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Abstract

A pilot-scale sewage treatment system consisting of two upflow anaerobic
sludge bed (UASB) reactors followed by five waste stabilization ponds
(WSPs) in series was studied under subtropical conditions. The first UASB
reactor started up in only 1 mo (stable operation, high chemical oxygen
demand [COD] removal efficiency, low volatile fatty acids concentration in
the effluent, alkalinity ratio above 0.7, biogas production above 0.1 Nm’/kg
of COD, _  ).Removalefficiencies up to 90% were obtained in the anaerobic
steps at a hydraulic retention time of 6 + 4 h (80% removal in the first step).
Fecal coliform removal in the whole system was 99.9999% (99.94% in anaero-
bic steps and 99.98% in WSPs). COD balances over UASB reactors are pro-
vided. A minimum set of data necessary to build COD balances is proposed.
Intermittent sludge washout was detected in the reactors with the COD bal-
ances. Sludge washout from single-step UASB reactors should be monitored
and minimized in order to ensure constant compliance with discharge stan-
dards, especially when no posttreatment is provided. The system combined
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high COD and fecal coliform removal efficiency with an extremely low efflu-
ent concentration, complying with discharge standards, and making it an
attractive option for sewage treatment in subtropical regions.

Index Entries: Anaerobic treatment; sewage; subtropical regions; upflow
anaerobic sludge bed reactors; waste stabilization ponds.

Introduction

The full-scale application of upflow anaerobic sludge bed (UASB)
reactors for sewage treatment at moderate temperatures seems withinreach
(1-3). In temperate and subtropical climates, low hydrolysis of suspended
solids (SS), bad sludge quality, and lower removal efficiencies are expected,
particularly at temperatures below 20°C (2). Presettling of sewage, two-
stage systems, and hybrid reactors have been proposed to improve the
retention and degradation of SS under these conditions (2,4,5). In tropical
countries, UASB reactors treating sewage showed chemical oxygen
demand (COD) removal efficiencies of about 65%, with some reports of up
to80% inunderloaded reactors (6). Hydraulic retention time (HRT) applied
fluctuates around 6 h, aiming at an upflow velocity (V, ) of about 0.75 m/h,
according to reactor height. At lower temperatures, reported results differ
widely, depending on factors such as environmental conditions, sewage
concentration, operational parameters, type and dimensions of the reactor,
amount and quality of the inoculum (1). COD removals of up to 79% were
reported at21°C and 9-h HRT (7). A similar efficiency was achieved at 20°C
and 8-h HRT, using anaerobic granular sludge as inoculum (§). A COD
removal efficiency of 67% was reported inalaboratory UASB reactor inocu-
lated with highly active granular sludge, when treating raw sewage at 13°C
(2). Low-strength presettled sewage was also efficiently treated ina UASB
reactor atamean sewage temperature of 21.6°C, with short periods atabout
13°C(9). Similar results werereported inrefs. 2 and 5. In a two-stage anaero-
bic system treating sewage at 17°C, overall COD removal efficiency
achieved was 69% (5). Specific two-step configurations yielded COD
removal efficiencies similar to values found in tropical areas (2). Analysis
of data from several works reviewed by Seghezzo et al. (1) indicates that
average COD removal efficiencies of 41.7, 52.8, and 69.1% have been
observed at temperatures below 15°C, between 15 and 22°C, and above
22°C, respectively. Itis accepted that removal efficiency decreases at lower
temperatures (4). Based on data in the literature, an interesting relationship
among temperature, COD removal efficiency, and HRT was obtained (10).

COD balances over UASBreactors mightbe a useful tool to gain insight
into the flow of organic matter through the reactor, assess the process per-
formance, validate methods and assumptions, and predict outputs. A COD
balance is based on the fact that if a constant flow and load is applied, and
organic matter does not accumulate in the treatment system (steady-state
conditions), the daily mass of influent COD is equal to the sum of the daily
mass of COD leaving the system in one of several possible forms (methane,
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excess sludge, effluent COD, among others). van Haandel and Lettinga (4)
proposed a basis for the construction of COD balances. Reports of COD
balancesin UASBreactors treating sewage have been scarce (11). However,
some investigators have provided information about their systems that
could lead to the formulation of COD balances (2,5). No references have
been found for coupled COD balances in two-step UASB systems. A stan-
dardized methodology to build COD balances over UASB reactors is still
lacking.

