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Abstract

The acid production from the oxidation of hydroganifide (HS) in sewer air results in
serious corrosion of exposed concrete surfaceswers. Large fluctuations of gaseousSH
concentrations occur in sewers due to the diurr@lles of sewage flow and retention times
and the necessity of intermittent pumping of sewfagen pressure pipes into gravity pipes.
How the high concentrations of,8 due to these events may affectSHuptake and
subsequent corrosion by concrete sewers is langeknown. This study determined the
effect of short- and long-term increases isSHevels on the sulfide uptake rate (SUR) of
concrete surfaces with an active corrosion layae fiesults showed that during the high load
situation the SUR increased significantly but tliecreased (compared to the baseline SUR)
by about 7 — 14% and 41 — 50% immediately aftemtshemd long-term BES high-load
periods, respectively. For both exposure condititihe SUR gradually (over several hours)
recovered to approximately 90% of the baseline SEIRther tests suggest multiple factors
may contribute to the observed decrease of SURctHirafter the high KBS load. This
includes the temporary storage of elemental sutfuhe corrosion layer and inhibition of
sulfide oxidizing bacteria (SOB) due to high,3H level and temporary acid surge.
Additionally, the delay of the corrosion layer tdly recover the SUR after the high$lload
suggests that there is a longer-term inhibitive@fbf the high kS levels on the activity of
the SOB in the corrosion layer. Due to the obsea&tity reductions, concrete exposed to
occasional short-term high,H load periods had an overall lowes3Huptake compared to
concrete exposed to constargSHevels at the same average concentration. Toratety
predict BS uptake by sewer concrete and hence the likelyirmam corrosion rates, a
correction factor should be adopted for thgSHluctuations when average, %l levels are

used in the prediction.

Key words: hydrogen sulfide; fluctuation; high load; seweyncrete; corrosion



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

1. Introduction

Sulfide induced concrete corrosion in sewers isgmeworldwide, causing severe structural
deterioration and ultimate structural damage toteweater catchment networks, requiring
very difficult and costly rehabilitation efforts y&ney et al., 1996; US Environmental
Protection Agency 2010). According to ASCE’'s 2012pBrt Card for America’s
Infrastructure and the report from United StateviBmmental Protection Agency (US
Environmental Protection Agency 2010), many ofdperoximately 1.2 million km of sewer
mains in the United States were installed afterld/@far Il and are in need to be repaired or
replaced now. The sewer rehabilitation costs invi#Be estimated to be about $3.2 billion
for 2009 alone and the national capital investmfamt repair of the wastewater and
stormwater system is evaluated to be approxim&298 billion in the next twenty years (US
Environmental Protection Agency 2010). Hence ptatgcsewers from deterioration has a
major beneficial impact globally through increaseskervice life and reduced

repair/replacement costs.

In sewers, sulfide is produced by a diverse grdupaoteria (e.gDesulfovibrio desulfuricans)
using sulfate or organic sulfur as the electroreptar in strict anaerobic conditions, mostly
in sediments and biofilms occurring in fully fillepumped) pressure pipes (Hvitved-
Jacobsen et al., 2013; Sharma et al., 2008). TlRdesis mainly produced in the biofilm and
diffuses outwards into the bulk sewage (Gutierrealg 2008; Parker 1951; Pomeroy and
Boon 1976; Satoh et al., 2009; US Environmentaltdetmn Agency 1974). Once a gas
phase is present in sewers, for example in partidled gravity pipes, at manholes or
pumping station wet wells, 43 can transfer from the liquid to the gas phase Jé&seous
H,S can be absorbed by the exposed, wet concret@csarfand chemically and/or
biologically oxidized to sulfuric acid. Sulfide akzing bacteria (SOB) are detected in the

biofilms in aerobic (gas-phase exposed) sectionsesver pipes and their sulfuric acid
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production is directly associated with concreterasion (Cayford et al., 2012; Ling et al.,

2014; Okabe et al., 2007; Pagaling et al., 2014 Teactions between sulfuric acid and
concrete components (e.g. calcium silicate hydyatah form expansive products, e.g.

ettringite and gypsum, causing cracks and loss @thanical strength of the concrete pipe
(Mallauer et al., 2013; O’Connell et al., 2010; iZ&v and Bajza 2001). However, recent
findings indicate that the iron dissolution in tterosion layer and rust precipitation near the
corrosion front was the actual cause for the formmadf cracks, which accelerated the overall

corrosion process (Jiang et al., 2014b).

