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Abstract. The effect of yeast extract (YE), iron (Fe) and
cobalt (Co) on anaerobic bacterial granules grown in
eight laboratory-scale upflow anaerobic sludge blanket
reactors was investigated using a factorial design. The
experiment was performed in three periods in which dif-
ferent chemical oxygen demand (COD) loading rates
were applied to the reactors. The COD digestion rate
and the specific activity of the bacteria were positively
affected by supplementation of Fe and Co in the feed
under a high COD loading rate. YE had a strong posi-
tive effect on the bacterial growth rate, but no signifi-
cant effect on the specific activity of the bacteria. With
Fe supplementation, an excellent COD digestion rate
was maintained in the reactors, and addition of YE in
the feed was not necessary. Granules with better settling
properties were developed under a relatively low bacteri-
al growth rate. With the increase in COD loading rate,
the percentage of calcium increased rapidly in the gran-
ules from the reactors without YE supplementation. The
bacteria grown under high COD loading rate and with-
out an Fe supplement could be Fe-deficient. Methano-
thrix-like rod-shaped bacteria were dominant in the
granules from all reactors.

Introduction

In the early 1980s, Lettinga et al. (1980) developed ac-
tive bacterial granular sludges with excellent settling
properties in an upflow anaerobic sludge blanket
(UASB) reactor. Since then, many full scale UASB reac-
tors have been operated in the food, beverage and forest
industries (de Zeeuw 1987; Lettinga et al. 1991). An ac-
tive and well settled granular sludge, which stays in the
reactor up to a certain upflow velocity, is a prerequisite
for UASB reactor operation. Under these conditions a
high concentration of biomass in the reactor can be pro-
vided and a high digestion rate is maintained.
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All microorganisms have an array of mineral require-
ments for growth. Many metals are involved in im-
portant enzymatic activities. Analysis of ten methano-
genic strains showed the following order of metal con-
centration:Mg=Ca>Fe>Zn=Ni>Co=~Mo>Cu>Mn
(Scherer et al. 1983). The physiological role of iron (Fe)
appears to be similar to the one found in aerobic bacte-
ria because of the bacterial redox property. Fe may be
involved in energy metabolism as cytochrome and ferre-
doxin in methylotrophic methanogens, as reported by
Kenealy and Zeikus (1982) and Kuhn et al. (1983), and
in some enzymes as Fe-sulphur (S) proteins (Takashima
and Speece 1990). A large portion of cobalt (Co) has
been suggested to be present in corrinoids (vitamin B,
derivatives), which are involved in the activity of methyl
transferase and co-dehydrogenase (Jarrell and Sprott
1982; Whitman et al. 1982). Nickel (Ni) is a component
of methyl coenzyme M reductase (F430) and of hydro-
genase and co-dehydrogenase. It has been reported that
yeast extract (YE) is a good source of “vitamin B, com-
plex” and some mineral salts (Cook 1958). YE is a good
micronutrient for bacterial growth. However, the cost
of YE as a nutrient on an industrial scale is high, and
replacement of YE with other low-cost chemicals is very
beneficial in industry.

Inorganic precipitates, such as sulphide and carbon-
ate salts, could serve as supports for adhesion of anae-
robic bacteria. Ferrous sulphide has been observed to
stick firmly to the sheath of Methanothrix sp. By this
interaction, ferrous sulphide precipitates might contri-
bute to stabilization of bacterial aggregates within gran-
ules (Dubourguier et al. 1985). A positive effect of cal-
cium (Ca) in the influent medium on the pelletization
and settling properties of granular sludge was reported
by Hulshoff Pol et al. (1983) and Mahoney et al. (1987).
The biomass accumulation rate was high and granular
sludges settled fast in a Ca-positive reactor. The higher
atomic weight ions have a more pronounced effect on
the floc density than do lower atomic weight ions, thus
increasing the sedimentation rate. A significant correla-
tion between the density and ash content of the granules
was reported by Hulshoff Pol et al. (1986). The ash con-



tent comes mainly from ferrous sulphide and calcium
carbonate or phosphate that are present inside the bacte-
rial granules (Dubourguier et al. 1987). The inorganic
precipitates contribute not only to settling characteristics
but also to granule stability.