The effluent of anaerobic reactors has to be further treated in order to
remove nitrogen and phosphorus (when reuse is not possible) and fecal
coliforms, the most commonly used indicator of pathogenic microorgan-
isms. Waste stabilization ponds (WSPs) are being studied as a posttreat-
ment method for anaerobically treated sewage because they are among the
most efficient and cost-effective methods (4,12). Sludge washed out from a
UASB reactor was effectively trapped in a polishing pond, but the sludge
growth in the bottom of the pond was so low (including dead, settled algae)
that desludging of the pond was deemed not necessary during its useful
life-span (13). Therefore, an additional advantage of WSPs is that sludge
discharges from UASB reactors (a major factor in operational costs) can be
reduced or even eliminated. Local kinetic constants are necessary to accu-
rately design WSPs, although most of the WSPs in northern Argentina have
been designed using extrapolations, adaptations, or regional constants (14).

The objectives of the present study were to assess the startup and
subsequent operation of a two-step UASB system for sewage treatment
under subtropical conditions, followed by five WSPs in series for posttreat-
ment, and to build and contribute to the standardization of COD balances
over UASB reactors.

Materials and Methods
Reactor Operation

Experiments were performed in a pilot plant located in Salta, Argen-
tina (24° 51' latitude south, 65° 29' longitude west, 1187 m above sea level).
Mean ambient temperature, measured over a 22-yr period (1971-1992) at a
meteorological station 12 km away from the site, was 16.5 £ 0.2°C (15).
Statistical comparisons and confidence intervals (CIs) were built at a level
of significance (o) of 0.05 (5%). The flow sheet and dimensions of the pilot
plant are presented in Fig. 1. Thirteen sampling ports (diameter = 3/4 in.)
along the reactors allowed liquid and sludge sampling. Up to 2 m high,
ports were separated 0.20 m (10 ports); from 2 to 3.50 m, the distance
between ports was 0.50 m (three additional ports). The last port was 0.45m
below the effluent exit.

Polyvinyl chloride (PVC) tubes and hoses (id = 1 in.) were used in
the reactors for influent and effluent distribution. A transparent PVC
tube (id = 3 mm) was used for the influent of WSPs. Retention valves were
installed in the reactors at the influent entrance to prevent sludge from
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Fig. 1. Schematic diagram of pilot plant (not to scale). R3000: first UASB reactor
(height=3.95m; diameter =1 m; volume =3.10 m?); R800: second UASB reactor (height
=3.95m; diameter = 0.5 m; volume = 0.766 m?); WSPs (1-5) (length =3 m; width = 0.5 m;
mean depth =0.94 m; mean volume =1.39 m?; total volume = 6.97 m?). P3000, P800, and
PWSP: peristaltic pumps; G3000 and G800: gas collectors (collection volume = 0.3 m?);
M3000 and M800: gas meters; C3000 and C800: intermediate pumping containers
(effective volume = 10 L); GSL = gas-solid-liquid.

tlowing out during pump maintenance operations and power cuts. The influ-
ent of R3000 was screened through a double 5-mm filter to prevent clog-
ging, as suggested in ref. 16. Watson Marlow 701 I/R, 621 I/R, and 313 S
peristaltic pumps equipped with Marprene® tubing were used to feed
R3000, R800, and WSPs. Flow rates could be freely changed between a wide
range in all units. Liquid was pumped in R800 and WSPs from two inter-
mediate 10-L containers (C3000 and C800) in which the effluents from R3000
and R800 were discharged. Surplus was eliminated through overflow pipes.
The containers were not tightly sealed, but they remained always closed to
minimize stripping of dissolved methane. Biogas was accumulated in
0.3-m? gas collectors and automatically measured in domestic gas meters
(ABB ELSTER and Schlumberger Gallus 2000), operating electric valves
(Jefferson), and switches (Neumann CB 130). Reactors, ponds, and gas col-
lectors were constructed of polyester reinforced with glass fiber at a local
company (JJS Industrias Plasticas y Mecénicas).

Sewage

Raw sewage was submitted to preliminary treatment (screens and
sand trap) before being fed into the system. In the reactors, influent was
distributed through one inverted inlet pipe located 5 cm from the bottom.
Partially digested sewage sludge from conventional anaerobic digesters
and anaerobic granular sludge from a UASB reactor treating presettled
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sewage were used as inoculum for R3000 and R800, respectively (15% [v/v]).
Specific methanogenic activity (SMA) of the inocula was determined
according toref. 17. Analyses were performed according to ref. 18 or using
HACH® micromethods.

