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H, S removal in landfill leachate treatment using UASB reactor
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Abstract: Leachate from a sanitary landfill site in Chengdu,
China is treated using a hybrid-UASB reactor at pilot scale. H,S,
resulting from the anaerobic bioconversion process of sulfate-
reducing bacteria (SRB), inhibits the growth and activity of
methane-producing bacteria(MPB) and poses serious problems of
pollution, so FeCl,is used for H,S removal. The results show
that the system performs well in the treatment process. COD
removal generally increases with the increase in the organic
loading rate( OLR), while the sulfate removal decreases slowly.
As the OLR is higher than 7 kgCOD/(m’ -d), both COD and
sulfate removal tend to be stable. When the reactor is operated at
the design load of 9 kgCOD/(m’-d), COD and sulfate removal
remain about 79% and 91% , respectively. At the same time, the
percentage of COD removed by SRB ( CODy; ) also decreases
from 8.9% to 4.0%. With FeCl, addition, COD removal
increases to 83%, while sulfate removal and CODyg, further
decrease to 89% and 1.89%, respectively. According to the
mass balance, nearly 82% of the sulfur is prevented from
converting into H,S. Moreover, when the FeCl, dosage is more
than 1. 6 g/L leachate, H,S can be removed totally from the
biogas. Therefore, the application of FeCl, for H,S removal in
leachate treatment using the UASB reactor is very suitable and
viable.
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s a mixture of organic and inorganic compounds, as

well as a mixture of pathogenic microorganisms, land-
fill leachate has a hazardous impact on the environment and
human health. Though many treatment processes have been
adopted to control the pollution caused by leachate, a com-
bination of physical, chemical and biological methods has
been gaining a wider popularity. The biological treatment
method, especially the anaerobic technology, is mainly the
first stage in an integrated process. Among others, the up-
flow anaerobic sludge blanket ( UASB) reactor is regarded as
one of the most successful and extensively applied systems
due to its high treatment efficiency and short hydraulic re-
tention time( HRT)'"'.

However, the major problem of the anaerobic technology
is the conspicuous end product hydrogen sulfide( H,S) when
there is sulfate in the influent. Microbial sulfate reduction is
a conventional method of anaerobic digestion. During the
oxidation of organic matter, specific bacteria using sulfate
as the terminal electron acceptor produces H,S as the final

product, which can be described as™
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SO;~ + nutrients + H,O — H,S + HCO, (1)

This process is known as the dissimilatory sulfate reduction
and the bacteria involved are known as sulfate-reducing bac-
teria( SRB). Simple substrates, such as hydrogen, lactate,
ethanol, acetate, methanol and propionate, are often used
as electron donors", and complex substrates, such as cellu-
lose, starch and molasses, can also be used'*’. Not only
does the end product ( H,S) inhibit the growth and activity of
methane-producing bacteria (MPB), but it poses serious
problems of odor, toxicity and corrosion. Some plants and
projects using biogas as bioenergy have been shut down due
to the corrosion problem of H,S''. Furthermore, when
burning with CH,, H,S exhausts in the form of SO,, which
is more dangerous than H,S because of its detrimental role
in the atmosphere. Therefore, it is necessary to remove H,S
prior to its use for the sake of safety, health and the envi-
ronment.

H,S can be removed through a physical or a chemical
method such as the absorption and oxidation process'” . The
use of iron species for H,S removal is a common and exten-
sively documented practice'”™, and the FeCl, solution has
been used to remove H,S in dairy manure treatment'”. The
main advantages of iron precipitation for H,S removal in-
clude high removal efficiency, low sludge generation and
nontoxic product formation'”. During the treatment
process, H,S is absorbed and oxidized to elemental sulfur
(S%), and simultaneously Fe’* is reduced to Fe’* and pre-
cipitated in terms of FeS. In addition, part of the H,S can
also be precipitated with heavy metals in wastewater, which
can be illustrated by

2FeCl, +3H,S — 2FeS + S + 6HCl (2)
H,S +M’*— MS +2H" (3)

where M’* represents divalent metallic cations such as
Pb’".