Trace element deficiencies have been reported by a
number of researchers. Takashima and Speece (1989), in
a series of pH-stat experiments, demonstrated that an

_ acetate utilization rate of 30-40 g/1 per day could be at-
tained only after the metal dose reached approx. 1.0, 0.1
and 0.1 mg/1 per day for Fe, Ni and Co, respectively. A
similarly high (1000% increase) stimulation of the ace-
tate-utilization rate was demonstrated by Hoban and
van den Berg (1979) with sporadic weekly additions of
28-280 mg/1 of Fe. Oleszkiewicz (1989) used three labo-
ratory-scale UASB reactors for treatment of waste-wa-
ters from the food-processing industry, and found that
hard granular sludge was maintained only in the reactor
with supplements of Fe, Ni and Co, which performed
undisturbed through shock chemical oxygen demand
(COD) loads of 5-15 kg/m? per day at an upflow veloc-
ity of 1.5-6.0 m/h. The aim of the present work was to
investigate the effect of YE, Co and Fe supplements on
the COD digestion rate, specific activity and settling
properties of granules formed in UASB reactors.

Materials and methods

Culture methods. Synthetic feed was used in this anaerobic pro-
cess. Carbon sources in the feed were acetate, propionate and bu-
tyrate. The feed was buffered with sodium bicarbonate. Some
trace elements required for bacterial growth were also supplied.
The pH was adjusted to 6.8+0.2 by sodium hydroxide solution.
The feed composition was the same as that used by Kosaric et al.
(1991), except for the Ca*>* concentration, which was 20 mg/1.

Eight laboratory-scale UASB reactors with a volume of 1.21
each were used in the experiment. The feed for the reactors was
supplied with different amounts of YE, Co and Fe salts. The ex-
perimental design is presented in Table 1.

The experiment was carried out in three periods. In the first
period (Period 1), the COD loading rate was maintained at 13.8 g
COD/1 per day for 28 days. At the end of this period, part of the
granules in the reactors were removed, and the COD loading rate
was gradually increased to 27.7 g COD/1 per day within 14 days
(Period 2). After Period 2, part of the granules in the reactors
were again removed and the COD loading rate was increased rap-
idly from 13.8 to 39.6 g COD/I per day in 14 days (Period 3, see

Table 1. Experimental design

Supple- Reactor
ment

R1 R2 R3 R4 RS R6 R7 R8
YE - + - + - + - +
Fe - — + + - - + +
Co - - - - + + + +

The concentration of supplied iron (Fe) and cobalt (Co) was 1.0
and 0.1 ppm (in chloride form), respectively, and was independent
of chemical oxygen demand (COD) concentration. The concentra-
tion of yeast extract (YE) was varied with COD loading rate. Ac-
cording to the factorial design, + 1 was used for feed with an indi-
vidual nutrient, and —1 was used for the feed without addition of
that nutrient ‘
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Fig. 1). At the end of each period, the total suspended solids (TSS)
and total volatile suspended solids (VSS) were measured, and the
trace element composition in the granules from each reactor was
determined.

Granule sedimentation. The settling properties of granules were
evaluated by the fractions of granules exited under certain upflow
velocities in a fractionating device (Andras et al. 1989). About
16 ml of granules from each reactor were separated into five frac-
tions under four upflow velocities and at each velocity for 3 min.
Each fraction from the fractionating device was collected in a
Whatman (1PS) filter paper. TSS in each fraction was determined
using the method described by Andras et al. (1989).