Sample Analyses

Two times a week, composite samples were taken before and after
each unit (0.5 L every 3 h for 24 h). Samples were kept at 4°C until analyzed.
Total COD (COD, ), paper-filtered COD (COD,,,) (Schleicher & Schuell
595 Y5 4.4-um paper filters), and membrane-filtered (dissolved) COD
(COD,,) (Schleicher & Schuell ME 25 0.45-um membrane) were determined
in the samples Suspended and colloidal COD (COD_ _and COD_, respec-
tively) were calculated as (COD, - COD, ) and (COD -COD,, ) respec-
tively. The effluent of WSPs was filtered through Whatman GE, /C1.2- Hm
glass microfiber filters to retain algae, and COD of the filtered sample was

measured (COD

12)-
Sludge and Scum Layer

The increase in sludge bed was visually followed using the sampling
ports. No excess sludge was discharged during the study. Sludge compos-
ite samples (an equal volume from all ports in which sludge could be
extracted) were taken and analyzed for COD, solids, and sludge volume
index (SVI). Scum layer was regularly withdrawn and analyzed as sludge.
Sludge and scumlayer COD was measured in crushed and diluted samples.
Total suspended solids (TSS) and volatile suspended solids (VSS) of sludge
and scum layer were determined on centrifuged samples; the supernatant
was filtered through Schleicher & Schuell 589 4.4-um ashless paper filter,
and the retained solids were added to the measured TSS/VSS.

Determination of Methane Content

Methane content in the biogas was determined by stripping CO, in a
closed, upside down serum bottle with a 5% NaOH solution, and collecting
the displaced liquid in a graduated cylinder. The content of other gases
in the biogas, such as hydrogen sulfide, was neglected. Dissolved methane
in the effluent of anaerobic reactors was calculated according to Henry’s
law, assuming that equilibrium concentrations were reached. Atmospheric
pressure at the site was 0.866 atm.

Dimensioning of Ponds

Dimensioning of the ponds was based on the assumption that the
death rate of pathogenic microorganisms follows first-order kinetics (19).
Considered values for K, ,, (die-off constant at 20°C) and 6 (temperature
coefficient) were 1.5 d™' and 1.17, respectively (14,20). With these
kinetic constants, expected fecal coliform removal efficiency (calculated
for five completely mixed tanks in series) was 99.99%.
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Table 1

Basic Sewage Composition Since First Day of Operation
Parameter Mean values + CI
Temperature (°C) 23.6 = 0.10
pH 7.77 £ 0.18
COD,, (mg/L) 370.8 + 34.2
TS (g/L) 0.75 = 0.08
VS(g/L) 0.34 £ 0.01
Settleable solids (mL /L) 485+ 1.8
Alkalinity (mg CaCO,/L at pH 4.3) 176.0 £ 6.5
VFA (mg/L) 19.0£ 3.9

Results and Discussion

During the period under consideration (summer), air temperature
was 24.9 + 1.37°C. Basic sewage composition is shown in Table 1. SMA of
the inocula was 0.078 and 0.033 g of COD-CH, /(g of VSS-d) for R3000 and
R800, respectively. Mean sludge characteristics during the experiences are
shownin Table 2. Scum layer composition was similar to that of the sludge.

Startup

HRTs applied during startup were 8 h, 4 h, and 15 d in R3000, R800,
and WSPs, respectively. The inoculum of R3000 was completely washed
out during the first week of operation. The amount of sludge then increased
9.3% of reactor volume per month. The reactor was not inoculated again.
The inoculum of R800 was not washed out, although the applied V, was
higher, probably because settleability of the inoculum (determined through
the SVI) was better, and biogas production was lower. Sludge increased in
R8002.3% of reactor volume per month. In R3000, considered to be the most
critical step of the system, all conditions proposed in ref. 21 to indicate
stable operation and/or to decide on an increase in organic load, were met
within 1 mo of operation: COD removal efficiency reached 80% at the end
of the month; the ratio between alkalinity measured at pH 5.75 and 4.3 was
higher than 0.7 in the effluent, while volatile fatty acids (VFA) remained
low; and biogas production was >0.1 Nm?®/kg of COD with a stable
CH, content of 90%.

removed”

