Chapter 5

Results and Discussion

5.1 _Start-up F ) 4
/e

The UASB reactor was i?itiélf;fwith anaerobic sludge with an
).
ent beéreen 1 -2 KgCOD/ns-d and 0.1 - 0.3

.The initial organic and the hydraulic

amount of 17 KgSS/néefﬁﬂx»V

loadings applied wer

n3/m2-h, respectivel -qﬂf;ar ;lpdge wag first observed on the 12th

day. The diameter of t_g‘?r%?q}es varies from 0.05 to 8 mm.

Microscopic exal usingfﬁganning Electron Microscope (SEM)
o }f; +

‘ulﬁ§?00n42ﬁted of both filamentous and rod

i
~

indicated that the

shape granules as shown in Fig S.Y??Eﬁ

o .

The sludge profile in the reggvgg(x:_,, during the start-up

period is illustfated in Fig. 5.2. After 35 days, the TSS and TVSS
| .
concentration in“the reactor (Fig. 5.3) were approximately 5000 g

and 2300 gy mespectively.

5.2

5.8:1 COD Removal

The COD removal is shown in Fig. 5.4. At the
beginning of each HRT’s experiment, the influent COD concentration
used was about 500 g/m3, and then increased gradually up to 2000

g/m3. The experimental results revealed that the COD removal
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Fig.5.1 SEM of the Filamentous granule and the Rod - type
granule in the UASB reactor.
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Fig.5.14 BOD Concentration and Efficiency during the experimental period
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Fig.5.4 COD concentration and Efficiency with Time
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increased rapidly from 60 - 70% to 90% or higher within one week. The
reactor reached steady state conditions in not more than one week for

every HRT used.

5.2.1.1 COD Removal with Hydraulic Retention Time

HRT
1ﬁ
The awé}ﬁgﬁfCOD removal efficiencies at
various HRT’s are sden in Table 5.1 and Fig. 5.5. The total COD
(unfiltered) and s 1 ~COD (fﬁltered) removals at HRT’s of 4 to 24
dgifffﬁlp 04% jhd 91 to 95%, respectively. While the

hrs were ranged fr

treatment efficiencies ere étllI hlgh, the HRT’s could be reduced to

as short as 4 hrs. /Thi _is’due éartly to suitable temperature of the

system. The reactor a; bpérate&Quﬁder ambient conditions and fed

il
with the influent whoqé tenperaturg;r?nge from 34° to 42°C (see Table

-..a..‘,

4,2). This range of tenperaturq was best suit for mesophilic

5 =
e e

A L)

N - —
Table 5.1 Ll

";’f \_J

COoD removal efficiency VS HRT’s and organlc loading.

*%

Period*| HRT |Organic|Influent oD |Effluent €OD| | COD Reduction
(day) | (hr)|Loading
Rate Total{Filtered|Tetal |Filteredf Unfil|Filtered
: tered

9-40 | 24 2.2 42233 1790 183 163 91.8 92.6
52-98 | 12 4.5 2243 1747 214 180 90.4 91.9
123-178] 8 6.4 2119] 1710 162 136 92.4 93.6
209-252| 6 8.1 2030 1787 121 95 94.1 95.4

263-274| 4 12.4 2009| 1750 202 177 90.0 91.2

¥ The interval was started at the day the incoming COD was up to 2000 g/l3 and 2 90% of COD eliminated
#% Piltered :00D reduction based on filtered effluent and raw influent
Unfiltered :COD reduction based on raw effluent and raw influent
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bacterial growth and activity (Lettinga et al., 1984). By increasing
the digestion temperature, significant reduction in retention time
required to obtain 90% digestion could be achieved (Fair and Moore.,
1973).

5.2.1.2 COD removal with Organic Loading Rate

F J

‘(a'\/ ' -
The fei:%ipnship between organic loading

and COD removal is“shown in Table 5.1 and Fig. 5.6. The total COD

removal efficienci;i;:zgfﬁ 94% could be achieved over a wide range of

organic loading ;yﬂ{iffpouyz.ZXto 2 M kgCOD/ms-d. The COD removal

A r
F

| . #
efficiency decrea i ?tlf ﬁzph an increase in organic loading.

Ob/§3/$;ébuld still be well accomodated by

4l idd

icated ‘an ef}idient performance of the granular

. "_1"

The load of up to 12.4

this system. This i

37
. . ey “dia

sludge retained in the reactor. —

4 f'l sadea #ao b

.