To facilitate the prediction and extension of tlevece-life of concrete sewers, it is very
important to identify the relationship between eommental factors and the concrete
corrosion rate. It has been recognized for dectad#snvironmental factors, such as relative
humidity, temperature and,H levels, can affect the concrete corrosion ratpgék and
Witherspoon 2007; Islander et al., 1991; Parkerli%ootsey et al.,, 2012; Wiener et al.,
2006). However, research on identifying the eff@ftkey environmental factors on concrete
corrosion is still limited due to the very slow gression of concrete corrosion and the
difficulties of measuring directly relevant factarsder realistic conditions (Romanova et al.,
2014). In fact, many studies related to concreteoston were conducted through accelerated
experiments under conditions that are very diffefeom those in real sewers (De Belie et al.,
2002; Herisson et al., 2013; Yousefi et al., 201Rgcently, laboratory studies were
performed over several years under controlled ¢mmdi to simulate the corrosion processes
in the sewer environment (Jiang et al., 2014a; ploset al., 2012). The results clearly
confirmed that HS is the key influencing factor determining conererrosion rates.
Additionally it was found that relative humidity wa@mportant only for the sewer crown areas

while temperatures between 15-30°C showed no obwddterence.



94  Well-designed laboratory investigations of sewerr@gion can mimic sewer conditions
95 (Jiang et al., 2014a; Joseph et al., 2010). Howenethese laboratory-based investigations
96 the concrete is typically exposed to a constarellet H,S, which is quite different to the
97 conditions observed in real sewers. In pressurespgd real sewers, significant amounts of
98 sulfide can be built up during the hydraulic retemttime (HRT) that typically reaches
99 several hours in such rising mains (Pomeroy andhBi#¥6; Sharma et al., 2008). Sewage
100 containing high concentrations of sulfide is thesrigdically pumped from pressure pipes
101  into gravity pipes. The pumping events create tieftflow conditions near the outlet of the
102  pressure pipe and in the gravity pipe downstreathtlns increase the,H transfer from the
103  ligquid phase (sewage) into the gaseous head spahe gravity pipes. This leads to sudden
104 increases of kS levels in the gravity pipe gas phase, creatingadied ‘spikes’ or HS peak
105  concentrations. During the pump off period, theSHoncentration in the headspace is
106 reduced due to the uptake of,3Hby concrete exposed to the gas phase and possible
107  dissolution in the continuously flowing sewagewadl as ventilation of the sewer air. These
108 effects are significantly exacerbated due to thendil flow variation and the corresponding
109 change in retention time in the pumped rising mé8igrma et al., 2008). As a consequence,
110 the periodical pumping events and the temporalatian of sulfide concentrations can
111  intermittently create gaseous$ilevels up to 100 times as high as the averageeotrations,
112 most typically in the first pump cycles in the mimign (Gutierrez et al., 2012; Jiang et al.,
113 2013). How this temporal variation of gaseousSHevels affects the sulfide uptake activity

114  of concrete with an active sulfide-induced corraodayer is largely unknown.

115  This study investigated the effects of suckSHpeak concentrations on the sulfide uptake
116  activity of corroding concrete. The concrete ugitisn this study was incubated in laboratory
117  chambers under conditions similar to those in sealers. The influence of short- and long-

118  term high HS load scenarios on the sulfide,@) uptake rate (SUR) was determined. Further
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tests were carried out to examine the cumulativecefof high HS loads on the SUR of
corroding concrete and the impact of historicabHexposure levels on the SUR during and

after high HS loads.

2. Materialsand methods

2.1. HySprofilesin real sewers

Gaseous concentrations ob3$ were monitored at five minute intervals in a naehat
Melbourne’s Western Trunk Sewer (WTS) frofl Bpril 2011 to 11" April 2011 (Figure
S1A in Supplementary Information (SI)) and at onewute intervals in a manhole at
Queensland’s Sunshine Coast region (Morgans digelraanhole, Unity Water, Queensland,
Australia) from 28 June 2014 to ${ July 2014 (Figure S1B in SlI). The measuresSH
concentration profiles were analysed to identifye tltharacteristics of 1$ peak
concentrations, particularly the frequency and dbale of the high $& load events. These
H.,S high load events occurring in real sewers weeel t8 design high 6 load experiments
in the lab-scale system and to investigate théacebn BHS uptake by concrete. In this study,
the level and duration of 43 peak events was designed to be between fiveeantintes the
average HS level for a duration of 8 to 25 mins. In additidhe temperature in this study
was also controlled to a level similar to thoseesbed in the real sewers, which was
relatively constant over the testing period with @arerage of 22.6 °C and 22.9 °C for

Melbourne and Unity Water sewers, respectively.
2.2.Concrete coupons and corrosion chambers

