anions appeared, which resulted from the pres-
ence of CaCO; [17]. The above results were in good
agreement with those obtained from the XRD.

Figure 3 shows the SEM images for microstruc-
ture evolution of the specimens. When the content of
Ca(OH)2 was 20 %, there were many close directional
micro-fibrous textures [Figure 3(a)]. On the EDS re-
sult, the fibrous materials may be tobermorite, which
was in accord with the XRD results. The tobermorite
with micro-fibrous textures enhanced the strength of
samples, because the void between the coal fly ash
particles could be filled up and the well-densified ma-
trix genarated [18,19]. However, when the content of
Ca(OH), was 40 mass% [Figure 3(b)], the fibrous ma-
terials aggregated and transformed to laminated ma-
terials. Based on the corresponding EDS results, the
laminated materials should be CSH gel.

Solidification Efficiency of the Solidified Specimens
for Heavy Metals

Samples (A~F) were prepared at 200°C for 45 min
with 5 mass% different metals, 20 mass% Ca(OH), ad-
dition and 20 mass% distilled water. Table 1 showed
the effects of different heavy metals on the compres-
sive strength and leaching data of samples A~F. So-
lidification of heavy metal had a greater impact on the
compressive strength of Cu and Zn than those of Cd
and Pb. The underlying mechanism was complex and
uncertain, and more investigations would be done in
the near future.

The fixed efficiency (Y) of metal ion in the solidified
bodies was calculated by Equation (1):

- Cblank) xV

m

C, ..
Y(%):{l—( leaching }100% (1)

where C,yeping 18 the metal ion concentration leaching
from the solidified bodies fixing heavy metal (mg/L);
Cpani 1s the metal ion concentration leaching from
Sample F (mg/L); V is the leaching solution volume,
V=40 ml = 0.04 L; and m is the weight of all heavy
metal in the solidified bodies, m =2 g x 0.5% x 1000
=10 mg.

So, the initial concentration of Cu?*, Zn?*, Cd*" and
Pb?" in the solidified bodies were about 250 mg L.
The fixed efficiencies of Cu?*, Zn%", Cd*" and Pb?" in
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Figure 3. SEM and EDS images of solidified specimens with (a) 20% and (b) 40% Ca(OH), contents.

the solidified bodies were calculated as 92.7%, 99.6%,
99.5%, 97.7%, respectively. Zn>" and Cd** were easier
to be immobilized than Cu®>* and Pb**. Leaching con-
centration of different heavy metals was influenced by
the existence of other metals. Moreover, when these
heavy metals existed simultancously, the fixed efficien-
cies reduced as 80.1%, 72.3%, 96.9%, 67.5%, respec-
tively. The existing of other metal had lowest impact
on the fixed efficiency of Cd.

The evolution of the solidified bodies (A~F) was
also characterized by FTIR (Figure 4). The bonds of
1010 and 570 cm™! respectively corresponded to the
asymmetric stretching vibration of Si—O-Si and the
symmetric stretching vibration of Si—O-Al in the du-
al-ring-structure of tetrahedron [20], which tended to
move and change after adding heavy metals. In addi-
tion, the peak at around 1400 cm™' tended to appear.
The FTIR results showed that the heavy metals were
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Table 1. The Properties of Samples from A to F.

CLeaching (mg L_1) Compressive

Strength
Sample Cu?* Zn?*  Cd** Pb%* (MPa)
A(Cu?*0.5%) 18.3 0.313 0.031 0.117 43.4
B (Zn?* 0.5%) 0.121 1.08 0.033 0.073 37.0
C (Cd?* 0.5%) 0.119 0.148 2.04 0.074 51.9
D (Pb%* 0.5%) 0.106 0.037 0.336 5.85 59.6
E (each 0.5%) 50 69.2 8.40 81.4 53.6
F (blank) 0.115 0.041 0.712 0.170 63.8

fixed to the skeleton structure of solidification body
and replaced a part of groups of the polymer chains.

Compared with the XRD pattern of sample F (blank),
the intensity of many peaks of samples A~E became
higher or lower in Figure 5, and some new peaks ap-
peared at the same time, such as 2 Theta was about 18°,
32°,34°, 40°, 45~52°. It indicated that some new reac-
tion and the formation of new phases in the solidified
bodies with different heavy metals. Fixing heavy met-
als of the solidified specimens can be mainly attributed
to the new phases formed in the solidified bodies with
different heavy metals. But the exactly mechanism for
fixing the trace heavy metals by HHP method was not
very clearly so far.

CONCLUSIONS

Coal fly ash could be solidified by hydrothermal hot-
pressing under a constant pressure (7 MPa) at 200°C
by addition of calcium hydroxide and water. Ca(OH),
and water could provide the alkali environment and ac-

1400 11010 570 455

2000 1800 1600 1400 1200 1000 800 600 400 200

Wavenumber/cm™
Figure 4. FTIR patterns of solidified specimens A to F.
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Figure 5. XRD patterns of solidified specimens A to F.

celerate the dissolution of Si—O bond and Al-O bond
in coal fly ash, which promoted the fly ash to generate
CSH gel or tobermorite. And tobermorite promoted the
strength development because of the reinforced matrix
with its interlocked structure. The highest strength of
the solidified specimens had potential for fixing many
heavy metals, and the fixing efficiencies of Cu?",
Zn**, Cd*" and Pb?" in the solidified specimens were
all good, especially those of Zn?*, Cd*" (more than
99.5%). Meanwhile, the immobilization of metals was
influenced by other metals and the affected level was
different for different metals. Therefore, this study pro-
vides a method for solidification of CFA by hydrother-
mal hot-pressing and for fixing heavy metals. This has
a high potential for recycling solid wastes and fixing
heavy metals under low temperatures and pressures.
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ABSTRACT: A novel selective blocking agent called PLA-21 was prepared by acrylamide
(AM), Acrylic Acid (AA), diallyldimethylammonium chloride (DMDAAC) and 2-acrylamido-
2-methyl-1-propanesulfonic acid (AMPS) in aqueous solution with organosilicon(WWD-70)
as cross-linking agent. The optimal synthesis conditions were discussed detailedly. The
experimental results showed that its water plugging rate was higher than 95% and plug-
ging rate of oil was less than 10%, which demonstrated excellent selective plugging abil-
ity. Meanwhile, cores with different permeability can be blocked effectively. Compared
with some common selective blocking agents, it was found that the PLA-21 satisfied
engineering demand better and it was an effective selective blocking agent for oil filed
application. FTIR and EDS show PLA-21 was synthesized successfully and it contains
anion group, cationic groups, nonionic groups and silicon. SEM was used to research
and analyze the mechanism of selective plugging. It indicates that PLA-21 can expand
sharply in water and shirk in oil, which making it good selective blocking efficiency.

INTRODUCTION

AT present, the techniques of chemical water plug-
ging are applied extensively for old wells in the
process of water flooding. There are many chemical
agents employed for water plugging and novel agents
are developed continuously [1-4]. Depending on the
plugging effect, chemical blocking agents can be di-
vided into non-selective and selective water plugging
agent. With the ever-increasing demand of cleaner pro-
duction and environmental protection, selective water
blocking agents become more and more popular and
large quantities of water plugging agents are prepared
and have been common used in oil field, such as oil-
based cement, organosilicane resin, phenolic resin,
foamy plugging agents and so on [5—8]. However, all
of them exhibited have the shortages, such as less-than-
ideal selectivity, high cost, and so on, which greatly
limit their application. So, it is pressing and inevitable
to develop a novel selective blocking agent with excel-
lent selectivity, low cost and wide raw material sources
[9-11].

*Author to whom correspondence should be addressed.
E-mail: houbing9802@163.com; Tel/Fax: +86-351-7018813; Postal address: No. 92
road, Taiyuan, Shanxi, China, 030006

Based on the existing deficiencies of conventional
chemical blocking agents, molecules structure of new
blocking agent was designed and optimized. A novel
silicone based selective blocking agent named PLA-
21 was synthesized by cross-linking polymerization
of anionic, cationic and nonionic monomers through
oxidation-reduction initiator system. The PLA-21 is
three-dimension network spatial with excellent expan-
sibility in water and good shrinkability in oil, which
caused it higher water swelling ability and outstanding
selectivity.

MATERIALS AND METHODS
Materials

Acrylic Acid (AA), acrylamide (AM), ammonium
persulfate ((NH,),S,0yg), sodium sulfite (Na,SO;) were
of chemical pure. Diallyldimethylammonium chloride
(DMDAAC), organosilicone (WD-70) and 2-acryl-
amido-2-methyl-1-propanesulfonic acid (AMPS) were
of industrial grade. HPAM (M = 5 million, industrial
grade) was got from DaQing Oilfield of China. CAN-
1, synthesized with AM (acryl amide), AA (AA) and
AN (acrylonitrile), was obtained from Shenli Oilfield
of China. JH-AP, copolymer of AA and DMDAAC,
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was provided by JiangHan Oilfield of China. Organo-
silicone was used as cross-linking agent. Ammonium
persulfate and sodium sulfite were used as initiator. All
the chemicals and materials above were used directly
without any purification.

Methods
Synthesis and Characterization

First, a three-necked flask with 40 ml water was put
into a thermostatic water bath. Under the protection
of nitrogen, a certain amount of AM, AA, DMDAAC,
AMPS and WD-70 were added into the three-necked
flask orderly and mixed sufficiently. After that, am-
monium and sodium sulfite persulfate were added in
turn when the temperature of water reached 50~55°C.
Some hours later, polymerization finished and a trans-
parent viscoelastic substance was obtained. Lastly, the
transparent viscoelastic substance was dried and gran-
ulated with different partical size. The whole synthetic
process was controlled under the temperature of 60°C.

IR spectra were recorded with Nicolet iS50 FTIR
spectrometers (KBr pellets) to analyze the functional
groups of the product. The scanning electron micro-
scope pictures were obtained with Quanta 250 SEM
to study the surface structure and energy dispersive
spectrometer (EDS) was used to analyze the relative
element content of PLA-21.

Calculation of Swelling Degree

First, PLA-21 was dried in a beaker at 105°C. Then,
a certain amount of PLA-21 was added into water
for 24 h until it was saturated. Then, the PLA-21 was
weighed after it was screened through mesh size of 12.
The swelling degree of PLA-21 was calculated as the
following equation at the temperature of 25°C:

my, —m

O=—"— (1)

my

where Q represents swelling degree, m, is the weight
of original PLA-21 and m, is saturated PLA-21 which
cannot pass though the mesh size of 12, respectively.

Plugging Rate of PLA-21
The device for core flooding experiment (Figure 1)

was used to evaluate the plugging ability. The device is
shown in Figure 1.

— — U
(¢)) @ 3 (C) ®
Figure 1. Flowchart of core flooding experiment. (1) nitrogen cylin-

der; (2) six-way valve; (3) water cistern; (4) pressure accumulator;
(5) core holders; and (6) manometer.

First, the glue solution of plugging agent was poured
into the pressure container and the pressure vessel head
was screwed. Then, the device was assembled as Figure
1. The valve of nitrogen cylinder was opened after the
water temperature rose up to 25°C and the volume of
squeezed out water was recorded. After 1PV plugging
agent was squeezed out, the valves at both ends of the
core were closed. Then, the pressure was released and
the well was shut. The volume of squeezed out plug-
ging agent, the entry pressure and entry time of plug-
ging agent were recorded. The well was opened again
after the plugging agent was solidified. The change of
pressure, which represented the relative strength and
the cross-links of the gel system, was record when the
volume of squeezed out plugging agent over 20 PV.

The permeability of cores was calculated before and
after PLA-21 was added respectively. The darcy-weis-
bach formula was used to calculate the permeability.

__9QuL )
104AP

Where K is the permeability of the core, %; O is
the flow rate through the core at a certain differential
pressure, ml/s; A is the cross sectional area of the core,
cm?; L is the length of the core, cm; u is the viscosity of
the fluid through the core, mPa-s; AP is the differential
pressure of fluid before and after it passed though the
core, MPa; K is the permeability coefficient of the core,
D (um?).

The plugging ratio for core was expressed as fol-
lowing:

_ 3
K=K 100% )

n= K,

Where 7 is the plugging rate, %; K| is the permeabil-
ity of core before profile control, %; K, is the perme-
ability of core after profile control, %.
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RESULTS AND DISCUSSION
Synthesis

The single factor experiments were made to deter-
mine the most dosage of each monomer after orthogo-
nal experiments had been made to ensure the probable
addition of each monomer. The synthesis was in the
distilled water with the volume of 40 ml. As swelling
times was the most important parameter for block-
ing agent, so the optimal synthesis condition was de-
termined according to the swelling times of synthetic
product.

Effect of Dosage of AM on the Swelling Times

The optimal dosage of AM for PLA-21 was studied
firstly. Table 1 illustrates the effect of AM on the swell-
ing times. The reaction temperature, reaction time, ini-
tiator of (NH,),S,0¢ and Na,SO; were 50°C, 6 h, 0.1 g
and 0.05 g, respectively. As the increasing of AM from
1 g to 7 g, the swelling times increase from 4.7 times
to 11.7 times. That is because AM is beneficial to syn-
thesize plugging agent with certain molecular weight
to absorb water.. However, too much AM may hinder
other hydrophilic monomers from polymerization and
crosslink excessively, which decreases the swelling
degree. So, after that, the swelling times maintain and
then drop [12]. Taking the cost of production into con-
sideration, the best addition of AM is 7 g.

Effect of Dosage of AA on Swelling Times

The addition of AA was changed from 1.0 g to
11.0 g after the best dosage of AM was determined.
The effect of AA on the swelling times is shown in Ta-
ble 2. The reaction temperature, reaction time, initiator
of (NH,),S,04 and Na,SO; were 50°C, 6 h, 0.1 g and
0.05 g, respectively. As shown in Table 2, the swelling
times increases with increasing AA from 1 g to 6 g and

Table 1. Effect of Dosage of AM on Swelling Times.

AM AA AMPS DMDAAC WD-70 H,0  Swelling
@ (@ (9 (9) (9 (ml) Times
10 40 20 15 0.5 40.0 4.7
30 40 20 15 0.5 40.0 5.6
50 40 20 15 0.5 40.0 6.9
7.0 40 20 1.5 0.5 40.0 1.7
9.0 40 20 15 0.5 40.0 1.8
110 40 20 15 0.5 40.0 9.2

Table 2. Effect of Dosage of AA on Swelling Times.

AM AA AMPS DMDAAC WD-70 H,0 Swelling
(9) (9) (9) (9) (9) (mi) Times
7.0 1.0 2.0 15 0.5 40.0 8.6
7.0 3.0 2.0 1.5 0.5 40.0 9.0
70 6.0 2.0 15 0.5 40.0 16.9
70 90 2.0 15 0.5 40.0 12.9
70 110 2.0 15 0.5 40.0 10.5

decreases with increasing of AA thereafter. So, 6 g AA
here is the optimal choice. Because the water absorp-
tion of carboxylate radical in AA is stronger than that
of amino group in AM. So, with the increase of AA, the
water absorption of plugging agent become stronger.
However, with much more AA is added, it may homo-
polymerize and synthesize straight-chain compounds,
which destroy the three-dimensional network structure
[13].