Scanning electron microscopy (SEM). The washed granules from
different reactors were placed in 5-ml vials, which contained 3%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), at 4°C over-
night. The samples were post-fixed in 1% osmium tetroxide in ca-
codylate buffer for 2 h, dehydrated in a water-ethanol series and
then critical-point dried using liquid CO, in a Denton critical-
point dryer. The dried specimens were sputter-coated with gold
and examined in a Hitachi $-650 scanning electron microscope.

Metal analysis. Freeze-dried granules were digested with nitric acid
and hydrogen peroxide. Digested samples were diluted with dis-
tilled water and filtered through a filter paper (Whatman 40). Me-
tal analysis was performed with a PU 9100X atomic absorption
spectrometer (Philips scientific).

Suspended solids. TSS and VSS were measured by standard meth-
ods (APHA 1985).

COD measurement. COD in the feed and effluent was measured
by the method of Knetchel (1977). The sample was digested with
potassium dichromate and sulphuric acid. The absorbance was
measured at 600 nm with a Varian DMS 90 UV-VIS spectropho-
tometer.

Results
Reactor performance

In Periods 1 and 2, the COD digestion rate in each reac-
tor was excellent (higher than 94%) and no significant
difference between the reactor performances was ob-
served. However, after Period 2, when the COD loading
rate was increased rapidly up to 39.6 g COD/I1 per day,
the COD digestion rate in the reactors in which Fe was
not supplied decreased. The COD loading rates and di-
gestion rates in each reactor during Period 3 are shown
in Figs. 1 and 2.

At the end of the Period 3, the COD digestion rates
from R1 to R8 were 57.8, 77.7, 93.9, 96.0, 75.1, 84.6,
93.0 and 96.7%, respectively. The data in Figs. 1 and 2
indicate that the COD digestion rate was significantly
affected by the supplement of YE, Fe and Co. These ef-
fects have been analysed and are modelled in Eq. 1.

7% COD digestion rate=284.4+4.4-YE +10.6-Fe
+3.0:Co—-3.0-YE-Fe—1.1-YE:-Co—3.1-Fe-Co
+1.5-YE-Fe-Co (1)

Mathematical modelling, as represented by Eq. 1,
shows that the main effects of YE, Fe and Co on the
COD digestion rate were 4.4, 10.6 and 3.0%, respective-
ly. The interactive effects between YE and Fe, YE and



134

] L] T T T T L]

100 | - 100
Ago | E gosg:
Ego 80
i T )
370+ 170,

Es
oot 1603
§50 | 4500
[ &
Sa0| 4404
gao - . 3°§

20F © - COD LOADING RATE {208

OF ¢_-Rl v-R wv-R o -gil'°
o L L 1 L L Il 1 1 0

0 2 4 6 12 14 186

8 10
TIME (DAY)

Fig. 1. Chemical oxygen demand (COD) loading rate (O) and
COD digestion rate in reactors (@, R1; v, R3; v, RS; O, R7) with-
out yeast extract (YE) supplementation
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Fig. 2. COD loading rate (O) and COD digestion rate in reactors
(®, R2; v, R4; v, R6; [0, R8) with YE supplementation

Co, Fe and Co on COD digestion rate were negative:
—3.0, —1.1 and —3.1, respectively. However, from the
biological point of view, when the environmental condi-
tions are identical for all reactors, the COD digestion

rate is only related to two factors: the amount of bacte-
ria (VSS) and the specific activity of the bacteria. Table
2 shows that the growth rate of bacteria was significant-

-ly affected by YE supplementation.

The specific activity of bacteria in the reactors could
be affected by trace nutrients (e.g. trace elements),
which may be limiting during growth. The specific activ-
ity of bacteria (g COD/g VSS per day) was defined as
the amount of converted COD divided by total VSS in
the reactor, which was 1.63, 1.73, 2.25, 2.03, 1.84, 1.88,
2.17 and 2.06 g COD/g VSS per day for reactors R1 to
R8, respectively. The effects of YE, Fe and Co on the
specific activity of bacteria are shown in Eq. 2.

