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Effect of carbon source on the
formation of polyhydroxyalkanoates
(PHA) by a phosphate-accumulating
mixed culture

P. C. Lemos, C. Viana, E. N. Salgueiro, A. M. Ramos, J. P. S. G. Crespo, and
M. A. M. Reis

Departamento de Qmica, Faculdade de Cieias e Tecnologia, Universidade Nova de Lisboa,
2825 Monte de Caparica, Portugal

In the present work, attention was devoted to understand how different carbon substrates and their concentration
can influence the production of PHA by polyphosphate-accumulating bacteria. Acetate, propionate, and butyrate
were tested independently. The composition of the polymers formed was found to vary with the substrate used.
Acetate leads to the production of a copolymer of hydroxybutyrate (HB) and hydroxyvalerate (HV) with the HB
units being dominant. With propionate, HV units are mainly produced and only a small amount of HB is
synthesized. When butyrate is used, the amount of polymer formed is much lower with the HB units being
produced to a higher extent. The yield of polymer produced per carbon constfgeiiwas found to diminish

from acetate (0.97) to propionate (0.61) to butyrate (0.21). Using a mixture of acetate, propionate, and butyrate
and increasing the carbon concentration, although maintaining the relative concentration of each substrate,
propionate is primarily consumed and consequently, PHA synthesized was enriched in HV units. The polymers
obtained in all experiments were copolymers with the average molecular weight of the most representative
fraction higher when hydroxybutyrate units were present in considerable amounts. All the polymers synthesized
were found to be quite homogeneous and their average molecular weight is of the same order of magnitude as
the ones commercially available. © 1998 Elsevier Science Inc.

Keywords: Polyhydroxyalkanoates; polymer characterization; biological phosphorus removal; activated sludge; carbon
source

Introduction at the same time. In recent years, this process has gained
greater importance when compared with the chemical re-
moval of phosphate. Some advantages of the biological
process are low sludge production and the fertilizer value of
the sludge. Several industrial treatment plants are working
worldwide using this biological process.

Contamination of wastewaters with nitrate and phosphate
from industrial and agricultural activities leads to eutrophi-

cation of water streams and lakes. It was found that
wastewaters submitted to anaerobic/aerobic cycles mainly

e samere st e oavae s The metabolm of pobnosphate baceia is o ye
P 9 completely elucidatedRigure 1). It is known that these

bolic requirements. These microorganismg, known as bacteria under anaerobic conditions can uptake short chain
polyphosphate bacteria, are capable of storing phosphatefat,[y acids, thereby producing polyhydroxyalkanoates

f ) . ids,
intracellarly as polyphosphate up to 10% of their dry " p\a) yith simultaneous phosphorus release to the external
weight. By removing bacteria, phosphate can be removed medium? Energy for this process comes from the break-
down of intracellular polyphosphate; the reducing equiva-
. o ] lents needed are originated from glycogen consumption
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Figure 1 Carbon (acetate) and phosphorus metabolism for polyphosphate bacteria during anaerobiosis and aerobiosis (according to
Pereira et al.®)