Effect of dosage of AMPS on swelling times

After the optimal addition of AM and AA was de-
termined, experiments was made to determine the
optimum dosage of AMPS. Table 3 illustrates the ef-
fect of AMPS on the swelling times. The reaction tem-
perature, reaction time, initiator of (NH,),S,04 and
Na,SO; were 50°C, 6 h, 0.1 g and 0.05 g, respectively.
AMPS has good water absorption for the reason that it
contains hydrophilic amino group and sulfonic group
So, with the dosage of AMPS increases from 1 g to
3 g, the swelling times of blocking agent increase from
15.7 times to 18.4 times. After that, the swelling times
decrease with further more AMPS for the reason that
the steric-hinerance effect of quaternary carbon and
sulfonic group become obvious. So, 3 g here is best for
synthesizing blocking agent.

Effect of Dosage of DMDAAC on Swelling Times

After the optimal addition of AM, AA and AMPS

Table 3. Effect of Dosage of AMPS on Swelling Times.

AM AA AMPS DMDAAC WD-70 H,0 Swelling
(9 (9) (9) (9) (9) (ml) Times
70 6.0 1.0 15 0.5 40.0 15.7
70 60 20 15 0.5 40.0 16.9
70 6.0 3.0 15 0.5 40.0 18.4
70 60 40 15 0.5 40.0 14.0

7.0 6.0 5.0 1.5 0.5 40.0 1.3
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was determined, experiments was made to find the op-
timum dosage of DMDDAC. Table 4 below shows the
effect of AMPS on swelling times. With the dosage of
DMDDAC increases from 1.0 g to 3.0 g, the swell-
ing times increases firstly and decreases rapidly when
the dosage exceeds 1.5 g. The reason is that quater-
nary ammonium cationic groups of DMDAAC have
good hydrophilcity, which means a small number of
DMDAAC can help to absorb more water. Meanwhile,
the stereo-hindrance effect of quaternary ammonium
cationic groups is obvious [14—15]. So, superabun-
dant DMDAAC may hinder the polymerization be-
tween monomers.

Effect of Dosage of WD-70 on Swelling Times

Experiments were made to find the optimum dosage
of WD-70 after the optimal addition of AM, AA, AMPS
and DMDAAC were determined. Table 5 below shows
the effect of WD-70 on the swelling times. The maxi-
mal swelling times appear when 0.1g WD-70 is added.
According to Flory’s inflation theory, apposite WD-70
is so important to strengthen an elastomer with three-
dimensional network structure. However, higher dos-
age of cross-linking agent occupies the space of net-
work structure for excessive crosslinking [16]. That’s
why the swelling capacity decreases sharply when the
dosage exceeds 0.1 g. So, 0.1 g WD-70 here is appro-
priate for PLA-21.

Effect of Temperature and Time on Swelling Times

Experiments were made to find the optimum tem-
perature and time after the optimal addition of all
monomers was determined. The result is shown in Ta-
ble 6. When the reaction time was set at 6 h, the swell-
ing times of synthetic product increased with the rise
in temperature and reduced after the temperature was
over 50°C. At the low temperature, it is hard for free
radicals to collide each other, which cause short-chain

Table 4. Effect of Dosage of DMDAAC on
Swelling Times.

Table 5. Effect of Dosage of WD-70 on
Swelling Times.

AM AA AMPS DMDAAC WD-70 H,0 Swelling
(9) (9) (9) (9) (9) (ml) Times
7.0 6.0 3.0 15 0 40.0 14.8
7.0 6.0 3.0 15 0.1 40.0 44.6
7.0 6.0 3.0 15 0.2 40.0 25.8
7.0 6.0 3.0 15 0.3 40.0 24.6
7.0 6.0 3.0 15 0.5 40.0 18.4
7.0 6.0 3.0 15 0.7 40.0 16.1

branch and low crosslinking degree, further influencing
the swelling degree. At the high temperature, homopo-
lymerization and thermal cross-linking become active,
which cause low grafting and low swelling degree. So,
the reaction temperature was set at 50°C.

When the reaction temperature was set at S0°C, rel-
ative experiments were done to optimize the reaction
time. From Table 6, it is clearly to see that the best re-
action time was 8 h. When the time is not long enough,
the polymerization reaction cannot finish fully to form
the best network structure. However, when the reac-
tion time is too long, the product will crosslink exces-
sively and the space of the plugging agent will be com-
pressed, further reducing the swelling degree.

Effect of Initiators on Swelling Times

The optimal addition of initiators was determined
finally when the other conditions mentioned above
were set at the best value, respectively. The dosage of
oxidizing agent and reductant was determined orderly
and the results are shown in Table 7. When the dosage
of initiator is not enough, the active centre will reduce,
which cause low reaction speed and incomplete reac-
tion. However, high dosage of initiator means more
active centre, which increase the ratio of chain ter-
mination and excessive crosslinking. So, the optimal
addition of oxidizing agent and reductant is 0.2 g and
0.075 g, respectively.

Table 3. Effect of Temperature and Time on
Swelling Times.

AM AA AMPS DMDAAC WD-70 H,O0 Swelling Temperature Time Swelling | Temperature Time Swelling
(@ (9 (9) (9) (9) (ml) Times (°C) (h)  Times (°C) (h)  Times
7.0 6.0 3.0 1.0 0.5 40.0 12.2 42 30.4 4 23.1
7.0 6.0 3.0 1.5 0.5 40.0 18.4 50 44.8 6 45.2
7.0 6.0 3.0 2.0 0.5 40.0 14.9 64 6 38.6 50 8 73.0
7.0 6.0 3.0 25 0.5 40.0 9.5 7 36.2 10 49.9
7.0 6.0 3.0 3.0 0.5 40.0 6.1 88 35.9 12 36.9
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Table 7. Effect of Addition of Initiators on
Swelling Time.

Table 9. Plugging Effect of Several Plugging Agents
on Oil and Water.

(NH,),S,0;3 Na,SO; Swelling | (NH,),S,0; Na,SO; Swelling Plugging Ky K.,z Ny Ko Koz No
(9) (9) Times (9) (9 Times Agent (m?)  (@m?) (%) Em?)  (em?) (%)
0.05 88.4 0.05 163.8 PLA-21 0.675 0.0014 99.8 0.587  0.531 9.5
0.10 92.1 0.075 167.8 HPAM 0.558  0.0318 94.3 0486 0433 10.9
0.15 0.025 100.5 0.20 0.10 159.9 CAN-1 0.491 0.0162 96.7 0452 0.301 334
0.20 109.6 0.15 154.1 JH-AP 0.607 0.0255 95.8 0.569 0.448 21.2
0.25 98.3 0.20 132.0

Plugging Effect of PLA-21
Blocking Efficiency of PLA-21 with Different Size

PLA-21 was grinded into particles with different
size to plug cores with different permeability. Under
the temperature of 25°C, plugging agent with the con-
centration of 0.1% was squeezed into the cores with
the shape of p25 x 60 mm. The displacing medium
was sodium chloride solution with the concentration of
1,000 mg/L and the plugging the plugging time is 16 h.
The results were shown in Table 8.

It is indicated in Table 8 that the PLA-21 with the
particle size from 30 um to 120 pum is effective to plug
the cores with the air permeability from 0.9 pm? to
15 um?. The plugging rate of all the tested cores is
higher than 95%. By analogy, it is efficient to choose
PLA-21 with larger size to plug the cores with higher
permeability. Though, the core with lower permeabil-
ity can be easier plugged and the permeability reduces
nearly to zero, the Breakthrough pressure gradient re-
duces and the plugging rate also drop with the enlarge-
ment of the permeability. That is because big PLA-21
can block big pores but may hardly plugging small
pores. So, it is significant to add a proportion of small
PLA-21when block the rock with big permeability.

Selectivity Comparison of the Different Plugging
Agents on Oil and Water

Three kinds of commonly used commercial block-

Table 8. Plugging Effect of PLA-21 with Different Size
on Cores with Different Permeability.

K, © P, K AP P, K, n
(pm?)  (um) (MPa) (um?) (MPa/m) (MPa) (um?) (%)
0901 30 046 0291  16.1 1.02  0.00027 99.9
3852 60 030 1276 43 091  0.02247 98.2

14987 90 0.01 6.660 1.24 0.21 0.225 96.6
15.011 120 0.20 6.986 0.90 0.04 0.323 954

ing agents, HPAM, CAN-1 and JH-AP, were used for
plugging effect comparison to detect the selective plug-
ging effect of PLA-21. Plugging effect of each block-
ing agent on oil and water was tested with kerosene
and 2% saline used for the displacing medium. Plug-
ging agents with same volume and concentration were
squeezed into cores at the temperature of 25°C. Results
shown in Table 9.

Table 3 shows that the water plugging rate of PLA-
21 is above 95% and the oil plugging rate is less than
10%, behaving good selectivity. Though the plugging
experiments are tested using the cores with the similar
permeability, both water plugging effect and selectivity
of PLA-21 are better than HPAM, CAN-1 and JH-AP ,
which shows good plugging and selectivity.

Characterization and Mechanism Analysis
FTIR Analysis and EDS

IR picture was used to analyze whether the PLA-21
had been synthesized successful. EDS was used to test
the relative content of silicone.

FTIR peaks at 798.71 cm™! and 1113.08 cm™' repre-
sent the bending vibration and stretching vibration of
Si—O-Si, respectively. The peaks of 1697.97cm™! and
3212.52 cm! represent the C=0 and N-H, respective-
ly, which indicates the existence of amido. The band
of 958.45 cm™! represents quaternary ammonium. The
band of 1716.25 cm™' shows the vibration absorption
of C=0 in the acid. The peaks of 1037.05, 1174.05and
1216.24 demonstrate the existence of ~SO,%~. The phe-
nomenon shown above demonstrates that the PLA-21
was synthesized successful and it contains anion group,
cationic group and non-ionic group.

Both elemental analysis and IR spectra indicate that
PLA-21 contain silicon, it is because vinyl organo-
silicone is used as one of the monomers. Though, the
relative content of silicone is very little, it plays a sig-
nificant role. On one hand, silicon-containing group
can react with the hydroxyl groups of rock surfaces,
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Figure 2. IR spectra of PLA-21.

changing oleophilic rock into the hydrophilic rock. On
the other hand, the silicon-containing group can react
with water and generate insoluble silanol, which block
the pores of the reservoir. Meanwhile, it cannot pro-
duce insoluble substance in the oil reservoir for the
reason that there is no water there. Also, it has the abil-
ity of forming and strengthening the grid structure of

KCnt S Ka

PLA-21. So, organosilicone can help to blocking water
efficiently.

Observation with SEM

Four pieces of dried PLA-21 with the similar volume
were prepared. One was used for comparison. Two of

0.50 1.00 1.50 2.00 2.50 3.00

350 400 450 500 550 6.00 6.50

Energy - keV
Figure 3. EDS spectra of PLA-21.
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Table 10. Relative Element Contents of PLA-21.

Element Wit% At%
CK 64.02 72.47
NK 11.25 10.92
OK 14.58 12.39
SiK 00.41 00.20
SK 07.30 03.09
CIK 02.44 00.94

Matrix Correction ZAF

them were soaked in water and kerosene separately for
24 h. The last one was soaked in water for 24 h and then
soaked in kerosene for more 24 h. The four pieces of
PLA-21 were observed with SEM under environmental
scanning mode. The pictures are shown as follows.

It is show in Figure 5, PLA-21 has good expansi-
bility in water and it present regular space truss struc-
tures. It is because PLA-21 has solvation effect when it
was put into water, which causes the ionic concentra-
tion inside and outside PLA-21 different, further pro-
ducing osmotic pressure. PLA-21 inflated due to the
osmotic pressure. Meanwhile, water can be absorbed
by charged groups and hydrogen bond. So, water in the
reservoir was locked effective by its sealing property
and high affinity for water.

Normally, the PLA-21 will be dissolved in water and
pump in to the reservoir. So, it is necessary to survey
the change of the dissolved PLA-21 in oil layer. Figure
6 shows the picture of PLA-21 soaked in kerosene for
24h. It obviously show that the PLA-21 soaked in ker-

Figure 4. PLA-21 (x 500).

Flgure 5. Soaked in water (x 2000)

osene for 24h nearly have no difference with PLA-21
without any treatment (Figure 4), which indicates that
the oil nearly had no effect on PLA-21. When swelling
PLA-21 was surrounded with oil, the swelling equilib-
rium was destroyed. The swelling PLA-21 was dehy-
drated and shrink duo to the reverse osmosis. Figure 7
shows that the spatial structure of swelling PLA-21 is
destroyed and it almost shirks to its original shape. On
one hand, the PLA-21 in oil layer shrinks into small size
and can be reverse discharged easily. On the other hand,
there are hardly any functional groups that can absorb
the oil. So, PLA-21 had just little plugging rate of oil.

,‘5/ ¢ /

Figure 6. Soaked in kerosene (x 1000).
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Figure 7. Soaked in kerosene after soaked in water (x 1000).

CONCLUSIONS

1. The technology of synthesis PLA-21 is very

simple, the raw materials are available and cheap,
and the reaction condition is mild. Also, the in site

construction technology is easily operable.

2. PLA-21 shows good plugging ability for water
and the plugging rate is always higher than 95%.

Meanwhile, it just brings little damage to oil layer,

which is always lower than 10%.

3. Its good selective plugging ability depends on that

it expend severely in water and shirk in oil. So,

PLA-21 is an efficient, accessible, affordable plug-

ging agent for oilfield application.

NOMENCLATURE

K, = water permeability before plugging
= water permeability after plugging
water plugging rate

K, = oil permeability before plugging

= oil permeability after plugging

~
S
\

$
|

e
o

o = oil plugging rate
K, = air permeability of core

g

@ = particle size of selective plugging agent

V' = squeezing volume of plugging agent

P, = squeezing pressure

= water phase permeability before plugging
flowback pressure

K, = water phase permeability after plugging

n = water plugging rate
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Recovery of Aluminum Residue from Incineration of
Cans in Municipal Solid Waste
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with respect to the single dry process.

ABSTRACT: The interest to investigate to which degree aluminum residue from cans
may be recovered from MSWI bottom ash. To this end an assessment was made of the
cans residue size distribution in bottom ash and its potential for recovery. This study
indicates that nonferrous concentrates from Amsterdam bottom ash contain interesting
amounts of aluminum cans residue (0.055% of the ash). About 61.7% of the input of
aluminum cans are ended after combustion in the 6—20 mm ash fraction. Also it is shown
that a combination of dry and wet separation can improve aluminum residue recovery

INTRODUCTION

ITH the increasing growth of incineration of

household waste, more and more aluminum
residue ends up in MSWI bottom ash. The aluminum
alloys that are presently lost in bottom ash treatment
plants may form the largest single loss in the whole
aluminum cycle [1-3]. According to some estimates,
approximately 1.52 million tons of aluminum alloy
with a high pure aluminum content is used annually
for packaging cans in Europe [4]. However, on aver-
age only 43% of all cans consumed in Europe is re-
cycled and the rest is ended up in different waste
streams. The present increase in recycled aluminum is
a positive trend, as secondary aluminum requires only
2.8 kWh/kg of the metal produced whereas primary
aluminum production takes 45 kWh/kg [5]. It is there-
fore of advantage to industry to maximize the amount
of recycled metal, both to achieve energy-saving and
to reduce the EU dependence on primary resources. In-
creasing the use of recycled aluminum is also quite im-
portant from an ecological standpoint since producing
aluminum by recycling creates only about 4% of the
CO, emissions in comparison with primary production
[5]. In addition, the recovery of aluminum from bottom
ash reduces the problems of swelling and expansion
that aluminum particles cause when bottom ash is re-
used in concrete production [6—7]. It is noted that some

*Author to whom correspondence should be addressed.
Tel. +86 +571 88320492, Email address: huyanjun@zjut.edu.cn

75% of the bottom ash consists of minerals for which
concrete may form a high-end outlet.

