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Kinetic Analysis of the Psychrophilic Anaerobic Digestion of
Wastewater Derived from the Production of Proteins from
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A kinetic analysis of the anaerobic digestion process of wastewater derived from the production of
protein isolates from extracted sunflower flour was carried out. The digestion was conducted in a
laboratory-scale fluidized bed reactor with saponite (magnesium silicate) as support for the mediating
bacteria at psychrophilic temperature (15—19 °C). Soluble chemical oxygen demand (CODs) removal
efficiencies in the range of 95.9—69.0% were achieved in the reactor at organic loading rates (OLR)
of between 0.57 and 2.49 g total COD (CODy)/L d, hydraulic retention times (HRT) of between 20.0
and 4.5 days, and average feed total COD concentration of 11.3 g/L. The yield coefficient of methane
production was 0.32 L of methane (at STP) per gram of COD; removed. The total volatile fatty acid
(TVFA) levels and the TVFA/alkalinity ratio were lower than the suggested limits for digester failure
for OLR and HRT up to 2.26 g CODy/L d and 5.0 days, respectively. The specific rate of substrate
uptake, r (g COD/g VSS d), correlated with the concentration of biodegradable substrate, S (g CODs/
L), through an equation of the Michaelis—Menten type. The maximum substrate utilization rate, k,
and the Michaelis constant, Ks, were found to be 0.125 g CODs/g VSS d and 124 mg CODg/L,
respectively. This proposed model predicted the behavior of the reactor very accurately showing
deviations lower than 10% between the experimental and theoretical values of substrate uptake rates.
A mass (CODy) balance around the reactor allowed the COD equivalent of methane volume (Wcy,)
to be obtained, which gave a value of 2.89 g COD/L CHj,4, which was virtually coincident with the
theoretical value of 2.86 g CODy/L CH,.
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INTRODUCTION low temperature degradation pathways of diverse substrates and

Anaerobic digestion of organic waste is an established processt€ composition of the microbial communities in various

for biogas production and organic matter removal, and it has methanogenic environments are still not completely known. A
been employed for many years in mesophilic2® °C) and number of investigations of degradation pathways in tundra
thermophilic (45—60°C) temperature ranges. The conversion Wetland soil 6), forest soils and leaf litter7¢-9), prairie soil

of organic matter into biogas at low temperature®Q °C) is (10), pond silt (11, 12), lake sediments (13, 14), and pig and

referred to as psychrophilic anaerobic d|gest|(1n Z) Psy_ cattle manure (15, 16) have ShOWn that a(.:.etate is often formed
chrophilic anaerobic digestion has not been studied extensivelyas a result of homoacetogenesis upon addition6£6,. Under
because it is a slow and difficult proces.( these conditions, acetoclastic methanogenesis may be the main

However, under psychrophilic conditions anaerobic treatment pathway of methane formation (5).
of wastewater may give some advantages in energy economy The wastewaters produced in the different steps of the
in comparison with mesophilic and thermophilic digestion. So, manufacturing process of protein isolates from extracted sun-
high-rate anaerobic treatment systems at psychrophilic temper-flower flour have organic matter concentrations of between 2
atures have been recently developédf). The details of the  and 45 g COBIL, giving a polluting load of the final wastewater
of the whole process of between 10 and 15 g QO[L7). The
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of metric tons of sunflower flour produced in Spain, 50% of Taple 1. Composition and Features of the Wastewater®
which is produced in the Andalusia community.

Previous works of anaerobic purification of this wastewater pH , 48

carried out in a laboratory-scale fluidized bed reactor operating total chemical oxygen demand (COD) 113g1L
- . soluble chemical oxygen demand (CODs) 109 g/L

at mesophilic temperature (38) showed total chemical oxygen total suspended solids (TSS) 1.30g/L
demand (COD) removal efficiencies in the range of 988.0% mineral suspended solids (MSS) 0.53 glL
at organic loading rates (OLR) of between 0.6 and 9.3 g 10D volatile suspended solids (VSS) 0.77 gl
d and hydraulic retention times (HRT) of between 20.0 and 1.1 total solids (TS) 8.509lL
days. A methane yield coefficient of 0.33 L methane (at STP) mineral solids (1S) 27001

ys. y o - . ’ volatile solids (VS) 5.80 g/L
per gram of COPremoved was obtained in this experiment, total volatile fatty acids (TVFA, as acetic acid) 0.86 gL
and the value was virtually independent of the OLR applied alkalinity (as CaCOg) 0.12 gL
@an.