produced is used for synthesis of polyphosphate with same carbon chain length as the subs&télolecular
phosphate uptake from the external medium. Also some of chains can range from 600—-35,000 repeating units.
the precursors are used for glycogen formation. It has been In biological phosphorus removal processes, the synthe-
shown that these microorganisms have three different typessized PHA are, from this point of view, a byproduct. In the
of intracellular reserve products: polyphosphate, glycogen, present work, the PHA accumulated in biological phospho-
and polyhydroxyalkanoates. rus removal from activated sludge are polyesters P(HB-co-
Polyhydroxyalkanoates are the only linear polyesters HV). Much attention has been devoted to the study of
biodegradable and biocompatible with numerous applica- homopolymers but heteropolymers seem to be more prom-
tions in medicine, pharmacy (implants, covering of pharma- ising. Aiming to understand and characterize the polymers
ceuticals), and packaging. These thermoplastic polymers areproduced in the biological phosphorus removal process
accumulated as intracellular granules by different bacteria using different carbon sources, the anaerobic phase was
as carbon and energy storage material under conditions ofstudied. Acetate, propionate, and butyrate were used as
restricted growtlf. More than 40 different hydroxyalkanoic ~ single substrates or mixed with increasing overall concen-
acids (HA) have been detected as constituents of PHA, buttration. The polymers formed were analyzed during the time
only few homopolyesters beside poly(3-hydroxybutyrate) course of the anaerobic period to determine their composi-
(PHB) are available from bacterfaDepending on the type  tion, average molecular weight(,), and polydispersity
of microorganism and substrate fed, they may produce (M,/M,, M, are the number average molecular weight).
polymers with different composition. It was shown that
PHB copolymers that contained also an amount of 3-hy- .
droxyvalerate (HV), named P(HB-co-HV), could be formed Materials and methods
by cosubstrate feedirfy. Growth conditions
ol eigg:grs];lg\:li ?L?;ﬂgﬁgﬁjso?ug:ggﬂg:gg F;?(iﬁgog] Oopnoell;_ Medium.. /—\s othelryvise stated, th'e medium usgd had the following
composition (gi'*): NH,CI, 0.16; MgSQ, 0.6; CaC)} - 2H,0,
mer. PHB homopolymer and_cop_olymer_s of 3-hydroxybu- 0.07, EDTA, 0.; KHPO, 0.0923; KHPO, 0.0449;
tyrate (HB) are currently being industrially produced by cp.cooNa: 3H,0, 0.6799; propionic acid, 0.2115; butyric acid,
Zeneca under the trade name of Biopol. A mutant strain of 0.1761; mineral solution, 2 ml (Fe¢i 6H,0, 1.5; HBO,, 0.15;
A. eutrophusand glucose and propionic acid as substrates CusQ, - 5 H,0, 0.03; KI, 0.03; MnCJ - 4H,0, 0.12; NagMoO, -
are used. The copolymers have improved mechanical 2H,O, 0.06; ZnSQ - 7H,0, 0.12; CoC} - 6H,0, 0.15). Prior to
properties, making them suitable to replace petrochemical-autoclaving, the pH medium was set to 7.2 with the addition of
based bulk plastics.The improvement of the physical 5M NaOH.
properties of the copolymers has been achieved by control-

ling the molar ratio HV/HB. The presence of HV repeating . :

S . e ctivated sludge from the wastewater treatment plant of Beirolas
unlts' In thg chains decreases the hardness, C'ryst.alll'nlty, an Lisbon). The 2 reactor used with a operating volume of 1.5 | was
melting point of the polymer, thereby increasing its impact nerated under temperature and pH control (25°C and pH 7.0) and
strength and processability. The carbon chain length of the stirring (250 rpm). The sludge was exposed daily to three consec-
substrate determines the range of monomer units incorpo-utive cycles. Each cycle was comprised ofi & h period:
rated into PHA. The 3-hydroxyacid formed possesses the anaerobiosis (2 h), aerobiosis (4 h), and settling (1 h). After

Inoculum reactor. A sequenced batch reactor was inoculated with
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A temperature of 50°C. A UV detector set at 210 nm (Merck
Darmstadt, Germany) was used. Prior to injection, samples were
filtered using a 0.2um membrane. The organic acid concentration
obtained by HPLC was converted to COD using the oxidation
stoichiometry for each acid.

Argon/Air

Polyhydroxyalkanoate quantification. Polyhydroxyalkanoates
determination was performed according to Brauneggl.** and
Comeauvet al*? with minor modifications introduced by Satdp.
Culture (2 ml) was centrifuged and the pellet obtained was
Argon resuspended in 1 ml acidic methanol (20%S@),) with 0.5 mg
ml~* benzoic acid as internal standard. To this mixture, 1 ml
chloroform was added and the solution was kept in a thermoblock
at 100°C for 3.5 h. After cooling, 0.5 ml water was used for
extraction. The chloroform phase was collected and molecular
sieves (0.3 nm) were added for water retention. The equipment
used was a gas chromatograph (Chrompack) with a flame ioniza-
tion detector set to 220°C. The chloroform phase obtained!)1
was injected on-column in a 25 nx 0.25 um Chrompack
CPSIL-5CB column. Helium was used as the carrier gas. The
temperature program for the analyses was: 1 min at 40°C; 30°C
min~* until 50°C; after 2 min of program start, the oven temper-
ature was increased by 8°C mihuntil 160°C; and finally 1 min

Remove <—

B at 160°C (total time= 16.75 min). The injection port follows the
temperature program for the oven.
A calibration curve using a PHB/HV standard (70%/30%;

Fill L .. Merck) was obtained. Nine different concentrations of the standard
Remove Anaerobiosis ~ Aerobiosis

were subjected to the same procedure used for the samples and
injected on the GC. A direct correlation between HB concentration
and corresponding peak area and also between HV concentration
1 0505 2 ' 4 and corresponding peak area were obtained.
Tests were performed in order to determine if the time of acidic
methanolysis reaction could affect the recovery of PHA. The best
Figure 2 Sequence batch reactor (A) and cycle of operation (B) time for the recovery of the polymer was selected as 3.5 h.