Specific activity of bacteria =1.95—0.024-YE
+0.18-Fe +0.039-Co—0.059- YE-Fe+0.006- YE: Co
—~0.051-Fe-Co+0.021-YE-Fe:Co 2

According to this equation, Fe and Co had a positive
effect on the activity of bacteria. A weak negative effect
was found from the YE. A negative interaction existed
between Fe and YE, and Fe and Co.

Settling properties of granular sludge

Fractional granule distribution against upflow velocity
for the granules from each reactor at the end of Period 3
is presented in Table 3. The last fraction of the granules
in Table 3 corresponded to an upflow velocity higher
than the final upflow velocity, because this fraction re-
mained in the fractionating device under the final veloc-
ity. The data in Table 3 offer a general profile of granu-
lar fractions exited at different upflow velocities. The
general settling properties of the granules from different
reactors were evaluated by the upflow velocity corre-
sponding to 50% washout of the sludge (Vso), which was
determined from the cumulative plot. In the cumulative
plot, the cumulative percentage of TSS exiting from the
fractionating device was plotted against the upflow vel-
ocity. The Vs, gives a clear presentation of granular set-
tling properties from all reactors (Table 3). A typical
scanning electron micrograph in Fig. 3 shows that
Methanothrix-like rod-shaped organisms were sup-
ported by inorganic salts.

Table 2. Initial (VSS,) and final total volatile suspended solids (VSS;), and increased VSS (AVSS) in each reactor in each period

Reactor Period 1 Period 2 Period 3
VSS, VSS; AVSS VSS, VSS; AVSS VSS, VSSs AVSS

R1 12.6 17.4 4.8 10.2 15.3 5.1 10.9 14.5 3.6
R2 12.6 21.5 8.9 11.7 17.9 6.2 11.5 18.4 6.9
R3 12.6 17.9 5.3 10.5 15.4 4.9 10.5 17.1 6.6
R4 12.6 18.9 6.3 10.5 16.4 5.9 10.3 19.4 9.1
RS 12.6 16.7 4.1 10.0 14.6 4.6 10.5 16.6 6.1
R6 12.6 20.1 7.5 10.7 16.0 5.3 10.6 18.4 7.8
R7 12.6 18.3 5.7 10.5 14.8 4.3 10.4 17.4 7.0
R8 12.6 20.9 8.3 11.1 16.7 5.6 10.3 19.2 8.9

VSS is given in grams



Table 3. Fractionation of granules®
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Vu % TSS washout
(m/h)
R1 R2 R3 R4 RS R6 R7 RS
13.7 20.0 24.5 24.4 27.1 27.0 21.4 21.9 24.3
32.0 16.1 27.2 19.6 24.5 21.6 19.5 17.8 19.1
53.4 17.1 26.4 17.9 30.0 20.1 27.1 21.5 29.3
74.5 19.1 18.0 17.7 16.7 20.1 24.1 20.9 20.7
74.5+ 27.7 3.9 20.5 1.7 11.2 7.9 17.8 6.6
Vso 50.0 31.0 39.5 31.0 33.5 39.0 42.5 37.0
Vu, water upflow velocity; TSS, total suspended solids; 74.5+, # According to the method of Andras et al. (1989)
last granule fraction can be washed out by upflow velocities up
74.5 m/h; Vs,, upflow velocity corresponding to 50% washout of
the sludge
Table 4. Concentration of trace elements in granules
Sample Ni Co Fe Ca
Seeding granules 1.43 0.46 7.93 6.17
At end of Period 1
R1 0.82 0.70 3.86 7.33
R2 0.78 0.39 3.60 4.57
R3 0.80 0.39 5.59 5.01
R4 0.73 0.38 5.56 6.69
R3 0.82 0.70 4.07 7.15
R6 0.80 0.74 4.14 6.72
R7 0.86 0.76 5.85 6.09
R8 0.76 0.64 5.59 6.48
At end of Period 2
R1 0.75 0.34 3.52 11.90
R2 0.69 0.27 2.93 5.22
R3 0.77 0.34 5.23 10.50
R4 0.60 0.23 4.41 5.66
RS 0.64 0.59 2.99 5.09
R6 0.69 0.61 2.90 5.01
R7 0.68 0.57 4.23 9.28
R8 0.60 0.52 4.27 5.36
At end of Period 3
Ri 0.55 0.14 1.59 19.70
R2 0.48 0.13 1.58 9.50
R3 0.45 0.11 2.96 15.80
Fig. 3. Scanning electron micrograph indicating Methanothrix-like R4 0.55 0.13 3.04 5.79
rod-shaped microorganisms supported by inorganic salts RS 0.57 0.46 1.59 9.42
R6 0.55 0.43 1.54 7.42
R7 0.46 0.39 2.87 17.10
R8 0.44 0.39 3.02 6.47