However, there are few studies which have evaluated the
process performance and behaviors of the UASB reactor
when FeCl; is used for H,S removal in landfill leachate
treatment. Based on this background, this paper is conduc-
ted to test H,S removal with FeCl, additions on a pilot
scale. A specific focus is paid to evaluate the performance
of the hybrid-UASB reactor, removal efficiency of the H,S
and sulfur balance during the process of leachate treatment.

1 Materials and Methods
1.1 Leachate analysis

The landfill leachate used in this paper is collected from
the Chang’an sanitary landfill site, located in Chengdu,
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China. The main physicochemical characteristics of the
leachate are shown in Tab. 1.
Tab.1 Characteristics of influent leachate

Parameter Mean Range
pH 7.6 6.7 8.5
COD/(mg-L~") 18 300 11 850 to 24 870
BOD,/(mg-L"") 6 810 5270 to 8 350
BOD/COD 0.39 0.34 to 0. 44
SS/(mg-L~") 3 860 920 to 6 800
NH,-N/(mg-L™") 1 700 1 300 to 3 100
NO,-N/(mg-L~") 138 96 to 180
TN/(mg-L™") 10 750 7 000 to 14 500
TP/(mg-L~") 147.5 122 to 173
SO3~/(mg-L~") 2 120 1 790 to 2 450
As/(mg-L™") 0. 04 0.02 to 0. 06
Cd/(mg-L~") 0. 045 0.03 to 0. 06
Cr/(mg-L~") 0.57 0.35 t0 0.79
Cu/(mg-L°") 0. 48 0.39 to 0. 57
Hg/(mg-L™") 0.02 0.01 to 0. 03
Ni/(mg-L~") 0. 955 0.81 to 1. 10
Pb/(mg-L~") 0.77 0.39to 1. 15
Zn/(mg-L~") 13.915 10. 95 to 16. 88

1.2 Reactor setup

Fig. 1 shows a schematic diagram of the experimental set-
up used in this paper. The pilot scale hybrid-UASB reactor
is cylindrical in shape and fabricated using carbon steel with
an internal diameter of 1. 95 m and an overall height of 3. 5
m. The total and active volumes of the reactor are 10. 6 and
9.0 m’, respectively. Two peristaltic pumps are used sepa-
rately for leachate feeding and FeCl,addition, and the veloc-
ity of up-flow liquid in the reactor is kept at 0.52 m/h
through a recirculation pump. In addition, the influent flow
and gas production are measured by using an electromagnet-
ic meter and a wet gas meter, respectively.

@‘@P%

1 3 8
1—Feed tank ;2—FeCl; ; 3—Influent pump; 4—Adding pump;
5—Recirculation pump; 6—Wet gas meter; 7—Carrier;
8—Hybrid-UASB reactor; 9—Biogas ; 10—Effluent
Fig. 1 Schematic diagram of the hybrid-UASB system
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The soft polyurethane belts(0.05 cm x2 cm x 100 cm)
are perpendicularly suspended in the reactor as carrier mate-
rial. The top of the belts is fixed to a metal net which is
parallel to the cross section of the reactor and the lower end
of the belts is connected to counterbalance weights, which
can make the belts swing slowly in up-flow liquid. Besides
being a place where microbes attach and grow, the belts act
similarly to a three-phase separator. The gas-carried bio-

mass, after crashing onto the carrier, has a chance of falling
back down to the sludge bed. The higher the carrier is in the
packing zone, the less chances the biomass can be easily
washed out.

1.3 Inoculation and operation

Digested slurry collected from a sewage treatment plant
located at Wuhou district, Chengdu, China is used as the
inoculum. The total solids (TS) and volatile suspended sol-
ids( VSS) content of the inoculum are found to be 60 230
and 10 750 mg/L, respectively. This reactor setup is placed
inside a temperature-controlled room maintained at 35 C.
30% (wt) FeCl, solution is introduced into the UASB reac-
tor from 101 to 191 d.