. . L . 2Values are averages of five determinations; there was virtually no variation
The aim of this work was to carry out a kinetic evaluation of (ess than 5%) between analyses.

the psychrophilic anaerobic digestion process of wastewater
derived from the production of protein isolates from extracted Experimental Procedure. The reactor was initially charged with

sunflower flour by using a fluidized bed reactor containing 455 m( of distilled water, 375 mL of the inoculum, 200 mL of a
microorganisms immobilized on saponite (magnesium silicate). nytrient—trace element solution, and 15 g of the support. Although
This report discusses a laboratory-scale investigation with |arger amounts of support provided attachment sites for increased
emphasis placed on the evaluation of substrate utilization andamounts of biomass, they also increased the apparent viscosity of the
gas production rates under different operating conditions at medium and hence hindered mass transfer and slowed biodegradation.
psychrophilic temperature (15—1%C). On the other hand, The composition of the nutrientrace element solution used at the
purifying procedures involving fluidized beds require sturdy Start-up of the reactor can be found elsewhdrg).( _ _
supports of low apparent density in order to reduce power ghe ts)tart-up of the reagtorn:)volyed ﬁ_teppe_d increases n CIODd_Ioadmg
; ik : ; and substrate concentration. During this period the organic loading rate
consumption, which is the case with the medium assayed here.Was gradually increased from 0.1 to 0.3 g GO between days 1
and 15, 0.4 g CO[L d between days 16 and 30, 0.6 g CQADd
MATERIALS AND METHODS between days 31 and 45, and finally 0.7 g GQQI between 46 and

Equipment. The fluidized-bed reactor consisted basically of a cone- 60 days. During these four steps of the acclimatization stage, the influent
shaped glass vessel with a working volume of 1.0 liter. The reactor total COD concentrations were 2.8, 5.6, 8.4, and 11.3 g/L, respectively.
column itself had a height of 40 cm and an average internal diameter ~ This stepped start-up was followed by a series of continuous
of 6 cm. The reactor had an upper settling zone designed to minimize experiments using feed flow rates of 50, 75, 100, 125, 150, 175, 200,
loss of the biomass or the solids acting as supports for the microorgan-and 220 mL/d of the wastewater described@able 1, which correspond
isms. Effluent was recycled from the settlement zone to the bottom of to hydraulic retention times (HRTSs) of 20.0, 13.3, 10.0, 8.0, 6.7, 5.7,
the reactor at a constant rate of 10 L/h, enough to provide complete 5.0, and 4.5 d, respectively. The bacterial biomass concentration
fluidization of the biomass. The reactor was fed daily by means of an remained virtually constant at 15.0 g VSS/L throughout the experiments.
external feeder, and liquid effluent was removed daily through a The biomass concentration (g VSS/L) was estimated according to the
hydraulic seal, comprising a 25-cm liquid column, designed to prevent recommedation of Chen et al. (26).
air from entering the reactor and biogas from leaving it. This reactor ~ Once steady-state conditions were achieved at each feed flow rate,
has been described in great detail elsewhere (18). the daily volume of methane produced, total and soluble COD, pH,

The methane volume produced in the process was measured usingotal volatile fatty acids, and alkalinity of the different effluents obtained
5-L Mariotte reservoirs fitted to the reactor. A tightly closed bubbler were determined. The samples were collected and analyzed for at least
containing a NaOH solution (3 M) to collect the g@roduced in the 5 consecutive days. The steady-state value of a given parameter was
process was intercalated between the two elements. The methandaken as the average of these consecutive measurements for that
produced displaced a given volume of water from the reservoir, allowing parameter when the deviations between the observed values were less
ready determination of the gas. The operating temperature of the reactorthan 3% in all cases. Each experiment had a duration-&>2 the
15—19°C, was maintained as constant by means of an external water corresponding HRT.
jacket through which water from a thermostatic bath circulated. The organic loadings applied in this work were increased in a

Support Material. Clay particles of saponite (magnesium silicate) stepwise fashion in order to minimize the transient impact on the reactor
of 0.4—0.8 mm diameter were used as the growth support material. that might be induced by a sudden increase in loadings.