Trace elements

The concentration of some trace elements in the gran-
ules from the reactors at the end of each period is pre-
sented in Table 4. It is shown that the concentration of
Ni, Co and Fe in the granules decreased throughout the
whole study, and the concentration of Ca increased
steadily. This was particularly the case for the granules
in the reactors to which YE was not supplied and during
Period 3. The concentration of trace elements in the
granules having different settling properties from reac-
tor 7, which was supplied with Fe and Co, is presented
in Table 3.

The concentration of metals is in mg/(g dried solids); Ni, nickel;
Ca, calcium

Table 5. Concentration of trace elements in granules with differ-
ent settling ability

Fraction Upflow Trace elements (mg/g)

velocity

(m/h) Ni Co Fe Ca
1 137 0.55 0.53 2.85 12.5
2 32.0 0.55 0.52 3.89 14.5
3 53.4 0.42 0.33 2,77 15.1
4 74.5 0.36 0.27 2.01 18.8
5 74.5 + 0.37 0.27 1.70 23.4

Feed for the granules from this reactor (R7) was supplied with Co
and Fe
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Discussion

Equations 1 and 2 indicate that the bacteria grown in
some reactors under a high COD loading rate may be Fe
and/or Co deficient. Optimum concentrations of Fe and
Co for different methanogenic bacteria were reported to
vary from 0.28 to 50 mg/1, and from 0.015 to 5 mg/1,
respectively (Takashima and Speece 1990). When the
feed was not supplied with Fe and Co, the concentration
of Fe and Co as impurities in the chemicals used was
about 0.09 and 0.02 mg/] respectively in the feed with a
COD concentration of 4200 mg/1. When the COD load-
ing rate reached 39.6 g COD/1 per day in Period 3, the
Fe content in the granules without Fe supplementation
was down from 0.8% to 0.16%. In the pure methano-
genic culture, in which the Fe concentration was deter-
mined by inductively coupled plasma emission spec-
trometry, the average Fe concentration was 0.11-0.15%
(Scherer et al. 1983). This is close to the above-men-
tioned drop in Fe to 0.16%. On the other hand, not all
Fe in the granules is used by bacteria for their metabol-
ism, and some Fe appears as an inorganic precipitate.
Therefore, by comparing the Fe concentration in pure
methanogenic culture and in the granules, and the Fe
status in the granules, it is suggested that the bacteria
grown in the reactors without the Fe and Co supplemen-
tation may be Fe and/or Co deficient. When bacteria
are under Fe and/or Co deficiency, their specific activi-
ties are lower than that of bacteria grown under normal
conditions (Goodwin et al. 1990). The low specific activ-
ity of bacteria grown in reactors deficient in Fe and/or
Co may also support the conclusion that these bacteria
were Fe and/or Co deficient. The COD digestion rate in
the reactors without Fe supplementation decreased rap-
idly when the COD loading rate reached 35.6 g COD/1
per day (Figs. 1 and 2). The COD digestion rate was not
recovered after the COD loading rate decreased. The
growth rates of bacteria in these reactors were also low
in Period 3.