In recent years the recovery of aluminum from
MSWI bottom ash is common practice in several Eu-
ropean countries [8—10]. For instance, France, Neth-
erlands and Italy are the experienced practitioners in
separating non-ferrous metal scraps from waste in-
cineration ashes. Though aluminum cans may also be
oxidized to add to energy production during incinera-
tion, it proves much better to recover them from the
bottom ash for recycling purposes. Characterization
of treated bottom ashes and the recovered aluminium
scraps from a Dutch MSW incinerator showed the bot-
tom ash contained approximately 1.5% of aluminium
[9]. XRF analyses of the aluminium particles from dif-
ferent size fractions of bottom ash showed that smaller
particles generally have a different alloy composition
than larger particles, and therefore must originate from
different aluminium products. In particular, the more
strongly alloyed aluminium of cans is suspected to re-
port to the coarser aluminium particles fraction in the
bottom ashes [11-12]. An innovative investigation into
the behavior of different types of aluminum packag-
ing materials in a full-scale waste to energy plant dur-
ing standard operation reported that about 80% of cans
could be recovered through an advanced treatment of
the bottom ash [8]. The main issues in the valorization
of the aluminum residues are the concentration, the
mass distribution over the particle size ranges, and the
effectiveness of available sorting technologies.

For aluminum recovery there are two distinct
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types of bottom ash treatment method in the Amster-
dam MSW incineration plant AEB in the Netherlands
[13—14]. One is an operational system of dry physi-
cal separation for particles below 40 mm. The other
is a combined system of dry and wet physical separa-
tion processes. The dry separation process is designed
to recover the coarse aluminum and other nonferrous
metal scraps larger than 6 mm. The drawback is that
only a small part of metals in the ash can be recov-
ered while the fine fraction is not treated at all. Some
separation facilities also process the fine fraction using
eddy current or density separation, but due to the high
moisture content of the fine ash fraction the separation
performance is relatively poor combination of dry and
wet separation has been used in recent years to recover
non-ferrous concentrates. It successfully improved the
recovery rate of fine aluminum particles, i.e. below 6
mm. However, few investigations focused on the as-
sessment regarding cans residue distribution in differ-
ent size fractions of bottom ash and its potential for
recovery.

The current work investigates the particle size rang-
es of aluminum cans residue and the concentration
and distribution in Amsterdam MSWI bottom ash. A
comparison is made between the recovery efficiencies
of the cans residues using both an existing dry physi-
cal separation process and a combined dry and wet
separation process. In addition, co-combustion tests of
complete beer cans and synthetic household waste in a
lab-scale stoker furnace were conducted to assess the
aluminum residue partitioning and its recyclable con-
tents from the bottom ash.

EXPERIMENTAL
Al Scraps in AEB Bottom Ash

A large amount of raw bottom ash with less than
10% moisture content was collected in the Amsterdam
AEB MSW incineration plant. To assure the sample
would be representative, 25 sub-samples were taken
from different points and from different depths in the
bottom ash heap to a total of 200 kg. The raw bottom
ash samples were separated into different size fractions,
where the procedure is shown in Figure 1(a) and (b).
The resulting fractions were classified into four groups
of products: > 40 mm (Product A) and 0—40 mm non-
ferrous (NF) metals (Product B) from the dry process,
non-ferrous metals (Product C) and treated bottom ash
(Product D) from the wet process. Products A, B, C,
and D were further treated to identify the aluminum

scraps, as shown in Figure 1(c). Non-ferrous metal
products were recovered from different bottom ash
sub-samples, mainly by using dry and wet eddy current
separation (ECS) systems. The operating principle of
standard ECS is based on eddy currents which induce a
secondary magnetic field around the non-ferrous metal
scraps and generate a combined driving and repelling
force which ejects the non-ferrous metal items from the
bottom ash fractions. The high frequency ECS and wet
backward ECS were employed to separate NF from dry
bottom ash and wet bottom ash (the moisture content
was preferably 10-15%), respectively [10—-11]. Unlike
a standard ECS, the rotor of a wet ECS rotates against
the direction of the conveyor belt [11]. The NF parti-
cles are disengaged from the belt of a wet ECS and col-
lected in front of the separator, while the non-metal and
ferrous particles remain on the belt and are released
below the separator.

Identification of Aluminum Cans and Metallic
Aluminum

Identification of aluminum cans was carried out on
the recovered aluminum scraps by means of chemi-
cal methods, XRF, and electron microprobe analysis.
For the chemical tests three kinds of chemical liquid
were used to determine the main alloying composition
of each cans scrap with. They contained respectively
65% nitric acid, 30% sodium hydroxide solution, and
25% ammonia. A part of the aluminum scrap surface
was polished and cleaned to remove corrosion, after
which a few droplets of the chemical could be applied.
The presence of the targeted alloying metal was de-
tected visually from a change in color. For each alloy-
ing metal a different chemical liquid was used. XRF
analysis was used to confirm and the chemical detec-
tion test and specify the alloy. The details of this pro-
cedure are described in an earlier publication [9]. Alu-
minum cans composition differs in some distinct ways
from other Al alloys. They have a high Mn, Fe and Cu
contents compared to casting alloys and wrought al-
loys, as presented in Table 1. The composition of the
aluminum cans scraps recovered from MSWI bottom
ash proved not identical with that of the input Al cans
alloys. Therefore a global criterion for identifying Al
cans was constructed as presented in Table 1.

Metal loss is a crucial factor in the recycling of
incinerated Al cans scrap, and is a function of many
parameters, such as the type of alloy and combustion
conditions. The oxidation degree of Al may result in a
major loss of metallic Al, which is why the measure-
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Figure 1. Procedures for bottom ash treatment by combined dry and wet separation.

ment of metallic Al content was carried out using a
hydrogen generation test with sodium hydroxide solu-
tions.

Laboratory Stoker Furnace Tests

Identification and study of the recovery rates of
combusted cans required another research approach
for which a laboratory scale stoker furnace was used.
Co-combustion tests were conducted with base house-
hold waste and known amounts of aluminum cans as
the only source of metallic aluminum input waste. The

Table 1. Criterion for Identifying Al Cans.

Al (%) Cu (%) Fe (%) Mn (%)
Built Criterion 90-98 0.05-0.50 Max 1 0.6-1.6
Aluminum Can Standard 95-98 0.05-0.25 Max 0.8 0.8-1.4

mass of the cans was accounted for 0.5% of the total
input base waste. The aluminum can in these tests had
a volume of 330 ml. First the bottle cap was removed
and only the cans body was crumbled for combustion.
The synthetic samples of base household waste were
made using a mixture of representative household
waste materials, such as organics, paper, sand, textile,
ceramics, glass, wood, leather, ferrous, plastics and
building material. These components were assembled
from typical household waste sources in Western Eu-
rope [15]. More details of the combustion apparatus
and the input base waste samples may be found in the
literature [16]. The operational parameters of the incin-
eration tests are shown in Table 2. Each test was dupli-
cated once in view of operational errors and material
variations between samples.

The bottom ash from the stoker furnace was
quenched and a magnetic separation was carried out
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Table 2. Operational Parameters of
Combustion Tests.

Test Series Average S-dev
Bed Temperature, °C (at the bottom) 850 10
Bed Temperature, °C (at the top) 800 15
Air flow (m3/h) 10/12 0
Air ratio excess 1.2 0.01
Combustion time (minutes) 55 5
Flue gas, °C 620 25

to remove the ferrous metals. The ash samples were
dried to bring the moisture level below 5%, after
which they were sieved into four size fractions: 2 mm,
2-6 mm, 6-20 mm, and +20 mm. The experimental
procedure for analyzing and recovering the cans resi-
dues is shown in Figure 1. ECS separation and hand
sorting was employed to recover the aluminum scraps
from the larger fraction above 2 mm. These scraps
were evaluated for weight, size distribution, and recov-
ery rate. The metallic aluminum contents in each size
fraction were derived from the hydrogen generated in
a sodium hydroxide solution (the so-called lime test).
The chemical reaction that controls the hydrogen pro-
duction is given in Equation (1) [17].

2Al1+20H™ +2H,0 — 2Al0; +3H, (D

RESULTS AND DISCUSSIONS
Cans Residue Concentrations

Figures 3, 4 and 5 present the aluminum cans resi-
dues concentrations over the different size fractions of
products A and B from the dry process and Products
C and D from the wet process. It proved that the re-
covered nonferrous concentrates from Amsterdam bot-
tom ash contain an economically interesting amount of
aluminum can residues. Based on the metallic alumi-
num content, 95% of the recovered residues could be
recycled.

By extrapolating the concentration of aluminum
from the incinerated cans to the different size fractions
of the bottom ash we obtain Figure 6. The total con-
tent of metallic aluminum from cans is 0.055% of the
raw bottom ash. About 65.3% of the recovered cans
residues ended up in the 6-20 mm bottom ash fraction
for which efficient recovery technologies are available.
On the other hand, less than 5% ended up in the fine
—2 mm fraction for which the conventional recovery
technologies are far less effective. Nevertheless, prom-
ising advancements are made recently which can to
improve the recovery of fine metals from bottom ash
by means of sensor-supported eddy current separa-
tion [18]. Referring to the current separation process

Waste samples with the
addition of Al cans

> | Stoker fumace

v

Bottom ashes

B

Lime tests

Mass of metallic

A 4

ECS
Hand sorting

v

Selection of Al
Lime tests

Mass of metallic

Figure 2. Procedure for recovering combusted aluminum can scraps.
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Figure 3. Concentrations of Al cans residue in product A and B.

of nonferrous metals in the Netherlands, the recovered
aluminum can residues could well contribute to the
general high recyclability of aluminum from bottom
ash.

Recovery Efficiency of Al Cans Residues

The average recovery efficiency of aluminum cans
residues using the single dry process or the combined
process of dry and wet are compared in Figure 7. The
recovery efficiency per fraction and product, which
are averaged in Figure 7, was calculated as the ratio
of the mass of the recovered aluminum cans from a
fraction and the total mass of aluminum cans residues
in the product (A-D). The dry process shows a lower
recovery in the < 20 mm fractions than the combined
process. The combined process can recover more met-
als, improving the recovery from 7.8% to 75.5% in
the 2—-6 mm fraction, and from 32.6% to 90.8% in the

6-20 mm fraction. In conclusion, the combined pro-
cess dry and wet shows a promising improvement in
aluminum recovery for the < 20 mm bottom ash frac-
tions.

Partitioning of Incinerated Aluminum Cans

The particle size distribution of aluminum cans is
a crucial parameter in the recovery process. Figure 8
presents the average partitioning of the incinerated alu-
minum cans in four size ranges. It proved that about
95% of the input cans is recyclable from the bottom ash
and 61.7% of them concentrates in the 6-20 mm frac-
tion. This result also confirms earlier research in that
the more strongly alloyed aluminium of cans reports
to the coarser aluminium fractions in the bottom ashes
[12]. It is also consistent with the results obtained from
the measurement of cans residues in the Amsterdam
bottom ash in this study.
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Figure 4. Concentrations of Al cans residue in product C.
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Aluminum Can Residue Production

Based on the results in this work, the maximum con-
tent of aluminum cans in the different size fractions of
MSWI bottom ash may be computed as follows:

Csp =Mpp X Pye X Mg x Mg x Mg (2)

Here, Cg is the content of the aluminum residues
in the different size fractions where the subscript ‘SF’
denotes size fraction <2 mm. 2—6 mm, or > 6 mm M,
is the concentration of end of life aluminum cans in the
input household waste, and P, = 0.95 is the concen-
tration of metallic aluminum in a can. The maximum
content is related to the latter concentration as:

3)

Further in Equation (2) M is the mass percentage
of can residues after incineration, hereby referring to
the data presented in Figure 8, Mg is the total bot-
tom ash mass divided by the ash mass per size frac-
tion, (Mg = 2.8-3.3 for <2 mm 5-6.7 for 2-6 mm and
2.8-3.3 for > 6 mm), and M, is the total mass of the
input household waste divided by total mass of the dry
bottom ash (M;, = 3.8-4.3).

CONCLUSIONS

It proves there are strong economic and environ-
mental driving forces for strongly reducing the loss of
aluminum such as those from cans in treated MSWI
bottom ash. Based on the laboratory analyses, bottom
ash generated from the Amsterdam MSWI plant con-
tains about 0.055% of aluminum cans residue. This
residue is mainly concentrated in the coarse bottom
ash of which 65.3% in the 6-20 mm fraction is e ame-
nable for efficient recycling. The combined dry and
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Figure 6. Extrapolated concentrations of aluminum cans residue in size fractions of the bottom ash.
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o

wet separation process displayed higher recovery ef-
ficiency for aluminum residues in the —20 mm fractions
in comparison with the single dry process. In fact, the
recovery efficiency of aluminum improved from 7.8%
to 75.5%, in the 2—6 mm fraction, and from 32.6% to
90.8% in the 6-20 mm fraction. Controlled laboratory
furnace tests using base synthetic household waste with
cans as the only source of aluminum produced metallic
aluminum recovery rates of 95% while 61.7% of the
input aluminum ended up in the 6-20 mm bottom ash
fraction. Based on the total of obtained data regarding
concentration distributions of aluminum cans residues
in bottom ashes from the Amsterdam plant and the lab-
scale furnace, a formula is proposed that extrapolates
the aluminum can residue concentration to the differ-
ent size fractions of the bottom ash. This allows one to
predict the amount of recyclable cans aluminum in the
bottom ash of a real-scale incinerator.
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ABSTRACT: Leachate from Brady Road Resources Management Facility (Manitoba,
Canada) was evaluated to determine the most effective pre-treatment method to re-
duce the high concentrations of COD (1900 mg/L) and ammonia (640 mg/L) present.
Four pre-treatment options were studied: (a) air stripping (b) chemical coagulation (c)
electro-coagulation and (d) advanced oxidation with sodium ferrate. Each one of the
procedures was evaluated under different conditions (pH, dose, contact time, etc.) to
determine the operating conditions that best reduce the effluent COD and ammonia
concentrations. Chemical coagulation exhibited the highest COD removal at 43% while
in terms of ammonia removal, air stripping with 86% removal rate, was far superior to the
other treatments. Electro-coagulation and advanced oxidation with sodium ferrate were
found not suitable as pre-treatment options for this particular leachate, while combin-
ing air stripping and chemical coagulation removed approximately 50% COD and 85%
ammonia, providing the highest removal percentages. Batch nitrification kinetics tests
were used to assess the impact on nitrification performance of blending untreated and
pre-treated leachate with municipal wastewater at varying percentages: 0.5%, 1%, 5%
and 10% by volume. Pre-treatment was successful in allowing unhindered nitrification in

the activated sludge bioreactor.