The main characteristics of this packing medium were low fragility, Chemical Analyses. The following parameters were analyzed
medium porosity (19%), low apparent density (0.55 g/mL), and a high according to Standard Method&7): total and soluble COD, pH, total
specific surface area (200 2fg), which facilitated attachment of  solids (TS), mineral solids (MS), volatile solids (VS), total suspended
anaerobic microorganismdlq, 20). It was selected because of its solids (TSS), mineral suspended solids (MSS), volatile suspended solids
favorable kinetic behavior in previous experiments with other types of (VSS), total volatile fatty acids (TVFA), and alkalinity.

food industry wastewaters2{—23). A detailed description of the

(cg;r;position and features of this support material is given elsewhere =g TS AND DISCUSSION

Wastewater. The wastewater used was previously homogenized in ~ Operational Parameters. Table 2summarizes the steady-
an equalization tank to minimize any variation that might occur as a state operating results including HRT, organic loading rates
result of the batch nature of the manufacturing process. The main (OLR), total and soluble CODs, TVFA, and alkalinity of the
features of this wastewater are summarizedable 1, WhICh lists the_ _ effluents and daily methane productions. As can be seen, for
average vaIL‘J)es of five separate analyses; there was virtually no variationnT values higher than or equal to 5.0 days, the pH in the
(less than 5%) between analyses. reactor remained within the optimal range for methanogenic

Inoculum. The reactor was inoculated with methanogenically active L
biomass from an industrial anaerobic reactor processing brewery bacteria with 7.9 and 6.7 as extreme values. For an HRT of 4.5

wastewater. Its content in total suspended solids (TSS) and volatile 4aYs, the pH decreased until reaching a value of 6.7. In
suspended solids (VSS) was 58.9 and 40.2 g/L, respectively. A detailedCOnsequence, an HRT lower than 4.5 days could cause
description of the composition and features of the inoculum used are acidification of the reactor, when it is operated at the psychro-
given in a previous paper (25). philic range of temperature. For HRT values over 5.0 d, TVFA
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Table 2. Steady-State Results Obtained under Different Experimental Conditions?

HRT OLR CODyotal CODsoluble TVFA alkalinity Omethane
(days) (g CODyL d) (mglL) (mglL) pH (mg acetic a./L) (mg CaCOslL) (L/d)
20.0 0.57 980 450 7.9 120 2190 0.206
133 0.85 1020 480 17 140 1530 0.280
10.0 1.13 1240 590 8.0 170 1560 0.366
8.0 141 2190 705 7.0 390 1300 0.464
6.7 1.70 2760 1060 6.9 225 1210 0.520
5.7 1.98 3715 1480 6.8 340 1410 0.560
5.0 2.26 5500 2900 6.7 1100 1450 0.425
45 2.49 5890 3380 6.6 1240 1330 0.460

2 Values are averages of 6 determinations taken over 6 days after the steady-state conditions had been reached. The differences between the observed values were
less than 4% in all cases. Abbreviations used: HRT, hydraulic retention time; OLR, organic loading rate; TVFA, total volatile fatty acids; Qmethane, daily methane production.

