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ABSTRACT

Experimental results of anaerobic digestion of wine-distilleries wastewaters
are compared with those obtained from two theoretical kinetic models: the
substrate utilization model and the methane fermentation model. Both models
predict accurately the performance of this depurative process, except at
retention times less than 3 days, because the systems works under non-stead B,
state conditions.

For depuration levels greater than 95, optimum retention time is 6 da »Ss,
and methane volumes (at STP) produced per gram of substrate added to the
digester are (24 dm? g~ chemical oxygen demand.

Key words: anaerobic digestion, depuration, wine-vinasses depuration,
kinetics of depuration, biomass.

NOTATION
Alk Alkalinity (mass/volume)
BOD Biological oxygen demand (mass/volume)
COoD Chemical oxygen demand (mass/volume)

CODbh  Effluent biodegradable COD (mass/volume)

CODbo Influent biodegradable COD {mass/volume)

DVS Dissolved volatile solids concentration (mass/volume)
DVSh Effluent DVS (mass/volume)

DVSbo Influent DVS (mass/volume)

E Biodegradable treatment efficiency (%)
F Substrate utilization rate (mass/volume/time)
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Maximum substrate utilization rate (mass/volume/time)

Kinetic coefficient of Monod model

Kinetic coefficient of substrate utilization model

Kinetic coefficient of methane fermentation model

Cell mass concentration (mass/volume)

Ratio of the nonbiodegradable substrate concentration to the initia]
influent substrate concentration (dimensionless)

Effluent substrate concentration (mass/volume)

Biodegradable § (mass/volume)

Biodegradable So (mass/volume)

Influent substrate concentration (mass/volume)

Suspended solids concentration (mass/volume)

Suspended volatile solids concentration (mass/volume)

Total Kjeldahl nitrogen (mass/volume)

Total solids concentration (mass/volume)

Methane (dm?) at STP leaving the digester by gram of COD (or DVS)
added (volume/mass) :

VYolatile acidity (mass/volume)

Methane (dm?) at STP leaving the digester by gram of COD (or DVS)
added at infinite retention time (volume/mass)

Volatile solids concentration (mass/volume)

Kinetic constant of Contois’ equation {dimensionless)
Volumetric methane production rate (volume/volume/time)
Maximum pv (volume/volume/time)

Specific growth rate of microorganisms (time™!)

Maximum specific growth rate of microorganisms (time ~!)
Hydraulic retention time (time)

Minimum hydraulic retention time (time)

1 INTRODUCTION

In recent years several kinetics models have been developed to understand the
performance of depurative treatment.'"' Among these models, there are two valid
models of biological treatment of high organic strength wastes: the substrate

utilization model” and the methane fermentation model,!® both proposed by Chen
and Hashimoto.

The main characteristics of these models are:

(a) The specific growth rate of microorganisms, v, is defined from Contois’

equation:
v=vm x Sb/(f x M + Sb)

where M is the cell mass concentration, vm is the maximum specific growth

rate of microorganisms, Sb is the biodegradable effluent substrate
concentration and f is a dimensionless kinetic parameter.
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(b) Continuous or semicontinuous completely mixed flow systems without solids
recirculation are used.

(c) Predominant microorganisms in the biological treatment system are not
present in the influent.

(d) The yield coefficient (ratio of the cell mass concentration divided by the
substrate concentration) is constant.

(e} Cellular lysis is not taken into account.

() Effluent substrate concentration, S, is directly proportional to influent
substrate concentration, So.

(g) Methane production is directly proportional to biodegradable substrate

assimilation. Also, methane and carbon dioxide are the final products of
organic matter biodegradation.

These two models have been applied in this work to anaerobic treatment of wine-
distilleries wastewaters (vinasses) and the theoretical results obtained compared to

the experimental ones. Therefore, the accuracy of the models is discussed with
reference to the process performance.

2 MATERIALS AND METHODS
2.1 Digester

Completely mixed semicontinuous flow digesters without sludge recycle, of 2-dm?
capacity and 909, occupied volume, were used. In this type of digester, the solids
retention time (@) and the hydraulic retention time (HRT) are equal.

The temperature of digesters was maintained at 35°C by immersion in a
thermostatic bath. All experiments were conducted in duplicate digesters.