Several corrosion chambers were designed and s&b upcubate concrete coupons over
several years under corrosive conditions. Each beanvas made of glass panels (thickness
4 mm) and had a length of 550 mm, width of 450 rmd kReight of 250 mm. The concrete

coupons were cut from a corroded concrete sewer thigt was replaced after 70 years of
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service in Sydney (Sydney Water Corporation, AlisfraThe dimensions of each coupon
were approximately 100mm (length) x 70 mm (widthy& mm (thickness). After cutting,
the coupons were washed with tap water to removia contaminants and dried in an
oven for 3 days (Joseph et al., 2010). Each cowamnpartially embedded in a stainless steel
casing fixed by epoxy (FGI R180 epoxy & H180 haetgrwith the surface that previously
formed the ceiling surface of the sewer pipe puditrg 10 — 20 mm above the epoxy surface.
These coupons were then exposed to the gas phatee aforrosion chamber with the
exposure surface facing downwards. This arrangewfecbncrete coupon is to simulate the

position of the concrete in the crown area of seaver pipes.

Three corrosion chambers were set up with thrderdiit HS levels (i.e. 5, 15 and 50 ppm)
for this study. The relative humidity and temperataf all chambers was controlled at 100%
and 22 — 23C, respectively. Each chamber contained 2.5 L ohekiic sewage (collected
from a pumping station in Brisbane, Australia) thvais replaced every 14 days. Gaseoxs H
levels in the chambers were achieved and contrbedosing NgS solution into a container
located inside the chamber and filled with HCI $iolo using a solenoid pump (120SP1220-
ATP Solenoid Operated Micro-pump, BIO-CHEM Fluidicentrolled by a programmable
logic controller (PLC). The chambers were arrangedrawers in a temperature controlled
lab (22 — 25 °C). The sewage in the chamber wasne@rslightly by recirculating warm
water through two glass tubes submerged in it. Bniangement ensures that the relative
humidity in the gas phase of the chamber can bataiaed at about 100% (Joseph et al.,
2010). The relative humidity was determined witht wed dry bulb temperatures measured

by resistance temperature detectors.

The concrete coupons were exposed to these camrosiaditions for more than 3 years to
establish strong corrosion activity before thisdgtuwhich was indicated by the visible,

active corrosion layer on the surface of the cospand the measured surface pH of all
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coupons being below 4 (measured by surface pH prithe4 independent measurements on

each coupon surface).
2.3. H,S uptake measurement system

Concrete corrosion in sewers is largely driven bgdpction of sulfuric acid through
oxidation of sulfide. The SUR of concrete is showrbe a good indicator to estimate the
maximum rate of sulfide induced concrete corrogian et al., 2014; US Environmental
Protection Agency 1974). In this study, the SURthg concrete coupons was measured
using the method modified from that described im 8tial., (2014) (Figure 1). To briefly
describe the method, we use an example to medsa®UR of a concrete coupon at 15 ppm
H,S. A coupon was retrieved from the corrosion chanalmel immediately placed into the
H,S uptake reactor where the relative humidity wastrofled at 100%. Gaseous,$ was
added from a 50 mL syringe into theS3Huptake reactor to achieve a reactor concentrafion
20 ppm. The KS uptake profile of the coupon was recorded usikgS detector (App-Tek
OdaLod’ Logger L2, detection range of 0-200 ppm). The St§fhe coupon at 15 ppm of
H,S was calculated using the monitoredSHprofiles (Sun et al., 2014). To repeatedly
measure the SUR at 15 ppm, the addition of gaskk8sinto the reactor was performed
when the monitored #$ concentration in the reactor gas phase decreas&é@ ppm. A
programmable Logic Controller (PLC) was employedntonitor the HS concentration
inside the reactor and to trigger the syringe pyNipW Era Model 501 OEM syringe pump
with stall detection) to add further gaseous$SHThe PLC was used to run a pre-determined
sequence of low and high,& concentrations at a specified frequency. To atl@douild-up

of pressure inside the reactor during the dosingaskeous b5, a small gas outlet from the
reactor was kept open through a needle (0.5 mmameter) inside a rubber stopper with a
non-metallic luer-lock connector on the inside loé teactor (to avoid the potential of metal

(needle) catalysed sulfide oxidation).
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[INSERT FIGURE 1]

The background uptake rates ofSHwvere determined by removing the coupon, resedfiag
reactor with a piece of foam panel and a staindéssl sheet and repeating thgSHnjection
and monitoring process. The background uptake &téise whole reactor (but without the
coupon) were subtracted from the measured SURtivgltoupons in place to obtain the net

uptake rates for the concrete coupons (see Equafian the Supplementary Information (SI).

2.4 Batch tests

24.1. Effect of H,S peak concentrations

Two types of HS concentration high load scenarios were invegitgate. short- and long-

term. These were designed to mimic th&Huctuations typically observed in real sewers.