] ) Molecular weight determination of polyhydroxyalkanoates.
settling, one third of the supernatant reactor volume was replaced gy polymer extraction 2 ml of culture was lyophilized. The
with fresh medium (1 h)Rigure 2. The gas sparging rate was 0.2 sample was extracted with the same volume of chloroform by
vvm using argon during the anaerobic period and air during the powerful stirring for 20 h. After filtration through a 0.2m
aerobic period. A sludge retention time of 10 days was achieved by fiherglass filter, the sample was dried under an inert gas flow
purging sludge daily at the end of the aerobic period. followed by drying in a vacuum dessicator until constant weight.
The polymer obtained was redissolved in chloroform on a final
concentration of 0.2% (w/v). Before injection, the polymer solu-
tion was filtered using a 0.&m membrane filter.

For polymer characterizationthe average molecular weights
were determined using a gel permeation chromatography/size
exclusion chromatography (GPC/SEC) apparatus (Waters, Mil-

Batch reactor. A defined volume of activated sludge was removed

from the inoculum reactor, centrifuged, and resuspended in the
same volume of fresh medium containing one third of phosphate
concentration present on the medium used for the inoculum
reactor. Acetate, propionate, and butyrate were added in variable

concentrations (in terms of chemical oxygen demand-COD) and ford, MA) including a solvent delivery system composed of a

used as carbon sources. Unless otherwise stated, anaerobic Condl’nodel 510 pump, a UBK injector, and a mode 401 refractive index

E}%ﬁpg‘;ﬁrgr%\gdeﬁn du?sltri]r%inzrgs%neeads V\?g?er%'hneg sg?nse Eﬁsgdz fc\)';/ﬁ'edetector. The operating temperature was 30°C using chloroform as
inoculum rea’ctor' eluent. A series of three Waters Ultrastyragel columns’A10

’ 10%°A, and 16A was used. Universal calibration was performed
. and the calibration curve was generated with monodisperse poly-
Analytical methods styrene (PS) standards (in the range<210® to 4 X 10° from
Cell dry weight determination. The quantification of cell dry Waters and Polymer Laboratories). The calibration curve was
weight was performed using the volatile suspended solids (VSS) transformed using the Mark-Houwink relationshig] [= K M?,
technique according to Standard Methd8Culture (5 ml) was ~ Where [n] is the viscosity number limit an& and a are the
filtered through a Whatman GF/C fiberglass filter (0.4%n) Mark-Houwink constants, for each system polymer/solvent/tem-
previously dried and weighed. The filtrate was dried at 100°C for perature. The values of these constants used for the pairs PHB/
at least 24 h until constant weight. Finally, the culture filtrate was chloroform and PS/chloroform were ¥ 0.0118 ml g *; a= 0.78
calcinated fo 2 h at550°C and weighed. The difference between and K= 0.0049 ml g *; a= 0.78}*respectively. Sample injection
these last two weights is expressed as VSS. volumes of 150ul were used.

The majority of the molecular weight determinations were

Carbon substrates. Organic acids determination was done by conducted in the initial period of all experiments since the most
HPLC using a Shodex SH1011 column with 0@ 3sulfuric acid significant variations were expected to occur while the carbon
as eluent with an elution rate of 1 ml mih and an operating source was being consumed.
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Figure 3 Polyhydroxyalkanoates HB units (CJ) and HV units (®) produced during anaerobic period using as carbon source, acetate (A),
propionate (B), butyrate (C), and no carbon added (D)