-y

o,

i

Lh

5.24k5F % 0D réﬁﬁﬁﬁl with Sludge Retention Time

(A L)
SRT T =7
Y \y

< The relationship between sludge

retention /time jand ,COD removal cis)shown~inFig. 5.7. The sludge
retention times in the reactor range from 67.8 days to 826 days. It
can be seenthat the totaly COD |removal~efficiency sincréased with SRT
and was always 90% or more even at.a low SRT of 67.8 days. The total
amount of sludge retained in the reactor at the end of the experiment
was 9300 gTSS and 5100 gTVSS (Fig. 5.3), which corresponded to 37
kgSS/m3 and 20 kgVSS/m3, respectively. These considerable amounts of
sludge can be retained in the reactor even at low SRT of 67.8 d and
HRT of 4 h. By observation, the settleability of this granular-type

sludge was excellent.
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5.2.1.4 COD Removal with Food to Microorganisms

(F/M) Ratio

The effect of F/M ratio on COD removal
is shown in Fig. 5.8. The food-to-microorganisms ratio was calculated
on the basis of the COD loadi plied and the amount of sludge that
was measured at the ent bmf

effiency in the F/M -h_rang u thls experiment was always

high. It varied 17 _4% whﬂ;ﬁf{"lﬂ value varied from 0.35

to 0.95 KgCOD/KgV

y of HRT’s. The COD removal

various height at

.in:a-f

5.9 to 5.13. The ini 1aL'-C€fB‘ re

m@wf about 60 - 70% took place at
if

in the bottom 2§ cm anﬂ"‘-fner-ea"sb )0%_or more at the height of

less than abou‘t"'
removal efficienf} at e A E}imilar result has been
reported by Lovam’&QH) who conducted the anaerobic filter

experiment ﬂtubﬂwﬁgy%ﬂmﬁ m&gﬂﬁt greater than 90%

COD removal efficiency was accomplished-in the bottom /6 inches of the

rirecblodfn Gk, 44 a1 VI E) T E

5.2.2 BOD Removal

The average BOD removal efficiency at various HRT’s

are presented in Table 5.2 and Fig. 5.14.
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Table 5.2

BOD Removal Efficiency vs HRT’s

Period HRT | Influent BOD Effluent BOD BOD Removal
(day) (hr) (g/m°) (g/m°) (%)
9-40 24 97.1
52-98 12 94.8
123-178 ‘.ﬂﬂl 3 4 96.4
209-252 ' 96.8
263-274 96.1

officiency of BOD removal

ind methane content are
illustrated in ly. The average value

I
of biogas produc -n and its lethane content at standard conditions

Q R Mﬂ‘iﬁu 311)1’1’3718’1&1 4
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Table 5.3

Biogas Production and CHy Content vs HRT’s and Organic Loadings.

HRT|Organic|Biogas Production at STP CH4 Production at STP
Loading
Rate %CH4
hr. | (KgooD/| 1/d |1/kecopy a%/a3 1/d  |1/Kgcop,| m3/m3
m°/d) ')/
s .
2. 2.3 <0.81180791" 205 316 0.65
12 1 4.5 10,56 {78:8] 273 213 0.43
8| 6.4 .48 |77.9} 348 188 0.37
6| 8.1 | 7284 2660 |~ 0,49 |77.0| 556 196 | 0.37
# / }z- : .r i :
4| 12.4 1204})1/f2f;’ : d154 74.0| . 890 221 0.40
_ ;f” ;j e
.-; ,.,.:" . Jf'.i't"__.
5.2.3.1° “Gas Produétion with Hydraulic Retention Time
HRT O e e :
- i #
N ' = |
";_ The effect of “HRT on the biogas

production is shown in Fig. 5.17 to Fig. 5.18. It was found that the
gas productiongincreased)whiilenthe-hydranlic, retention time increased
from 4 to 24 hours. The biogas and methane productions per Kg COD
removéd ranged from 243-tor 3920 1/K£COD /Fendvied lanid 1880to 316 1/KgCOD
removed, respectively. The gas production per m3 of wastewater varied

in the range of 0.48 - 0.81 m°biogas/m3 and 0.37 - 0.65 m3CH,/nm>.