Operation

Table 3 shows the HRT applied and removal efficiencies in the system
for three different periods: period I (startup), period II (after startup, same
hydraulic conditions), and period III (HRT in R3000 decreased to 6 h).
COD, ,removal in R3000 reached 80% at the end of the first month (period I),
and stayed constant during period II. In period III, at a lower HRT,
COD,,, removal was not significantly lower in R3000. COD,, removal
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Fig. 2. COD fractions through the system. The startup period was not included.
CIs are shown as error bars. The sum of suspended, colloidal, and dissolved COD is
slightly different from total COD values because the latter come from a larger set
of data.

increased during this period in R800, owing to a higher COD, , concentra-
tionin theinfluent. COD_ and COD  removal efficiency increased steadily
in R3000 since the beginning of the experience. A clear trend was not
observed in R800 for these fractions. In period III, COD_ removal efficiency
decreased in R3000 but increased sharply in R800. Negative removal of
COD,, in R800 during period 1II is attributed to washout of seed sludge.
COD removal achieved in R3000 at 6-h HRT (V =0.66 m/h) was similar,
or even hlgher to that reported in tropical countries. The performance of
the system in winter needs to be assessed before drawing final conclusions.
However, data from thelast 7 yr indicate that annual mean sewage tempera-
ture is 21.6°C, and a drastic drop in removal efficiency is not likely to occur.
In Fig. 2, COD fractions through the system are shown (startup period
not included). The effluent of R3000 already complied with local COD,
discharge standards (22) and could also comply with Council Directive
91/271/EEC on Urban Waste Water Treatment, dictated by the European
Union Council of Ministers (23) (125 mg of COD, , in both cases).
Extremely low concentrations were always observed in the effluent of R800.
Algae grown in the ponds were responsible for the increase in COD_ in the
final effluent, but it still complied with discharge standards, making a final
clarification step unnecessary. After the first anaerobic step, COD_, and
COD,, remained rather constant. Methane content in the biogas was 90%
in R3000 and 95% in R800. In terms of COD removal and effluent concen-
tration, a second anaerobic step seems unnecessary, especially when the
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tirst step is operated at high HRT (6-8 h), and a relatively high sewage
temperature (typical for summertime). A second step could be important
in wintertime (when slower conversion of entrapped SS is expected in the
tirst step), or when the first step operates at low HRT (4 to 5 h). WSPs,
designed to remove fecal coliform, are subutilized with respect to COD
removal, and could easily treat remnant COD in the effluent of R3000 (24).
Therefore, a one-step UASB reactor followed by WSPs could be enough to
treat sewage under subtropical conditions.

Removal of Fecal Coliform

Removal of fecal coliform in the entire system was 99.9999% (99.94%
in the anaerobic steps and 99.98% in the WSPs). Final effluent concentration
remained below 300 most probable number (MPN)/100 mL, complying
with the World Health Organization’s recommended guideline for unre-
stricted irrigation (1000 MPN /100 mL) (25), and local discharge standards
(2000 MPN/100 mL) (22). Removal in WSPs approached that expected
from design calculations, validating the hydraulic model of completely
mixed tanks in series. It was reported that plug-flow regime is difficult to
achievein practice (12). Contrary to whatis reported in literature (2,4), very
high fecal coliform removal was observed in the UASB reactors. WSPs will
provide new data to determine accurate kinetic constants for the design of
full-scale systems.

COD Balances

COD balances were based on the following equation:
I-E-G-D-B-W-5=0

in which [ is influent, E is effluent, G is gaseous methane, D is dissolved
methane, B is sludge bed, W is sludge washout, and S is sulfate reduction.
The terms of the balance are indicated for both reactors in Fig. 3. In Fig. 4,
CODbalances for the entire experimental period are presented. Sulfate was
never detected in the effluent of R3000, and, therefore, there was no sulfate
reduction in R800. In R800, terms D and W were calculated as net values,
since dissolved methane and sludge from R3000 enter into R800. The exact
amount of sludge from R3000 that actually enters into R800 is subject to
discussion.

The concentration of dissolved methane in the influent of R800 was
assumed to be in equilibrium with the methane concentration of biogas in
R3000. Diffusive stripping of dissolved methane between R3000 and R800
was neglected, assuming that the methane concentration gradient in the
gas phase was very small. This assumption was based on the following:
(1) The effluent of R3000 was always exposed to an atmosphere of biogas,
either in the space around the GSL separator device on top of the reactor,
in the pipes, and in C3000; (2) temperature and pressure were constant; and
(3) retention time in C3000 was very short (about 1 min). Convective strip-
ping from the top of the reactor and from C3000 was also neglected, as long
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Fig.3.COD balances over two-step UASBreactors. I =influent, E =effluent, G=gaseous
methane, D = dissolved methane (net value in R800), B = sludge bed, W = sludge
washout (net value in R800), S = sulfate reduction, WSPs = water stabilization ponds.
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Fig.4.COD balances for entire experimental period in R3000 (left) and R800 (right).
Slices represent the terms of the balance as percentage of influent COD. In R800, term
Wrepresents sludge washin (negative washout), which was proportionally subtracted
from all other terms. There was no sulfate reduction in R800.