2.2 Vinasses

Vinasses used came from distilleries using wine as raw material. An exhaustive study
on the characteristics and properties of vinasses can be found in a previous paper by
the authors.!?

Vinasses do not contain microorganisms capable of carrying out anaerobic
digestion. Hence, a previous starting-up stage is needed to acclimatize bacterial
flora from other types of waste to this substrate. In this work, cow-dung was used as
source of anaerobic flora."® To adapt this foreign flora to vinasses, the digesters
were loaded with a dilute 1:4 cow-dung aqueous solution. Later they were fed with
90cm?® day~' (20 days HRT) of the nondilute original cow-dung solution over 4
weeks in order to stabilize the flora. After this the digesters received a daily infeed of
90cm? of neutralized vinasses, This flow rate was maintained over 8 weeks until
attainment of organic matter removal and methane composition of biogas, i.e.
steady-state conditions.

Once the start-up of digesters was achieved, a series of experiments were carried
out to obtain optimum operating conditions, in each of which the flow rate of
vinasses infeed to digesters (and hence retention time value) differed. Tests were run
at 20, 12, 10, 8, 7, 6, 5, 4, and 3 days HRT.
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Every experiment was continued for 25 days to assure steady-state conditions;
then the HRT was changed and the next experiment begun. When steady-state was
achieved, samples of digester effluent were collected and analysed, both before and
after centrifuging at 1000 g for 5 min.

The values of both the influent and effluent biodegradable substrate
concentration (Sho and Sb, respectively) are needed to determine the kinetic
parameters of the Chen and Hashimoto models. These values were determined by
means of the exhaustion method.

For this, two batch digesters were loaded with vinasses of known substrate
concentration. These vinasses were fermented using the adapted flora, until the
amount of biogas produced was insignificant. After that, incubation was continued
for two weeks, after which analyses were made of the parameter quantifying organic
matter, the value of which corresponded to the amount of nonbiodegradable
organic matter.

2.3 Analytical procedures

All analytical determinations were carried out according to Standard Methods,!'#
The parameters analysed in both the influent and the effluent of the digesters were:
pH; alkalinity (Alk); volatile acidity (VA); chemical oxygen demand (COD);
biological oxygen demand (BOD); total solids (TS), suspended solids (SS) and
volatile solids (VS); suspended volatile solids (SVS) and dissolved volatile solids
(DVS); total Kjeldahl nitrogen (T'N); biogas produced at STP (Biogas); and carbon
dioxide (74 CO;), methane (9 CH,), hydrogen (% H,) and oxygen (% O,)
volumetric content in the biogas.

3 RESULTS AND DISCUSSION
3.1 Start-up of digesters

Table 1 shows the results of analysis of the effluents during digesters start-up.

As can be seen in this table, pH values only fell below 7-3 during the time taken by
the flora to acclimatize itself to the vinasse. This drop, which coincided with an
- increase in volatile acidity, was due to the fact that the acidogenic flora adapted to
the new substrate faster than the methanogenic flora. At the end of the 8th week the
anaerobic flora had adapted to the vinasses and the pH values stabilized at over 7-3,
while volatile acidity stabilized at under 1 g HOOC—CH, dm 3. At that moment
alkalinity values were high (> 8 g CaCOQO, dm ~3), which was due to the formation of
carbonates and bicarbonates (generated by degradation of the organic matter
towards CO,) with the cations K*, Na™ (present in the medium because NaOH
was used to neutralize the vinasses) and NH; (produced by deamination of the
nitrogenated compounds).

The values of COD and BOD in the effluents either stabilized or increased during
the adaptation period of the flora. This is because the density of soluble matter
added to the digesters was high (1-28 g COD dm~2 day~! and 078 g BOD dm ™3
day™!) as the degradation rate decreased during this period.