9¢2.8:2 Gas Production with Organic Loading Rate

The relation between gas production and
organic loading rate is shown in Fig. 5.19 to Fig. 5.20. It was found

that the gas production is dependent on the organic loading applied.
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The gas yield decreased from 392 to 243 1 biogas/KgCODr and 316 to
188 1 CH4/KgCODr while the organic loading rate was increased from
2.2 to 12.4 KgCOD/ms-d. The gas yield varied from 0.48 - 0.81
nsbiogas/n3 wastewater and 0.37 - 0.65 mS CH4/n3 wastewater. It
should be noted that the CH, gas production expressed as l/KgCODr (as
shown in Table 5.3) increased from 188 to 221 1/KgCOD,. as the organic
loading rates increased from 6.4 ﬁbf;élb KgCOD/n -d. Despite the fact
that methane yleld should be dé%reased with increasing organic loads
applied. This incr “the gases might be because there was other

gases which could

measurld by the Orsat method i.e., nitrogen

(Ny) and/or hydroges 1de (sz) containing in the biogas produced

.Ld

The aver&ge %CH4r-and %COZ by the Orsat method are

presented in Tabﬂe 5.4 and Fig. 5 21. %6 Fld 5.22. It can be seen

that %CH4 contéﬁt increased with HRT and'ﬁécreased with organic
loading, while %COz decreased with HRT and increased with organic
loading (Fig: 5421 jand 5322 )./ The CHy (content, and biogas yield per
KgCOD removed decreased with F/M ratio (Fig. 5.23) and increased with
sludge retention tine (Fig., 5.24). (The ‘methané contEntids high as 80%
or more was always obtained while the organic loads applied were
lower than 2 KgCOD/n3—d, particularly below 1 KgCOD/m3-d. Reasons for
high methane content in biogas might be (1) completion of the
fermentation and (2) losses of COy in dissolved form in the effluent
(as will be discussed further). In general, anaerobic processes

treating low strength wastes will always have a high CH4 content
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Table 5.4

The Average CH; and COy Content in the Biogas

HRT Organic XCH4 %COg
loading rate

(hr)

24 19.1
12 21.2
8 22.1
6 23.0
4 26.0

biogas. Similar results weré gommonly found by Pette (1980),

Kobayashi (198 )

mﬂuﬂm,ﬂ:mm": e s
explﬁnﬁ!ry' aeﬁ:ﬂ jmwwﬂﬂ €Oy is much

ble than CH4, at any constant temperature and normal

pressure (as shown in Table 5.5).
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Table 5.5

Solubility of CHy & COy in Water (ml of Gas Reduced to 0°C and 760 mm

Hg, per liter of Water when the Partial Pressure is 760 mm Hg).

Gas 30° 40°

CHy 27.8 23.7

CO, 665 530
Source : Handbook of i : v ‘Ci!'ublishing Co.

was under 15 cm. water

The volume fraction of 3 %C0y, 70.2 %CH, and

6.5 %4 water vapot ration estimated was

approximately 0. whlchrwas-correspon- g to 15 - 25 % of the

e bmgﬁﬁ &g f sy i v i

314.5 1/d), 1Pprox1mately 8 9 or 42 is lost in the reactor

ef“"ﬂ"W'Tﬂﬂﬂ‘iﬁU UAIAINYA Y

5.2.6 Solids Loss from the System

The influent and effluent solids concentration are
shown in Fig. 5.25, 5.26 and 5.27. The average solids concentration
at various HRT’s and organic loading rates, at constant surface

overflow rate (SOR) of 1.0 n3/m2—h are summarized in Table 5.6.
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It can be seen from Table 5.6 that the variation of
total solids in the effluent between 1205 to 1708 g/m3 while the
organic loading rates and the HRT’s vary in the range of 2.2 - 12.4
KgCOD/n3—d and 4 - 24 hrs, respectively. The solids discharged in
terms of SS and VSS are affected by organic loading applied and HRT.
The solids concentration in thefjiﬁluent increased with the organic

J

loading and decreased with th 5ﬁ§f§;. At higher organic loads

i

(shorter HRT's) higher-biogas flow also oecurred. This disturbed the
-i-"""'i . ’ y
flocculation in t2§,a€€

1 .}ﬁﬁ eared in black particles which settled

éf compartment. By observation, the solids

in the effluent u

4 g
down rapidly. The_ up . q}o@lty increased with lower HRT. This
caused more solids losg f di_ﬁheébf%tem, e.g. at HRT’s of 6 and 4 hrs
idd