as these units were always closed. Additional dissolution of methane took
place in R800 (as a whole) only when temperature decreased in this reactor.
When temperature in R800 was higher than in R3000, some methane left the
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liquid phase and was collected as gas in G800, until a new equilibrium was
reached. In Fig. 4 (right), term D is positive, and indicates newly dissolved
methane. It was also assumed that dissolved methane was not found as
COD in laboratory analyses, because it left the liquid phase during sam-
pling, storage, and measuring (more than 24 h exposed to the air).

In periods II and III, some sludge accumulated in the bottom of inter-
mediate pumping containers and was incidentally observed in a couple of
grab samples. Sludge was not clearly detected in 24-h composite samples,
probably because washout was not constant, while effective sampling time
was very short (a few seconds every 3 h, only on sampling days). COD
balances seem to confirm that some washout really occurred. In fact, miss-
ing COD accounted for a significant proportion of influent COD_ in R3000
(19.3%), without explanation other than intermittent sludge washout.
On the other hand, excess COD was detected in R800 (1.4%). In Fig. 4
(right), term W is negative, and represents sludge “washin” (negative
washout). The fate of this fraction is uncertain, and it was proportionally
subtracted from all other terms. Sludge washin in R800 was far lower than
expected from the calculated amount of sludge washed out from R3000.
Because of the higher upflow velocity, most of this sludge flowed through
R800, and only a minor fraction could be intercepted and retained.

Variability in sludge COD measurements could also introduce errors
in the balances. Potential errors in the determination of sludge bed increase
and scum layer formation during the first months of operation will be
reduced in long-term balances, when a better steady state is expected.
Intermittent sludge washout should be experimentally detected (and mea-
sured). Improved design of the GSL separator device may be needed to
minimize washout. Solids retention time calculated according to ref. 4 and
26 was 233 d in R3000, and 771 d in R800, more than enough to achieve
sufficient hydrolysis and methanogenesis at working temperatures (27).
A distinction between solids from the sludge bed (secondary sludge) and
particles from the influent that were not retained in the reactor (primary
sludge) is difficult to make. Intermittent washout (if confirmed) would be
an indication that secondary sludge is being lost, because short circuits
over the sludge bed (main cause of primary solids washout) are assumed
to be a constant phenomenon (28). At the end of period II, sludge SMA in
R3000 was 0.050 g of COD-CH, /(g of VSS-d). Sludge from R800, subjected
to very low organic loading rate and high V, , showed almost no activity at
the end of period II. Basic variables needed to build the COD balances were
flow rate, temperature, influent COD, effluent COD, biogas production,
biogas composition, sludge increase, and sulfate concentration. Sludge
withdrawn for analysis and days without operation (power cuts, mainte-
nance, and so on) have also been accounted for in the balances.

Conclusion

The startup of a two-step UASB system for sewage treatment under
subtropical conditions, with posttreatment in five WSPs in series, was suc-
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cessfully achieved in only 1 mo. HRT in the anaerobic steps during startup
was 8 + 4 h. Removal efficiencies up to 90% were observed at an HRT of
6 + 4 h (about 80% in the first step). Efficiency in the second step might
improvein wintertime, when solids degradation in the first step is expected
tobelower. The use of coupled COD balances allowed a better understand-
ing of the process and was important in detecting intermittent sludge
washout, which was not observed in routine sampling. A minimum set of
data needed to build COD balances over UASB reactors is proposed. Fecal
coliform removal in the whole system was 99.9999% (99.94% in the anaero-
bic steps and 99.98% in the WSPs). The system complied with discharge
standards for COD and fecal coliform.

Washout from single-step UASB reactors should be monitored and
minimized in order to avoid losses of valuable biomass, and to ensure
constant compliance with discharge standards, especially when no post-
treatmentis provided. Attention should be directed toward refining sludge
and scum layer assessment (sampling, volume estimation, COD measure-
ments). The system combined high COD and fecal coliform removal effi-
ciency with extremely low effluent concentration, making it an attractive
option for sewage treatment in subtropical regions.
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