INTRODUCTION

RADY Road Resource Management Facility

(BRRMF) opened in 1973 and is Winnipeg’s only
active landfill. Leachate collected at the BRRMF is
hauled daily by trucks across the city for treatment at
the city’s North End Water Pollution Control Center
(NEWPCC) located 35 km away on the other side of
the city. Following current city regulations, the leach-
ate cannot be discharged in the sewer system due to
possible negative effects on the sewer system and to
the treatment plant of the area, South End Water Pollu-
tion Control Center (SEWPCC). However, hauling the
leachate by trucks is potentially dangerous in case of a
traffic accident and a spill. The city’s SEWPCC, which
handles a smaller flow and is converting to biological
nutrient removal, seems like a good option for treat-
ing the leachate provided that this is first pre-treated to
decrease COD and ammonia levels. It was suggested
that pre-treating leachate onsite of the BRRMF would
allow for direct discharge to the sewer connected to

*Author to whom correspondence should be addressed. Tel.: (204) 232-6821;
Fax: (204) 474 7513; Email address: povedagm@myumanitoba.ca

SEWPCC, thus avoiding problems of truck transport
to the NEWPCC.

Landfill leachate is produced by the seeping of lig-
uids through landfilled Municipal Solid Waste (MSW).
Rain water or melted snow percolating into the waste,
as well as the original water content or humidity of the
waste itself and the degradation and compaction of
the organic fraction, all contribute to the generation of
leachate [1,2].

The quantity and the characteristics of leachate pro-
duced are site specific and closely related to the age
of the disposal cell. Different stabilization stages have
been determined to be predominant after the waste is
disposed and covered, starting with an aerobic acid-
ic phase. During the initial days, the oxygen trapped
in the waste is consumed and CO, is produced as the
main by-product. Leachate produced during this stage
is mostly due to the compaction process releasing
moisture in the waste.

Then a prolonged anaerobic phase begins where ac-
idogenic and methanogenic decomposition takes place
[2]. The biodegradable fraction of the waste is hydro-
lyzed by fermentative bacteria that produce extracel-
lular enzymes to help break down and solubilize large
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compounds. In the last phase, methane producing mi-
croorganisms, utilize the available substrate and con-
vert it into the gaseous compounds, from fully reduced
methane to fully oxidized carbon dioxide. At the begin-
ning of this methanogenic phase the highest concentra-
tions of 5 days Biochemical Oxygen Demand (BODy)
and Chemical Oxygen Demand (COD) are usually
found in the produced leachate. As the simpler organic
compounds are degraded, BOD concentration would
decrease and COD would represent the most refractory
compounds that are left behind.

The relationship of BOD to COD can be used to es-
timate the biodegradable fraction or biodegradability
of a specific sample. A ration greater or equal to 0.5
is considered to be easily treated by biological means,
while a ratio of 0.3 or lower is considered not biode-
gradable and/or to possess toxic components, and a
period of acclimation may be required for biodegrad-
ability [3].

The values presented in Table 1 are based on sum-
mary tables reported by [4] and [1]. The mentioned
tables were based on over 40 investigations related to
the characterization and treatment of leachate, cover-
ing research from 1975 to 2008. In Table 1, it is clearly
shown the very high variation within each parameter
of leachate.

Compared to typical municipal wastewater, the
higher concentrations of these compounds would in-
hibit and render inoperative a traditional wastewater
treatment plant, if no pre-treatment is employed.

During the early stages at sites with a high percent-
age of biodegradable refuse, the leachate will contain
a high concentration of volatile fatty acids (VFA’s).
Biological treatment would be a better option for this
type of leachate. On the later stages, the older leachate
will present higher concentrations of refractory com-
pounds like humic substances [1,4]. Physic-chemical
treatment would be a better option for this type of
leachate.

There are numerous methods, such as physico-

Table 1. Summary of Common Leachate Parameters.

Parameter Range (Values in mg/L except pH)
pH 4.5-9.5

COD 100-150,000

TSS 15-5,000

BOD4 5-55,000

N 5-13,000

NH;-N 10-13,000

TP 0.1-23

chemical and biological, designed to treat wastewater
with high levels of toxic contaminants. The selection
of the treatment will mainly depend on the characteris-
tics of the leachate and implementation and operation
costs. Given the complex characteristics of leachate, a
multi-barrier system consisting of both physico-chem-
ical and biological treatment is usually considered the
best approach [4,5]. Therefore, pre-treating the leach-
ate onsite before it is discharged into the sewer system
and mixed with the municipal wastewater would be
beneficial for the subsequent biological treatment on
the plant.

Physico-chemical treatment of leachate is the most
common practice for the removal of recalcitrant and
toxic pollutants, usually coupled as a pre-treatment
or polishing step with biological treatment. Processes
such as flotation, adsorption, precipitation, pH adjust-
ment, filtration and oxidation are used as pretreatment
before further biological degradation or as a final step
to improve the final effluent characteristics [2,4]. The
pretreatment options selected for this research were:
air stripping which focus on the removal of ammo-
nia, chemical coagulation and -electro-coagulation
which target the removal of colloidal particles in or-
der to reduce the chemical oxygen demand (COD) and
advanced oxidation with sodium ferrate to provide a
complete degradation of organic contaminants.

Air stripping is a common procedure used to lower
high concentrations of ammonia in landfill leachate,
with reported ammonia removal rates of around 95%
[6—8]. The procedure typically employs air to strip am-
monia, odorous gases and other volatile compounds.
The efficiency of the removal process is related to the
initial concentration of the ammonia to be removed
from the liquid (first order reaction) as well as the
pH, turbulence, temperature and reactor configuration
(available surface area). Depending on the pH of the
solution, ammonia nitrogen may be present as ionized
(NH,") or un-ionized (NH;) ammonia. In these terms,
the pH of the media must be increased over the pK
value of ammonia 9.25 (estimated from the acid ion-
ization constant of ammonia in water) to favor the con-
version of ammonia nitrogen into ammonia gas (NHj).
With leachate, the optimum pH for ammonia stripping
has been estimated at around 11.0 [6,7,9,10].

Chemical coagulation is a commonly used technique
to remove non-biodegradable organic compounds from
landfill leachate [11-13]. The objective is to destabilize
colloidal particles (around 0.01 to 1 um in diameter)
using a metal coagulant compound. Formed flocs are
then removed by settling or filtration [3]. Aluminum
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sulfate (alum), ferrous sulfate and ferric chloride are
among the most commonly used chemical coagulants
for leachate [4,12]. [11] found that iron salts produced
better results than aluminum salts in terms of turbidity
and COD removal in a stabilized leachate presenting
a low BOD/COD of 0.05. A wide range of “optimum”
pH values for chemical coagulation of leachate using
iron salts have been proposed in the literature, based on
the leachate’s pH, alkalinity, temperature and organic
matter content. This can be explained by the various
hydrolyzed species that Fe** can form depending on
the sample’s pH (acidic conditions: poly-nuclear cat-
ions like Fe,(OH),*", basic conditions: anions like
Fe(OH);, [21]. For the current research, the findings
of [1,10,21] were used as a guide, which indicate that
an acidic pH would render the optimum results with
leachate in terms of COD removal. The evaluation of
ferric chloride as coagulant at a pH higher that 7 was
outside the boundaries of the current research.

Electro-coagulation is a treatment process that in-
volves the formation of the coagulant by electrolytic
oxidation of a sacrificial electrode. The contaminants
are destabilized and eventual aggregated into flocs.
The flocs are then removed by precipitation and/or fil-
tration. Compared to traditional chemical coagulation,
electro-coagulation advantages include less sludge
production and reduced cost associated with sludge
transportation [14].

Due to the numerous parameters governing this
technique (electrode material and contact area, type
and amount of current, voltage, contact time, etc.) its
application is not very common for the treatment of
landfill leachate. A wide range COD removal rates
(from 32% to 90%) are reported [14,15].

Advanced oxidation with ferrate (VI) salts has re-
cently been studied for disinfection purposes in waste-
water and water treatment [16,17]. Ferrate salts are
very strong chemical oxidants. As they are being re-
duced, they produce ferric hydroxide which addition-
ally serves as a coagulant agent [18,19]. Two main
compounds usually used are sodium ferrate (Na,FeO,)
and potassium ferrate (K,FeO,).

The main goal of this research was to assess the ef-
fectiveness of the selected physico-chemical methods
for the pretreatment of landfill leachate from BRRMF
(Manitoba, Canada) in terms of ammonia and COD
removal. Additionally, the effect of the pre-treated
leachate mixing with municipal wastewater at differ-
ent percentage on the nitrification performance of a
biological nutrient removal (BNR) system was also
evaluated.

MATERIALS AND METHODS
Sample Collection and Leachate Characterization

Two samples were taken from BRRMF on August
2013 (300 L) and February 2014 (100 L), to evaluate
the variation in leachate composition between summer
and winter. Due to variation of the chemical composi-
tion of leachate within the landfill, a sample was col-
lected from two leachate collection wells and mixed in
1:1 ratio to be representative. Based on the historical
landfill leachate data, leachate was collected from one
well that has highest BOD values, and from the other
well that has the highest COD and ammonia concentra-
tions among all the wells in the landfill. High Density
Polyethylene (HDPE) carboys were used for collecting
leachate, which were filled to the top to reduce head-
space in the containers and maintain anaerobic condi-
tions. The samples were stored at 4°C to limit biologi-
cal degradation. The main characteristic of the sampled
leachate are presented in Table 2.

The leachate parameters determined in this research
are consistent with the ones of an “intermediate” leach-
ate (around 5 to 10 years of age), according to the liter-
ature [1,2,4]. Even though the landfill is over 40 years
old, the leachate used for this research comes from
cells currently in operation, which would correspond
to this age range. Additionally, as was mentioned be-
fore the quantity and the characteristics of the leachate
are also directly related to the MSW and the conditions
of the site. No heavy metal characterization was deter-
mined, as the heavy metals are considered outside the
boundaries of this study.

Analytical Methods
Total COD, Total Nitrogen (TN) and Total Phospho-

rus (TP) were measured using HACH® digestion vi-
als and represent total concentrations. BODy and TSS

Table 2. Characteristics of Evaluated Leachate.

Parameter Average Value (mg/L)
pH 7.2%0.1

COD 1939 + 108

TSS 336 + 203
BOD; 248 + 20

DOC 450 + 105

TN 759 * 56

NH3-N 646 + 84

TP 6.7+1.1
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measurements were carried out following laboratory
procedures according to the Standard Methods [20].
Dissolved organic carbon (DOC) analyses were per-
formed using the Fusion Total Organic Carbon Analyz-
er (TELEDYNE TEKMAR). Soluble Ammonia (NH;-
N), was measured using an automatic flow injection
analyser Quick Chem 8500, LACHAT Instruments.

Leachate Pretreatment
Air Stripping

Clear polyvinyl chloride (PVC) reactors (20 cm
in diameter and 40 cm in height) with 4.0 L working
volume were used. The reactors were filled to the 4 L
mark with leachate and the air bubbled through the lig-
uid introduced by two small diffusers near the bottom,
connected to a small air pump. Mixing speed was set at
125 rpm. Two operational conditions were tested: (1)
mixing with no air flow and (2) mixing with 1 L air/L/
min while four pH conditions were evaluated: original
pH of the sample (7.0), 10.0, 11.0 and 12.0. The tests
were conducted for 48 hours, with samples taken at 2
hour intervals. The effect of temperature on ammonia
removal is outside the boundaries of this research, so
the reactors were operated at room temperature (21 +
2°0).

Chemical Coagulation

Chemical coagulation was carried out using Ferric
Chloride solution (FeCl;). A set of preliminary tests
were conducted without pH adjustment of the sample
(approximate pH = 7.2) with different coagulant dosag-
es to determine the optimal range. Based on the results,
a range from 34 to 172 mg as Fe/L (corresponding to
a range from 100 to 500 mg FeCl,/L) was determined.
Jar tests were conducted following Standard Practice
for Coagulation-Flocculation Jar Test of Water proce-
dure [21] to evaluate the coagulant doses at different
pH wvalues: 7.0 (original pH of the sample ), 6.0, 5.0
and 4.0.

Electro-coagulation

The electro-coagulation tests were conducted in a
1 L glass beaker. Two high purity Iron electrodes with
an effective surface area of 45 cm? were used with a
2.0 cm distance in between. The following parameters
were evaluated: (1) contact time of 5, 15 and 30 min-
utes, (2) pH values of 7.0 (original pH of the sample),

8.0 and 6.0, and (3) current density of 50, 100, 200 and
300 A/m?. Current was supplied by a KEPCO DC pow-
er source (Model BOP 100-2D, 0 to =100V, 0 to £2A).

Advanced Oxidation with Sodium Ferrate

Sodium ferrate (Na,FeO,) was produced in the
laboratory following a wet oxidation procedure where
hypochlorite was used to oxidize an iron salt under a
strong alkaline environment [22]. Due to the rapid deg-
radation of this compound, the solution was prepared
and used on the same day. Ferrate concentration was
measured using a UV-Visible Spectrophotometer (Ul-
trospec 2100 pro, Biochrom Ltd.) at a wavelength of
510 nm.

Jar tests were conducted with the dosage from 50 to
200 mg Fe/L with 50 mg increments. Four pH condi-
tions were tested: 7.4 (original pH of the sample), 6.0,
5.0 and 4.0. The additional measurement of dissolved
organic carbon (DOC) was conducted to evaluate the
effect of sodium ferrate on the decomposition of or-
ganic fraction of the leachate.

Combination of Pretreatment Options

Based on the removal percentages of the two pa-
rameters (COD and ammonia) obtained from previous
tests, chemical coagulation and air stripping were se-
lected as the two treatment options that provided the
lowest effluent concentrations. These two options were
combined under their optimal conditions to further
evaluate the removal efficiency:

o Combination I: Air stripping was employed as first
treatment (48 h, air flow of 1 L/L-min, pH 11.0),
followed by chemical coagulation with ferric chlo-
ride. During chemical coagulation two tests were
conducted. In test one pH was adjusted 5.0 as it was
the optimal pH condition. In test two, pH was not
modified in order to evaluate the effectiveness of the
coagulation at higher pH values after air stripping.

e Combination 2: Chemical coagulation was con-
ducted first with pH adjustment to 5.0. Following 1
hour of settling, the effluent was transferred to the
air stripping reactors and the aeration was carried
out for 48 hours with and air flow of 1 L/L-min and
apH 11.0).