&l

the solids loss were 44 gSS%ms, Hi&gVSS/ms, and 61 gSS/m3, 28 gVSS/m3

i # .{j
respectively. _uéff %ﬁé&
s e
b vy
Solid Loss us HRT’s and Organic *“E'u@ Rates(SOR=1.0 n3/m2-h)
s
| 1
ad Influent “ Bffluent
R |  Organic
{ ladingate, |1 11088 8, b | 15y dogse WS, | 1SS
fie) |\ (kgoon/n®/a), | (gie®) | () ) cele®) | Lonn®) J(gn®)) f(ene®) | a)
4.
Al A 3851 | 429 by 291y 408 ] |17 [23,80]] 8.1
2 I 02 | 462 | w5 | 1689 | 235 (103 | 6.2
8 6.4 3000 | 42 | 87T | me2 | 3% | 19.8 | 5.0
; 8.1 a3 | o7 | 150 | 1205 | 4 |23.7 | 83,9

¢ 12.4 3047 | 226 135 1655 | 61 | 21.8 | 45.6
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Dl pH Variation

The influent and effluent pH values are illustrated
in Figs. 5.28 - 5.29. The pH profiles in the reactor at HRT’s of 24,
12, 8, 6, and 4 h are shown in Figs. 5.9 - 5.13, respectively. The
influent pH varied from 6.7 to 10.2. After being filtered by the
granular sludge blanket, the pH cﬂ;ﬁ:gg.a little in the lower part of
the bed and varied g&aghty 1an raﬁE::of 6.9 to 7.1 in all upper
levels of the reagbor” (as shown in Figs.s 5.9 - 5.13). This pH

:

indicated that th

6r>perf§fmance was normal. Low volatile acids

accumulation and

tal 31kaL{51ty of influent and effluent are

shown in Fig. 5.30. he”tbtal alk&i!ﬁlty profile in the reactor at

HRT’s 24, 12, 8, 6, EELTIN é‘r |- }n Figs. 5.9 to 5.13,

_j — — initv range jrom 631 to 1082 g/m3
£ s

while the effluent alkallnlty ranged from 807 to 1010 g/m3, expressed

respectively.

as CaCO3. From Fig. 5.30, it can be seen that the effluent alkalinity
is always higﬁgr than the influent alkalinity, A wider range of
alkalinity present is as a result of the productiongof ammonia (NH3)
and carbon diomide (CDZ) dur1ng deconposltlon and thelr reaction to

form bicarbonate alkalinity (NH4HCO3) in the reactor.

Each profile in Figs. 5.9 - 5.13 shows that the
alkalinity concentration decreased slightly in the lower part of the

bed-and then increased in the upper layer.
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Alkalinity (g/m3 as CaC0O3)
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Fig.5.31 Volatile Fatty Acid of influent and effluent.
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5.2.9 Volatile Fatty Acid (VFA)

The influent and effluent VFA’s are shown in
Fig.5.31. The influent VFA varies between 80 to 1350 g/m3, expressed
as acetic acid. After being filtered by the sludge blanket, the
remaining VFA in the effluent was in the range of 40 to 250 g/m3
acetic acid. ﬁ;i,f

4 ﬁfﬂi’

The'VFn proflfés at various heights at HRT’s of 24,

12, 8, 6, and 4 hgg;aﬂi}f show in Figs. 5.9 to 5.13, respectively.

It can be seen th

9bnnt of volatile acid decreases with an

increase in height of reacfﬁr. The VFA/Alkalinity ratio of the

effluent was in t nge” of 8313 = 0.2, which indicates normal

FY

reactor operation (WPCF sﬁnanual”bfﬁpract1ce No. 16). It should be
“o
noted that the brewery-wasfewaterfjl'

acidogenesis when stored 1ﬁ‘a hoiﬂing tank, particularly at longer

g -

underwent rapid hydrolysis and

= -

HRT’s feeding. Bylobservatlon dur1ng the perLég of 24 h HRT, the VFA

content 1ncreaséd/ to 1000 g/l as HAc. or me&‘él and accompanied by a

pH drop below 6.6ﬂﬁ1th1n 4 to 6 hours. -

5.2,10. TEN and TP Remdval

The" tntai phosbhate and the total kjadahel nitrogen
in theiinfluent and the effluent are shown in Flg. 5.32 and Fig.
5.33, respectively. Approximately 20% - 30% of the TPog'was
eliminated. The TKN removal was about 50%. The main reason for the
elimination is that, apart from being used for cell growth , some
part of TKN might leave the system as NHg gas. (Sawyer & McCarty,

1978).
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Total Phosphate removal (%)
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Fig.5.32 Total Phosphate of influent & effluent and efficiency
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TKN Removal (%)
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Fig.5.33 TKN of influent & effluent and efficiency.
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5.3 Sludge Development and Characteristic