After the adaptation period, the COD and BOD stabilized as the substrate
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TABLE 1
Results of Start-up of Digesters

Parameters Time (weeks)

I 4 5 6 7 S 10 12 15

pH , 709 761 718 712 730 727 730 749 7-60
COD (g O, dm ~3) 1170 831 900 871 815 815 755 675 664
BOD (g O, dm™?) 6-51 483 503 518 431 446 436 351 360
TS (g dm™?3) 1090 1470 17-00 17-00 1770 17-50 18-80 19-40 19-50
VS (g dm™3) 8-14 881 1040 1020 956 883 879 895 880
SS (g dm™3) 463 755 72 594 523 562 564 508 428
SVS (g dm™3) 398 591 532 437 379 383 386 355 272
TN (g N dm™3) 038 068 071 063 056 045 036 031 030
Alk (g CaCO; dm™3) 204 534 629 643 691 773 816 825 824
VA (g AcH dm ~3) 0:60 068 1-07 148 140 140 099 Q8 083
Biogas (dm? day 1) 002 020 031 038 044 047 046 — 063
V (dm?* COD infed/day) 001 010 016 018 019 020 022 026 032

% CO, — 790 1800 29-60 29-40 31-50 30-70 2690 24-20
Biogas ]94, CH, — 6210 6710 6530 67-10 6400 6650 70-10 72-90
ccnm)c,sition]%H2 — 250 280 300 150 310 1-60 180 1-70

%0, — 1'10 050 050 030 040 030 040 040

biodegradation rate remained constant. Thus, at the end of the 15th week 68%, COD
and 74 %, BOD removals were achieved. Furthermore, if effluents were centrifuged
the elimination of suspended solids brought with it greater COD and BOD
removals—82 97 and 86 %, respectively. _

Total and volatile solids contents of the effluents increased during the first 4
weeks, an effect caused by the greater density of solids (mineral and
nonbiodegradable voltaile solids) in the infeed than those initially loaded into the
digesters. Subsequently, for the duration of the adaptation period of a flora to the
vinasses, the values of both parameters increased until they finally stabilized at
around 19gdm~* and 9 gdm 3 respectively, at the end of this period.

Suspended and suspended volatile solids on the other hand decreased after the
change of substrate because vinasses contain smaller amounts of suspended solids
(<1gdm™?) than the cow-dung solution (7-22 g dm ~3),

Total nitrogen content of the efftuents was similar to that of vinasses at the end of
start-up, which indicates that it was not eliminated from the medium. At that
moment 50-70 9, of total nitrogen remained insoluble because it formed part of the
cellular constituents of the biomass.

The volume of biogas produced increased with time and stabilized at the 15th
week at around 0-31 dm? (at STP)g~! COD day~!. At the end of the 25th week it
was found that the volume produced was 0-32 dm?3 (at STP)g~' COD day™*, which
indicates that the digesters were working in steady state conditions. The
acclimatization period of the flora was reflected by the decrease of the CH, content
of the biogas (and by increased CO, and H, contents), which occurred during the
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TABLE 2
Results Obtained on Optimizing Operating Conditions of Digesters
Parameters HRT (days)
20 12 1) 8 7 6 5 4 3

Uncentrifuged effluents
pH 772 189 769 740 753 758 753 752 6°32
CoD (g O, dm™?) 728 656 624 591 514 507 775 842 1430
BOD (g O, dm™?) 400 406 408 382 317 323 474 507 764
TS (g dm™?) 16:80 1620 1520 1620 [7-70 1860 20-80 21-20 23-00
FS (g dm™3) 771 731 646 713 724 7-17 909 1010 12-80
SS (g dm ™) 430 408 355 318 315 284 266 280 228
SVS (g dm™?) 366 341 289 273 257 239 240 251 1-89
TN (g dm™) 031 029 030 029 028 028 028 028 028
Alk (g CaCO,; dm™?3) 790 825 801 814 916 927 1010 961 973
VA4 (g AcH dm™3) 093 093 085 078 083 072 283 329 728
Biogas (dm? day™"') 070 119 132 184 212 238 309 379 340
V (dm* COD infed day~!) 033 034 033 035 034 034 035 035 022

2C0, 23-60 2520 23440 2910 2940 27-30 34-60 35-60 5990
Biogas % CHy4 73-30 72-00 7410 6850 6770 69-70 62-:00 61-00 3270
composition ¢ % SH, — — — — 0-80 070 060 050 080