Results and discussion
Effect of carbon source

was much lower (1%). Matsuet al.® observed that when
acetate was used as carbon source, 87% of the PHA
produced were HB, 11% were HV, and the remaining 2%
The production of polyhydroxyalkanoates in the biological was 3-hydroxy-2-methylbutyrate (3H2MB) and 1% 3-hy-
phosphorus removal process takes place during the anaerodroxy-2-methylvalerate (3H2MV). The same author with
bic period. Since polyphosphate-accumulating bacteria propionate as carbon source obtained 3% HB with the rest
grow under aerobic conditions, it can be considered that cell as HV (43%), 3H2MV (50%), and 3H2MB (6%).
concentration remains approximately constant (between Figure 4shows the evolution of carbon concentration for
2.5-3 g VSSTY) during the time course of the experiments. the three substrates used. All substrates are completely
In order to evaluate the effect of different carbon sources on consumed although at different rates. The higher substrate
phosphate release and polyhydroxyalkanoate production, aconsumption rate was observed for acetate followed by
fraction of sludge from the inoculum reactor was treated as propionate and finally butyrate.

described above and submitted to anaerobiosis during 40 h. The yield of polymer produced per carbon consumed
Three different carbon substrates were used independently

(acetate, propionate, and butyrate). A control reactor was

also used without a carbon source addition. Table 1 Molar ratio (HB/HV) and molar percentage (HB/HV)

The uptake of acetate leads to the best PHA production obtained for the experiments using acetate, propionate, and
while butyrate contributes to the lowest polymer formation butyrate independently or using 320, 960, or 1,920 mg COD I
(Figure 3. Polymer composition is also affected by the ©f 2 Mixture of the three carbon sources
carbon source used @ble ). In fact, acetate consumption
leads to the production of a copolymer of HB and HV
repeating units with HB being predominant (75.25%).

Molar percentage

While using propionate, the opposite behavior occurred, ExPeriment Molar ratio (HB/HV) HB HV
i.e., the HV units are mainly produced (71.95%). The total
amount of polymer produced from butyrate was minor when Single substrate
. : . Acetate 3.04 75.25 24.75
compared with the other two substrates, with HB slightly pro5ionate 0.39 28.06 71.94
higher than HV. In the control experiment, no net produc- Butyrate 1.48 59.68 40.32
tion of HB or HV units was observed. Comeat all® Mixed substrate
reported approximately the same values of production of 320 mg COD 1.24 55.36 44.64
HB when using acetate (77%) and butyrate (52%) as carbon?6% ™9 €OD 0.47 31.97 68.03
Yy 1,920 mg COD 0.35 25.93 74.07

substrates but when using propionate, the obtained value
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150 representative band is presented Rigure 5 for each
substrate. At the end of the experiment, for all cases the
emerging of fringes of much smaller molecular weight was
observed, indicating degradation of the polymer (data not
shown).
oo All polymers harvested are quite homogeneous since
Ao, g their polydispersityM,,/M,, values presented a variation in
50 A, ° 0.0 the range 1-6 during the time course of the experiments.
© Since all the GPC chromatograms are unimodal, the poly-
mers obtained are copolymérsThe polymers produced
when acetate or propionate were used as carbon sources did
10 not present a large variation in the average molecular weight
Time (h) during the time course of the experiments. The synthesized
polymer from acetate has an average molecular weight close
Figure 4 Carbon uptake during the anaerobic period when to 6 X 10° which is the value obtained for commercial
acetate (A), propionate (O), and butyrate (0)) were used inde- polymers of this kind produced byseudomonassp.;
pendently however, after the first hours of experimentation, a slight
decrease in this value can be observed. Using butyrate as
(Yp,s Mg polymer/mgCOD) was calculated plotting poly- cgrbon source, the microorganisms seem tp produce the
mer formed against substrate consumed, linearizing, andhighest molecular weight polymer although its concentra-
taking the slope of the linear regression. A good correlation ton is too low. For this substrate, an increase in the average
was obtained in all cases (= 0.99). TheYps values molecular weight was observed during the first 10 h of
obtained when using acetate, propionate, and butyrate wereeXperimentation. After this period, the average molecular
0.97,0.61, and 0.21, respectively. These results show that inweight stabilizes.
this system, acetate is the best substrate for PHA production ~Figures 3and5 are not discordant. The GC determina-
by the phosphorus-accumulating bacteria. tion gives the total amount of units present in the sample.
Samples from each batch culture were taken in order to The GPC determination presents how many units are linked
determine the average molecular weight and polydispersity together (expressed in terms of mean molecular weight). In
of the polymer produced. All samples analyzed exhibit the case of the control experiment and at the end of the other
several bands corresponding to different molecular weights. three experiments, the long polymers were broken down to
The evolution of the average molecular weight of the most smaller onesKigure 5 even though the total amount of the
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Figure 6 Polyhydroxyalkanoates HB units ((J) and HV units (®) Figure 7 Carbon uptake during the anaerobic period when 320
produced during the anaerobic period using as carbon source COD (A); 960 COD (B); or 1,920 COD (C) were used with acetate
320 COD (A); 960 COD (B) or 1,920 COD (C) (A); propionate (O); and butyrate ()
polymer is remaining approximately the sanfégire 3. (44.64%) units. Increasing the carbon concentration to three