The test to identify the effect of short-term higkS load conditions on the SUR was carried
out on a coupon previously exposed to 15 ppm for d38nths. Gaseous ,H was
intermittently infused into the uptake reactor @ming the concrete coupon. The gaseous
H,S concentration in the uptake reactor was maintabetween 10 and 20 ppm (averaging
15 ppm) for 30 mins. This simulates the historgbosure level (i.e. 15 ppm) oL8 of the
coupon in the corrosion chamber. Based on the teahpbS uptake profiles, the SUR of the
coupon at 15 ppm after each injection @SHvas calculated according to methods developed
previously (Sun et al., 2014). The average SURS5apdm was termed the baseline SUR.
Then, the gaseous,8 in the uptake reactor was quickly raised to 1pth @nd gradually
decreased to baseline level due to the uptake éycdipon. This intends to simulate the
short-term high kS load event. The duration of the short-term hmgdl event was usually
around 7 to 8 mins. Following that, intermittenjection of HS at a level between 10 and 20
ppm was performed again. The corresponding SURS gipin was measured and compared

with the baseline SUR. To facilitate the comparisbthe SUR prior to and after a high$1
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load, the relative SUR ratio, defined as the SURJdd by the baseline SUR, was calculated.
The experiment with & concentration up to 160 ppm was repeated thmeestiThe SUR

after each high loading event was calculated antpeoed with the baseline SUR.

To investigate the influence of the long-term highd of HS concentrations on the SUR,
one uptake test was carried out on the same coaften54 months of corrosion chamber
exposure with a similar test procedure. The onfietince was that the duration of the high
H,S level was maintained for 20 to 22 mins, which veafieved through intermittent
injection of gaseous 43 to keep the ;6 level between 115 and 160 ppm. The corresponding
SUR at 130 ppm was calculated using the monitorgsi ipptake profiles. A control test was
carried out on the same coupon through intermligtenjecting HS to around 10 and 20 ppm

for 3 h.

2.4.2. Cumulativeinhibition effect of high H,S load

The post-exposure inhibition effect of highSdconcentrations on the SUR of the concrete
coupon was determined using a coupon previouslpsegto 15 ppm 6 for 42 months in
the corrosion chamber. The experiment included imaependent k5 uptake tests with

different S exposure profiles but the same averagfe ékposure level.

For the first test, to simulate the historicagiSHxposure level (i.e. 15 ppm) of the coupon in
the corrosion chamber, gaseousSHvas intermittently injected into the uptake readb
maintain the gaseous,8l level in the uptake reactor between 10 and 20 fgspri10 min.
The corresponding SUR at 15 ppm after each injeatfoH,S was calculated and termed as
the baseline SUR. Then, the coupon was exposed@rioug high loads of 6 , i.e. HS
levels between 160 and 180 ppm for about 45 mitwden 110 and 130 ppm for about 45

min and between 65 and 85 for about 45 min. Theesponding relative SUR ratio was

10



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

calculated by dividing the experimental SUR by tieseline SUR, for each high loading

event.

The second test was carried out in a similar proaedbut the exposure.B profiles were

different. Following the baseline exposure betwdénto 20 ppm kS, the coupon was
exposed to different, and increasingSHevels for 45 minutes in each experiment, naraely
65 to 85 ppm, 110 to 130 ppm and 160 to 180 ppi. Hhe corresponding relative SUR

ratio for each experiment was calculated as desdribove.

The duplicate experiment was conducted on a coppeviously exposed to 15 ppm$ifor

38 months in the corrosion chamber.
2.4.3. Theeffect of H,S spikeson couponswith different exposure histories

To examine the effect of the high-leve}$Hexposure on coupons that had previously been
maintained at different 4% levels, three coupons previously exposed to reih&5 and 50
ppm were tested. To examine the effect of variois $pike scenarios on the overall amount
of H,S taken up, several tests (shown in Table 1) waneed out to compare the amount of
H,S uptake by each coupon at its historicaBHevel (i.e. ‘control’ test) and various,Hl

spike situations (i.e. ‘spike’ test) over the samposure time.
[INSERT TABLE 1]

Over the experimental period of a specific ‘spikest, the mass of 43 taken up by the

concrete coupon surface is termgg,.((mg-S), see details of calculation in Equationis2

SI). Over a duration equivalent to that of the specific ‘spike; testmass of v§ taken up by

the same coupon surface when exposed to the baselfedrcentration is termef, ...

((mg-S), see details of calculation in Equation S4 in Sl).