° H, 1-70 160 150 150 170 170 2-:20 210 620

%% O2 040 030 040 030 030 030 040 050 040
Centrifuged effluents
COD (g O, dm™?) 406 392 384 387 390 428 595 704 12:40
BOD (g O, dm™%) 195 205 192 196 191 191 304 352 717
DS (g dm™3) 12-50 12-10 11-70 13-10 14-60 1570 1800 1840 2080
DVS (g dm ™) 405 391 357 440 467 478 670 761 1090
TN {g N dm™?) 015 015 014 015 014 014 014 017 024

5th to 8th week and shows the increase of acidogenic flora in the medium. At the
end of the start-up the composition of the biogas was: CH,, 73%,; CO,, 25%; H,,

1:7%; and O,, 0:39%,. It is worth pointing out that no carbon monoxide or heavy
hydrocarbons were detected in the biogas at any time.

3.2 Process optimization

The results obtained from analysis of the effluents at the end of the experiments
carried out for optimizing operating conditions of the digesters when steady state
was achieved, are shown in Table 2. As this table indicates, the range of HRT
studied showed two clearly differentiated areas. The first, between 6 and 20 days
HRT, was characterized by a perfect linking of the acidogenic and methanogenic
phases of the anaerobic process, so that the degraded products of the first are
depurated in the second. In this area alkalinity, volatile acidity and pH remained
constant, The second area, located between 3 and 6 days HRT, was unstable. Here,
pH decreased and volatile acidity increased as a consequence of the unstable
equilibrium between acidogenic and methanogenic flora. Alkalinity increased as a
consequence of the need to add large quantities of NaOH to maintain a constant pH
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value in the digesters. In this situation small disturbances of the process conditions
cause large disturbances in the performance of the digesters. For HRT of less than 3
days, the rates of flora regeneration and microorganisms removal were equal. Here
the effect known as washout ensues, nullifying the digesters’ depurative capacity.

COD and BOD values reached their minimum up to 6-7 days HRT, and
maintained that level over longer periods. This was due to the presence of
compounds like polyphenols, which are difficult for the flora to break down.'® For
HRT between 6 and 20 days, COD and BOD removals were 829, and 879,
respectively.

There were similar developments with the effluents’ solids content (total, volatile,
dissolved and dissolved volatile) since these are subject to the same effects.

The nitrogen level in the effluents remained constant for all the HRT studied (and
similar to that of the original vinasses), which indicates that nitrogen is not
eliminated from the medium, as noted above. For HRT of 5 days and upwards, 509
of total nitrogen was found to form part of the cellular constituents of the biomass,
while 30% of the dissolved nitrogen was found to form part of the medium’s
regulating buffer as ammonium.

For 6 days HRT and longer, biogas and methane reach volumes of 0-34 dm” and
0-24 dm? (at STP) per gram of COD infed to the digesters.

For HRT under 5 days, the CH, content of the biogas decreased {and CO, and
H, increased) as a result of the fact that the equilibrium between acidogenic and
methanogenic flora shift towards the former.

Briefly then, optimum experimental HRT for anaerobic treatment of wine
vinasses is 6 days. Within this optimum HRT, the effluents show: pH value at
around 7-5, volatile acidity at some 0-8g HOOC—CH,dm™* and alkalinity
between 9:0 and 9-5 g CaCO,dm 3. Also, 829%, COD and 87 9, BOD removals are

attained, while 0-34 dm? (at STP) of biogas is produced per gram of COD treated,
with 709, CH, content.

3.3 Exhaustion study
The results obtained from the exhaustion study were:
dissolved nonbiodegradable COD=1-9g 0, dm™*
dissolved nonbiodegradable ¥S=2-26gdm™?

3.4 Kinetics of anaerobic depuration

According to Monod’s model,' the specific growth rate of microorganism, v, is
given by:

v=vm % Sh/(k + Sb) (1)

where pm is the maximum specific growth rate of microorganisms, Sb is the limiting
substrate concentration and k is that value of the Sb where v has half its maximum
value, vin. .

However, some authors reported that they could not use the Monod model to
predict the volatile solids reduction during anaerobic digestion,® and that the
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effluent substrate concentration should not be considered independent of the
influent substrate concentration, Sho.**
In order to avoid these disadvantages, Contois® has suggested the following
model:
v=vm X Sb/(§ x M +Sb) (2)

where M is the cell mass concentration and f is a dimensionless kinetic parameter,
which denotes the value of Sh/M at which v is half of vm.