For all pH adjustments, a 25% w/w solution of so-
dium hydroxide (NaOH) or a 18% w/w hydrochloric
acid (HCI) solution was used accordingly.
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Pretreatment Effect on Nitrification Kinetics

A sequencing batch reactor (SBR) was setup to
simulate a biological nutrient removal (BNR) system.
Waste activated sludge (WAS) was taken from the
West End Water Pollution Control Centre (WEWPCC)
in Winnipeg to seed the reactors. The SBR had a 4 L
working volume with a hydraulic retention time (HRT)
of 12 hours and a solids retention time (SRT) of 10
days. The SBR was operated at 4 cycles per day. Each
cycle consisted of an anaerobic period of 1.5 h and an
aerobic period of 4 h. The temperature was maintained
at 20 + 1°C and Dissolved Oxygen (DO) concentration
during the aerobic phase was maintained at 4 + 0.5 mg
O,/L. The reactor was operated and monitored for over
30 days (3 times the SRT) before starting the kinetic
testing to ensure stable conditions.

For the kinetic test, the biomass from the main reac-
tor was divided into three 1 L beakers, one served as
control while the other two served as testing reactors.
The Control reactor was fed only wastewater, while
each one of the two testing reactors was fed with a
specific mixture percentage of wastewater and leach-
ate (either untreated o pre-treated with the combination
of air stripping and chemical coagulation). The leach-
ate to wastewater mixing ratios, in percentage by vol-
ume, were: 0.5%, 1.0%, 5.0% and 10.0%. Two sets of
Controls are reported in the discussion for untreated
and for pre-treated tests. The reason is that one day the
test was done for 0.5% and 1%, and a second day the
tests were carried out for 5.0% and 10.0%.There were
at least 7 days between each test to allow the recovery
of the biomass.

RESULTS AND DISCUSSION
Phase I
Air Stripping

The overall ammonia removal rate was in the range
of 24-95% after 48 hours—Table 3. The highest am-
monia removal rate was achieved under the condition
of pH value of 11 and 12 with no significant difference
(2%). Considering the chemical cost associated with
increasing pH (by adding NaOH for example), a pH
of 11 was selected as the optimal pH condition for this
treatment. This value is in accordance with results from
[9,23]. One interesting observation was that for all the
tests with pH adjustment aeration did not improve the
ammonia removal efficiency significantly as was ex-

pected. On contrast, at pH 11 and 12, reactors without
aeration showed slightly better ammonia removal rate.
This suggested that pH is the key factor controlling the
efficiency of ammonia removal and that the additional
contact area provided by the air bubbles while moving
through the leachate is not as important for ammonia
removal, compared to the surface area of the liquid in
the reactor. This is in concordance with results reported
by [6]. At a pH higher than the pK value for ammo-
nia in water (9.5), the majority of ammonia is in the
free form (NH;) and mechanical mixing is sufficient
for assisting ammonia evaporate from leachate. This
observation is important for the real practice as the cost
associated with aeration can be expensive.

During this test, it was observed that a thick foam
layer was formed over the leachate surface while air-
flow was applied. The foam layer usually overflowed
the reactors during the first 30 minutes of the aeration
process, then settled and formed a constant layer (5 to
20 cm) over the surface area. This foam layer dissipat-
ed after the air was turned off in less than one minute.
Foaming could present serious operation and mainte-
nance issues in a full size application.

The overall COD removal rate was quite low in the
range of 0—7%. The results showed that at same pH
condition, aeration resulted in slightly higher COD
removal than the treatment without aeration. This can
be explained by the concept that aeration facilities the
removal of volatile of organic compound in the leach-
ate.

Chemical Coagulation

For these tests different dosages of coagulant FeCl,
(100-650 mg/L) as well as different pH values (4, 5, 6
and 7.1) were investigated. The highest COD removal
rate of 43% was obtained at pH of 5.0 with FeCl; dos-
age of 500 mg/L (172 mg Fe/L). Tests carried out at a
pH of 7.0 (leachate original pH) and at 6.0 produced a
COD removal of around 10% in each case. When the
pH is lowered past 5.0 to 4.0, COD removal decreases
to 32%. It was, therefore, concluded that pH of 5.0 with
500 mg/L of FeCl; was the optimal condition for this
pre-treatment option in terms of COD removal. These

Table 3. Ammonia Removal Rate at

Different pH Conditions.
pH Value 7 (original) 10 1 12
Mixing, without aeration 24% 75% 93% 95%
Mixing with aeration 69% 81% 89% 89%
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results are comparable to the ones reported by [24].
Because coagulation targets particulate and ammonia
in the leachate is in the dissolved form, therefore, am-
monia removal rates from all the tests were insignifi-
cant in the range from 1-4%. It was noticed that dosing
FeCl, resulted excellent TSS removal rate (76—99%) in
all the treatment condition. However, it also produced
significant amount of sludge. This can be a drawback
for the application of this technology.

Electro-coagulation

The highest removal results were provided by a cur-
rent density (CD) of 300 A/m? and the longest contact
time (CT) of 30 min without any pH modification. Un-
der these conditions, COD removal reached 18%. The
results for ammonia removal were fair low (average of
2%).

Iron electrodes were used to produce the Ferric ions
that acted as a coagulant. It was expected with the
same amount of ferric ion produced under certain cur-
rent density and time, the COD removal rate should
be similar to the chemical coagulation. However, the
results obtained from electro-coagulation were much
lower than the chemical coagulation. At current densi-
ty of 300 A/m? with 15 minutes, theoretically 261 mg/L
of Fe*" were produced. The test conducted under above
condition with leachate pH adjustment to 6.0 the COD
removal rate obtained was 1%; while using FeCl; as
coagulant with the same operational condition, much
higher COD removal rate of 10% was achieved. Com-
pared to the COD removal results provided in related
literature under comparable conditions (32%, [14] and
90%, [15], and to the values obtained for chemical
coagulation, the removal rates obtained from our test
were much lower than expected.

These results confirm the complex nature of the
treatment process and the numerous parameters that in-
teract. A different electrode configuration (larger con-
tact area, smaller gap between electrodes, larger num-
ber of electrode pairs) or different electrode materials
could provide more positive results.

One of the most common problems associated with
this process, is the formation of a scum layer on the
electrodes, especially on the anode. The additional lay-
er increases the resistance of the system which in turn
demands more voltage to complete the circuit, result-
ing in higher electrical power consumption. The scum
layer was observed during the experiments, but due to
the relative short duration of the tests, no significant
changes in resistance were measured.

Sodium Ferrate

Ferrate (V1) has been reported as a powerful oxidant
and a coagulant. The highest COD and ammonia re-
moval rates obtained from this treatment were 20% and
16%, respectively. These values were obtained under
the condition of a pH of 5.0 and a dose of 200 mg Fe/L,
as seen in Figure 1. Under the same operational condi-
tion, using FeCl; (172 mg Fe/L) as coagulant provided
a much higher COD removal rate of 43%, but a lower
ammonia removal rate of 5.7% (see chemical coagula-
tion).

In order to better understand the oxidation of COD
by ferrate, DOC concentration was measured. That fer-
rate is very effective in removing DOC (approximately
64%); however it is not as effective as FeCl, in terms of
removal of particulate COD presented in the leachate.
With comparison to chemical coagulation, the higher
ammonia removal rate (16% vs 5.7%) can be explained
by the oxidization of ammonia by Ferrate (VI) which
is different mechanism of ammonia removal from co-
agulation.

The laboratory procedure followed to prepare the
sodium ferrate stock solution was delicate and time
consuming. Additionally, the solution must be prepared
and used on the same day, as the ferrate compounds
are unstable and can degrade in a matter of hours. This
indicates that for the application of this particular treat-
ment option, on site generation of the chemical would
be required, along with the related operational costs.

Pre-treatments Comparison

Table 4 summarized the optimum operation condition
for each pretreatment option in terms of COD and am-
monia removal, obtained from the various testing condi-
tions that were applied to each pre-treatment option.

100% -
mCOD
0, 4
80% 1 gNH;N
60%

40%

20%

Removal Percentage [%]

0%

0 50 100 150 200

Ferrate dose [mg Fe/L]
Figure 1. Results of sodium ferrate pre-treatment at pH 5.0.
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Table 4. Optimum Conditions for the Evaluated Pre-treatment Options.

Parameters Air Stripping Chemical Coagulation Electro-coagulation Sodium ferrate

pH 11.0 5.0 7.0 5.0

Conditions Air flow: 1 L air/(L-min) FeCl; dose: 172 mg Fe/L CT: 30 min Ferrate dose: 200 mg Fe/L
CD: 300 A/m?

The optimum conditions for each pre-treatment op-
tion were evaluated one more time to corroborate the
results. For this second round, BODs was included to
evaluate the pre-treatment options in terms of “bio-
degradability” improvement. Table 5 presents the re-
moval efficiency values obtained under the optimum
conditions of each treatment option. The highest COD
removal was obtained with chemical coagulation,
while for ammonia removal air stripping provided the
best results in terms of ammonia removal.

Biodegradability Observations

BOD of the fresh leachate sample was measured at
248 mg/L from a onetime sample. However, this value
is consistent with the average of 245 mg/L reported by
the landfill laboratory reports. The BOD/COD ratio
was used as a parameter to estimate “biodegradability”
before and after each one of the pre-treatment meth-
ods—Table 6.

The untreated leachate presents a BOD/COD ratio
of 0.12, which is considered as a low biodegradability.
The four treatment options did not show any improve-
ment in terms of increasing the BOD/COD ratio. Even
more, for the last 2 treatment options the BOD/COD
ratio decreased. Electro-coagulation and sodium fer-
rate had higher BOD removal compared to COD re-
moval (40% BOD removal versus 18% COD removal
for electro-coagulation, for example). This shows that
the last two treatment options were more efficient tar-
geting and degrading biodegradable compounds. This
would indicate that these options would yield better
results applied to leachate with a higher BOD concen-
tration.

Combination of Selected Pretreatment

Air stripping and chemical coagulation were select-
ed as the treatment options that produced the lowest
COD and ammonia effluent concentrations. The results
showed the order of treatments had no significant im-
pact on the removal rate. i.e. air stripping followed by
chemical coagulation obtain similar result of the chem-
ical coagulation followed by air stripping. Both options
provided COD and ammonia removal rate in the range
of 45% to 50% and 83% to 85%, respectively. These
results were also very close to the results obtained
from each individual test at the optimum conditions.
The capital cost and operation and maintenance of each
scenario are considered outside the boundaries of this
research.

Phase 11

Effect of Pre-treated Leachate on Nitrification
Kinetics

In this test, the performance of nitrification was eval-
uated in a SBR system fed with the mixture of waste-
water with leachate with and without pre-treatment.
The wastewater presented an average COD concentra-
tion of 278 mg/L (168 mg/L standard deviation) and an
ammonia concentration of 32 mg/L (10 mg/L standard
deviation). Each cycle consisted of an anaerobic period
of 1.5 h and an aerobic period of 4 h.

Figure 2 present the results when untreated and pre-
treated leachate is mixed in with the wastewater at dif-
ferent percentages. Control represents the reactor with
only wastewater as influent. Mixing leachate (either

Table 5. Removal Efficiency for the Analyzed Pre-treatment Options.

Parameters Air Stripping Chemical Coagulation Electro-coagulation Sodium ferrate
COD 18% 43% 18% 20%
TSS 0% 73% 70% 91%
BOD; 5% 36% 40% 86%
DOC 1% 69% 8% 64%
NH5-N 86% 6% 0% 16%
TP 22% 75% 74% 61%
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Table 6. BOD/COD Ratios for Untreated and Treated Leachate.

Parameters Untreated Air Stripping

Chemical Coagulation

Electro-coagulation Sodium ferrate

BOD/COD 0.12 0.10

0.10 0.08 0.02

pre-treated or untreated) with wastewater at 0.5% and
1.0% v/v does not produce any significant difference
in the ammonia influent concentrations or the system
response [Figure 2(a) and 2(c)]. However, when the
mixing rate was increased to 5.0% and 10.0% v/v with
untreated leachate [Figure 2(b)], it can be seen that the
ammonia influent concentration increased 2 to 3 times
the value of the control. Additionally, the system was

S

not able to achieve full nitrification in one cycle (am-
monia concentrations in the effluent are 3.6 mg/L and
20.4 mg/L, respectively). This is suspected to be due
to the higher concentration of ammonia in the influent
and not a problem with nitrification inhibition, as the
rate of nitrification (shown for 5.0% and 10.0% as the
slope of the curve) is similar to the rate presented by
the control. A longer aeration period would be needed
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Figure 2. Impact of untreated and pre-treated leachate on ammonia degradation at different proportion of added leachate.
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for the full conversion of ammonia at these higher con-
centrations.

As shown in Figure 2(d), the pre-treatment of leach-
ate lowered the ammonia in the influent, therefore,
allowing full nitrification under the same operational
condition. It was concluded that pre-treatment of
leachate is necessary when the mixing ratio of leachate
with wastewater is higher (5.0% to 10.0%), to assure
the performance of nitrification at the wastewater treat-
ment plant.

In terms of soluble COD removal, systems fed with
the pre-treated leachate also provide a better removal
than the ones with untreated leachate. The effluent
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Figure 3. Impact of untreated and pre-treated leachate on soluble COD degradation at different proportion of added leachate.

sCOD concentration after the 5.5 hour operation with
the pre-treated leachate in all cases was lower than
50 mg/L, which is very close to the control values [Fig-
ures 3(c) and 3(d)]. However, for the ones with untreat-
ed leachate, the sCOD in the effluent was in the range
of 50 to 92 mg/L [Figures 3(a) and 3(b)].

The pre-treatment methods selected were previously
proven to reduce soluble COD and ammonia concen-
trations on the leachate. Without the pre-treatment,
mixing the leachate with the municipal wastewater
increased the influent values of sCOD and ammonia
to a point where removal by biological means was not
achievable in the time provided by the BNR system.
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CONCLUSIONS

e Four methods of leachate pre-treatment were evalu-

ated to determine the most efficient procedure in
terms of COD and ammonia removal: air stripping,
chemical coagulation, electro-coagulation and oxi-
dation with sodium ferrate. Chemical coagulation
provided the overall best COD removal rate at 43%,
while air stripping provided an ammonia removal
rate of 86%, superior to the results from the other
pre-treatments for this compound. Chemical coag-
ulation reduces COD by destabilizing the electric
charges of colloidal particles and removing said
particles by precipitation, co-precipitation (sweep-
ing effect) and/or filtration. On the other hand, air
stripping relies on the desorption of ammonia from
the liquid by providing the right conditions (pH,
temperature, contact surface area, etc.) to favor the
release of the gas.

The idea behind electro-coagulation was to provide
the same iron salts (as chemical coagulation) with-
out the additional compounds to minimize sludge
production and costs. However, the delicate set of
parameters needed to optimize the treatment to a
specific leachate was not favorable. In the case of
advanced oxidation with sodium ferrate, the com-
pound was theorized to degrade recalcitrant com-
pounds thus lowering the COD and providing a more
biodegradable leachate. The long and complicated
procedure to prepare and dose the right amount of
sodium ferrate made the pre-treatment not efficient
for the objectives of this research.

The optimum conditions for chemical coagulation
(dosage of 172 mg Fe/L at a pH of 5.0) are compa-
rable to the conditions reported by [13,24]. How-
ever, a lower COD removal rate was achieved in this
experiment. In the case of air stripping, the condi-
tions found in this research as optimum in terms of
ammonia removal were similar to the ones report-
ed by [8,9,23], except for the longer duration (48
hours) needed to achieve ammonia removal rates
over 85%.