11
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Therefore, the ratioal is defined for a specific coupon by the mass gf lthken up by the
concrete coupon in a ‘spike’ test compared to the uptake byathe soncrete coupon when

exposed to a constant&llevel (i.e. historical exposure level) over the same time:

T, .
o= spike 1
T, )

baseline

3. Resultsand discussion
3.1. Effect of high H,Sload

3.1.1. Short-term high load of H,S

Figure 2A shows the temporal$l uptake profiles of a concrete coupon over 3 h thed
corresponding SUR measured after each injectiogastous bE. At stage 1, the repeated
measurement of SUR of the coupon at its histoegglosure level of b6 (i.e. 15 ppm) was
relatively constant, averaging 173 mg-$ h. Similarly, Figure S2 in SI shows the stability
of the SUR during a control experiment, expressegegicentage relative to the baseline SUR.
This suggests that the SUR of a specific coupohbeilquite constant when the$iexposure
level is constant. However, immediately after eigraring the first HS peak concentration
(stage 2), the SUR of the coupon at 15 ppm decdetas#49 mg-S A h, which was about
14% lower than the baseline SUR (Figure 2B). Faihguthat, the SUR rose gradually to 96%
of baseline SUR over about 10-20 minutes. Comptredage 2, the decrease of SUR after
the second (stage 3) and third (stage 8 pleak concentration is similar, but the recovsery i
less. Especially, no recovery of SUR was observigdinvabout 1 h after the third peak. It

seems that there was a temporary inhibition imytiavhich then became more persistent.
[INSERT FIGURE 2]

The immediate decrease of SUR after the high tbad could be explained as follows.

Elemental sulfur (§ would likely be produced as intermediate proddating sulfide

12
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oxidation (Jensen et al., 2009; Nielsen et al. 420Rart of this Smay be directly oxidized to
sulfate and hence would compete with sulfide astiela donors for SOB. Another part of
this may remain as an intermediate and undergowaesloxidation process (Jensen et al.,
2009; Nielsen et al., 2014). During the high loaiqd, increased amount of Bay be
produced and stored temporarily in the corrosigedalmmediately after the high,8 load,
part of the 8was further oxidized which could consequently redtlre SUR temporarily.
With the ongoing oxidation of’3n the corrosion layer after the,;8i loading, the previously
accumulated Swould be gradually consumed, and the SUR wouldwec Under some
circumstances, such as after the quick reductiorHs#8 peak concentrations by sewer
ventilation, some b5 accumulated in the corrosion layer during thevipres high load
periods may even diffuse back into the gas phaselting in a negative SUR (see details in

Table S1 in the SI)).

However, the diminishing recovery capacity of theRSafter several high # loading
experiments suggests a possible inhibitive effédhis loading on the SOB activity. The
probable inhibition of SOB by high sulfide loadsshalso been reported in sewer concrete
corrosion layers that were periodically exposed @00 ppm of H,S and loadings of up to
340 mg-S nf h* (Nielsen et al., 2014). In other studies, thebitbry effect of high sulfide
loads onto biological sulfide oxidation activity svaletected to occur in denitrifying and
sulfide oxidizing conditions (Buisman et al., 198uisman et al., 1991; Cardoso et al., 2006;
Mahmood et al., 2008; Wirsen et al., 2002). A gassexplanation for this effect could be
that the temporary increase in sulfide and hentfarguacid formation reduces the pH within
the biofilm/corrosion layer temporarily until this neutralized by the corroding concrete
again over time. Further detailed investigationsyniee necessary to corroborate this

hypothetical explanation.

3.1.2. Long-term high load of H,S

13
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Figure 3A (stage 1) shows that the baseline SURhefcoupon prior to the high load
experiments was around 225 mg-$ hi* and hence slightly higher than that in the presiou
test shown in Figure 2A. This difference of theadbte SUR value for the same coupon
within about 1 month may be due to various effgotssibly related to the absorbed moisture
in the corrosion biofilm. As this study is aimedi@ntifying the immediate changes of SUR
caused by high §8 load, such variations of the absolute SUR hawegtigible impact on the

results.
[INSERT FIGURE 3]

Upon long-term exposure to high levels ofSHFigure 3A, stage 2), the SUR of the coupon
at 15 ppm HS immediately decreased by 41%. The SUR graduadigovered to
approximately 86% - 92% of the baseline SUR dutimg following the following 6 — 15
minutes. The observed decreases of the SUR afeerZthand & long-term high-level
exposure (stage 3 & 4) were even slightly largantthat after the*1long-term exposure and
the recovery of the SUR was also slower. Partibyldhe final recovery level at stage 4
reached only 87% and 93 % 2h after the end of tge lmading, indicating there is some
more persistent inhibition, as also observed insti@t-term experiments. In addition, during
exposure to high $8 levels, the coupon had a gradual decrease @l at 130 ppm not
only within each of the three stages (stage 2,884m Figure 3A) but also from stage 2 to

stage 4.