The main disadvantage of the Contois model, at least in anacrobic digestion, lies
in the difficulty of measuring accurate values of M. Therefore, other kinetics models
have been developed to understand the performance of anaerobic digestion.*™"
Among these models, there are two valid models of biological treatment of high
organic strength wastes: the substrate utilization model and the methane
fermentation model, both proposed by Chen and Hashimoto.*'°

Both models are based on the definition of a dimensionless kinetic parameter, k’,
in the form:

k'=BxY (3)
where Y is the growth yield coefficient, given (under steady state) by:
Y = M/(Sho—Sb) (4)
Now, the Contois kinetic expression can be expressed as:
v=vm x Sh/[k’ x (Sbo—Sbh)+ Sh] (5)
or:
v=vm x (Sb/Sbo)/[ k' + (1 —k') x (Sb/Sho)] (6)

These equations show that vm occurs when Sb approaches Sho (at washout) and
that v is zero when substrate is not available (Sb=10). Further, these equations
provide the meaning of k' as the value of the ratio between the unassimilated
substrate concentration, Sh, and the assimilated substrate concentration (Sbo—-Sb)
at which v is half of vm:

v=vm/2 if  k'=Sh/(Sho-Sb) (7)

Thus k' is a coefficient which indicates that some type of inhibition occurs in the
process since, when k' increases, Sh approaches Sho and depuration does not take
place. :

The kinetic coefficient k' is constant at Sho values (expressed as volatile solids) less
than 35-60g dm > *® and increases exponentially at higher Sho values, according
to the fermentation temperature and the type of substrate fed to digester.'”'® The
volatile solids content of vinasses is 13-17 gdm™3,!? indicating that vinasses are

3

always within the range of Sbho in which k' is independent of Sbho values.

3.4.1 Substrate utilization model
Equation (5) can be transformed to a linearized equation such as:

0=1/v=(1/vm)+ (k'/om) x [(Sbo~Sb)/Sb] (8)
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O Expressed as CODy
ol & ExXpressed as DVSy

O 1 2 3 4 5 6 7 8 9 10
(Sbo -Sb) / Sb

Fig. 1. Hydraulic retention time versus the ratio of nonbiodegradable substrate concentration, expressed
as CODb and DVSh,

Thus, vm and &' can be graphically determined by plotting (Sbo—-Sh)/Sb versus 0,
where the intercept is equal to 1/vm and the slope is equal to k' /fom.

From experimental values of substrate concentration (found in both the influent
and the effluent of the digester at the different retention times tested) shown in Table

2, the graph shown in Fig. I can be obtained. From this figure the following values
are obtained:

Kinetic parameter Substrate concentration
as COD as DVS
k' 0-158 0292
vm (days™1) 0-374 0-356
fmin (days) 2-671 2-808

It can be observed that vm and Omin are not dependent on the form in which
substirate concentration is expressed. Otherwise, k' is dependent on the form in
which substrate concentration is expressed.

It is worth noting that only retention times less than 8 days have been taken into
account to determine the values of kinetic parameters, since at greater retention
times the slope of the straight lines tends towards infinity, because of the almost total
degradation of organic matter.

In order to compare the experimental results and theoretical ones obtained from

the model, eqn (8) can be expressed as a function of biodegradable substrate
concentration:

Sb=Sbo x k'/[(vm x 0)+k'—1] (9)
or as a function of the total substrate concentration, Sb:
S=So><[R+(1—-R)xk’/(umx9+k’-~1)] (10)

where So is the total influent substrate concentration, S is the total effluent substrate
concentration and R is the ratio of nonbiodegradable substrate concentration
divided by the initial influent substrate concentration.
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Fig. 2. Experimental values of substrate concentration, expressed as (n}COD and (b) DVS, both total and
biodegradable, versus hydraulic retention time. Lines denote the theoretical curves obtained from eqns
{(9) and (10).

In Fig. 2, the experimental values of COD and DVS, both total and
biodegradable, versus @ are plotted, together with the theoretical curves obtained
from model eqns (9) and (10).

In this figure it can be observed that theoretical values agree with experimental
ones at retention times between 4 and § days, which indicates the accuracy of the
model in this interval. However, at lesser (3 days) or greater (10-20 days) retention
times, experimental and theoretical values are different.