The total amount of the most representative band decreased@d Six times the reference amount, it was observed that the
although its mean molecular weight remained the same. TheMicroorganisms produce more HV than HB unitslble J,
energy obtained from the polymer hydrolysis may be used the highest polymer production being obtained during the

71 .
for microorganism maintenance. 0 mg Q |~ experiment. _
These results can be understood if the carbon consump-
Effect of using a mixed carbon source at tion is consideredKigure 7). It was observed that among

the three substrates present in the medium, propionate was
always the first to be exhausted followed by butyrate and
Aiming to understand if the carbon concentration could lastly acetate. These results are in contrast with the observed
influence the production of PHA by phosphate-accumulat- rates for the three substrates independerfilgure 4) but
ing bacteria, a mixture of acetate, propionate, and butyratethey were obtained systematically in repeated experiments.
with the same concentration in terms of chemical oxygen In the reference experiment, the carbon substrates are
demand (COD) was used. The total value for COD was 320 readily consumed. When increasing the carbon concentra-
mg O, I ! in a reference experiment (the same value tion three times, it takes abb® h to halt consumption.
previously used during studies on the effect of carbon Using six times the reference concentration, a large fraction
source). Experiments using three and six times this value of the substrate is left over (including propionate). Since
(960 mg Q 1"t and 1,920 mg Q1 %, respectively) were  propionate mainly originates HV units, this explains the
also performed. Results are showrFigure 6andTable 1. polymer composition on HV being much higher in the 960
For a COD concentration of 320 mg,© * the polymer and 1,920 mg Q1 * experiments. For the highest substrate
contains almost the same amount of HB (55.36%) and HV concentration, acetate is only slightly consumed and so less

different concentrations

Enzyme Microb. Technol., 1998, vol. 22, June 667
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Table 2 Experimental and balanced Yp,5 values obtained using as carbon source 320, 960, or 1,920 mg COD |~ of a mixture of three
carbon sources

% COD consumed

Total COD cons.

Experiment (mg COD g~ ' VSS) Acet. Prop. But. Yess (exp.) Yr,s (balanced)
320 COD 106.60 33.3 33.3 33.3 0.58 0.60
960 COD 223.62 14.3 47.7 38.0 0.52 0.51
1,920 COD 218.68 7.4 67.0 25.6 0.49 0.53

HB units are produced in comparison with the triplicate consumed during the following aerobic period. Even though
concentration assay. the data are scattere@jgure 9B shows that there is an

The Yg,s values determined for the three experiments increase in average molecular weight during the anaerobic
were calculated using data until the carbon consumption period and a decrease during aerobiosis, thus for PHA
stops Table 3. The amount of propionate consumed was
always higher than the uptake of acetate and butyrate.
Taking into consideration that the values\gf,5 calculated
for each substrate independently (previous results) de- A
creases from acetate to propionate to butyrate, the results 4 lg
accomplished with mixed substrates can be explained. In A S
fact, using theYp,s value obtained for each substrate -2 1=
independently and multiplying it by the percentage of COD
taken up for that substrate, the contribution of that specific
substrate to the overall polymer production is obtained. - 754
Adding the three yield values determined by this way, a = PPS
balancedYp,s value for each experiment is obtained. Com- o 501e
paring theYp,s values calculated from the mixed substrate 15 55
experiments with the balance¥y,5 values, it can be
observed that they are quite similar. This fact demonstrates 0 6
that the amount of polymer produced when a mixture of a
substrates is used is the sum of the individual contributions
of each substratper se. A