Compared to the effects after the short-term exmosu high HS levels, the SUR clearly
showed a more significant decrease immediately #feelong-term high b8 load and had a
similar extent of recovery although the time regdifor the recovery of the SUR to a steady
level is slightly longer. Consequently, it suppdftat the longer-term exposure of the coupon

to high HS levels may result in a greater accumulation bihShe corrosion layer, thus
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causing a bigger decrease of the SUR after thesexpoln addition, the similar extent of
recovery of SUR after short- and long- term higradoof HS suggests that the

duration/length of coupon exposure to high levdldHgS may affect the rate of the SUR
recovery but not the extent of the recovery. Thdigates that the activity of the SOB may be

inhibited for various lengths depending on the dareof high HS load.
3.2. Cumulative inhibitive effect of high H,Sloads

Based on the hypothetical accumulation frthe corrosion layer discussed above, it would
be expected that all prior,B loads can have a cumulative effect on the SURetoncrete
coupon unless the recovery time between high loshts is sufficient to eliminate the
temporarily accumulated elemental sulfur. This wadeed demonstrated in a separate
experiment. Figures 4A&B show the results of twestdewhere the coupon is exposed to
various high HS load sequences but with the averag® loncentration of the two tests
being similar. In Figure 4A, after exposing the cate coupon to the baselineSHlevel
(stage 1), the relative SUR at 170 ppm from tfetdlthe last measurement decreased by
about 32% (stage 2) and then the relative SUR vedesduring the repeated measurement at
both 120 (stage 3) and 70 ppm (stage 4). The vel&UR values of the last measurements at
70 ppm HS (stage 4), 120 ppm (stage 3) and 170 ppm (siagere 168%, 199% and 238%,
respectively. In contrast, Figure 4B shows a grhdigarease of relative SUR during the
repeated measurement at 70 ppm (stage 2), 120sipge(3) and 170 ppm (stage 4) and the
relative SUR of the last measurements at stag&dahd 4 were 187%, 210% and 232%,

respectively.
[INSERT FIGURE 4]

The results demonstrate that an abrupt increaskeoHS level led to gradual decrease of

SUR at the elevated. 8B level whereas an abrupt decrease & Fesulted to gradual increase
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of SUR at the lowered 4% level. This suggests that during the periodsigh load of HS
various factors, including the storage &fif the corrosion layer and the inhibition of SOB
activity due to high KBS and/or temporary acid surge, may cause the dsegvadual
decrease of SUR, which is consistent with the tesahd explanations given in the above
sections. The SUR recovery observed after the lugth periods could be explained by the
gradual consumption of the previously accumulatédr® the reduced inhibition of SOB due
to the lower HS level and/or the neutralisation of acid by alkaliconcrete components.
Compared to the trend of SUR at stage 2 in Figéetlle decrease of SUR at stage 2, 3 and
4 in Figure 4B is much less prominent, indicatingttthe greater the change of th&SHevels,

the more obvious the change of the SUR at the nglhehH,S level seems to be.

In addition, the relative SUR at both 70 and 12éhpgp Figure 4A were much lower than
those shown in Figure 4B (summarized in Figure 4@grefore, it is reasonable to speculate
that the previous very high load of the coupon wipS at stage 2 (Figure 4A) has
significantly inhibited the biological sulfide oxation activity for some extended period
(hours), which is also supported by the resultswshan the previous sections. Similar
phenomena were also observed in a repeat experonempre-corroded coupon with a much

higher absolute SUR than the one shown here (Fig8ria SI).
3.3.Effectsof high H,Sloads on couponswith different exposure history

The effects of the high 1% concentrations on coupons with differenSHistoric exposure
levels were compared. Figure 5 shows the values @s defined in Equation 4) plotted
against the high % level in each uptake test. For all the three onapthe values of
increased with the increase of the higiSHbad level although the incremental increases of
were smallest and largest for the coupons prewoasposed to 50 and 5 ppm o0t3F

respectively. This indicates that the valueaond the historical exposure level ofSHof
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concrete coupons are inversely correlated, paug/td that the baseline SUR is much lower
for 5 ppm coupon compared to 50 ppm coupon. Intewxigiit suggests that the lower the
historical exposure level of i3, the more sensitive the&luptake of the coupon is towards a
high H,S load. This is reasonable as the SOB adaptedntiinoously higher levels of
have a much higher activity and therefore are seisseptible to the occasional peak levels of

H.S.