At 3 days retention time, theoretical values are greater than experimental ones,
mainly due to the subsistence of certain organic matter which is slowly degraded.!*

The biodegradable efficiency of the treatment, E, defined as a percentage of

biodegradable substrate utilization of the influent stream through the treatment, is
given by:

E=100 x (Sbo—Sh)/Sho (11)

Experimental values of E are shown in Fig. 3, together'with the curves obtained
from eqn (11). In this figure, similar variations can be observed to those mentioned
above.

The volumetric substrate utilization rate of the treatment system, F, defined as

the organic matter degraded by microorganisms with reference to units of time and
digester volume, is given by:

F=(Sbo/0)x [1 —K[/(om x8+k ~1)] (12)
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1007
£ 50
w O Expressed as CODp
& Expressed as DVSy
Q . . ; .
o] 5 10 15 20

& (days)

Fig. 3. Biodegradable treatment efficiency, expressed as COD and DVS, versus hydraulic retention time.
Lines denote the theoretical curves obtained from eqn (11).

40r O S is expressed as COD
A S is expressed as DVS
3-0¢
>
B
= 2.0}
|
2
W
1.0F
O . : . .
0 5 10 15 20

8 (days)

Fig. 4. Experimental values of substrate utilization rate, according to whether S is cxpressed as COD or
DVS, versus hydraulic retention time. Lines denote the theoretical curves obtained from eqns (12) and
(13).

Qor:
F=[(1—R)x80/0] x [1—K/mx 0 +k'~ 1)] (13)

where Sho/ and So/f are the loading rates of the biodegradable and total
substrates, respectively,

In Fig. 4, the experimental values of F are plotted versus 6, together with
theoretical curves obtained from eqns (12) and (13). These values are expressed in
two forms, according to whether substrate concentration has been expressed as
COD or as DVS. In this figure it can be observed that theoretical values agree with
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experimental ones throughout the interval of retention times studied, except 3 days
retention time. This is because the system lies in an unsteady zone close to minimum
retention time, Gmin.

Maximum experimental values of substrate utilization rate are found at 4 days
retention time. Their values are 4-29 g CODdm™3 day~! and 202g DVSdm™?3
day ™!, respectively.

Theoretical maximum substrate utilization rate, Fm, is determined by taking the
derivative of F in eqn (12) with respect to ¢ and equating to zero:

Fm=(1—R)xuvmx So/[(1 +\/l?)2] (14)

which occurs at:

0=(1+./k')/om (15)

From eqgns (14) and (15), Fm values are 4-2] g CODdm™? day~! and 2:05¢
DVSdm~*day~!, which correspond to retention times of 3-73 days and 4-33 days,
respectively.

3.4.2 Methane fermentation model
The kinetic expression governing the methane fermentation model'® is given by:

v=ovm x [(Vo—V)/V]/[k”+(Vo—~V)/V] (16)

where V denotes the volume (dm?) of methane at STP produced per mass unit (g) of
substrate added to the digester, Vo denotes the volume (dm?) of methane at STP
produced per mass unit (g) of substrate added to the digester at infinite retention

time, and k” is a dimensionless kinetic coefficient, which means the value of the ratio
(Fo-V)/V at which v is half of vm:

v=vm/2 if k"= (Vo-V)/V (17)

Since Vo is the maximum volume of methane which can be produced from the
influent substrate concentration loaded in the digester, the ratio (Vo-V)/V
indicates that some inhibition occurs and, consequently, k" is a coefficient which
denotes inhibition of the process.

In eqn (16) the biodegradable substrate concentration in the digester is directly
proportional to (Vo-¥), and Vo is directly proportional to biodegradable substrate
concentration loaded in the digester.

Equation (16) can be transformed to g linearized equation such as:
f=1/v= (1/vm) + (k" fom) x LV/(Vo-V)] (18)
Now, from a plot of V/(Vo—V) versus 0, the kinetics parameter vm and k” can be

determined, in the same way as previously.

However, as substrate concentration can be expressed as COD or DVS, both 1o

and V must refer to these two mass units and, consequently, the kinetics parameter
vm and k" will be two values.