concentration increased very slightly with a decreasing HRT. conditions because the VSS concentration in the reactor and
For HRT values less than 5.0 days, the TVFA concentration the effluent soluble CODs were maintained virtually constant
increased sharply, achieving a maximum value of 1240 mg/L for all the flow rates assayed.
(as acetic acid) at an HRT of 4.5 days; this increase was Although the feeding carries suspended solids, the quantity
concomitant with the decrease in pH. Although a failure was is very small, and it is supposed that all of them are biodegraded
not observed at this HRT, methane production rate was some-in the reactor; this is equal to supposing that the suspended solids
thing depressed at the short HRT. In contrast, high gas yieldscontent of the effluent corresponds to the biomass generated.
and process stability were always observed in the mesophilic Making a COD balance around the reactor, the following
anaerobic treatment of this wastewater at identical HRT3. ( equation is obtained:
On the other hand, between HRTs of 20.0 and 5.7 days the
TVFA/alkalinity ratio was found to be lower than the failure (CODY, = (CODy, + (COD)yjggast (CODysg)e (1)
limit (0.3—0.4) value (28). However, at a HRT of 4.5 days and
OLR of 2.49 g CORL d, a considerable increase of this ratio where (COL)o is the incoming total COD concentration;
was observed in the reactor (0.93). (CODs)e is the outgoing soluble COD; (CORyyasis the fraction
One of the major contributing factors to the failure of the of COD converted into biogas; and (CQ&)e is the fraction
psychrophilic reactor at a 4.5 day HRT is the build-up of longer of COD converted into biomass.
chain volatile fatty acids. This is indicative of carbon flow  The above equation can be transformed into the following:
through to methane being interrupted by an inhibition of the
hydrogen-producing acetogenic bacteria, which are primarily AS0=0dS et Aoy, Wen, T A[Se —Sd 2)
responsible for the breakdown of these compounds to acetic
acid. If hydrogen is not being effectively removed from solution whereq is the flow rate (L/day);S, is the feed total COD
by the activity of the autotrophic methanogens then inhibition concentration (g COflL); Se is the effluent total COD
of this reaction takes place. Failure at the 4.5 day HRT in the concentration (g COflL); Sse is the effluent soluble COD
reactor might therefore be attributed directly to a failure at some concentration (g COEL); dcw, is the daily methane production
point in this chain of reactions, either directly or by feedback (L methane/day); antcy, is the methane equivalent of COD
inhibition (28, 29). (g COD/L CHy).
Biodegradability. As can be observed from the data given From eq 2 the following can be obtained:
in Table 2, the reactor was efficient in terms of soluble COD
removals. Between HRTs of 20.0 and 5.7 days, soluble COD a80= Gcn, Wen, T 9 Se 3)
removal decreased slightly from 95.9 to 86.4%. At an HRT of
4.5 days a marked difference in efficiency was observed By grouping terms and dividing by the flow ratg, the
(69.0%). These COD removal efficiencies were something lower following equation can be obtained:
than those observed at mesophilic temperature (17).
Methane Yield Coefficient. The experimental data listed in (S0~ S = Wen, (Acn/) 4)
Table 2 and the influent substrate concentration were used to
determine the methane vyield coefficient. By fitting the (daily According to eq 4 a plot of the(o — S ¢) versus the quotient
methane production, g CQBemoved) value pairs to a straight  (gcn,/q) should give a straight line of slope equaMfy,, whose
line, the average yield coefficient under standard temperaturetheoretical value is 2.86 g CQIR CH,4, and intercept on the
and pressure (STP) conditions was found to be 0.32 L, CH y-axis is equal to zero, as illustratedfigure 1. FromFigure
STP/g CODR removed. This agrees with data reported in the 1, itis estimated thatVcy, = 2.89 g COLQIL, which was found
literature (29). This value of the methane yield coefficient was to be very similar to the theoretical one. As can be seen in
only somewhat lower than that obtained at mesophilic temper- Figure 1, the points fit a straight line with intercept zero, which
ature (0.33 L CH/g COD removed). Taking into account that, strongly suggests the validity of the proposed model.
theoretically, 0.35 L of methane is produced per gram of COD  Each term of the second member of the previous COD
removed when the starting compound is gluco38), the balance (eq 1) can be referred to the incoming G@IDd in
effectiveness of the anaerobic reactor in converting wastewaterthis way can be calculated the percentage of the incoming;COD
derived from the production of protein isolates from extracted that is converted into methane and biomass, with the rest being
sunflower flour into methane at psychrophilic temperature is the fraction that goes out with the efflueffigure 2 shows the
also clearly demonstrated. variation of the percentage of CQRonverted into biogas,
Kinetic Analysis. The following two hypotheses can be biomass, and COD that leaves with the effluent (not removed)
established: the anaerobic reactor operates at steady-statas a function of the hydraulic retention time (HRT). As can be
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Figure 1. Variation of the differences between the total COD of the influent AHRT