[INSERT FIGURE 5]

Interestingly, the values of were below 1 for all coupons when the high lew#l$i,S were
around 1.5 to 2 times of the baselingSHevels. This suggests that during the exposure to
modest HS loads the coupons may actually have a lows& tptake rate compared to that
under constant }$ baseline conditions. Extrapolating this findingatspecific section of real
sewer pipe with active corrosion layers, it wouldygest that the occurrence of relative low
H,S peak levels due to short-term pumping events madgause any additionab8 uptake,

but may even result in a slightly lower level o§3Huptake compared to a situation with a
steady HS level having the same averagg&SHoncentration. On the contrary, having periods
with high H:S loads when the baseline levels are low (e.g.rb)pwill result in the highest
levels of sulfide uptake amounts. Therefore, tresalitions with extremely high 43 levels

should be avoided to minimize,8i flux and thus corrosion activity and prolong selife.

3.4. Implications

This study reveals that the presence of occastughlH,S levels in sewer atmosphere has an
inhibitory effect on HS uptake by sewer concrete. Estimating th8 Hptake simply based
on theaverage H,S level will therefore cause an overestimationhef tbS uptake and hence
the corresponding corrosion rate if there are figant fluctuations in the gas phaseH

concentrations, which is commonly the case. Fomgle, calculating the mass ob$itaken
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up by a concrete pipe over 24 h based on the Suteaverage H,S concentration may lead
to an overestimation of theB uptake compared to an integration of #oeual SUR over
time. It is due to the following two reasons. Fitsie SUR follows a'h order relative to the
H,S concentration with n being below 1 (Sun et @14 Vollertsen et al., 2008), which
indicates that the average SUR over the 24 h idlenthan the SUR at the averageHH
concentration. Second, the actual average SUR @dleanthan the average SUR over 24 h
due to the fact that the SUR at lowSHlevels is affected by the inhibition effect from

preceding high b5 load events.

The total sulfide uptake by a concrete surface @esen days exposed to Sydney sewers
calculated based on the realSrofile and the average§lilevel (i.e. 5.2 ppm) was 722 and
766 mg-S nf respectively, suggesting that the calculation frite average % level
resulted to an overestimation of at least 5.8%.r&foee, a correction factor will need to be
implemented when calculating the$uptake based on SUR at averagg kvel. However,
since the reduction in SUR will directly dependtbe actual high k5 load profile and the
exposure history of the concrete, the correctiatofawill need to be determined on a case-

by-case basis using the actual or expectgsi pofiles.
4. Conclusions

This study examined the behaviour ofSHuptake by concrete under various higis Hbad

scenarios. The main findings from this work are:

» Both short and long high43 load events decrease the SUR of concrete coupbas.
latter leads to a larger temporary reduction of SWRereas they cause similar

persistent inhibition effects.
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» Sequential exposures to elevatesgSHevels create a cumulative effect on the SUR,
which is more pronounced if there is a rapid ihitrecrease rather than a gradual
increase in KiS.

» The sensitivity of the k& uptake rate by the corrosion layer towards high ldads is
largely dependent on the historica}3Hexposure levels. Large,&l loads on a low
baseline concentration have a more pronounced imgacdhe total sulfide uptake
than modest increases on top of highes Hevels. However, it has to be considered
that for a specific, actively corroding concreterface higher average B
concentrations always create more corrosive canditthan lower levels.

* Due to the rapid decrease and slow recovery etie¢d,S spikes on the SUR, an
estimation of the corrosion effect purely on therage HS concentrations may result
in an overestimation of the totaL$& uptake and thus probably an overestimation of
the concrete corrosion rates.
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Table 1 —Details of three series of H,S uptake tests performed on three concrete coupons

with different historical exposure conditions.

Test serie Coupon exposure history Batch tests H,S levels (ppm)
Control 5
Spike 1 10to 5
Spike 2 15to 5
. Spike 3 20t05
1 5 ppm, 22-25°C, 100% RH, 39 months Spike 4 5105
Spike 5 50to 5
Spike 6 100to 5
Spike 7 150to 5
Control 15
Spike 1 25t0 15
. Spike 2 50to 15
2 15 ppm, 22-25°C, 100% RH, 39 months Spike 3 7510 15
Spike 4 100to 15
Spike 5 150to 15
Control 50
Spike 1 7510 50
3 50 ppm, 22-25°C, 100% RH, 39 months Spike 2 100 to 50
Spike 3 125to0 50

Spike 4 180 t0 50
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Figure — 1 The schematic diagram of the system used to measure the H,S uptake by concrete

coupons.
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exposure level (i.e. 15 ppm) and peak levels 1i36. ppm) of HS are shown in Figure A and
the relative SUR and average SUR at various stafmsvn in Figure B. Different
experimental stages (1 to 4) are listed above libitep data in Figures A and B and the error

bars in Figure B represent standard deviations.
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Figure 4 — The HS uptake profiles of a coupon (previously exposedld ppm, 100%

relative humidity and 22-25°C for 42 months) in g5Hiptake test with various high loads of
H,S and the corresponding relative SUR at 15, 70,a120170 ppm were shown in Figure A.
The HS uptake profiles of the same coupon in the othslr dnd the corresponding relative
SUR was shown in Figure B. The corresponding nedaBUR in Figure A and B against$i

concentration is shown in Figure C. Different stagé the experiment are listed (1 to 4)
above the plotted data on Figure A and B and tieali regression of relative SUR at each
stage shown in Figure A and B was also describethéyequation aside. The error bars in