From eqn (18), ¥ can be expressed as follows:

V=Vox[1—k"((vm % 0)+ k" —1)] (19)
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Fig. 5. Experimental values of V, versus the inverse of hydraulic retention time.
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A Referred to g COD
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20 30 40 50 60
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Fig. 6. Hydraulic retention time versus the ratio of methane volumes in biogas produced per gram of both

When (um x 0) is greater than (1 —k”), eqn (19) shows that the plot of ¥ versus 1/0
should bea straight line, with V tending to Vo as 0 tends to infinity.

COD and DVS added to digester.

The experimental values of I are shown in Table 2. From the plot of these valies
versus 1/6 (Fig. 5) the values of Vo can be determined. The values of Vo obtained are:

0-24dm*® CH,g™* COD and 0-36dm?® CH, g~! D¥S, both at STP.

In Fig. 6 the values of V/(Vo—V') are plotted versus . From this figure, k”, vm, and

Emin are obtained:

Kinetic parameter

kﬂ
vm (days™ 1)
Omin (days)

Volume of methane

referred to

COD DVS
0-024 0-066
0-302 0-385
3310 2:597
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Fig. 7. Methane volume in biogas produced per gram of both COD and DVS added to digester, versus
hydraulic retention time. Lines denote the theoretical curves obtained from eqn {19).

The values of vm and Omin are similar to those obtained from the substrate
utilization model and also are not dependent on the form in which methane
production is expressed. In Fig. 6, only retention times less than 8 days have been
taken into account, for the same reason pointed out carlier.

In Fig. 7 the experimental methane volumes in biogas are plotted versus retention
time, together with the theoretical curves obtained from eqn (19). It can be seen that
the theoretical results agree with the experimental ones at retention times between 4
and 20 days, which indicates that this model is adequate for a greater retention time
range than the former model. Disparity among both experimental and theoretical
values is found only for three days retention time, as occurs in the former model, for
the same reason pointed out there.

The volumetric methane production rate, vv, denotes the volume of methane at
STP produced with reference to units of time and volume digester, and is given by:

yv=(Vo x S0/0) x [1—k"/(k" — 1+ 0/0min)] (20)

In Fig. 8 the experimental values of yv are plotted versus f, together with the
theoretical curves obtained from eqn (21). In this figure it can be observed that both
experimental and theoretical values agree throughout the range of retention times,
except 3 days retention time for the reason pointed out previously.

Maximum experimental volumetric methane production rate is found at 4 days
retention time. Its value is 1-24 dm® CH, dm ™! day~!. This retention time is close
to that found from the maximum experimental substrate utilization rate.

Theoretical maximum volumetric methane production rate, yvm, is determined
by taking the derivative of pv in eqn (20) with respect to @ and equating to zero:

yvm= (Vo x So/0min) x [l—k”/(k"-i-\/kT)/(l “\/’?)] (21)

which occurs at:

0=0minx (1+./k") (22)
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Fig. 8. Experimental values of volumetric methane production rate, versus hydraulic retention time. Line
denotes the theoretical curve obtained from eqn (20).

From eqns (21) and (22), theoretical yvm obtained is 1-312dm3 CH, dm 3 day "
corresponding to 3-68 days retention time.

3

4 CONCLUSIONS

1. The substrate utilization model closely describes the kinetics of anaerobic
digestion of wine-vinasses, except for those retention times which make the
system unsteady (3 days) and for those retention times at which the kinetic
coeflficient k' is not constant (greater than 8 days).

2. The methane fermentation model gives very accurate kinetics of anaerobic
depuration of wine-vinasses, except for retention times less than 3 days.

3. The minimum retention time is found between 2-6 and 33 days. Its average
value is 285 days. Therefore, the maximum specific growth rate of
microorganisms is 0-35 day !,

4. The maximum specific growth rate of microorganisms is not dependent on the
form in which substrate concentration is expressed. The same does not occur
with the kinetic constant. '

5. The retention times, both experimental and theoretical, needed to obtain both
Fm and yvm, are the same (approximately 4 days).

6. The methane volumes (at STP) produced per gram of substrate added to the

digester are 0-24dm® CH,g™! COD and 0-36dm?® CH, g DVS~1, both at
optimum retention time (6 days).
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