1.4 Analytical methods

Parameters, such as chemical oxidation demand( COD),
SO;", H,S and FeCl,, are checked every day. COD and
SO; ™ are determined using colorimetric tests on an HACH-
DR 2800 photometer. FeCl, manufactured by Guotao Chem-
ical Company ( Chengdu, China) is of industrial grade and
measured by the phenantroline method ( Standard Methods,
1998 )", Biogas is analyzed via gas chromatography
( BFRL-SP-2100, Beijing Analytical Instrument Factory,
China) .

1.5 Calculation methods

1.5.1 H,S removal efficiency (RE) and percentage of

COD removed by SRB(CODg,,)
RE( % )is calculated by

RE—CO
T C

0

x 100 (4)

where C; and C are the concentrations of H,S in biogas be-
fore and after FeCl, addition, respectively. CODygg, is ob-
tained from the amount of sulfate reduced and the total
amount of COD removed'” .
1.5.2 Sulfur mass balance

According to Eqs. (1), (2)and (3), the influent sulfur
is distributed into different sulfur species( [ to V) through
the UASB process (see Fig. 2). Parts [ and I are directly
measured, and parts [l and [V are calculated based on Eq.
(2) and the consumed FeCl,, so part V can be deduced

from a mass balance of all other sulfur species.

—— Effluent SO~ (1)

(ifent ;10?3 e HySi (1)
—]
—= FeS (II1)
= H,S -
= S(IV)
M2+

= MS (V)

Fig. 2 Distribution of sulfur during the UASB process
2 Results and Discussion
2.1 Performance of UASB reactor

The hybrid-UASB reactor is operated continuously for a
period of 191 d. Figs. 3 and 4 give the process performance
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of the UASB reactor, in terms of removal efficiency and
loading rate, the profiles of COD and sulfate are demonstra-
ted, respectively.
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Fig.3  Variation of COD removal efficiency and organic
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Variation of SO~ removal efficiency and sulfate

When landfill leachate is introduced into the UASB reac-
tor, organic matter is removed via both sulfate reduction and
methanogenesis. In the first period(1 to 50 d), with OLR
increasing from 0. 5 to 3 kgCOD/(m’ -d), the effluent COD
increases to above 7 200 mg/L while COD removal varies
from 43% to 62% . Methane production is suppressed in
this period, and the methane content of biogas is lower than
40% . The biomass in the reactor seems not to be able to
handle the increased OLR. However, at 0.08 to 0.36
kgSO; /(m’-d) loadings, the sulfate removal is relatively
higher (87% to93% ), and a certain amount of COD elimi-
nation(6. 3% to 8.9% ) is accomplished through sulfate re-
duction( see Fig. 5). It is believed that the activity of SRB
inhibits the growth and activity of MPB to some extent,
though the inhibition is not strong due to the higher COD/
SO; ™ ratio of 8. Generally, there are three major mecha-
nisms of MPB inhibition by SRB: 1) Sulfide toxicity; 2)
Competition for the substrate; 3) Precipitation of trace ele-
ments by sulfide. The direct toxicity correlates with the
amount of free hydrogen sulfide, especially at alkaline pH

3
values'"'.

101

CODggp/ %
S v A O ®

Pl P2 P3 P4 P5 P6 P7 P8 P9 Pl

Periods of operation/d
P1—1 to0 20 d; P2—21 to0 35 d; P3—36 to 50 d;P4—51 to 60 d;
P5—61 to 70 d; P6—71 to 80 d; P7—=81 to 87 d; P§—88 to 93 d;
P9—94 t0 100 d; P10—101 to 191 d
Fig. 5 CODyg; in different periods of the operation

In the following period (51 to 80 d), when OLR increa-
ses from 3 to 6 kgCOD/( m’ -d), COD removal increases
more quickly than that in the first 50 d, indicating the im-
provement in microbial activity of the population. Addition-
ally, at each stepwise increase in OLR, COD removal in-
creases correspondingly until the reactor accommodates to
the existing OLR. During the period of 81 to 100 d, howev-
er, COD removal does not change much, remaining at
about 79% , though OLR increases from 7 kgCOD/(m"’-d)
to the design load 9 kgCOD/(m’+d). On the other hand,
when SLR increases from 0. 4 to 0. 99 kgSOZ’/(m3 +d) dur-
ing the period of 51 to 100 d, the sulfate removal remains
steady (around 91% ). The results indicate that the competi-
tion process between SRB and MPB seems to reach a state
of equilibrium.