Figure C represent standard deviations.
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Highlights:

Gaseous H,S concentration fluctuations in real sewers were detected and analysed
High H,S loads affected the H,S uptake activity of concrete coupon

The effect associates strongly with the duration and the scale of H,S load

The effect correlates with the concrete historical H,S exposure concentrations

Our results may facilitate better estimation of the sewer corrosion activity
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The background SUR follows first order’®.9998) towards the gaseousSHoncentration

(also shown in the previous study (Sun et al., 204dd can be expressed as:

rHZS,background: k E[H §] = aD[H §]D101325KPE‘%|D%/ 31)

r is background SUR (mg-Sfh%), ), k is rate constant (mg-S fh' ppm?, k

H,S,backgrounc
was found to be 0.13 mg-STin* ppm* in this study),ais the rate constant with the unit of
h?, [H,S] is gaseous & concentration in the uptake reactor (ppm), Fhésuniversal gas

constant (J kK mol™), T is the absolute temperature (K), V is the ltg@s volume in the
reactor (m, 0.000145 i in this study), S is the concrete surface expdsethe reactor

atmosphere (fn 0.00905 rin this study).

32g/ mol
Tspike = ([H ZS] spike,e [H §] baseline),(J:H'o:l"325 KPE?Q*T O W a;ckgrounc 62)

T

sikelS the mass of b8 transfer from reactor atmosphere to the conwetpon over the

experimental period of a specific ‘spike’ test (8p-[HS|..is the spike HS
concentration in the specific ‘spike’ test (pPpnii ,Sl,.ccineiS the historical exposure

concentration of b5 of the coupon (ppm)], is the mass loss of A8 due to

ackgrounc
background KS uptake by the reactor alone (without the conaretgoon) over the specific

‘spike’ test (mg-S, see the details of calculaimEquation S3).

Tocgors= 80(H S1#H $1,)*101.325kPa-2 190 V) 068 69

ackground
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i is i" measurement of gaseousSHconcentration in uptake reactor in the speciist;t
[H.S] is the gaseous #8 concentration in uptake chamber at thenieasurement, n is the

number of measurements of gaseouS Eoncentration over the specific test,is the time

interval between two measurements g&Honcentration (h).

Tbaseline: SUR baselinQSj t=r baselirg 101325KP@32??$|D v/ (84)
where T, .S the mass of ;& transfer to the same coupon over the periods/aiguit to

that of the specific ‘spike’ test and when exposedhistorical HS exposure levels (mg-S),

SUR,,..ine!S the surface specific SUR of the coupon (backgo8B8UR had been deducted
from it) at its baseline % concentration measured in a ‘control’ test (mgSh™), r,,..;.iS

the corresponding 4% uptake rate of coupon in the unit of ppfh his the duration of a

‘spike’ test (h, note here=) At ).

i=1

Table S1Details of HS in reactor atmosphere and liquid layer of comcseirface at 15 ppm

and 150 ppm of gaseous$H

H,S concentration in atmosphere (ppm) 15 150
H,S mass in atmosphere (mg-S) 0.029 0.29

H,S mass in liquid layer ¥ (mg-S) 0.0017 0.017
(H2S mass in atmosphere)fBimass in liquid layer and atmosphere) 5.5% 5.5%
H,S concentration in liquid layer (mg-S'L 0.049 0.49

The results in Table S1 are based on the assumitadrthe concrete coupon has a water

layer of 5 mm and that the,B achieves equilibrium in atmosphere and the camdayer.
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Figure S1— Gaseous $$ concentrations monitored in a manhole at MelbeariVestern

Trunk Sewer from B April 2011 to 11" April 2011 and at Queensland’s Sunshine Coast
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region from 25' June 2014 to®1July 2014 is shown in Figure A and B respectively.
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Figure S2 —The temporal b5 uptake profiles of a coupon (exposure historypps HS,

22-25 °C, 100% relative humidity for 53 months) ahd corresponding relative SUR in a

control experiment over 3 h.
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Figure S3— The relative SUR of a coupon previously expasedl5 ppm for 38 months at
various HS levels against $$ concentrations in two independent tests (showesisl and

2). Test 1 has a rapid initial increase ofSHconcentration whereas test 2 has a gradual
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