If the carbon consumption is considerdeigure 7 and A
Table 2, we would expect that,, would be higher in 1004 — — — — — — — — — -0
experiments using 320 mg COD"than in the last two assays L]
since the amount of acetate consumed is higher. As ob-
served before, the average molecular weight of the most %50y ®
representative fraction is higher when HB is present in a d
considerable amount (compdfgyures 6and8). That is true 2.5 4
for the 320 mg COD T* and for the 1,920 mg COD
experiments; moreover, this fact can explain the lower C
average molecular weight values obtained for the 1,920 mg a | 4
COD ! experiment. Due to the scattered data in the A A
experiment using 960 mg COD 1, this conclusion cannot ra -2
be clearly withdrawn. For 320 mg of COD, tii,, value
decreases clearly at the end of the assay. This behavior can
be explained since carbon is consumed so abruptly that the v 7.5-
microorganisms need to use their reserves for maintenance =)
and, for this reason, at approximately 35 h the polymer 5 5.0 1
obtained has a,, value below 2.5x 10°. Once again, 15
polymer was broken into smaller fractions with the surge of
fringes with much lower average molecular weights. 0

An additional experiment using a COD concentration of 0 10 20 30 40
320 mg G |t in a mixture containing acetate, propionate, Time (h)
and butyrate was accomplished using an anaerobic followed
by an aerobi_c period. The length of bOJ-Eh periods were 2 a_nd Figure 8 Average molecular weight M,, (®) and polydispersity
4 h, respectively. Both HB and HV units were produced in M.JM. (~) of the polymers produced during the anaerobic

similar amountsKigure 9A. As was expected by metabolic  period using as carbon source 320 COD (A); 960 COD (B); or
considerations, PHA produced during anaerobiosis was 1,920 COD (C)

1004 — = — — — — — — — i)

o]

A -4

Mw/Mn

-2

Mw/Mn

1004 — — — — — — — — — )
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70 Comparison with PHA polymers produced by pure
! o A i
cultures (literature data)
] 60 g °
%D 50 o ; ! Even though most of the research work has been focused on
3 *2¢o : : o ® homopolymers, heteropolymers are more interesting when
E 40+ | & i their mechanical and physical properties are considered.
§D 30 ; oo¢ The molecular weight depends strongly on the bacterial
& 20 i @ strain and the carbon source used. Concerning the literature
i available,Table 3lists values ofM,, and polydispersity of
10 — i homo- and copolymers obtained from pure cultures of
0 ! 6 microorganisms. ~
i B - Most of the values observed in the literature fdy, are
i —4 3 not absolute values. In general, they refer to the polystyrene
1a A A L, 2 standards curve. The values presented in this work were
10.0 A A A A 4 corrected for PHB/chloroform using the Mark-Houwink
R e S 0 constants with these values being absolute ones.
2 7.5 : b Comparing the values o, andM,,/M,, shown inTable
» ; 3 with the corresponding values obtained in this work, it can
2 50 e e be concluded that copolymers obtained with the mixed
"% 25 ] i culture used in this study are very similar to those obtained
i ° ? with pure cultures. In the present work, most of the
' : C . copolymers were identical to those obtaine udo-
01 . 35 | dentical to those obtained vitseud
A, i 30 & monas strains with values ofM,, close to 6 X 10
o Ta, i | . & nevertheless, the existence of residual fractions with de-
g A g creasing molecular weight along the biological process was
o “ ! —20 © observed experimentally. In some cases, fractions of higher
o oo ! 5 E M,,, around 1-2x< 10°, were produced. This is similar to the
! % polymer produced bylcaligenessp. (Table 3. The litera-
o Pnm : —10 & ture reports the variation iM,, for PHB during batch
o ; 5§ fermentation ofA. eutrophusvhich is explained in terms of
%0g. .4 o S simultaneous synthesis and degradation of the polymer or
o 1' l 3' 4I. 5‘ . synthesis of loweM,, during the later stages of polymer
P ,19,29
Time(h) accumulatiorf:
Figure 9 Anaerobic and aerobic periods for a reactor fed with a Conclusions
mixture of acetate, propionate, and butyrate in a total amount of ) o .
320 COD. Polyhydroxyalkanoates: HB units (0) and HV units (®) This work is integrated in a more extended study whose
(A) average molecular weight M,, (@) and polydispersity of main goal was to optimize phosphorus removal in a waste-

polymers M, /M, (A) (B), carbon uptake: acetate (A); propionate

(©); and butyrats (0) (C) water treatment process with polymer production a side

stream subject. The production of PHA by biological
phosphorus removal sludge may be an inexpensive way of
production and recovery, the aerobic period is crucial. Cells producing a highly increased value product and also a way
should be harvested not immediately at the end of the to valorize excess sludge.