Pre-treating leachate with a combination of air strip-
ping and chemical coagulation was shown to effec-
tively reduce ammonia (83-85% removal) and COD
(45-50% removal) from the leachate. The order in
which the methods were applied did not affect the
overall efficiency of the combined treatment.

For Phase II, the effect of untreated and pre-treat-
ed leachate blended with sewage was evaluated
by the response of the biological nutrient removal

M. POVEDA, Q. YUAN, S. LOZECZNIK and J. OLESZKIEWICZ

SBR bench-scale system. Mixing the leachate with
or without pre-treatment with municipal sewage at
low concentrations (0.5-1.0% v/v) does not produce
any significant difference in terms of soluble COD
or ammonia influent concentrations, and therefore
the response of the system is comparable to the re-
sponse from the controls fed only wastewater.
However, when the untreated leachate mix rate was
increased (5.0% and 10.0% v/v) the ammonia influ-
ent concentration doubled or tripled, respectively.
Soluble COD influent and effluent concentrations
increased as well. Under these conditions the BNR
system was not able to achieve full nitrification dur-
ing one cycle. No nitrification inhibition is suspect-
ed as the rate of ammonia removal is similar to that
of the controls. The pre-treatment of leachate low-
ered the ammonia in the influent, therefore, allowing
again for full nitrification.

It was concluded that pre-treatment of leachate is
necessary when the mixing ratio of leachate with
wastewater is higher (5.0% to 10.0%), to assure the
performance of nitrification at the wastewater treat-
ment plant.
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ABSTRACT: In this study, three strains of bacteria Bacillus cereus CZ1001, B. subtilis
CZ1002, and B. fusiformis CZ1003 were inoculated into four different kinds of culture
medium. After growth, the supernatants were collected and added to kaolin suspensions
to determine whether these Bacillus strains produced flocs that could be filtered out.
Efficient bacteria and media were then selected to produce bioflocculants which were
subsequently extracted using pre-cooled ethanol. After freeze drying, the flocculants
were used to treat tannery wastewater. Results showed cultures of B. subtilis CZ1002
growing in media No. 4, B. cereus CZ1001 growing in media No. 1, and B. fusiformis
CZ1003 growing in media No. 1. All had better flocculation effects. Treatment of the
tannery wastewater with the bioflocculants produced under three conditions revealed
bioflocculant produced by B. cereus CZ1001 growing in media No. 1 was best for treat-
ment of tannery wastewater. This work contributes to application of bioflocculants for

removal of tannery wastewater.

INTRODUCTION

ANNERY wastewater contains complex compo-

nents such as organic materials and nitrogen-con-
taining compounds with a large amount of dark sew-
age. There are currently many physical, chemical, and
microbial methods for treatment of tannery wastewater
[1]. However, it is important to look for economical
and effective methods to treat tannery wastewater. Re-
cently, the method of using bioflocculant to treat tan-
nery wastewater has become a new research direction.
It is well known that bioflocculants produced by mi-
crobes under unique culture conditions consist of poly-
mers possessing flocculation activity. Owing to their
potential for easy treatment of secondary pollution and
unique effects on the biodegradation of pollutants, re-
searchers have been paying increasing attention to bio-
flocculants [2,3].

There to date have been several studies of treat-
ment of tannery wastewater with bioflocculant. Zhang
et al. treated tanning wastewater using bioflocculant
produced from a kind of bacterium which was signed
C-62 [4]. Li et al. isolated six species of bacteria pro-
ducing bioflocculant and used one to treat leather ef-

*Author to whom correspondence should be addressed.
E-mail: zhaocq81@126.com

fluent [5]. Chai et al. isolated two species of bacteria
that produced bioflocculant and used them to treat tan-
nery effluent [6]. Qin used microorganisms as floccu-
lants to treat leather effluent and found they effectively
removed the chemical oxygen demand (COD), sus-
pended solids (SS), and Cr*" from leather effluent [7].
Wang et al. selected four species of bacteria producing
bioflocculants and found that the color, turbidity, and
COD of the tannery wastewater were significantly re-
duced after using the composite bioflocculant [8]. Liu
et al. summarized the mechanism and research status of
bioflocculant during treatment of tannery wastewater
[9]. Rajan et al. found that Trichococcus flocculiformis
and Pseudomonas fluorescens isolated from polluted
tannery soil had flocculation ability [10]. Serdar et al.
found there was polysaccharide in bioflocculant used
to treat tannery wastewater [11]. Despite these find-
ings, the higher cost or lower flocculation efficiency
have limited application of these organisms for indus-
trial processes [12,13].

To improve treatment effects of the pollutants in
tannery wastewater and to obtain new bioflocculants,
it is necessary to find more and better bioflocculants.
Previous experiments in our laboratory revealed that
Bacillus cereus CZ1001, B. subtilis CZ1002, and B. fu-
siformis CZ1003 isolated from activated sludge from a
tannery effectively removed COD, chrominance, and to-
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tal nitrogen from tannery wastewater. Optimum culture
media here were screened for the ability to produce bio-
flocculant from three strains. After extraction and freeze
drying, the bioflocculants were used to treat COD, chro-
minance, and total nitrogen from tannery wastewater.

EXPERIMENTAL PROCEDURE
Materials

Yeast extract, peptone, and bovine serum albumin
were biochemical grade and purchased from Bei-
jing AoBoXing Leiverseen Biotech Co. Ltd (China).
Wastewater was obtained from a tannery in Sichuan
(China). All other reagents used in this study were re-
search grade.

Bacteria Strains

B. cereus CZ1001, B. subtilis CZ1002, and B. fisi-
formis CZ1003 were isolated from activated tannery
sludge and preserved in our laboratory. Before use, or-
ganisms were cultured in Luria broth containing tan-
nery wastewater by gradually increasing the quantity
of wastewater to domesticate strains.

Culture Media

To rapidly determine if the isolated strains had floc-
culation ability or not, the following four types of cul-
ture media known to enable bacteria to produce bio-
flocculants were used [14].

e Media No. I: sucrose 30.0 g, NaNO; 2.0 g, KC1 0.5
g, K,HPO, 1.0 g, MgSO, 0.5 g, FeSO, 0.01 g and
water 1 L. The pH of the media was not altered.

e Media No. 2: glucose 12.0 g, yeast extract 1.0 g,
K,HPO, 1.0 g, KH,PO, 0.5 g, NaCl 0.2 g, MgSO,
0.2 g, CaCl, 0.1 g and water 1 L. The pH of the me-
dia was adjusted to 7.0

e Media No. 3: glucose 10 g, K,HPO, 2.0 g, KH,PO,
5.0 g,NaCl10.1 g, MgSO,-7H,0 0.2 g, NH,C10.5 g
and water 1 L. The pH of the media was not altered.

e Media No. 4: glucose 30.0 g, yeast extract 8.0 g,
K,HPO,-3H,0 2.0 g, MgSO, 0.25 g, sodium gluta-
mate 10.0 g and water 1 L. The pH of the media was
adjusted to 7.5.

Bacterial Culture

Bacterial strains including B. cereus CZ1001, B.

subtilis CZ1002, and B. fusiformis CZ1003 were in-
oculated into the aforementioned media and then in-
cubated for 48 h at 35°C while shaking at 180 rpm,
after which the strains were inoculated into sterilized
conical flasks containing 100 mL of the same media
into which samples were inoculated. Next, flasks were
cultured at 35°C while shaking at 180 rpm for 24 h.

Preliminarily Screening of Bioflocculant

Cultured cells were centrifuged at 8,000 rpm for
10 min at 4°C. Next, 2 mL of the supernatants were
added to 100 mL of 4 g/L kaolin suspension. If floc-
culation occurred in the suspension it was assumed that
the strain had the ability to produce bioflocculant when
grown in the media being investigated [6].

Secondary Screening of Bioflocculant

Strains shown to produce bioflocculant upon pre-
liminary screening were inoculated into the same me-
dia used in the initial screening and then incubated for
24 h at 35°C while shaking at 180 rpm after which
cells were centrifuged at 8,000 rpm for 10 min at 4°C.
Supernatants were subsequently investigated for their
flocculation activity by measuring the flocculation rate
using spectrophotometric method [8].

Preparation of Bioflocculant [15]

Strains found to produce bioflocculant upon second-
ary screening were cultured in corresponding media at
35°C for 24 h. Cells were then centrifuged at 8,000
rpm for 10 min at 4°C after which the supernatants
were amended with absolute ethyl alcohol that had
been pre-cooled to 4°C at 3 times the volume of the
supernatants. The mixture was then incubated at 4°C
for 6 h after which it was centrifuged at 10,000 rpm for
10 min. The precipitate was then collected and washed
with distilled water after which it was centrifuged at
8,000 rpm for 10 min. Finally, the centrifuged precipi-
tate was freeze-dried under a vacuum which yielded
the bioflocculant.

Removal of COD from Tannery Wastewater with
Bioflocculant

Actotal of 100 mL of filtered tannery wastewater with
a chemical oxygen demand (COD) of 1082.2 mg/L was
poured into conical flasks and amended with 0.2 g/L
of the prepared bioflocculant after secondary screen-
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ing. The flasks were then placed in the magnetic stir-
ring device (SH-3A, Ziguang Instrument Co., Beijing,
China) and stirred at 200 rpm for 2 min, followed by
40 rpm for 10 min at room temperature (25°C). Next,
the samples were allowed to stand for 20 min, then fil-
tered through filter paper and the COD of each sample
was determined using a Water Quality Analyzer (SQ-
UV04, Shangqing Technology Co. Ltd, China) which
can detect the concentration of COD, total nitrogen and
total phosphorus. In addition, the wastewater was sub-
jected to stirring without exposure to the bioflocculant
as a control. The removal rate of the COD was then
calculated as follows:

F=(4—4,)/S (1)

Where F is the removal rate of the COD in tannery
wastewater; 4, is the content of the COD for the control
that was not treated by the bioflocculant; 4, is the con-
tent of the COD in tannery wastewater that was treated
by the bioflocculant; S is the content of the COD before
reaction. The removal rates of the chrominance for the
subsequent procedures were also determined using this
formula.

Removal of Chrominance in Tannery Wastewater
with Bioflocculant

A total of 50 mL of tannery wastewater containing
2410.8 mg/L of chrominance was poured into conical
flasks and amended with 0.11 g/L of the prepared bio-
flocculant after secondary screening. The flasks were
then magnetically stirred under the same conditions
as for the COD treatment. After 20 min, the samples
were filtered and the chrominance value in each sample
was determined using a Water Quality Analyzer (SQ-
UV04, Shangqing Technology Co. Ltd, China). In ad-
dition, wastewater that was stirred but untreated by
bioflocculant was used as a control.

Removal of Total Nitrogen in Tannery Wastewater
with Bioflocculant

A total of 50 mL of tannery wastewater containing
452.83 mg/L of total nitrogen was poured into coni-
cal flasks, after which 0.11 g/L of the prepared biofloc-
culant identified by secondary screening was added.
After 20 min, the samples were filtered and the chro-
minance value in each sample was determined using a
Water Quality Analyzer (SQ-UVO04, Shangqing Tech-
nology Co. Ltd, China). In addition, wastewater that

was stirred but untreated by bioflocculant was used as
a control.

RESULTS AND DISCUSSION
Preliminarily Screening of Bioflocculant

Observation of the growth of the strains in four
media revealed that B. fusiformis CZ1003 cultured
in Media No. 3 did not grow well. Therefore, it was
not selected for production of bioflocculant. Following
centrifugation of supernatants of other culture broths,
they were added to a kaolin suspension after which
flocculation phenomenon in the suspension was ob-
served (Table 1).

As shown in Table 1, flocculation occurred in the
kaolin suspension amended with culture broths of 5.
subtilis CZ1002 growing in four types of media (No.
1 to 4), B. cereus CZ1001 growing only in media No.
1 and No. 2, and B. fusiformis CZ1003 growing only
in media No. 1. Therefore, B. subtilis CZ1002 growing
in four media (No. 1 to 4), B. cereus CZ1001 growing
in media No. 1 and No. 2, and B. fusiformis CZ1003
growing in media No. 1 were preliminarily screened
for bioflocculant production.

Secondary Screening of Bioflocculant

A high flocculation rate indicates that the activity of
flocculation is high and there are many bioflocculants
produced. As shown in Table 2, the culture broth of B.
subtilis CZ1002 growing in media No. 2 had no floc-
culation activity, while that from media No. 1, No. 3
and No. 4 did have flocculation activity. However, the
activity of flocculation in media No. 1 and No. 3 was
somewhat low (14.34% and 19.59%, respectively).
This may have occurred because that sodium gluta-
mate in media No. 4 which was most different from
other three media and the media’s pH (7.5) which was
obviously higher than other three media (6.8—7.0) were

Table 1. Flocculation of Kaolin Suspension Amended
with Culture Broths of the Three Tested Strains
Growing in Four Types of Media.

Media B. subtilis B. cereus B. fusiformis
No. 1 + +

No. 2 + -

No. 3 + - did not grow well
No. 4 + - +

Note: “+” indicates that flocculation occurred in the kaolin suspension amended with
culture. broths; “~ indicates that there was no flocculation in the kaolin suspension.
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Table 2. Flocculation Rate for Culture Broths of
Strains Growing in Different Media.

Table 4. Removal of Chrominance from Tannery
Wastewater by Bioflocculants.

Media B. subtilis B. cereus B. fusiformis
No. 1 14.34% 43.72% 44.28%
No. 2 — 6.62% —

No. 3 19.59% — —

No. 4 40.83% — —

more suitable for B. subtilis CZ1002 to produce the
bioflocculant to treat tannery wastewater.

According to previous experiments in our labora-
tory, saccharides and proteins in the bioflocculant
produced by B. cereus CZ1001 played a role in floc-
culation and subsequent removal of pollutants from
tannery wastewater, with saccharides exerting the main
effects. The culture broth of B. cereus CZ1001 growing
in media No. 1 and No. 2 showed flocculation, but the
activity was only 6.62% in media No. 2. This may have
occurred because components in media No. 1 such as
sucrose and sodium nitrate were more suitable for B.
cereus CZ1001 to produce bioflocculant that contained
saccharides and proteins.

The culture broth of B. fusiformis CZ1003 only
showed flocculation activity when it was grown in me-
dia No. 1.

Based on these findings, B. subtilis CZ1002 growing
in media No. 4, B. cereus CZ1001 growing in media
No. 1 and B. fusiformis CZ1003 growing in media No.
1 were selected for preparation of the bioflocculant.

Removal of COD from Tannery Wastewater by
Bioflocculant

The bioflocculants produced by the strains identi-
fied upon secondary screening were prepared and used
to treat COD from tannery wastewater with an initial
COD value of 1082.2 mg/L. The removal effects are
shown in Table 3.

As shown in Table 3, the removal of COD from tan-
nery wastewater showed little difference after treatment
by three bioflocculants, with removal rates ranging

Table 3. Removal of COD from Tannery
Wastewater by Bioflocculants.