and effluent ((CODy), — (CODy)e) as a function of the quotient between

the daily methane production and influent flow-rate (qcx,/)- Figure 3. Estimation of the fraction of nonbiodegradable organic matter

(soluble COD) contained in the wastewater.

100
analysis) does not distinguish between biodegradable and

nonbiodegradable substrate. The experimental values of soluble

COD given inTable 2 must be corrected by subtracting the

fraction of nonbiodegradable substratdgure 3 shows the

graphical estimation of the amount of nonbiodegradable sub-

strate on the basis of the relationship between log [log(G@D)

7 and 1/(hydraulic retention time) (33). By least-squares fitting
of the two variables an intercept of 0.385 g CQA(correlation

207 coefficient= 0.995) was calculated, which corresponds to an
infinite HRT; thus, this can be assumed to be the concentration

%1 of nonbiodegradable substrate.

On the other hand, according to the Michaelis—Menten
kinetic model, the specific substrate utilization ratas related

80 -

60

% COD, converted

with the biodegradable substrate concentrati®n, by the
HRT (d) following equation:
Do r = KS/(K+S) (5)

—w— HRT vs % biomass

) - ) . wherek is the maximum substrate utilization rate (g C@p
Figure 2. Variation of the percentage of incoming total COD converted VSS day) ancKs is the Michaelis constant (g CQID). At the

into methape, biomass and CQD that !eavgs with the effluent (not removed) steady-stater, can be obtained by the following equatiats
as a function of the hydraulic retention time (HRT). 33).

seen for HRTs lower than 5.7 d, the percentage of Cthat _

converts into biomass approached 20%, which clearly indicates r=(& - S)oX )

the growth of hydrolytic and acidogenic bacteria, because the ) ) o )
reactor is acidifying and destabilizing. In contrast, for HRT Whered is the hydraulic retention time (HRTY & Viq, V being
higher than 8 days, the percentage of G@@nsformed into Fhe reactor volume in liters) andlis the biomass concentration
biomass is lower than 10%, which indicates clear methanogenic!n the reactor (g VSSIL). o _
conditions. According to Stronach et &1, the maximum yield Therefore, by combining egs 5 and 6, it is possible to
coefficients of acidogenic and methanogenic bacteria are 0.18d€términe experimentally whether the Michaelis—Menten ex-
and 0.03 g VSS/g CODrespectively. As a mixed culture was ~ Pressionis appllcablle. for the description of substrate utilization
used in this study, it is difficult to evaluate the kinetics of these M the anaerobic fluidized-bed reactor

two distinct populations of microorganisms. However, it is
obvious that proper control of the methanogenic phase is a key r= (S~ S)J/X=kS(K+S) (7)

step for successful reactor performance because of the lower o ]
substrate yield coefficient of methanogens than that of acido- ~ The observed substrate utilization rates plotted according to
genic bacteria. Values (¥ 0.15 and 0.16 g VSS/g CQD eq 7 as a function of steady-state biodegradable effluent COD
similar to those obtained in this work for HRTs lower than 5.7 concentration, are illustrated irFigure 4. It can be seen from
days were reported in the literature for anaerobic digestion of this figure that the substrate utilization rates fit the Michaelis

whey permeate and ice-cream wastewater using UASB reactordVienten expression, which is a hyperbolic function, quite well.
(31, 32). Bothk andKs can be determined by plottirgr as a function
In the above-given equatiorsdenotes the concentration of of S
biodegradable substrate; however, the experimental method used
to determine the substrate concentration (total and soluble COD Sir= (KJK) + (1/k) S (8)
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