During the last period (101 to 191 d), the UASB reactor
is operated at design load for H,S removal tests. H,S ob-
tained from SRB, mainly in the undissociated form, can in-
hibit the activity of MPB and SRB, simultaneously'".
However, FeCl, addition relieves this kind of inhibition and
results in the increment of COD removal efficiency which
attains a level approximate to 83% . The decrease of
CODy;;; to 1. 89% also indicates that MPB is more competi-
tive during this period. However, FeCl, retards the dissimi-
latory sulfate reduction owing to its Lewis acid( electron de-
ficient) nature because during metabolism, it also accepts e-
lectrons along with sulfate ions''. This is the reason why
sulfate removal decreases slightly(to 89% ).

Throughout the experiment, both total gas and methane
production generally increase with the increase in OLRs,
though there are small fluctuations sometimes. The increase
also indicates that the sludge in the reactor becomes more
active, and, hence, can handle the greater throughput of the
leachate.

2.2 H,S removal using FeCl,

Tab. 2 shows the results of H,S removal using FeCl,. In
most cases, the removal efficiency is 100% , which is better
than what has been reported'””’. With FeCl, addition of 1. 6
g/L and beyond this dosage, H,S can be removed com-
pletely. The optimum FeCl, dosage in this study is defined
as the lowest FeCl, dosage at which the maximum H,S re-
moval efficiency is achieved. So we think the dosage of
FeCl, added should not be less than 1. 6 g/L under the ex-
perimental conditions.

With regard to methane content and biogas yield, it can
be seen from Fig. 6 that they both rise with the increase in
FeCl, dosage, reaching the maximal value, and then de-
crease with further FeCl, addition. In fact, iron content it-
self is not toxic to methanogens, but in high concentration,
it affects the activity of microorganisms indirectly as it forms
Fe(OH), by hydrolysis in medium'’', which results in the
increase in pH values and the amount of free hydrogen sul-
fide, and thereby affects the specific methanogenic activity
and biogas yield. This is the reason why the methane con-
tent and the biogas yield decrease with an addition of FeCl,
beyond 1.6 and 1.4 g/L, respectively. On the other hand,
as a kind of coagulating agent, FeCl, can make the biomass
coagulate and, hence, improve the activity of the microor-
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Tab.2 Concentration and removal efficiency of H,S with FeCl; dosage
FeCl;/ Operation time/d
(g'L™h Parameter 101 to 115 116 to 130 131 to 145 146 to 160 161 to 175 176 to 191
0.6 H,S/(mg-L™") 519 557 616 772 631 600
RE/ % 68 67 65 59 64 67
0.8 H,S/(mg-L~") 308 338 388 546 403 345
RE/% 81 80 78 71 77 81
Lo H,S/(mg-L°") 0 118 164 320 193 109
RE/% 100 93 91 83 89 94
Ly H,S/(mg-L™") 0 0 41 94 32 0
RE/% 100 100 98 95 98 100
- H,S/(mg-L~") 0 0 0 13 0 0
RE/% 100 100 100 99 100 100
e H,S/(mg-L~") 0 0 0 0 0 0
RE/% 100 100 100 100 100 100
- H,S/(mg-L~") 0 0 0 0 0 0
RE/% 100 100 100 100 100 100
76+ 10.40 In this study, 100% H,S removal efficiency has been
" 0.38 T: achieved by using a small quantity of FeCl,, which is prac-
2 2y 8 tical and economical compared to caustic scrubbers that are
‘% 6s 0.36 3 E” expensive and are used in large quantities. Therefore, the
o 0.34 &7 technique of biogas desulfurization using FeCl, is very suit-
2 64‘ 4~ Methane content 55 able and feasible
R —=— Biogas yield 40.32 ;g%s :
60 . . . . . . 0.30 - 2.3 Sulfur mass balance
0 0.6 0.8 1.0 1.2 1.4 1.6 1.8

FeCly dosage/(g-L~!)