anaerobic period, but at a time when a good relation  The carbon source fed to the microbial culture very
between production and average molecular weight of the widely influences not only the composition but also the
polymer produced is obtained since both maximums do not average molecular weight of the polymers produced. From
seem to be exactly simultaneousdures 9AandB). The a practical point of view, if the goal is to remove phosphorus
carbon consumption pattern can be observed very neatlyfrom wastewater, acetate leads to the best process perfor-
with propionate the first to be completely consumed fol- mance since it conducts to a higher yield of polymer
lowed by butyrate and finally acetateigure 90. When the produced per COD unit consumed. The average molecular
carbon uptake for this experiment is compared with the one weight of the polymer obtained was of the same order of
observed irFigure 7A it can be seen that there was a faster magnitude as the polymers produced commercially from
consumption orfFigure 9C This fact can be understood if pure cultures of microorganisms. The use of propionate
the initial concentration of PHA present is considered. For should be considered if a higher relative amount of HV units
the experiment using 320 mg COD? there was no PHA  are required. Butyrate was expected to be a good substrate
present at the beginning of the experiment. On the contrary, since its carbon skeleton is quite identical to 3-hydroxybu-
an appreciable amount of polymer was detected in thetyrate, the precursor of PHB; however, th&,s yield
beginning of the experiment present Figure 9A This obtained is quite low even though the polymer produced has
behavior suggests that the microorganisms involved morea higher average molecular weight.

readily take up external carbon substrates when they had no The amount of carbon source fed, and in particular, the
PHA accumulated (being the cells in starvation). type of carbon source used is of extreme importance. When
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Table 3 Values of M,, and polydispersity of PHA obtained from pure cultures of bacteria

Microorganism Type of PHA Substrate M,, X 107% M,/M, Reference
Alcaligenes eutrophus PHB N-alkanoates of C,-C,, 2.3-15.5 1.4-2.5 18
P(3HB-co-4HV) N-alkanoates of C,-C,, 0.36-30 1.7-2.5 18
PHB Butyric acid 11.3-11.6 2.0-4.2 19
PHB Butyric acid 12-33 2.3-7.7 20
P(3HB-co-4HV) vy-Butyrolactone and butyric acid 4.3-7.8 1.8-2.7 21
P(3HB-co-4HV) Butyric and valeric acids 12.2 1.7 19
PHB Glucose 9.0-20 2.0-5.0 22
PHB Glucose 21-23 3.5 23
PHB Radiolabelled glucose 13-20 3.0-4.1 24
Alcaligenes latus P(3HB-co-4HV) Sucrose and y-butyrolactone 2.9-3.9 1.56-2.0 25
Azotobacter vinelandii PHB Glucose and fish peptone 17-28 1.7-3.0 26
PHB Beet molasses 10-45 1.2-1.8 27
Methylobacterium extorquens PHB Methanol 2.0-6.0 4.3-5.0 28
(Pseudomonas sp. AM1) PHB Methanol 1.7-6.2 4.0-8.3 29
PHB Methanol and ethanol 3.2 4.2-5.7 29
PHB Methanol and glycerol 2.6-3.9 3.3-4.5 29
PHB Methanol and fructose 11.1-11.3 2.9-3.0 29
PHB Sodium succinate 7.2-16.6 2.9-5.7 29
PHB Sodium succinate 9.0-17.0 2.9-5.7 28
Pseudomonas 135 PHB Methanol 2.6-3.7 10.4-11.1 30
Pseudomonas cepacia PHB Glucose, xylose and lactose 2.2-8.77 1.6-3.9 31
Pseudomonas oleovorans PHA and copoly(HA) from PH N-alkanoic acids from formate to 0.92-3.7 2.0-2.5 32
hexanoate to PH decanoate decanoate
PHB n-Octane and n-octene 1.9-2.6 1.5-2.3 33
Rhodospirillum rubrum P(3HB-co-HV-co-HPE)P 4-pentenoic and pentenoic acids  3.4-4.8 3.1 34

aAbsolute values of M,, obtained with universal calibration
PHPE: 3-hydroxy-4-pentanoate

using mixed substrates, thég,,5 value is the sum of the
individual contributions of each substrate. With a carbon
concentration of 320 COD, identical amounts of HB and
HV units were produced. The utilization of more concen-
trated carbon substrates leads to the consumption of propi-
onate primarily, the P(HB-co-HV) being enriched in HV
units.
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