Removal

COD Rate of

Strains and Media Producing Bioflocculant (mg/L) COD (%)
B. cereus CZ1001 growing in media No. 1 801.2 25.97

B. fusiformis CZ1003 growing in media No. 1~ 836.4 22.71
B. subtilis CZ1002 growing in media No. 4 824.9 23.78

Strains and Media Producing Chrominance Removal Rate of

Bioflocculant (mg/L) Chrominance (%)
B. cereus CZ1001 growing in 699.85 70.97
media No. 1

B. fusiformis CZ1003 growing 1919.48 20.38

in media No. 1

B. subtilis CZ1002 growing in 2103.66 12.74

media No. 4

from 22.71% to 25.97%. Therefore, the bioflocculants
produced by B. cereus CZ1001 growing in media No.
1, B. subtilis CZ1002 growing in media No. 4 and B.
fusiformis CZ1003 growing in media No. 1 could be
used for removal of COD from tannery wastewater.

Removal of Chrominance from Tannery
Wastewater with Bioflocculant

Removal of secondary screened bioflocculants on
tannery wastewater containing 2410.8 mg/L of chro-
minance are shown in Table 4.

As shown in Table 4, the removal of chrominance
from tannery wastewater differed greatly in response to
treatment by the three bioflocculants. The effects of the
bioflocculant produced by B. cereus CZ1001 growing
in media No. 1 were significantly greater than those of
the other bioflocculants, with a chrominance removal
rate of 70.97%. Therefore, the bioflocculants produced
by B. cereus CZ1001 growing in media No. 1 could be
used to remove chrominance from tannery wastewater.

Removal of Total Nitrogen from Tannery
Wastewater with Bioflocculant

The results of treatment of tannery wastewater
containing 452.83 mg/L total nitrogen by secondary
screened bioflocculants are shown in Table 5.

As shown in Table 5, the removal of total nitrogen

Table 5. Removal of Total Nitrogen from Tannery
Wastewater by Bioflocculants.

Removal Rate of
Strains and Media Producing Total Nitrogen Total Nitrogen

Bioflocculant (mg/L) (%)

B. cereus CZ1001 growing in 278.81 38.43
media No. 1

B. fusiformis CZ1003 growing 350.01 22.71
in media No. 1

B. subtilis CZ1002 growing in 330.13 27.10

media No. 4
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from tannery wastewater did not differ significantly
among bioflocculants. During treatment, the effects of
bioflocculant produced by B. cereus CZ1001 growing
in media No. 1 were slightly better than those of the
other bioflucculants, with a removal rate of 38.43%.
Therefore, bioflocculants produced by B. cereus
CZ1001 growing in media No. 1, B. subtilis CZ1002
growing in media No. 4 and B. fusiformis CZ1003
growing in media No. 1 could be used to remove total
nitrogen from tannery wastewater.

Overall, the removal rates for COD, chrominance
and total nitrogen in tannery wastewater by biofloc-
culant treatment were relatively low (12.74-70.97%)
when compared with other similar studies [7,8,10].
This was likely because few bioflocculants were used
in the experiment and the conditions including produc-
tion of the bioflocculants and treatment of wastewater
were not optimized, even though suitable media were
selected. However, future studies should be conducted
to identify the specific reasons for these discrepancies
and obtain new bioflocculants for treatment of tannery
wastewater.

CONCLUSIONS

Overall, the results of this study indicate that bio-
flocculants produced by Bacillus cereus CZ1001 grow-
ing in media No. 1 had better ability to remove COD,
chrominance and total nitrogen from tannery wastewa-
ter. The results presented herein will contribute to the
removal of COD, chrominance and total nitrogen re-
moval in tannery wastewater by bioflocculants.

ACKNOWLEDGEMENTS

This work was financially supported by Science &
Technology Department of Sichuan Province (Item No.
2014JY0011), Department of Education of Sichuan
Province (Item No. 14ZA0204, 15ZA0225), Science
and Technology Bureau of Zigong city (2014H10).

REFERENCES

1. Yang Qinhuan, Zhao Changqing, Removal of total nitrogen from tan-
nery wastewater by bioflocculant prepared by Bacillus cereus, Journal
of Pure and Applied Microbiology, 2013, 7, 137-143.

2. Vijayalakshmi, S.P. and Raichur, A.M., The Utility of Bacillus Sub-
tilis as Bioflocculant for Fine Coal. Colloids and Surfaces B: Bioin-
terfaces, 2003, 29(4), 265-270. http://dx.doi.org/10.1016/S0927-
7765(03)00005-5

3. Levy, N., Magdassi, S. and Bar-Or, Y., Physico-chemical aspects in
flocculation of bentonite suspensions by a cyanobacterial bioflocculant.
Water Research, 1992, 26(2), 239-254. http://dx.doi.org/10.1016/0043-
1354(92)90225-S

4. Zhang Tong, Zhu Huailan, Lin Zhe. Progresses of microbial flocculant
studies and application. Chinese Journal of Applied & Environmental
Biology, 1996, 2(1): 95-105.

5. Li Zhiliang, Zhang Benlan, Pei Jian. Screening of flocculant-producing
bacteria and their flocculating effects on some wastewaters. Chinese
Journal of Applied & Environmental Biology, 1997, 3(1): 67-70.

6. Chai, X. L., Wang, M., Chen, J., ef al., Screening for characteristics
of microbial flocculant. Pollution Control Technology, 2000, 13 (2),
68-70.

7. Qin, Y. M. Experimental study on the leather wastewater treatment by
bioflocculant. Industrial Water Treatment, 2006, 26(9), 45-47.

8. Wang, J. X. and Li, Y. C., Selections of compounded microbial floccu-
lant and its application in tannery waste water treatment. China Leather,
2009, 38(3), 27-32.

9. Liu Kesheng, Yang Shuangyue, Shi Shiqi, et al., Research progress and
application of flocculants in tannery effluent treatment. Leather and
Chemicals, 2011, 28(3): 20-24.

10. Rajan M R, Nithya C. Isolation of bioflocculant producing microbes
from tannery polluted soil. Ecology, Environment and Conservation
Paper, 2006, 12(1): 175-178.

11. Serdar S, Faruk K, Orhan Y, ef al. Flocculating performances of exo-
polysaccharides produced by a halophilic bacterial strain cultivated on
agro-industrial waste. Bioresource Technology, 2011, 102(2): 1788—
1794. http://dx.doi.org/10.1016/j.biortech.2010.09.020

12. Jin He, Zhen Quanwei, Qiu Ning, et al. Medium optimization for the
production of a novel bioflocculant from Halomonas sp. V3a' using re-
sponse surface methodology. Bioresource Technology, 2009, 100(23):
5922-5927. http://dx.doi.org/10.1016/j.biortech.2009.06.087

13. Wang Jianlong, Wan Wei. Optimization of fermentative hydrogen
production process by response surface methodology. International
Journal of Hydrogen Energy, 2008, 33(23): 6976—6984. http://dx.doi.
org/10.1016/.ijhydene.2008.08.051

14. Yao Jun, JiangMin, Sang Li, ef al. The screening of a flocculant-pro-
ducing Bacterium nx-2 and its characteristics. Food and Fermentation
Industries, 2004, 30(4): 7-11.

15. Qian B G, Huang LQ, Feng B, et al. Study on the fermentation condi-
tions and flocculating characters of bioflocculant production by bacillus
subtilis. Technology of Water Treatment, 2011, 37(8): 26-30.



Temperature and Concentration Effects on Biodegradation
Kinetics and Surface Properties of Phenol Degrading

Rhodotorula glutinis

AYSUN VATANSEVER BOSCA' and SELIM L. SANIN2*

JMinistry of Environment and Urbanization, 06560, Ankara, Turkey
’Department of Environmental Engineering, Hacettepe University, 06800, Ankara, Turkey

ABSTRACT: Biotoxicity and low temperature are among the challenges of biodegra-
dation as well as microbial transport in in-situ bioremediation applications. This study
investigates the effect of low temperature, high and low concentrations of phenol, on
biodegradability and the surface properties of Rhodotorula glutinis which may be in-
strumental to develop control mechanisms in engineering applications. Results showed
that Rhodotorula glutinis is able to grow at low phenol (< 0.5 g/L) and glucose (1.0 g/L)
concentrations. Microbial growth rates of Rhodotorula glutinis is the highest at 25°C for
phenol fed reactors. Temperature and type of carbon source affected the total amount of
extracellular polymeric substances (EPS) and the relative amounts of EPS constituents.
Phenol fed Rhodotorula glutinis, at 4°C, were found to be hydrophobic whereas Rhodo-
torula glutinis showed less hydrophobic characteristics at 25°C, regardless of the carbon
source. Surface hydrophobicity of Rhodotorula glutinis is related to the distribution of

carbohydrate and proteins in the EPS.

1. INTRODUCTION

N-SITU bioremediation is declared as the most ef-

fective and economical treatment technology for the
removal of anthropogenic pollutants. Effectiveness of
the remediation is enhanced by increasing the number
of native species involved in the process. Low temper-
atures (< 10°C) of groundwater and the type and con-
centration of the contaminant, in addition to nutrient
scarcity are among the restrictions of the biodegrada-
tion process. Because of low environmental tempera-
tures biodegradation rates slow down and removal of
the organic contaminant require longer time.

Phenolic compounds are considered as priority pol-
lutants since they are harmful to organisms even at low
concentrations and many of them have been classi-
fied as hazardous pollutants because of their effect on
human health [1]. Moreover, phenolic compounds in
drinking water cause taste and odor problems at very
low concentrations (~2 pg/L) and can form toxic poly-
chlorinated phenols after chlorination [2].

Phenol is currently produced from fossil resources
and an industrially versatile chemical [3] used in the

*Author to whom correspondence should be addressed. Tel.: +90 312 297 78 00,
Fax: +90 312 299 20 53; e-mail address: sanin@hacettepe.edu.tr

synthesis of dyes, pharmaceuticals and picric acid.
Phenol-methanal (formaldehyde) resins are the basis of
the oldest plastics, and currently used to make low cost
thermosetting plastics such as melamine and Bakelite,
used in electrical equipment. These resins are also used
extensively as bonding agents in manufacturing wood
products such as plywood and MDF generated by the
activities of petrochemical, coal conversion, pesticide,
paint, solvent, pharmaceutical, wood processing (play-
wood and MDF), and pulp and paper industries. They
are also widely used as construction materials for au-
tomobiles and appliances, epoxy resins [4] and adhe-
sives, and polyamide for various applications [5,6].

Because of its versatile use in industry and its ad-
verse effects on nature and human beings, phenol is
frequently used as a model hazardous chemical for aro-
matic pollutants.

Phenol is introduced into the environment as a result
of accidental releases or inefficient treatment of indus-
trial wastes. Concentration above 50 mg/L of phenol
is toxic to most of the microorganisms. Remediation
of phenol in natural environments is achieved by both
physicochemical and biological techniques [7]. Among
these methods, biodegradation processes is preferred
because they are cost effective and considered as envi-
ronmentally friendly. Complete mineralization is also
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possible by several microorganisms [8]. Thus, phenol
metabolizing microorganisms are of major interest to
the researchers and it has been known that some mem-
bers of bacteria and yeast genera are resistant to phe-
nol toxicity and utilize it as the sole carbon and energy
source [9,10].

Most of the phenol removal studies in the literature
are focused on bacterial biodegradation [1-12] and
there is limited information on the phenol metaboliza-
tion by the yeasts. Furthermore, little is known about
the biodegradability of phenol by yeasts at colder tem-
peratures [13,14] which is more significant for in-situ
applications, compared to mesophilic temperatures
[15]. Phenol is a well-known and used disinfectant
therefore the species that can biodegrade phenol (espe-
cially at high concentrations) are limited since it inhib-
its the microbial growth [16].

The yeast strain Rhodotorula glutinis, used in this
study, is an industrial strain and there is limited report
on their capability to biodegrade phenolic compounds
[17-18]. In previous researches phenol biodegrada-
tion was determined at relatively less toxic conditions
(~200 mg/L) and kinetic parameters were not reported
[19]. For the industrial uses of R. glutinis phenol is re-
moved from the supernatant to eliminate its toxic effect
[20]. This species is not known as a phenol degrading
microorganism. Although, the knowledge on biodegra-
dation of phenol at low temperatures by Rhodotorula
glutinis is important for in-situ remediation of soils and
groundwater, there is insufficient information on phe-
nol biodegradation performance of Rhodotorula gluti-
nis at these temperatures. To our knowledge in any of
these studies biodegradation kinetics or different phe-
nol concentrations are not investigated.

Moreover, there is no information on the subsequent
changes of surface properties of Rhodotorula glutinis
due to carbon source. Microbial surface properties are
important parameters to control the transport of mi-
croorganisms in porous media. According to Sanin et
al. [21] hydrophobic properties of EPS related to car-
bon source, toxic organic material may trigger EPS in
higher quantities as a survival response. On the other
hand relatively low carbon concentration may limit the
EPS amount, even if its biodegradable. Kim (2009)
[22] showed that specific and non-specific interactions
occurring between the microorganisms and substratum
determines the extent of deposition, rather than trans-
port from the bulk to the collector surface. Therefore,
controlled bacterial surface hydrophobicity can be an
effective engineering tool in in-situ bioremediation ap-
plications.

In this study the effect of temperature, low (4°C)
and moderate (25°C), and concentration on the degra-
dation of phenol by Rhodotorula glutinis are investi-
gated. A reactor containing glucose at 25°C is also used
to determine the biodegradation rate of the yeast, for
a non-toxic chemical. In addition, surface properties
(EPS production and hydrophobicity) of Rhodotorula
glutinis are examined and their contribution to in-situ
bioremediation is discussed.

2. MATERIALS AND METHODS
2.1. Initial Sampling of Microorganisms

Rhodotorula glutinis culture is isolated from the
soil contaminated with petrochemical compounds. For
isolation of Rhodotorula glutinis 1.0 gram of soil was
placed into 50 mL of sterilized distilled water and
mixed on an orbital shaker. This solution was trans-
ferred into a reactor containing 0.1 g phenol and basic
minerals. The transfer cycle is repeated 5 times with
increasing phenol concentrations (0.1, 0.25, 0.5, 0.75
1.0 g of phenol). A sample was taken from the solu-
tion and grown on solid agar that contains phenol and
basic minerals. Pure culture was obtained by repeated
transfer of microorganisms on other agar plates and
isolated single culture was conserved in slant agar
tubes. Then, the microorganism specie was identi-
fied using VITEC® (bioMerieux, UK) and Analytical
Profile Index, API® Strips as Rhodotorula glutinis and
used in experiments.

2.2. Biodegradation Studies

The experiments were conducted in three sets, each
set included four reactors with different carbon con-
centrations, given in Table 1. The first and the second
set of reactors, which included phenol as the sole car-
bon souerce, were operated at 4°C and 25°C, respec-
tively. The third set of reactors was operated at 25°C,
using glucose as the sole carbon source at four differ-
ent concentrations. The reactors which included glu-
cose are used to determine maximum growth rate of
Rhodotorula glutinis in the absence of substrate inhibi-
tion. The glucose concentrations used in these reactors
was selected to have same amount of carbon atoms as
in phenol reactors (i.e. 0.25 g/L phenol and 0.48 g/L
glucose have same amount of carbon atoms).