The total amount of sludge developed in the reactor, during
the 310 days of operation since the start-up time is shown in Table
5.7 and illustrated in Fig. 5.3. This duration did not include the
feedless period for maintenance and/or repair of pumps which took
about 2 - 3 weeks between the run{iﬁggg’Fig. 5.3, it can be seen that
the amount of sludgel(TSS) incgﬁasediﬁz;;i§uously until the end of 8
h HRT’s experiment,faﬁglthgn gradually decreased after reaching the
period of 4-6 h Hﬂﬂﬁfi Peratioﬁ. This is due to that there may be

much solid in SS

ornf'1l %? ﬁn-thajeff1uent during the shorter HRT’s
/ .
investigation, be f:/?/ijfthehhiéf upflow rate of wastewater applied
to the reactor. _;: i

A -;,4 #]

Regarding th slqégé blaﬁégtfbehavior, it is shown as SS and
P aiedae d

# o b gk
e

-‘-:_"_‘l_._

VSS profile at various heights in the.different days of operation in
et fﬂ T z

Fig. 5.34. It can be seen that the shape gifany profile depends

strongly on thé?ﬁattern of hydraulic aﬁdggrganic loading rate
applied. Due to the reason either the selective pressure or plug-flow
type, the sludge pgranules were wapidly|developed in the bottom,
characterized by a sludge bed with a concentration of about 30 to 80
KgSS/m3, and ~15-t0 (40~ KgySS/m°q Meanwhile (thep sludgs, particles/flocs
with concentration of about 5 to 25 KgSS/m3 and 2 to 15 KgVSS/m3 was
suspended in the upper layer. The concentrated zone of sludge bed was

usually found to a depth of about 1.5 - 2 m in the reactor.

At HRT’s of 24 to 8 hrs the densed sludge occupied the lower
part of the reactor while the floculant sludge blanket occupied. The

upper part and the profile was stable. At HRT of less than 8 hrs, a
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L |
lager part of the sludge bed was lifted upward. This is mainly as a
result of the marked turbulence brought about by rising gas bubbles,
as well as the increasing tendency of the granules to float (quoted
by Lettinga et al., 1984). However, the process could still perform
well and showed no sign of failure.

L

«®

5.4 Effect of Reactor Height

The various parameters i.e., COD, VFA, alkalinity and pH at
various reactor heights are found in similar pattern in all operation

of HRT’s 4 to 24 hrs (see Fig. 5.9 - 5.13). It can be seen that
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almost all of the COD concentration is eliminated within the lower

portion 1.5 m height from the bottom of the reactor in accordance

with the rapid degrading of the volatile acid whose concentration is

never beyond the neutralizing ability of the buffer present in the

same zone. This is acéompanied by the neutral pH range from 6.9 to

7.1 throughout the upper portibpfof the reactor. In addition, a
7.

further change in any of these f&éﬁépe is not observed over the

height of 1.5 - 2m¢ This sakisfactory performance of the UASB

= n

reactor is achievt?p “the éffective work in harmony between two

groups of acid for xqvuethase former bacteria in such a way that

-

they can ferment anaer ﬂié?llv tﬁé'organic waste to form methane and

carbon dioxide. The/m orlty of Swahte conversion rate was found to

i JJ

occur in the first nq'about Gﬁfbmsfrom the bottom which also had

the highest granular‘fludge conceé;i?tlon. Therefore, the increasing

-,_—_‘,

volume can be done by an 1ncrease i? the cross-section of the reactor

- R
o T

and not by an 1ncrease in helght.

Yy

thkﬁ

J

5.5 Effect of Feedless Condition -

After the feedless period of 2-3 weeks, a very interesting
feature for this operation #was notable. It was observed that the
system' could be' restartedsup within a few hours after resuming the
feed substrate. Fig. 5.35 show the relationship between the restart
up time and the gas production, at the beginning of 6 and 4 h HRT’s
experiment. It can be seen that the system takes approximately 2-3

hours before the gas production reaches the maximum level.

A very short time required for the restart up procedure was

partly dependent on the temperature. The temperature of the sludge
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i Gas Production (I/h) Temperature at bed (deg. C)
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Fig.5.35 Gas production rate during restart up after operation shutdown
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bed is increased from 25° - 39°C during the restart up time. The same
pattern was observed in the 800-m® UASB plant experiment treating
maize starch wastewater at T 30° - 40°C, during the weekend shutdown

(Zeevalkink and Maahkant, 1984).

&
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