YE is considered to be a source of organic micronu-
trients in the medium: it provides vitamins, especially
the vitamin B, complex. When YE was supplied in the
reactors, the bacterial growth rate was high and more
bacteria were maintained in the reactors (Table 2), and
the COD digestion rate was high. Therefore, YE showed
a positive effect on the COD digestion rate. The specific
activity of bacteria in this experiment was mainly af-
fected by the availability of trace metals, as mentioned
previously. The concentration of trace elements in YE is
very low (60 mg/kg for Fe and 8 mg/kg for Co). Supple-
mentation of YE in the feed did not increase the trace
elements significantly, and therefore its effect on the
specific activity of bacteria was not significant. The re-
sults of reactor performance and specific activity of bac-
teria indicate that a YE supplement can improve the
COD digestion rate in the reactors, even though it does
not show a positive effect on the activity of bacteria.
The key function of YE is that it enhances the bacterial
growth rate in the reactor.

The negative interactive effect between YE and Fe,
and Fe and Co on the COD digestion rate indicates that

the effects of the above three factors can be replaced
with each other up to certain levels. For example, when
Co and Fe were supplied together in the feed, the effect
on the COD digestion rate from Co was replaced by Fe
almost completely. The effect of Co and the interactive
effect with other elements or YE on the bacterial activity
seem to be complex, and more investigation is re-
quired.

The settling properties of granules were significantly
affected by the inorganic precipitates inside the gran-
ules, as mentioned before. The percentage of the inor-
ganic precipitates in the granules depends on the bacte-
rial growth rate and their formation rate in the reactor
system. Moreover, the bacterial growth rate is con-
trolled by the COD loading rate and the availability of
micronutrients, while the formation rate of inorganic
precipitates is mainly related to the concentrations of Ca
and Fe in the feed (other conditions were similar in the
reactors). In this experiment, the concentration of Fe in
the feed was constant (1 ppm) at all times, but the Ca
concentration varied with the COD loading rate. With
the increase in COD loading rate, the Ca in the feed in-
creased and the formation rate of Ca precipitates was
high. At a high COD loading rate, the bacterial growth
rate also increased but variably, depending on the mi-
cronutrients in the feed, as shown in Table 2. In the
reactor with a higher bacterial growth rate, the percent-
age of inorganic precipitates was relatively low. There-
fore, the percentage of inorganic precipitates inside the
granules was affected by the supplement of micronu-
trients. This conclusion is supported by data in Tables 2
and 4 and further data (not presented here). Tables 3, 4
and 5 show that the granules with high settling velocities
contained more inorganic precipitates. A good correla-
tion between the density and ash content of the granules
(r?=0.943) was reported by Hulshoff Pol et al. (1986).
A good correlation (7*=0.684) between the Vs, and ash
percentage of the granules from different reactors was
also obtained in this experiment.

The amount of Ni, Co and Fe in the granules from
the reactors at the end of each period shows that the
concentration of these metals in the granules decreased
steadily. This trend became more significant when the
COD loading rate was increased in Periods 2 and 3. This
may explain why inorganic nutrients, such as Ni, Co and
Fe, were limited under a high COD loading rate. The
bacteria grown under these conditions did not obtain
enough minerals for their growth, therefore their con-
centrations in the granules were down. On the other
hand, as the Ca concentration was high in the feed un-
der a high COD loading rate, more Ca precipitates were
formed inside the granules, and the concentration of Fe
and Co in the granules was therefore relatively lower.
The concentration of Co and Fe in the granules with dif-
ferent settling velocities from reactor 7 decreased with
increasing concentration of Ca (Table 5). This is due to
more Ca precipitates in the granules with higher settling
velocities, therefore the concentration of other elements
was low.
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