Fig. 6 Variation of methane content and biogas yield with
FeCl, dosage

ganism, which contributes to greater production of methane
and better anaerobic treatability'"®'.

The distribution of the sulfur in the UASB process is
demonstrated in Fig. 2. Except discharge in effluent( [ ),
most of the sulfate is reduced to H,S by SRB, and further
distributed into four parts( II, I, IV and V) after FeCl,
addition. Tab. 3 gives the sulfur balance calculated for dif-
ferent periods of operation.

Tab.3 Sulfur balance in the UASB reactor and CODg,

Total sulfur/

Sulfur balance/ %

Period/d (g-d’l) I 1 I v v CODggp/ %
101 to 115 571.78 14. 42 1.61 51.85 27.48 4. 64 1.90
116 to 130 638. 32 9.61 2.00 54.18 29.13 5.08 1. 56
131 to 145 714. 15 8.26 4. 66 48.58 29.02 9.48 1.78
146 to 160 1 076.78 7.43 2.36 55.17 30. 07 4.97 2.53
161 to 175 756. 68 8.09 1.48 49. 16 36. 17 5.10 1.79
176 to 191 684.98 11.99 0.93 55.56 28.72 2.80 1.78

Overall 740. 45 10. 80 2.17 52.42 29.26 5.35 1. 89

It can be inferred from Tab. 3 that the overall sulfate re-
moval is about 89% from 101 to 191 d, which is slightly
lower than that without the FeCl, addition( see Fig. 4).
Owing to the FeCl, addition, nearly 82% of sulfur ( parts
IT and IV) is prevented from converting into H,S ( gas)
which may cause potential air pollution. There is still
2. 17% of sulfur (part II) released into the air in terms of
H,S(gas); however, if the FeCl, dosage is more than 1. 6
g/L, H,S (gas) can be removed completely from the bio-
gas (see Tab.2).

The main product of sulfur removed is FeS, which not
only precipitates in the reactor and prevents stripping of
H,S to biogas, but also offers protection against oxygen
contamination, which is the basic requirement of this anae-
robic bioconversion technology'” . Furthermore, FeS is in-
soluble and nontoxic to the anaerobic digestion process,

which plays an important role in the performance of the
UASB reactor.

In most cases, with an overall averaged value of
1.89% , CODy, is lower than that during the period of 1 to
100 d(see Fig. 5). This can be explained by the increment
of methanogenic activity; i.e., after an adequate acclima-
tion period, the active biomass is adaptable to the opera-
tional conditions. Especially, FeCl, removes most of the
H,S and alleviates the direct toxicity to the MPB, which
contributes to the improvement of methanogenic activity
and performance of the UASB reactor.

3 Conclusion

Landfill leachate is a potential pollution source for envi-
ronmental and human health, and the UASB reactor is most
extensively used in leachate treatment. However, as the fi-
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nal product of this anaerobic process, H,S has a negative
effect on treatment performance and causes secondary pol-
lution. In this paper, a chemical process for H,S removal
using FeCl, is performed on a pilot scale. The results show
that the hybrid-UASB reactor can perform well in leachate
treatment. At the design load of 9 kgCOD/(m’-d), COD
and sulfate removal efficiency remain above 79% and
91% , respectively. FeCl, alleviates the inhibition of H,S,
increases the COD removal to 83%, and thereby contrib-
utes to the high performance of the UASB process. Further-
more, the complete removal of H,S from the biogas is a-
chieved when the FeCl, dosage is more than 1.6 g/L.
Therefore, the technique of biogas desulfurization using
FeCl, is very suitable and viable.
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