The composition of growth media and the type and
concentration of carbon source (phenol or glucose) is
given in Table 1. The pH of the mineral medium was
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Table 1. Composition of Carbon and
Basal Mineral medium.

Phenol (g/L) 0.25 0.50 0.75 1.00
Glucose (g/L) 048 0.96 1.44 1.91
Carbon Equivalent in the reactors (g/L) 0.2 04 06 0.8

Constituent Composition per liter

K;HPO, 1259
KH,PO, 38g

(NH,),SO, 109

MgSO,-7H,0 01g

Trace element solution (per liter) 5.0 mL
H,BO; 0.232¢g
ZnS0O,-7H,0 0.174 g
FeSO4(NH,),S0,-6H,0 0.116 g
CoS0, 7H,0 0.096 g
(NH4)sM0o;0,,-4H,0 0.022 g
CuS0O,-5H,0 8.0 mg
MnSO,-4H,0 8.0 mg

7.2 £ 0.2 at 25°C. For each reactor, 600 mL of basal
mineral medium was added into 1 L Erlenmeyer flasks
and sterilized by autoclaving. The carbon source was
added from stock solutions after sterilization by cold-
sterilization (0.2 pm pore size syringe filter) in laminar
flow chamber. Then, isolated and enriched Rhodotoru-
la glutinis culture was transferred to the reactors which
were incubated at the corresponding temperatures,
mixed at a rate of 130 rpm on a rotary shaker. A C/N
ratio of 1 is used during experiments.

The growth of the microorganisms were monitored
by optical density (O.D.) measurements (@ 600 nm)
using a spectrophotometer (DR Lange-CADAS 200).
Deionized water was used as blank during the experi-
ments. A control reactor without microbial inoculation
is used as control reactor during each experimental
setup. No significant change in phenol concentration is
observed (< 3%) in control reactors. The growth rates
in the reactors were modeled using Haldane kinetics
[23]. Maximum specific growth rate (u,,,,), K, and K;
values of Rhodotorula glutinis are calculated using
quadratic interpolation method. Each measurement is
repeated three times and the averages are reported.

2.3. Determination of Phenol Concentration

Phenol concentrations in the reactors were deter-
mined in triplicate samples, by direct photometric
method (Method 5530.D) of APHA, AWWA, WEF.
4-aminoantipyrene was used as the coloring agent and
the absorbance was measured at 500 nm [24].

2.4. Extracellular Polymer and MLVSS
Determination

Extracellular polymers (EPS) was extracted using
a cation exchange resin (CER) which was fully de-
veloped by Durmaz and Sanin [25]. Briefly, MLVSS
(Mixed Liquor Volatile Suspended Solids) value of
each completely mixed reactor sample was measured.
A dose of 100 gCER/gVSS was used for each sample
based on the previous experience. Separately weighed
cation exchange resins for each reactor were put into
glass beakers and washed with a phosphate buffer sa-
line (PBS) for about 2 hours, to prevent leaching from
the CER and to eliminate subsequent interferences dur-
ing chemical analysis. When washing was complete,
CER was filtered using millipore filter and dried at
room temperature until the next day. EPS was released
to the medium as a result of cation removal from floc
structure during stirring the samples with CER. After 5
hours mixing, the jars were left to settle down for about
half an hour. Then the supernatants were centrifuged
for 10 minutes and the centrates were used for carbo-
hydrate and protein analyses. Carbohydrate content of
EPS in the centrates of the samples were measured us-
ing Dubois method [26] where alginate is used as the
standard. Protein content of polymers in each EPS ex-
traction set were determined using folin-ciocalteu pro-
tein measurement method developed by Lowry [27].
Bovine Serum Albumin from Sigma (A-7906) was
used as a standard for the preparation of the calibration
curve. MLVSS measurements were conducted accord-
ing to Standard Methods for the Examination of Water
and Wastewater Method number 2540 [24].

2.5. Measurement of Hydrophobicity

Surface hydrophobicity of the microorganisms
was measured according to the Microbial Attachment
To Hydrocarbon (MATH) test that was developed by
Rosenberg [21,28]. The MATH test exploits the tenden-
cy of various microorganisms possessing hydrophobic
surface characteristics to adhere to liquid hydrocarbons
(e.g. n-hexadecane, n-octane). In this research, n-hexa-
decane was used as the hydrocarbon phase.

3. RESULTS AND DISCUSSION

3.1. Growth of Rhodotorula glutinis at Different
Temperature and Phenol Concentration

Rhodotorula glutinis was able to grow using differ-
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Figure 1. Growth rates of Rhodotorula glutinis with respect to temperature and carbon source.

ent concentrations of phenol as the sole carbon source,
under mesophilic (25°C) conditions. Low tempera-
ture and high phenol concentration is a stress factor in
biodegradation for Rhodotorula glutinis. High phenol
concentrations (0.75 and 1.0 g/L) stopped the growth
of the yeast at low temperature (at 4°C). Decreasing
specific growth rates () in the phenol containing re-
actors were calculated. The growth rates were five
times lower then 25°C reactors in the reactors at 4°C,
for 0.25 g/L concentrations of phenol. The growth rate
reduction is much more significant for the rectors con-
taining 0.5 g/L phenol, which may indicate an increas-
ing toxicity effect of phenol with the increasing con-
centration. At 0.75 g/L and 1.0 g/L reactors no growth
is observed at 4°C. Phenol degradation results show
typical substrate inhibition phenomena especially at
high phenol concentrations as well at low temperature.
Although this is the first reporting of low temperature
biodegradation study for R. glutinis, similar behavior

are also reported for other yeast species in the litera-
ture [13-19].

Glucose concentrations used in this study are sig-
nificantly lower than the studies which used Rhodo-
torula glutinis for industrial purposes (e.g. carotene
production) [29] which may be considered as carbon
deficit condition for the specie; when the type of car-
bon source for microbial growth is considered, specific
growth rate calculated for glucose at 25°C is two folds
faster than growth rates of phenol at the same tem-
perature which is an expected result since glucose is
an easily biodegradable compound, whereas phenol is
not, Figure 1.

Results indicate that Haldane kinetics was capable
of explaining biodegradation and growth kinetics.
Haldane inhibition constants calculated as 0.0138 for
0.5 g/L phenol at 4°C . We did not observe significant
inhibition at 0.25 g/L phenol concentration at 4°C. Ap-
parent growth is not observed in the reactors containing

Table 2. Kinetic Parameters of Haldane Inhibition for Rhodotorula glutinis during Phenol Degredation.

4°C 25°C
Carbon Concentration
(mglL) u Mmax K, K u Mmax K, K
0.2 0.0043 0.0046 0.075 - 0.0213 0.033 0.219 -
0.4 0.004 0.0046 0.075 0.0138 0.0332 0.033 0.219 -
0.6 N.G. N.G. N.G. N.G. 0.0187 0.033 0.219 0.615
0.8 N.G. N.G. N.G. N.G. 0.0135 0.033 0.219 1.210

N.G. = No growth is observed.
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Table 3. Phenol Removal Efficiencies of Rhodotorula
glutinis at Different Temperature and Concentrations*
(given as carbon amount).

Temperature 0.2 g/L 0.4 g/L 0.6 g/L 0.8 g/L
25°C 99% 99% 40% 20%
4°C 15% 10% > **

*At 25°C glucose removal efficiencies in all reactors were 100%.
**Could not be measured.

0.75 and 1.0 g/L phenol. At 25°C , no inhibitory effect
is observed in 0.25 and 0.5 g/L phenol concentrations.
Inhibitory effect is observed for 0.75 g/L (K; = 0.615
g/L) and 1.0 g/L (K; = 1.2102 g/L) phenol concentra-
tions. Haldane kinetics results are given in Table 2.

3.2. Biodegradation of Phenol by Rhodotorula
glutinis

The residual phenol concentrations in the reactors
were measured when stationary phase is observed.
Calculated removal efficiencies of phenol are given in
Table 3. Rhodotorula glutinis is capable of biodegrad-
ing low phenol concentrations (< 0.5 g/L) at all tem-
peratures. Although phenol is removed in all reactors at
25°C, removal efficiencies were low at high concentra-
tion reactors, 40% and 20% for 0.75 and 1.0 g/L reac-
tors, respectively. At 4°C reactors maximum removal
rate was 15%. No removal is observed in 0.75 and
1.0 g/L reactors at 4°C reactors, which also supports
the unchanged O.D. measurements in these reactors.
According to the phenol treatment efficiency results,
low temperature is an important limitation for phenol
biodegradation, since biodegradation rates are directly
related to the temperature of the environment.

3.3. Production and Composition of Extracellular
Polymeric Substances (EPS)

Since the amount of EPS and their properties may

significantly affect the transport of xenobiotic degrad-
ing organisms in porous media, EPS produced by Rho-
dotorula glutinis, under different conditions, were ex-
amined.

Rhodotorula glutinis is widely used to produce ex-
tracellular polysaccharides [30]. The EPS composition
of R. glutinis consists of almost entirely with neutral
sugars, when fed with glucose. In our study the use of
phenol, as carbon source, seem to effect the composi-
tion of the EPS produced by R. glutinis. The change
on the chemical structure of extracted EPS in terms
of the amounts of carbohydrate and protein compo-
nents as well as total EPS quantities are summarized
in Table 4. Results show that the quality and quan-
tity of EPS changed significantly when the reactors
were operated under different temperatures, carbon
sources and concentrations. The amount of proteins
was greater than carbohydrates in EPS composition,
at all studied phenol concentrations at 4°C whereas
no carbohydrate type of polymers were obtained for
phenol fed reactors at 25°C except for 0.5 g/L phe-
nol concentration. On the other hand, carbohydrates
were the dominant constituent of EPS for the glucose
fed reactors above 0.25 g/L glucose concentration. It
seems that 0.25 g/L glucose is a starvation initiating
concentration for R. glutinis, and an increase in the
protein content in the EPS composition, as a stress re-
sponse, is observed. According to literature, almost all
EPS composition is composed of carbohydrates in the
R. glutinis cultivating reactors which used easily bio-
degradable carbon source (i.e. glucose). In our reactors
(@ 25°C), as the glucose concentration increases from
0.25 to 1 g/L, carbohydrate percent of EPS increases
25% to 98 %. Therefore, 1 g/L glucose concentration
can be considered as a critical concentration for EPS
composition of R. glutinis.

Total amount of EPS increased with the increase
in carbon concentrations in all reactors, which may
indicate the importance of amount of carbon source,

Table 4. Effect of Temperature and Carbon Source Concentration on the Production and Composition of EPS.

Carbon Concentrations Equivalent to 0.25; 0.5; 0.75 and 1.0 g/L Phenol

0.2 0.4 0.6 0.8

Carbon

Source and Carbohydrate Protein Total Carbohydrate Protein Total Carbohydrate Protein Total Carbohydrate Protein Total
Temperature (mgl/g) (mg/g) EPS (mgl/g) (mg/g) EPS (mg/g) (mg/g) EPS (mgl/g) (mg/g) EPS
Phenol (4°C) 251 153.4 1785 47.3 771 1244 57.4 197.8 255.2 99.9 430.9 530.8
Phenol (25°C) nd 1.7 1.7 5.1 5.9 11 nd 97.3 973 nd 200 200
Glucose 0.9 2.7 3.6 2.7 2.0 4.7 4.9 1.5 6.4 22.8 04 232
(25°C)

nd: not detected.
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independent of carbon type, in EPS production. Rho-
dotorula glutinis fed with phenol, tend to produce sig-
nificantly greater amounts of EPS at 4°C compared to
25°C which is compatible with the smaller growth rates
obtained at 4°C compared to 25°C. In other words,
at difficult survival conditions Rhodotorula glutinis
produce high amount of EPS instead of proliferation.
Similarly, smallest amount of EPS was extracted from
glucose fed reactors, which showed highest growth
rates, less stress conditions and growing microbial
population. The EPS composition of glucose fed re-
actors contain higher carbohydrate concentrations.
These observation may indicate that non-toxic carbon
source is instrumental in the production of EPS car-
bohydrates.

3.4. Effects on Hydrophobicity

Relative hydrophobicities measured by MATH test
depending on temperature and carbon concentration in
the reactors are demonstrated in Figure 2. Our results
indicate that growth temperature may have an effect on
hydrophobicity of phenol degrading microorganisms.
Low hydrophobicity was detected for phenol fed reac-
tors at 25°C. It is evident from the data that the surface
of microorganisms was more hydrophobic (60%) when
phenol was degraded at 4°C.

As to the effect of carbon source, the reactors that
contain glucose having a hydrophobicity value of around
20%, were found to be more hydrophobic than the ones
fed with phenol at 25°C. In some of previous researches

100
W Phenol (4°C)
90
30 Phenol (25°C)
70 B Glucose (25°C)

60

50

40

30

Relative Hydrophobicity (%)

20

10

0.2 0.4 0.6 0.8

Carbon Concentration (g/L)

Figure 2. Relative hydrophobicity values with respect to tempera-
ture and carbon source concentration.

it was proposed that the proportions of EPS components
(proteins/carbohydrates and/or proteins/(carbohydrates
+ DNA)) were more important than the quantities of
individual EPS components in controlling hydrophobic-
ity [31,30]. When the hydrophobicity data is evaluated
considering the relative amounts of carbohydrates and
proteins to each other, it is seen that there is a positive
relationship between proteins and hydrophobicity for
phenol at 4°C. Similarly, microorganisms in glucose fed
reactors having more carbohydrates than proteins (ex-
cept for 0.25 g/L), showed low hydrophobicity.

4. CONCLUSIONS

Rhodotorula glutinis is capable of biodegrading
phenol at mesophilic temperatures (20-25°C), which
makes these species useful for bioremediation appli-
cations. On the other hand, removal efficiencies of
high phenol concentrations decreases at low tempera-
tures.

According to the results of the study, biodegradation
of phenol by Rhodotorula glutinis requires longer time
at low temperature (4°C) which may indicate stress
response compared to room temperature (25°C). The
microorganisms exhibit seven times faster maximum
phenol utilization rates at 25°C and maximum specific
growth rate is doubled when glucose was used as car-
bon source instead of phenol at 25°C. The amount of
extracted total EPS was very high for phenol reactors
at 4°C which can be explained as a response of micro-
organisms to difficult survival conditions. As the tem-
perature increased to 25°C and carbon source shifted
to glucose, the amount of EPS decreased parallel to
the increase in growth rates. EPS production increases
with the increasing initial carbon concentrations in the
reactors. Besides total amount of EPS, relative amounts
of EPS components also showed differences. Proteins
were dominant in the composition of EPS of phenol
reactors, independent of temperature, while carbohy-
drates were dominant in glucose fed reactors.

Rhodotorula glutinis fed with phenol at 4°C had hy-
drophobic surfaces with relative surface hydrophobic-
ity values changing between 55-70%. However, at a
room temperature (25°C), which may mean better sur-
vival conditions, the surfaces turned to be less hydro-
phobic (5-30%).

Our results indicate Rhodotorula glutinis is capable
of degrading phenol, can be used for controlled trans-
port in natural environment and can be instrumental for
long term bioremediation applications.
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